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Effects of Norepinephrine and Histamine on Vascular
Resistance in Isolated Perfused Mouse Liver

Toshishige SHIBAMOTO, Sen Cul, Zonghai RUAN, and Yasutaka KURATA

Department of Physiology, Kanazawa Medical University, Uchinada Ishikawa, 920-0293 Japan

Abstract: Mice have frequently been used for a va-
riety of physiological studies because of the devel-
opment of genetic engineering. However, the char-
acteristics of hepatic vessels such as the vascular
resistance distribution and the reactivity to various
vasoconstrictors are not known in mice. We there-
fore determined the basal levels of segmental vas-
cular resistances and the effects of histamine and
norepinephrine on the vascular resistance distribu-
tion of mice. The liver of male non-inbred ddY mice
was excised and perfused via the portal vein with
5% bovine albumin-Krebs solution at a constant
flow rate. The sinusoidal pressure was measured
by the double occlusion pressure and used to de-

termine the presinusoidal (R, ) and postsinusoi-
dal (R,,) resistances. The basal R comprised
53 = 1% of the total hepatic vascular resistance.
The norepinephrine and histamine increased AR_
in a greater magnitude than R with liver weight
loss. However, the response to histamine was
weaker than that to norepinephrine. Moreover,
histamine-induced vasoconstriction showed tach-
yphylaxis. In conclusion, the presinusoidal and
postsinusoidal resistances of mouse livers were
similar in magnitude. The presinusoidal vessels
predominantly contract in response to norepine-
phrine and histamine in mouse livers. [The Japa-
nese Journal of Physiology 55: 143—-148, 2005]

Key words: double occlusion pressure, isolated perfused mouse liver, sinusoidal pressure.

The passive blood mobilization to and from the liv-
er, which influences the venous return to the heart, is
critically dependent on the location and magnitude of
intrahepatic vascular resistances in relation to the com-
pliances [1]. There are species differences in the dis-
tribution of the hepatic vascular resistance. In canine
livers, the presinusoidal resistance comprises approxi-
mately 50% of the total liver vascular resistance [2],
but it comprises 56% and 59% in guinea pig [3] and
rabbit livers [4—6], respectively, and more than 60%
in rat livers [7, 8]. However, the basal hepatic vascu-
lar resistance distribution of mouse livers is not known,
although mouse has been frequently used in physi-
ological studies because of the development of genetic
engineering.

Species differences are also found in the primary site
of hepatic vasoconstriction. By using the vascular occlu-
sion methods for measurement of the hepatic sinusoidal
pressure [2, 9], we have recently shown that the hepatic
longitudinal vascular responsiveness to vasoactive sub-
stances differs among different species, such as dogs,
rabbits, rats, and guinea pigs [4-6, 9-11]. Histamine

predominantly contracts the postsinusoidal veins with
resultant hepatic congestion in dogs [9, 10] and guinea
pigs [11], but this substance constricts presinusoidal ves-
sels in rabbits [4]. In rat livers, histamine did not con-
tract or dilate hepatic vessels [11]. On the other hand,
norepinephrine predominantly contracts the presinusoi-
dal veins over the postsinusoidal veins in dogs, rabbits,
rats, and guinea pigs [4, 7, 9, 11]. However, the effects
of these vasoconstrictors have not been determined on
hepatic vascular resistance distribution in mice. Further-
more, norepinephrine is released during the critical cir-
cumstances of sympathoexcitation, such as hemorrhagic
shock, but histamine could be released during liver trans-
plantation and systemic anaphylaxis and thereby cause a
disturbance of hepatic circulation [12].

Therefore we have herein established the isolated
perfused mouse liver preparation, which permits the
measurement of hepatic vascular pressures, including
sinusoidal pressure and liver weight. We determined
the basal hepatic vascular resistance distribution and
the effects of histamine and norepinephrine on segmen-
tal vascular resistances in mouse livers.
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Fig. 1. A representative recording of the response to
norepinephrine at 10 pm.

Methods

The study protocol was approved by the Animal Re-
search Committee of Kanazawa Medical University
in Uchinada, Japan. Thirty-two male specific-patho-
gen-free outbred ddY mice (43 £ 0.5 [SE] g; SLC Co.,
Hamamatsu, Japan), one of the most popular mouse
strains in Japan, were anesthetized with pentobarbital
sodium (50 mgkg, ip) and mechanically ventilated
with room air. After laparotomy, the bile duct was cut
and the hepatic artery was ligated. At 5 min after an in-
jection of heparin (500 mU/g) into the intraabdominal
inferior vena cava (IVC), the IVC above the renal veins
was ligated, and the portal vein was cannulated with a
stainless cannula (OD 1.2 mm, ID 1.0 mm) for portal
perfusion. After thoracotomy, the supradiaphragmatic
IVC was cannulated through a right atrial incision with
the same size stainless cannula, and portal perfusion
was then begun with 5% albumin-Krebs buffer. The liv-
er was rapidly excised, then suspended from an electric
balance and weighed.

The basic method for liver perfusion was described
previously [4], but each apparatus was the minimum
size. The liver was perfused at a constant flow rate in
a recirculating manner via the portal vein with the al-
bumin-Krebs buffer that was pumped by a Masterflex
pump from the venous reservoir through a heat exchang-
er (37°C). The recirculating blood volume was 30 ml.
The height of the reservoir and the perfusate flow rate
could be adjusted independently to maintain the portal
and hepatic venous pressures at any desired level. The
perfusate was oxygenated in the reservoir by continu-
ous bubbling with 95% O, and 5% CO,. We measured
the portal venous (va) and the hepatic venous (P, )
pressures with pressure transducers connected to the
corresponding side arm with the reference points at the
hepatic hilus. To measure the double occlusion pres-
sure (P, ), we placed two solenoid valves around the

perfusion tubes upstream from the P sidearm cannula
and downstream from the P, sidearm cannula [4]. The
perfusate flow rate (Q) was measured manually by col-
lecting outflow perfusate for 1 min just before the base-
line measurement. The same measurement was done
at the end of the experiment to confirm the constancy
of perfusate flow during the experimental period. The
hepatic vascular pressures and liver weight (W) were
monitored continuously and displayed through a ther-
mal physiograph.

Hepatic hemodynamic parameters were observed
for at least 20 min after the start of perfusion, during
which an isogravimetric (no liver weight gain or loss)
state was reached. After the baseline measurements, the
perfused livers were challenged with either histamine
(Sigma) or norepinephrine (Bitartrate salt, Sigma).
They were injected as a bolus into the reservoir to at-
tain the final perfusate concentration of 0.001-30 um
and 1-1,000 puM, respectively. The volume of each in-
jected agent was adjusted to less than 0.5 ml.

The hepatic sinusoidal pressure was measured by
the double occlusion method [2]. The inflow and out-
flow lines were simultaneously and instantaneously oc-
cluded with the solenoid valves, after which P and P,
rapidly equilibrated to a similar or identical pressure,
which was P, . In each experimental group, P, was
measured at baseline and maximal vasoconstriction.

The total portal-hepatic venous (R,), presinusoidal
(Rpre), and postsinusoidal (Rm) resistances were calcu-
lated as follows:

=P, ~P,)0 e
=P, ~ PO @)
Rpost = Pdo - th)/Q (3)

All results are expressed as the mean + SEM. The
comparisons were made with Student’s #-tests. A p val-
ue of less than 0.05 was considered significant.

Results

The final wet liver weight measured immediately af-
ter experiments was 1.91+0.02 g. The P, at the baseline
states of 32 perfused mouse livers was 2.3 = 0.1 mmHg,
with P, 4.0 £ 0.1 mmHg and P, 0.5+ 0.05 mmHg at
0 2.3 £ 0.05 ml/min/g liver wt. The calculated R, was
1.55 + 0.04 mmHg/ml/min/g liver wt. The segmental
vascular resistances of R and R were 0.74 + 0.03
and 0.81 + 0.02 mmHg/ml/min/g liver wt, respectively,
and the R, /R, ratio was 0.53 +0.01. This indicates that
53% of the total portal-hepatic venous resistance of the
isolated mouse livers exists in the postsinusoids.

Norepinephrine and histamine produced qualitative-
ly the same responses: P increased substantially, but
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Fig. 2. Representative recordings of the responses to
histamine at 1 mM. The second arrow indicates the injection
of the same dose as the initial injection.

P, cither did not change or increased only minimally,
with liver weight loss, as shown in Figs. 1 and 2. In
livers treated with either norepinephrine or histamine,
the P -to-P, , gradient increased in a greater magnitude
than the P, -to—P , gradient, a finding indicating that R |
was predomlnantly increased over R . However, the
response to histamine was weaker than that to norepine-
phrine. Moreover, histamine-induced vasoconstriction
showed tachyphylaxis (Fig. 2). Figure 3 shows the peak
levelsinR ,R R, R, and Wt changes after injections of
norepinephrine and hlstamme R, increased in a dose-
dependent manner at 0. 001—30 UM norepinephrine,
reaching the maximum level of 151 £ 3% of baseline
at 30 um. This increase in R, at 30 UM was mainly due
to an increase in R _ because the maximum levels of
R __was 193 3% of the baseline, and the correspond-
1ng levels of R was only 117 £ 3% of the baseline,
as shown in Flg 3 Histamine did not cause venocon-
striction until the concentration increased to 100 pMm,
as shown in Fig. 3. Even at 1,000 uM histamine, Rpre
inceased to only 145 * 9% of the baseline, whereas R
did not change significantly. Immediately after nore-
pinephrine or histamine, the liver weight decreased and
then gradually returned to the baseline. The maximal
liver weight losses after injections of norepinephrine at
30 uM and histamine at 1,000 uM were approximately
0.15 and 0.03 g/g liver wt, respectively.

Discussion

There is a species difference in the distribution of
segmental vascular resistances in the livers of animals,
including dogs, rabbits, guinea pigs, and rats. We have
recently shown by measuring the sinusoidal pressure,
using the triple vascular occlusion method [9] and the
double occlusion method [2], in isolated canine livers

that R | ., comprises approximately half of R. In con-
trast, R . in the other animals is greater in magmtude
than R Actually, we subsequently demonstrated

ost”

that 59% of R, exists in presinusoidal vessels in iso-
lated rabbit livers [4, 5]. This agrees with the study of
Maass-Moreno and Rothe [13], who reported that in
intact rabbit livers the pressure gradient from the he-
patic sinusoids averaged 59% of the total P to the ab-
dominal vena caval pressure gradient. Similar segmen-
tal vascular resistance distribution was found in guinea
pig livers, in which R comprises 61% of R, 3, 11].
The rat livers show more marked predominance of R
overR_; SR, .is 69% of R [11]. In the present study, for
the ﬁrst tlme we reported that the basal vascular resist-
ance distribution of mouse livers was similar to that of
canine livers because R__ comprises 47% of R..

Species differences are also found in the hepatic
vascular responsiveness to vasoactive substances. With
respect to responses to histamine, this substance pre-
dominantly contracts the postsinusoidal vessels in dogs
[9, 10, 14, 15] and guinea pigs [11]. On the other hand,
in rabbit livers, histamine selectively increases R in
isolated-perfused liver [4], and this vasoactive amine
also significantly increases R in in vivo preparations
[19]. In contrast, histamine did not contract the hepatic
vessels in rat livers [11, 16-18]. In the present study we
showed that histamine selectively contracts the presinu-
soidal vessels of mouse livers, a finding similar to the
results of studies on rabbit livers. The difference in the
vasoconstrictive site for histamine might be ascribed,
at least in part, to the different distribution of function-
ally active receptors between the presinusoidal vessels
and the hepatic veins. The absence of vasoconstrictive
responses to histamine in rat livers may be due to a lack
of functional histamine receptors in rat hepatic vascular
smooth muscles.

In the present study, the concentration of histamine
required to produce significant hepatic vasoconstric-
tion was 100 uM. The responsiveness of mouse hepatic
vessels to histamine seems to be much weaker than to
norepinephrine because the lower concentration of 0.1
UM norepinephrine can induce significant hepatic vaso-
constriction, as shown in Fig. 3. Furthermore, 1,000 um
histamine increased R, only to 1 .2-fold baseline, where-
as the 100 times lower concentration of 10 uM nore-
pinephrine increased R, to 1.4-fold baseline. A similar
result was observed in isolated rabbit liver [4].

In contrast to histamine, norepinephrine predomi-
nantly contracts presinusoidal vessels over postsinusoi-
dal vessels in dogs [7, 9], rabbits [4, 19], guinea pigs
[11], and rats [11]. Actually, Rothe and colleagues,
using the micropipette servonull pressure measure-
ment technique, have recently demonstrated that the
increase in the presinusoidal resistance is greater than
in the postsinusoidal resistance in dogs [7], rats [7], and
rabbits [19] during norepinephrine infusion. We added
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Fig. 3. The peak changes in the presinusoidal (R ) and postsinusoidal (R ) resistances and total resistance (R)

pre:

and the liver weight changes at 0.001-30 pm of norepinephrine (open circles) and at 1-1,000 pm of histamine (closed
circles), as expressed by the percentage of the baseline in mouse livers. The values are given as mean = SEM. n = 5-7.

*P < 0.05 vs. the baseline.

new evidence that a similar response to norepinephrine
was observed in isolated mouse livers. It is well known
that norepinephrine causes a reduction in liver blood
volume in cats [20], dogs [9, 21], rabbits [4, 19], guin-
ea pigs [11], and rats [11]. In this respect, the present
study showed that mouse livers also respond to nore-
pinephrine with a reduction of liver weight, suggest-
ing a decrease in liver blood volume. These findings

suggest that norepinephrine, a mediator of the sympa-
thetic nervous system, causes predominant presinusoi-
dal constriction with a resultant decrease in liver blood
volume beyond the species differences. The physi-
ological significance of this finding is that the primitive
response to life-threatening insults, which cause sym-
pathoexcitation, may be similar among animals. In this
respect, histamine, a mediator released from mast cells
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in response to allergy or anaphylaxis, does not seem to
be essential to life; therefore the hepatic responses may
differ among animals.

In the present study, a decrease in W accompanied
predominant presinusoidal vessel constriction, when
norepinephrine or histamine was injected into mouse
livers. The mechanism for this decrease cannot be cur-
rently clarified. However, it may be related to possible
heterogeneous portal venule constriction. If heteroge-
neity existed in portal venule constriction among the
hepatic lobules, that is, some vessels were closed and
others open, the blood volume of sinusoids that was
distal to the closed portal venules could be passively
reduced because of a decrease in the distending pres-
sure of the sinusoids. In contrast to this passive change
in liver volume, another possibility exists that contrac-
tile elements exist in the walls of the hepatic sinusoids
that may be stimulated by norepinephrine as well as
endothelin [22-24]. Rothe and Maass-Moreno [24] in-
fused norepinephrine into in vivo rabbit and found a
decrease in liver volume, even though P_ and hepatic
venule pressure increased. This is clear proof of an ac-
tive response and not a passive response to distending
pressure.

As shown in Fig. 2, in response to the second bolus
injection of histamine at 1 mM, hepatic venoconstric-
tion was not observed, but the liver weight transiently
decreased. The mechanism for this venoconstriction-
independent decrease is unknown. We assumed that
high osmolarity resulting from a bolus injection of 1
mM histamine might account for the decrease in liver
weight: The hyperosmotic solution with 1 mm hista-
mine might have caused osmosis and liver cell volume
shrinkage, resulting in transient liver weight loss. Since
the presence of structural pores of the sinusoidal en-
dothelium enables free and rapid movement of drug
and water molecules between the intravascular spaces
and Disse’s spaces, it is expected that an intravascular
hyperosmolarity could easily cause osmosis at hepato-
cytes and at sinusoidal endothelial cells. Water derived
from these cells might rapidly diffuse into the intravas-
cular space through the endothelial pores and might
be carried away extrahepatically via the blood stream.
Indeed, we observed that a bolus injection of the solu-
tion with nonvasoactive sucrose at 1 mM, the volume
and osmolarity of which are the same as those of the
histamine solution, caused venoconstriction-independ-
ent liver weight loss in isolated perfused liver (data not
shown).

There are limitations of the methods used in the
present study. First, the livers were perfused via only the
portal vein because of the technical difficulty to perfuse
the hepatic artery. With the hepatic artery occluded, no

clues were provided for the sensitivity of the hepatic
arterioles to histamine and norepinephrine. Second, the
livers were perfused with 5% bovine albumin-Krebs
solution, but not with blood. There is a possibility that
the oxygen sensitivity of the most metabolically active
tissue may be limited. However, we confirmed previ-
ously that the bubbling with 95% oxygen of the albu-
min-Krebs perfusate produced the inflow perfusate PO,,
300 mmHg [5]. We believe that the delivery of oxygen
to the liver was adequate.

In conclusion, by measuring the hepatic sinusoidal
pressure with the double occlusion method, we deter-
mined the basal vascular resistance distribution and the
effects of histamine and norepinephrine on the segmen-
tal vascular resistances in isolated mouse livers perfused
with blood-free albumin Krebs buffer. The presinusoi-
dal and postsinusoidal resistances of mouse livers were
similar in magnitude. In response to norepinephrine
and histamine, presinusoidal vessels predominantly
contract with a resultant decrease in hepatic vascular
volume in mouse livers.

This work was supported by a Grant for Collaborative Re-
search from Kanazawa Medical University (C2003-1, C2004-
1, C2005-1) and a Grant-in-Aid for Scientific Research from
the Ministry of Education, Culture, Sports, Sciences and
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Shibamoto, Toshishige, Sen Cui, Zonghai Ruan, Wei Liu, Hi-
romichi Takano, and Yasutaka Kurata. Hepatic venoconstriction is
involved in anaphylactic hypotension in rats. Am J Physiol Heart Circ
Physiol 289: H1436-H1444, 2005. First published May 27, 2005;
doi:10.1152/ajpheart.00368.2005.—We determined the roles of liver
and splanchnic vascular bed in anaphylactic hypotension in anesthe-
tized rats and the effects of anaphylaxis on hepatic vascular resis-
tances and liver weight in isolated perfused rat livers. In anesthetized
rats sensitized with ovalbumin (1 mg), an intravenous injection of 0.6
mg ovalbumin caused not only a decrease in systemic arterial pressure
from 120 = 9 to 43 * 10 mmHg but also an increase in portal venous
pressure that persisted for 20 min after the antigen injection (the portal
hypertension phase). The elimination of the splanchnic vascular beds,
by the occlusions of the celiac and mesenteric arteries, combined with
total hepatectomy attenuated anaphylactic hypotension during the
portal hypertension phase. For the isolated perfused rat liver experi-
ment, the livers derived from sensitized rats were hemoperfused via
the portal vein at a constant flow. Using the double-occlusion tech-
nique to estimate the hepatic sinusoidal pressure, presinusoidal (Rpre)
and postsinusoidal (Rpos:) resistances were calculated. An injection of
antigen (0.015 mg) caused venoconstriction characterized by an al-
most selective increase in Rpre rather than Rpos and liver weight loss.
Taken together, these results suggest that liver and splanchnic vascu-
lar beds are involved in anaphylactic hypotension presumably because
of anaphylactic presinusoidal contraction-induced portal hyperten-
sion, which induced splanchnic congestion resulting in a decrease in
circulating blood volume and thus systemic arterial hypotension.

isolated perfused rat liver; anaphylaxis; hepatic circulation; portal
hypertension; splanchnic congestion

ANAPHYLACTIC HYPOTENSION is primarily caused by alterations in
the systemic circulation that decrease blood flow to the heart
because left ventricular function is relatively well preserved
during anaphylactic shock (4). Peripheral circulatory collapse
is ascribed to hypovolemia, which results from a decrease in
effective circulating blood volume. The latter could be because
of vasodilation with the peripheral pooling and increased
vascular permeability with a shift of intravascular fluid to the
extravascular space (2).

In canine experimental models of anaphylactic shock, an
increase in resistance to venous return is important in the
pathogenesis of circulatory collapse (23); increased venous
resistance decreases venous return with resultant decrease in
stroke volume and systemic arterial pressure (Ps,). Indeed,
eviscerated dogs did not develop anaphylactic shock (13). In
addition, Enjeti et al. (5) reported that the severity of the
anaphylactic shock could be decreased by occluding the de-
scending aorta. In dogs, anaphylaxis-induced increase in ve-
nous resistance is partly caused by hepatic vasoconstriction,
especially selective constriction of postsinusoidal hepatic veins

in dogs (26). Indeed, anaphylaxis-induced hepatic venous con-
striction induces pooling of blood in liver itself, as well as in
upstream splanchnic organs. However, in the rat, the roles of
the splanchnic bed, and particularly the liver, are not known in
the pathogenesis of anaphylactic hypotension, although, in the
rat, portal venous pressure (Pp,) was increased during anaphy-
lactic hypotension induced by ovalbumin (8). Thus the first
purpose of the present study was to determine whether lesions
of liver and splanchnic vascular bed contribute to anaphylactic
hypotension in anesthetized rats. To resolve this question, P,
changes were observed in sensitized rats with and without
hepatic and splanchnic circulation after the antigen was intra-
venously administered.

In addition to canine livers (26), the guinea pig liver shows
the anaphylactic response characterized by significant contrac-
tion of postsinusoidal vessel with resultant hepatic congestion
(16). On the other hand, it is not known whether anaphylactic
reaction in rats causes constriction of postsinusoidal hepatic
veins, resulting in hepatic congestion, although anaphylactic
venoconstriction is observed in isolated perfused livers of the
sensitized rats (8). To clarify the anaphylactic disturbance of
hepatic circulation, we herein established anaphylactic models
of isolated portally perfused rat livers in which the sinusoidal
pressure was measured by the double-occlusion method (20,
26). Thus the second purpose of the present study was to
determine effects of anaphylaxis on hepatic vascular resistance
distribution and liver weight in isolated perfused rat livers.

MATERIALS AND METHODS

Animals. Forty eight male Sprague-Dawley rats (Japan SLC, Shi-
zuoka, Japan) weighing 372 *+ 28 g were used in this study. Rats were
maintained at 23°C under pathogen-free conditions on a 12:12-h
dark-light cycle and allowed food and water ad libitum. The experi-
ments conducted in the present study were approved by the Animal
Research Committee of Kanazawa Medical University.

Sensitization. Rats were actively sensitized by the subcutaneous
injection of an emulsion made by mixing equal volumes of complete
Freund’s adjuvant (0.5 ml) with 1 mg ovalbumin (grade V; Sigma)
dissolved in physiological saline (0.5 ml). Nonsensitized rats were
injected with complete Freund’s adjuvant and ovalbumin-free saline.
After injection (2 wk), the rats were used for the following in vivo or
isolated perfused liver experiments.

In vivo experiment. After sensitization (2 wk), 35 rats were anes-
thetized with pentobarbital sodium (70 mg/kg ip) and placed on a
thermostatically controlled heating pad (ATC-101B; Unique Medical)
that maintained body temperature at 36-37°C throughout the exper-
iment. The adequacy of anesthesia was monitored by the stability of
blood pressure and respiration under control conditions and during a
pinch of the hindpaw. Supplemental doses of anesthetic (10% of
initial dose) were given as necessary. The left carotid artery was
catheterized to measure Ps,. The right external jugular vein was
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catheterized, and the catheter tip was positioned at the confluence of
the superior vena cava and the right atrium. This catheter was used for
an intravenous injection of antigen and measurement of the central
venous pressure (P.,). Heart rate (HR) was measured by triggering the
R wave of the electrocardiogram. The sensitized and nonsensitized
animals were randomly divided into rats with gastrointestinal isolation
and hepatectomy (GI-HptX) and intact rats. Thus the in vivo rats were
randomly assigned to one of the following four groups: GI-HptX
sensitized (n = 11), GI-HptX control (n = 7), intact sensitized (n =
10), and intact control (n = 7) groups. In the GI-HptX rats, through
a 4-cm midline incision, ligation of the celiac artery and the mesen-
teric artery was followed by total hepatectomy, which consisted of
resection of the median and left lateral lobe, the right lateral lobes, and
the caudate lobes, as described by Gaub and Iversen (7). In the intact
rats, after a midline incision, a catheter (0.47 mm ID, 0.67 mm OD)
was inserted in the main portal vein without occlusion of the portal
vein for continuous measurement of the Pp,. After closure of the
abdomen, the baseline measurements were started.

The Pg., Pov, Ppyv, and HR were continuously measured with
pressure transducers (TP-400T; Nihon-Kohden) in the intact rats; Psa,
P.,, and HR, but not P, were measured in the GI-HptX rats. These
pressures were continuously displayed on a thermal physiograph
(RMP-6008; Nihon-Kohden). Outputs were also digitally recorded at
20 samples/s (PowerLab; ADInstruments). Hemodynamic parameters
were observed for at least 20 min after surgery until a stable state was
obtained. After the baseline measurements, 0.6 mg ovalbumin antigen
was administered via the jugular vein catheter.

Isolated liver experiment. After sensitization (2 wk), these animals
were anesthetized with pentobarbital sodium (70 mg/kg ip) and
mechanically ventilated with room air. The basic methods for isolated
perfused rat livers were described previously (18). In brief, a catheter
was placed in the right carotid artery for later hemorrhage to obtain
autologous blood for liver perfusion. After laparotomy, the hepatic
artery was ligated, and the bile duct was cannulated with the poly-
ethylene tube (0.5 mm ID, 0.8 mm OD). After intra-arterial hepa-
rinization (500 U/kg), 7-8 ml blood were withdrawn through the
carotid arterial catheter. The intra-abdominal inferior vena cava (IVC)
above the renal veins was ligated, and the portal vein was cannulated
with a stainless cannula (1.3 mm ID, 2.1 mm OD) for portal perfusion.
After thoracotomy, the supradiaphragmatic IVC was cannulated
through a right atrium incision with a large-size stainless cannula (2.1
mm ID, 3.0 mm OD), and then portal perfusion was begun with the
autologous blood diluted with 5% bovine albumin (Sigma-Aldrich, St.
Louis, MO) in Krebs-Henseleit solution (in mM: 118 NaCl, 5.9 KCl,
1.2 MgS0y, 2.5 CaCl,, 1.2 NaH,PO4, 25.5 NaHCOs3, and 5.6 glucose)
at Hct 8%. The liver was rapidly excised, suspended from an isometric
transducer (TB-652T; Nihon-Kohden), and weighed continuously
throughout the experimental period.

The livers were perfused at a constant flow rate in a recirculating
manner via the portal vein with blood that was pumped using a
Masterflex pump from the venous reservoir through a heat exchanger
(37°C). The recirculating blood volume was 40 ml. The perfused
blood was oxygenated in the venous reservoir by continuous bubbling
with 95% O, and 5% CO.. Py, and hepatic venous pressure (Pr,) were
measured with pressure transducers (TP-400T; Nihon-Kohden) at-
tached by sidearm to the appropriate cannulas with the reference
points at the hepatic hilus. To occlude inflow and outflow perfusion
lines simultaneously for measurement of the double-occlusion pres-
sure (Pgo), two solenoid valves were placed in such a position that
each sidearm cannula was between the corresponding solenoid valve
and the liver. Portal blood flow rate (Qpy) was measured with an
electromagnetic flowmeter (MFV 1200; Nihon-Kohden), and the flow
probe was positioned in the inflow line. Bile was collected drop by
drop in a small tube suspended from the force transducer (SB-1T;
Nihon-Kohden). One bile drop yielded 0.018 g, and the time between
drops was measured for determination of the bile flow rate (11). The
Pov, Puv, Qpv, liver weight, and bile weight were monitored continu-
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ously and displayed through a thermal physiograph (RMP-6008;
Nihon-Kohden). Outputs were also digitized by the analog-digital
converter at a sampling rate of 100 Hz. These digitized values were
displayed and recorded using a personal computer for later determi-
nation of Pgo.

Hepatic hemodynamic parameters were observed for at least 20
min after the start of perfusion until an isogravimetric state (no weight
gain or loss) was obtained by adjusting Qpy and the height of the
reservoir at a Py, of 0-1 cmH>O and at a Qpy of 37 * 6 ml-min~'-10
g liver wt™!. After the baseline measurements, the perfused livers
excised from the sensitized rats (anaphylaxis group, n = 7) and
nonsensitized rats (control group, n = 6) were challenged with 0.015
mg ovalbumin injected in the reservoir.

The hepatic sinusoidal pressure was measured by the double-
occlusion method (20, 26). Both the inflow and outflow lines were
simultaneously and instantaneously occluded for 13 s using the
solenoid valves, after which P,, and Py, rapidly equilibrated to a
similar or identical pressure, which was Pq,, using Liver software by
Biomedical Science. In each experimental group, Py, was measured at
baseline and at 3 and 6 min and then at 10-min intervals up to 30 min
after antigen.

The total portal-hepatic venous (R;) and presinusoidal (Rp) and
postsinusoidal (Rpost) resistances were calculated as follows:

Rt = (va - th)/va (1)
Rpre = (va - Pdo)/va (2)
Rposl = (Pdo - th)/va 3

Statistics. All results are expressed as means * SD. One-way
ANOVA followed by Bonferroni’s test was used to test for significant
differences. Differences were considered as statistically significant at
P values <0.05.

RESULTS

The response of the anesthetized rats to antigen. Figure 1A
shows a representative example of the response to an intrave-
nous injection of the ovalbumin antigen in an anesthetized
intact rat sensitized with ovalbumin (the intact sensitized
group). Figure 2 shows the summary data of time course
changes in P, and P, of all four groups of anesthetized rats.
After an antigen injection in the intact sensitized group, Ps, and
P,. simultaneously began to increase and decrease, respec-
tively. P, rapidly decreased from the baseline of 120 % 9 to
65 = 11 mmHg at 1 min after the antigen and then continued
to decrease progressively to the nadir of 43 = 10 mmHg at 16
min, followed by a gradual recovery to 79 * 18 mmHg at 60
min. Py, increased from the baseline of 9.8 * 0.9 cmH,O to the
peak of 24.3 *+ 4.6 cmH,0 at 2.5 min after antigen and then
gradually decreased to 10.9 £ 1.9 cmH,O at 20 min. After that,
P, remained at this level, which was not significantly different
from the baseline. The postantigen period of up to 20 min
during which Py, remained elevated above the baseline (Fig. 2)
was designated as the portal hypertension phase in the present
study.

The surgical procedures of ligation of the celiac and the
mesenteric arteries combined with total hepatectomy (GI-
HptX) did not significantly affect the hemodynamic variables.
Although Py, transiently increased immediately after occlusion
of the arteries, it returned to the pre-GI-HptX level during the
baseline measurement after hepatectomy. Figure 1B shows a
representative example in the GI-HptX sensitized group. The
mean Pg, rapidly decreased from the baseline of 117 * 12 to
80 = 15 mmHg at 1 min. These levels were significantly
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higher than the corresponding values of the intact sensitized
group of 65 * 11 mmHg. Thereafter, it did not further decrease
but remained at this level throughout the experimental period,
as shown in Fig. 2. Thus Py, from 1 to 20 min after antigen in
the GI-HptX sensitized group was significantly greater than
that in the intact sensitized group. It should be noted that this
period corresponded to the portal hypertension phase.
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Fig. 2. Summary of changes in the systemic arterial pressure (Psa) and portal
venous pressure (Ppy) after antigen injection. Means * SD; *P < 0.05 vs.
baseline; #P < 0.05 vs. the intact sensitized group. Ppy was not measured in
either the GI-HptX control or the GI-HptX sensitized group because the liver
was excised.

At 10 min after antigen, P, in the intact sensitized group
was significantly decreased from the baseline of 1.2 = 0.3 to
0.1 = 0.3 cmH,O, whereas in the GI-HptX sensitized group,
P, tended to decrease, but not significantly, from 0.8 = 0.4 to
0.4 *= 0.8 cmH,0. The changes in P., between the intact
sensitized and GI-HptX sensitized groups at 10 min after
antigen were significantly different (1.0 = 0.3 vs. 0.4 = 0.6
cmH,0; P < 0.05). HR was not significantly changed after
antigen in any groups studied, as shown in Fig. 1. Neither the
P, nor the Py, was significantly changed by the antigen in the
control animals during the experimental periods of both the
intact and GI-HptX groups (Fig. 2).

The response of the blood-perfused livers to antigen. The
liver weight measured at the end of the perfusion experiment in
the control and anaphylaxis groups was 9.3 = 1.4 g (n = 6) and
9.0 £ 0.6 g (n = 7), respectively. The body weight in the
control group was 0.288 * 0.012 kg (n = 6), and that in the
anaphylaxis group was 0.287 = 0.021 kg (n = 7). There were
no significant differences in the liver weight and body weight
between the two groups. The liver weight-to-body weight ratio
of all animals for the isolated perfusion study was 31. 8 *31g
liver/kg body wt (n = 13).

An antigen injection caused hepatic venoconstriction, which
was characterized by predominant presinusoidal constriction
and liver weight loss, as shown in Fig. 3. Within 1 min after
antigen, venoconstriction was evident by an increased Py, that
reached the peak value of 21.4 *+ 4.9 cmH,0 from the baseline
of 6.9 = 0.1 cmH,O (Fig. 4). The double-occlusion maneuver
performed at 3 min after antigen revealed a P4, of 3.3 = 0.3
cmH,O0 that was significantly higher than that of the baseline of
23 = 0.1 cmH>0. Therefore, the Pp,-to-Py, gradient (in
conjunction with the flow) defined the portal presinusoidal
resistance (Rpre, Eq. 2). This resistance increased markedly
from a baseline of 4.7 = 0.2 to 18.1 = 4.9 cmH,0, whereas the
Pyo-to-Pry gradient, the indicator of Rpos:, increased minimally,
but significantly, from the baseline of 1.8 = 0.1 to 2.8 * 0.3
cmH,0 (Fig. 4). Thus Ry increased by 250% the baseline
from 0.13 = 0.02 to 0.52 = 0.19 cmH,0-ml ' min~!-10 g
liver wt™!, whereas Ryos increased by only 67% from the
baseline level of 0.05 = 0.01 to 0.08 = 0.01 cmH,O-ml™!-
min~1-10 g liver wt~! (Fig. 4). This indicates that an injection
of the antigen almost selectively increased Ry rather than
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Rpost, as reflected by a significant increase in the Rpr-to-R; ratio
from the baseline of 0.72 = 0.01 to 0.86 £ 0.05. Py, and thus
R, returned to the baseline at 30 min after antigen. Concomi-
tant with venoconstriction, the liver weight showed a gradual
decrease, reaching the nadir, —0.5 = 0.4 g/10 g liver wt, at 3
min. Along with P, the liver weight returned to the baseline
at 30 min after antigen. The bile flow decreased to 67% of the
baseline level of 0.01 + 0.001 g-min~!-10 g liver wt~! during
the maximal venoconstriction. In the control rat liver, no
hemodynamic variables changed significantly after antigen
(Fig. 4).

~

DISCUSSION

There are two major findings of the present study. The first
finding (derived from the anesthetized rat experiments) is that

elimination of the blood flow to the liver and splanchnic organs
attenuated the antigen-induced decrease in Ps, during the portal
hypertension phase. Another finding (derived from the isolated
perfused rat liver experiments) is that hepatic anaphylactic
venoconstriction is characterized by almost selective presinu-
soidal constriction and liver weight loss.

Hepatic anaphylactic postsinusoidal venoconstriction plays
a crucial role in anaphylactic hypotension in dogs (6). In the
present study, we have shown that immunological damage to
the liver and splanchnic vascular beds also participated in the
anaphylactic hypotension in rats. This is based on the finding
that the elimination of hepatic and splanchnic circulation by
ligation of the celiac and the mesenteric arteries combined with
total hepatectomy attenuated the antigen-induced reduction of
P., (Fig. 2). The mechanism for the beneficial effect of GI-
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HptX on the anaphylactic hypotension is not known. However,
we assume that anaphylaxis-induced portal hypertension may
account for the profound decrease in P, because the period
during which attenuation of anaphylactic hypotension was
observed corresponded to the portal hypertension phase during
which the elevation of P,, was sustained (Fig. 2). We speculate
the following pathophysiological process: anaphylaxis causes
hepatic venoconstriction, as observed in the isolated perfused
sensitized liver, resulting in portal hypertension that then
causes congestion of the upstream splanchnic organs, with
resultant decrease in venous return and effective circulating
blood volume, and finally augmentation of anaphylactic hypo-
tension.

Another possible explanation may be related to the sources
of mast cells that release vasoactive chemical mediators in
response to antigens. Although mast cells occur throughout
most tissues, they are more prevalent in gastrointestinal tract as
well as the skin and lungs, the areas that come in contact with
the external environment (14). A large number of mast cells in
the gastrointestinal tract, including liver and intestines, may
release substantial amounts of anaphylactic vasoactive sub-
stances in the systemic circulation. The elimination of these
sources by the procedure of GI-HptX might have decreased the
release of the anaphylaxis-related chemical mediators, result-
ing in a weak anaphylactic response.

Finally, there is a third possibility that anaphylaxis might be
associated with significant splanchnic arterial vasodilation, as
observed when platelet-activating factor (PAF), one of the
mediators of anaphylaxis, was injected in the conscious rats
(21). Splanchnic arterial dilation could contribute to both the
reduced systemic pressure and increased P,,. Moreover,
splanchnic arterial ligation would attenuate these responses.
However, there is currently no data that demonstrated splanch-
nic arterial vasodilation durifig anaphylactic hypotension in
rats.

With respect to the mechanism for the early stage of ana-
phylactic hypotension in anesthetized rats, Bellou et al. (1)
reported that histamine, serotonin, and nitric oxide are involved
in the initial decrease in Pg, after ovalbumin antigen in the
sensitized Brown Norway rats. Actually, either histamine or
serotonin administered intravenously in the anesthetized rats
causes a short-lasting decrease in Py, presumably because of
dilatation of systemic arterioles (1). The initial arterial hypo-
tension after antigen in the GI-HptX sensitized rats might be
induced by the same mechanism proposed by Bellou et al. (1).

Anaphylactic hepatic venoconstriction, based on an increase
in Ppy, was observed in rats (8), guinea pigs (16), and dogs (25,
26). However, a species difference between dog and guinea pig
has been found in the hepatic vascular segments that preferen-
tially contract during anaphylaxis: selective postsinusoidal
constriction occurs in sensitized canine livers (26), whereas
predominant presinusoidal but significant and substantial post-
sinusoidal constriction occurs in guinea pig livers (16). Using
isolated, perfused, and sensitized rat livers, we have shown that
anaphylactic hepatic venoconstriction in rats was different
from that in dogs or guinea pigs and was characterized by a
large presinusoidal contraction and only a minimal postsinu-
soidal contraction based on the double-occlusion method (20,
26) to estimate the sinusoidal pressure (Pgo; see Figs. 3 and 4).

The mechanism for such a species-dependent response is not
known. However, canine postsinusoidal hepatic veins anatom-
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ically contain smooth muscle sphincters in hepatic initial sub-
lobular veins (4). Maass-Moreno and Rothe (12) also reported
that major pressure gradients must lie upstream from the large
(>2 mm) hepatic veins in dogs. Indeed, these postsinusoidal
veins vigorously contract in response to various mediators of
anaphylactic reaction, such as histamine (22), thromboxane A,
(22), and PAF (24). In guinea pig livers, the anaphylactic
presinusoidal constriction may be caused mainly by PAF,
whereas the postsinusoidal constriction is caused by cysteinyl
leukotrienes (19). Actually, PAF predominantly contracts pre-
sinusoidal vessels in guinea pig livers (17). However, effects of
anaphylaxis-related vasoactive substances are not currently
known on the segmental vascular resistances of rat livers.
Further study is required to identify the chemical mediators

"responsible for the anaphylactic hepatic venoconstriction in

rats.

In contrast to the liver weight gain response to the antigen of
dogs (26) and guinea pigs (16), a liver weight loss was induced
by marked anaphylactic presinusoidal constriction in isolated
perfused rat livers. With the constant perfusion of the liver, the
mechanism of the weight loss is unknown. This liver weight
loss may be the result of hepatic vascular blood loss. Theoret-
ically, the interstitial fluid volume loss also could contribute to
a liver weight loss (10). Further study is required in this
respect. '

There are limitations of the present study. The first is related
to the finding that the HR was high at baseline, as shown in Fig.
1, and that HR did not change in response to the marked drop
in blood pressure during the anaphylactic shock. One of the
reasons for high HR could be ascribed to the vagolytic property
of pentobarbital sodium used in the present study (15). It is
reported that pentobarbital decreases cardioinhibitory parasym-
pathetic activity that dominates the control of HR (15). Indeed,
in the pentobarbital-anesthetized rat study of others (3), the
basal HR showed ~400 beats/min, as observed in the present
study. With respect to the absence of the increase in HR in
response to the antigen-induced marked drop in Pg,, that is,
impairment of normal arterial baroreceptor reflex, Koyama et
al. (9) demonstrated that systemic baroreceptor reflex control
of HR and renal sympathetic nerve activity is reduced during
anaphylactic hypotension in pentobarbital-anesthetized dogs.
A similar impairment of arterial baroreceptor reflex might
occur in the rat anaphylactic shock. Another shortcoming is the
absence of hepatic arterial perfusion in the present isolated
perfused livers. Hepatic arterial perfusion with normally oxy-
genated blood would improve the metabolic milieu of the liver.
However, the perfusate was well oxygenated by bubbling with
95% O, and 5% CO,, which provided perfusate oxygen tension
of 290 = 38 mmHg. Thus the isolated livers were perfused
with hyperoxic blood, rather than hypoxic blood, and oxygen-
ation was well done.

In summary, we determined the roles of splanchnic circula-
tion in the anaphylactic hypotension in anesthetized rats sen-
sitized with ovalbumin (1 mg). An intravenous injection of
antigen (0.6 mg) caused not only a profound decrease in Py, but
also an increase in Ppy. The elimination of the splanchnic
vascular beds, by the occlusions of the celiac and mesenteric
arteries, combined with total hepatectomy attenuated anaphy-
lactic hypotension during the portal hypertension phase. In
addition, in isolated perfused sensitized rat livers, hepatic
anaphylaxis caused almost selective presinusoidal constriction
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and liver weight loss. Based on these findings, we conclude
that liver and splanchnic vascular beds are partly involved in
anaphylactic hypotension: anaphylactic presinusoidal contrac-
tion-induced portal hypertension and subsequent splanchnic
congestion may cause a decrease in venous return and then
hypotension.
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Dynamical Mechanisms of Pacemaker Generation in Ix;-Downregulated
Human Ventricular Myocytes: Insights from Bifurcation Analyses of
a Mathematical Model
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ABSTRACT Dynamical mechanisms of the biological pacemaker (BP) generation in human ventricular myocytes were
investigated by bifurcation analyses of a mathematical model. Equilibrium points (EPs), periodic orbits, stability of EPs, and
bifurcation points were determined as functions of bifurcation parameters, such as the maximum conductance of inward-rectifier
K™ current (/4), for constructing bifurcation diagrams. Stable limit cycles (BP activity) abruptly appeared around an unstable EP
via a saddle-node bifurcation when I was suppressed by 84.6%. After the bifurcation at which a stable EP disappears, the
Iks-reduced system has an unstable EP only, which is essentially important for stable pacemaking. To elucidate how individual
sarcolemmal currents contribute to EP instability and BP generation, we further explored the bifurcation structures of the system
during changes in L-type Ca®™ channel current (Ica,L), delayed-rectifier K™ currents (l), or Na*/Ca®" exchanger current (Inaca).
Our results suggest that 1), Ica L is, but I or Iyaca is not, responsible for EP instability as a requisite to stable BP generation; 2),
Ik is indispensable for robust pacemaking with large amplitude, high upstroke velocity, and stable frequency; and 3), lvaca is the

dominant pacemaker current but is not necessarily required for the generation of spontaneous oscillations.

INTRODUCTION

The cardiac biological pacemaker (BP) was recently created
by genetic suppression of the inward-rectifier K™ current (/i ;)
in guinea pig ventricular myocytes (1), suggesting possible
development of the functional BP as a therapeutic alternative
to the electronic pacemaker. A first step for creation of the
functional BP would be engineering of single BP cells,
which requires deep understanding of the BP mechanisms.
Using the Luo-Rudy guinea pig ventricle model (2), Silva
and Rudy (3) simulated BP activity by reducing Ix; con-
ductance (gk;) and investigated the ionic mechanisms of BP
generation in the [x;-downregulated ventricular myocyte.
They reported that BP activity was yielded by 81% sup-
pression of I, concluding that Na* /Ca®* exchanger current
(INaca) Was the dominant pacemaker current. However, the
mechanistic difference between ventricular pacemaking and
natural sinoatrial (SA) node pacemaking, as well as whether
Ix; downregulation also induces BP activity in human
ventricular myocytes (HVMs), remains to be clarified.

The aim of this study was to elucidate the mechanisms of
BP generation in /i ;-downregulated HVMs and the roles of
individual sarcolemmal currents in HVM pacemaking in
terms of the nonlinear dynamics and bifurcation theory. In
previous studies (4—11), bifurcation structures of ventricular
or SA node models, i.e., ways of changes in the number or
stability of equilibrium and periodic states of the model
systems, were investigated for elucidating the mechanisms of
normal and abnormal pacemaker activities. These theoretical
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works indicate that the mathematical approach provides a
convenient way of understanding how individual currents
contribute to pacemaker activities. In this study, therefore,
local stability and bifurcation analyses, as well as numerical
simulations, were performed for a mathematical model of the
HVM. We constructed bifurcation diagrams by calculating
equilibrium points (EPs), periodic orbits, stability of the EP,
and saddle-node or Hopf bifurcation points as functions of
bifurcation parameters (for details, see Theory and Methods).
During Ik, suppression, BP activity abruptly emerged around
an unstable EP via a saddle-node bifurcation at which a stable
EP corresponding to the resting state disappeared. Our re-
sults suggested that BP activity could be developed by
reducing Ik, alone in HVMs as well and that the instability of
an EP at depolarized potentials is essentially important for
BP generation.

To elucidate the ionic mechanisms of EP destabilization
and BP generation in the /x;-downregulated HVM, we further
explored bifurcation structures of the Ix-reduced BP system
during decreases or increases in an L-type Ca®" channel
current (I, 1), delayed-rectifier K™ currents (Ix), and Inuca,
which appear to be essentially important for pacemaker
generation (3,11). Moreover, we determined stability of the
BP system at the steady-state potential (V) during appli-
cations of the constant bias current (/i,;,) and how the un-
stable V, and I;,s regions, where BP oscillations occur,
change with decreasing or increasing the sarcolemmal
currents. This would reveal the contributions of each current
to EP instability and robustness of BP activity to hyper-
polarizing or depolarizing loads (11). Our study suggests that
the dynamical mechanism of the ventricular pacemaking is
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essentially the same as that of the natural SA node pace-
making as reported by Kurata et al. (11). '

This article clearly shows that bifurcation analyses of a
mathematical model allow us to notice the essential impor-
tance of EP instability for pacemaker generation and to
elucidate the roles of individual ionic currents in pacemaking.
Thus, the nonlinear dynamical approach is useful for general
understanding of the mechanisms of normal and abnormal
pacemaker activities and may also be applicable to engineer-
ing of a functional BP as a therapeutic alternative to the
electronic pacemaker. Definitions of the terms specific to the
nonlinear dynamics and bifurcation theory are provided at
the end of the Theory and Methods section to help understand
the theory and methods for bifurcation analysis as well as our
results and conclusions. Abbreviations and acronyms re-
peatedly used in this article are listed in Table 1.

THEORY AND METHODS

Development of a modified HVM model

A mathematical model of cardiac myocytes is described as an n-dimensional
nonlinear dynamical system, i.e., a set of ordinary differential equations of
the form

TABLE 1 Abbreviations and acronyms

AP Action potential .

APA Action potential amplitude

APD(gpy Action potential duration (at 90% repolarization)
BAS B-adrenergic stimulation

BP Biological pacemaker

CL Cycle length )

C-LTCC  High voltage-activated L-type Ca®" channel
D-LTCC  Low voltage-activated L-type Ca*>* channel

EP Equilibrium point

hESC Human embryonic stem cell

HVM Human ventricular myocyte

Tias Constant bias current

Icar L-type Ca" channel current

Ix Delayed-rectifier K™ current

Iy, Rapidly activating component of Ix

I Slowly activating component of Iy

Ixi Inward-rectifier K™ current

Ina Na* channel current

INaca Na*/Ca®* exchanger current

Iy 4-Aminopyridine-sensitive transient outward current
Ixp Background current carried by ion X

I Hyperpolarization-activated current

MDP Maximum diastolic potential

ODE Ordinary differential equation

PB Priebe-Beuckelmann

POP Peak overshoot potential

SA Sinoatrial

SR Sarcoplasmic reticulum

1% Membrane potential

Vo Steady-state potential at an EP

[Ca®*],q  Free Ca®* concentration in the junctional SR
[Caer]up Free Ca®" concentration in the network SR
X Intracellular concentration of ion X

X1 Extracellular concentration of ion X
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This is usually written in the vector form

dx/dt = f(x), @

where the state variable x is a vector-valued function of time ¢, and the vector
field f is a function of the state variable x (12-14). For a model system to be
suitable for bifurcation analysis, the vector field f should be continuous and
smooth (i.e., sufficiently differentiable) and should not depend on time or
initial conditions but depend only on the state variable x. Such a system is
called an ‘‘autonomous’’ system (see also Definitions of Terms at the end of
this section).

On the basis of single-cell patch-clamp data from undiseased and failing
HVMs, Priebe and Beuckelmann (15) have first developed a single HVM
model (referred to as the Priebe-Beuckelmann (PB) model) as a modified
version of the Luo-Rudy phase II model for the guinea pig ventricle (2).
Recently, ten Tusscher et al. (16) and Iyer et al. (17) developed more
elaborate HVM models based on detailed experimental data. Their models
appear to be superior to the PB model in reproducing experimental data
but less suitable for bifurcation analyses for the following reasons: 1), the
ten Tusscher et al. model has the vector field containing many complex
functions that are not continuous or smooth, thus they are not always
differentiable or yield noncontinuous derivatives; and 2), the Iyer et al.
model (# = 67) is much larger than the PB model (» = 15) or the ten
Tusscher et al. model (n = 17), making bifurcation analyses practically
much harder. We have therefore chosen to modify the PB model on the basis
of recent experimental findings as well as other human or animal heart
models. The original PB model explicitly contains time # in the formula for
the sarcoplasmic reticulum (SR) Ca?" release, making it nonautonomous.
Thus, modifications of the PB mode! were required for converting it into an
autonomous system, as well as for improving the capability of reproducing
experimental data.

The standard model for the normal activity is described as a nonlinear
dynamical system of 15 first-order ordinary differential equations. The mem-
brane current system includes /¢, 1, the rapid and slow components of Ik
(denoted Ik, and Ik, respectively), 4-aminopyridine-sensitive transient
outward current (/,,), Na™ channel current (Ix,), Ix1, background Na™ UNap)
and Ca** (Icap) currents, Na*-K* pump current (Inax), Inaca, and Ca?"
pump current (/yc,). The expressions for Ic,p. and Ik, as well as SR Ca**
release were reformulated, whereas the formulas for other ionic currents and
intracellular Ca®* handling are essentially the same as those in the original
PB model or adopted from other existing models (16,18-20). Modifications
of the model are summarized in Table 2; details on major modifications are
described below. All expressions (Egs. 3—64) and the standard parameter
values used are provided in Appendix 1 and Table 5, respectively.

x),i=1,2,...,n 1)

Formulation of lcz,;

The kinetics of I, was described by Eqs. 3-8 with the activation (dp),
voltage-dependent inactivation (f), and Ca”-dependent inactivation (fc,)
gating variables. Voltage dependences of I, 1, gating kinetics in the current
(modified) and original human heart models are shown in Fig. 1 (fop),
together with temperature-corrected experimental values for comparison.
As ten Tusscher et al. (16) pointed out, the steady-state activation and
inactivation curves (di o, fi») yielded by the original PB formulas were
somewhat unusual for unknown reasons (see Fig. 1, left top), resulting in
a very large window current. We therefore renewed the expressions for I, .-
For the steady-state activation and inactivation (d «, /i« ), We used the data
of Bénitah et al. (21). The expression of the activation time constant (74;)
was adopted from the ten Tusscher et al. model (16). The formulas for the
time constants of the voltage-dependent inactivation and recovery (7q)
employed by the original models appeared not to fit the experimental data for
single HVMs from Bénitah et al. (21) or other articles (see Fig. 1, right top,
and also Fig. 2 E of ten Tusscher et al. (16)). Therefore, we originally
formulated 7 from the data of Bénitah et al. (21), which were corrected for
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TABLE 2 Equations and parameter values adopted for individual components of the HYM model
Component Expressions Parameter values PB* TNNP*
dL,«, fi,«: Bénitah et al. (21)
Icar 7aL: Same as the TNNP model (16) gcar (nS/pF) 0.2496 0.064
7g.: Original formula based on Bénitah et al. (21)
Da: Lietal. (24)
Ixr Pieo: Same as the CRN model (19)! gk (nS/pF) 0.012 0.015 0.096
Tpa: Same as the CRN model (19)Jr
ne: Li et al. (24)
Ixs Ta: Original formula based on Virdg et al. (34) 8xs (nS/pF) 0.036 0.02 0.245
Lo Same as the PB model (15) g0 @S/PE)* 0.3/0.4 0.3 0.294
INa Same as Bernus et al. (18)* &na (nS/pF) 7.8 16 14.838
I, Same as the PB model (15) gx1 (S/pF) 3.9 25 5.405
Inap Same as the PB model (15) 8Nap (nS/pF) 0.001 0.001 0.00029
Icap Same as the PB model (15) 8cap (S/pF) 0.00051 0.00085 0.000592
Inax Same as the PB model (15) INak max (PA/PF) 0.884 1.3 1.362
INaca Same as the PB model (15) knaca 1000 1000 1000
Ipca Same as the CRN model (19)¥ Iycamax (PA/PF) 0.11 0 0.025
Jrel Modified formulas base on Faber and Rudy (20) P 50 22 24.696
Jup Same as the TNNP model (16)7 Pyp 0.00221 0.0045 0.000425
Ju Same as the PB model (15) T 180 180

Ca®>* buffers Same as the PB model (15)

*Parameter values used for the PB model (15) and ten Tusscher et al. (TNNP) model (16) are given for comparison. Values are shown in italics or not shown,
when the formula is different from that of the current model and thus direct comparison is impossible.

TFormulas of the Courtemanche et al. (CRN) model for human atrial myocytes (19) were used. For details, see text.

*The g, (nS/pF) was set equal to 0.4, the value for epicardial cells (18), for the simulation of paced APs, and to 0.3, the value of the original PB model, for

the BP simulations and bifurcation analyses.

$Formulas for Ina were adopted from Bernus et al. (18) to reduce the number of state variables as well as to avoid the use of noncontinuous functions.
¥To reduce the diastolic [Ca®*y, during pacing at 0.25-2 Hz to <<0.3 uM, 1), a small amount of /,,c, was added, and 2), the formula for SR Ca®* uptake was

adopted from the TNNP model (16).

a temperature of 37°C with a Q¢ of 2.2 and [Ca2+]o—dependent factor (16).
The 74, data were fitted to a function similar to that used by Courtemanche
et al. (19) for their human atrial model, using a least square minimization
procedure. The formula for the Ca“-dependent inactivation (fc, «) is also
the same as used by Courtemanche at al. (19). Maximum Jc,; was formu-
lated as a fully selective Ca®* current, with its reversal potential (Ec, 1) fixed
at a constant value of +52.8 mV as reported by Bénitah et al. (21) and the
maximum conductance (gc, 1) set equal to 249.6 pS/pF at 2 mM [Ca®"],.

The model-generated I, ;. during voltage-clamp pulses and peak Ic,1-V
relationship are depicted in Fig. 1 (bottom). The simulated peak Ic,1-V
relation is comparable to the experimental data from Bénitah et al. (21),
Pelzmann et al. (22), and Li et al. (23).

Formulation of Ik,

The kinetics of Ik, was described by Eqs. 9-14 with the activation (p,) and
inactivation (p;) gating variables. Voltage dependences of Ik activation and
inactivation in the current and original human heart models are shown in
Fig. 2 (top), together with experimental data for comparison; the model-
generated [, during voltage-clamp pulses are also depicted. There are
limited experimental data available for the gating kinetics of native Iy,
channels in HVMs. Nevertheless, experimentally observed activation of
native /g, in human cardiac myocytes (24,25) appeared to be faster than
the I, activation simulated by the original PB formulas. To formulate
I, kinetics, the recently developed HVM models (16,17) employed the
experimental data from human ether-a-go-go-related gene (HERG) channels
expressed in human embryonic kidney (HEK) cells (26,27), Chinese hamster
ovary cells (28), or Xenopus oocytes (29). However, voltage- and time-
dependent kinetics of expressed HERG channels appear to depend on celi
lines or conditions for expression, as well as conditions for current record-
ings such as temperatures, and thus may be different from those of native I,
channels in human hearts (26-28,30-32). We therefore adopted the data
from HVMs of Li et al. (24) for the steady-state activation curve (p, ») and

the formula of Courtemanche et al. (19) based on the data from human atrial
myocytes of Wang et al. (25) for the activation time constant (7). We also
employed the expression of Courtemanche et al. (19) for the steady-state
inactivation curve (p; ). No detailed experimental data are available on the
time constant of Ik, inactivation (7y,;) in intact HVMs. Inactivation and
recovery of native /. in animal hearts or expressed HERG channels are very
rapid (28,33); thus, we assumed that /g, inactivation is instantaneous. The
maximum Jk, conductance (gg;) was set equal to 12 pS/pF, according to the
data of Li et al. (24). With this gk, value, the complete block of /i, prolonged
the action potential duration (APD) of the model HVM paced at 1 Hz by
34.6-48.9%; the simulated APD prolongation by /i, block is comparable to
the experimentally observed effects of the selective I, blocker E-4031 as
reported by Li et al. (24).

Formulation of Iy

On the basis of the recent data from Li et al. (24) and Virag et al. (34), the
kinetics of Ik was reformulated as Eqs. 15-18. Voltage dependences of I
kinetics in the current and original models are shown in Fig. 2 (bottom),
together with experimental data for comparison; the model-generated Iy,
during voltage-clamp pulses are also depicted. Steady-state /i activation
curve (1) is from Li et al. (24). Virdg et al. (34) recently reported that I, in
HVMs slowly activates and rapidly deactivates. According to their report,
therefore, we reformulated the time constant of /i activation (7,) as Eq. 18.
The expression of Ek is the same as for the PB model. The maximum
conductance (ggs) was set equal to 36 pS/pF so as to yield the APD at 90%
repolarization (APDygg) during 1 Hz pacing of 336 = 16 ms, as reported by
Li et al. (24).

Formulation of SR Ca®" release

In the original PB model, SR Ca®* release kinetics was represented by the
formula that explicitly contains time ¢ and also A[Ca“]i,z, which is not

Biophysical Journal 89(4) 28652887
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FIGURE 1 Kinetics of Ic,1.. (Top) Voltage dependence of steady-state probabilities (di«, f1...) and time constants for I, activation (74.) and inactivation
(t¢). Equations used for the current (modified) model are shown with the thick lines (labeled ‘“PM””). For comparison, those for existing (original) models are
also shown with the thin lines: PB, Priebe and Beuckelmann (15); TNNP, ten Tusscher et al. (16); CRN, Courtemanche et al. (19). The experimental data for
dLw, fLw, and Tg are from Bénitah et al. (21) (circles), Pelzmann et al. (22) (squares), and Li et al. (23) (hexagons). (Bottom) Computed voltage-clamp records
for Ic, 1, (left) and peak I, 1 -V relationship (right). Currents were evoked by 300-ms step pulses from a holding potential of —50 mV to test potentials ranging
from —30 to +50 mV in 10 mV increments. Simulating the whole-cell perforated-patch recording, [Ca®™]; was not clamped, whereas [Na*], and [K*]; were
fixed at 5 and 140 mM, respectively. The experimental data for the peak /¢, -V relation are from Bénitah et al. (21) (open circles), Pelzmann et al. (22)

(squares), and Li et al. (23) (hexagons).

a state variable but the sum of net Ca>* influx during the first 2 ms after
initiation of the action potential (AP). Thus, the original PB model is a non-
autonomous system, the vector field of which depends on time and initial
conditions, not suitable for bifurcation analysis. We had therefore to renew
the SR Ca®" release formula to convert the model into an autonomous
system. Owing to the lack of available data for updating the kinetic for-
mulation of SR Ca*" release in HVMs, we utilized simple expressions,
Eqs. 47-51. The formula for conductance of the Ca** release channel (8re1)
was adopted from Faber and Rudy (20), with the Py, value reduced to one-
third of the original value to obtain the peak [Ca®™); transient of ~1 uM
during APs elicited at 1 Hz. For gating behaviors of the Ca®" release channel
(dr, fr), we used the expressions similar to those for the Ic,; gating
variables to make the model an autonomous system suitable for bifurcation
analyses.

lon concentration homeostasis

The model also includes material balance expressions to define the temporal
variation in [Ca®* ], [Na*J;, and [K*];, whereas [Ca>*],, [Na*],, and [K*],
were fixed at 2, 140, and 5.4 mM, respectively. As pointed out by Hund et al.
(35) and Krogh-Madsen et al. (36), the second-generation models
incorporating ion concentration changes have two major problems: 1), drift,

Biophysical Journal 89(4) 2865-2887

with very slow long-term trends in state variables; and 2), degeneracy, with
nonuniqueness of steady-state solutions. The current model did not show
a long-term drift in the intracellular ion concentrations but reached a steady
state during pacing, as well as during BP oscillation, when the principle of
charge conservation was taken into account (35).

An n-dimensional fully differential system formulated as a cardiac
second-generation model can usually be converted into a differential-
algebraic system composed of n — 1 differential equations and one algebraic
equation, resulting in n — 1 equations for » unknowns (35,36). In such
a system, the Jacobian matrix of which is singular, the EP or limit cycle is
not unique but depends on initial conditions; e.g., our full system has
a continuum of EPs, because Eq. 65 can be derived from Egs. 66, 69, and
70 (see Appendix 2). Thus, second-generation models including our full
system exhibit degeneracy not suitable for bifurcation analysis to be
applicable to isolated equilibria. As suggested by Krogh-Madsen et al.
(36), one of the ways to remove degeneracy and thus allow bifurcation
analyses of isolated equilibria is to make some ionic concentrations fixed.
Variations in [K *]; during changes in parameters or stimulation rates (0.25-
2 Hz) were relatively small (<5 mM), being too small to significantly alter
the model cell behaviors. For stability and bifurcation analyses, therefore,
[K™]; was fixed at 140 mM. The degenerate system with the fixed [K™]; has
the finite number of EPs and limit cycles, being suitable for bifurcation
analyses.
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Determination and validation of model
HVM dynamics

Numerical methods for dynamic simulations of
HVM behaviors

Dynamic behaviors of the model HVM were determined by solving a system
of nonlinear ordinary differential equations numerically. Numerical integra-
tion, as well as bifurcation analyses, were performed on Power Macintosh
G4 computers (Apple Computer, Cupertino, CA) with MATLAB 5.2 (The
MathWorks, Natick, MA). We used the numerical algorithms available as
MATLAB ODE solvers: 1), a fourth-order adaptive-step Runge-Kutta algo-
rithm which includes an automatic step-size adjustment based on an error
estimate (37), and 2), a variable time-step numerical differentiation approach
selected for its suitability to stiff systems (38). The former (named ode45) is
the best function for most problems. However, the latter (named odel5s) was
much more efficient than ode45 and both solvers usually yielded nearly
identical results. Therefore, odel5s was usually used, and ode45 was only
sometimes used to confirm the accuracy of calculations. The maximum
relative error tolerance for the integration methods was set to 1 X 1075,

Dynamic properties of the model HVM: simulated APs,
ionic currents, and [Ca®" ]; dynamics

The steady-state AP, sarcolemmal currents, and [Ca2+]i transient of the
current model paced at 1 Hz with the standard parameter values are shown in

Fig. 3 A. According to the report of Hund et al. (35), the stimulus current was
assumed to carry K* ions into the cell for charge conservation. During
pacing, the model cell dynamics reached a steady state, with no long-term
drift in the state variables. Steady-state values of the resting potential, max-
imum upstroke velocity, and APDgg during 1 Hz pacing were —84.9 mV,
411 V/s, and 338 ms, respectively. The diastolic [Ca>"}; and peak [Ca®*];
transient in the model HVM paced at 1 Hz were 0.169 and 0.961 uM,
respectively. The simulated AP parameters and [Ca®"]; dynamics of the
current and original HVM models are listed in Table 3, together with
corresponding experimental data for comparison. The AP parameters and
[Ca®*}; dynamics of the current model appear to be in reasonable agreement
with the mean experimental values recently determined for single HVMs, as
well as those of the original PB and other HVM models. The values of
[Ca®* ],y and [Ca”]up were 0.41 mM (identical) for the resting state and
0.59-2.68 and 2.84-2.92 mM, respectively, in a steady state during 1 Hz
pacing. These values are comparable to the experimental data from rat and
rabbit ventricular myocytes (40,41), as well as those in the original PB
model, although experimental values for HVMs are unknown.

Rate dependence of APD, Ica ., [Ca®"];
transients, and [Na™ J;

We also tested the rate dependence of APD (dynamic restitution), as well as
that of the /¢,y waveform, [Ca®"); transients and [Na™]; (Fig. 3 B). The
steady-state values of APDggat 0.5, 1, and 2 Hz were 369, 338, and 298 ms,
respectively, compatible with the averaged experimental values (23,42).

Biophysical Journai 89(4) 2865-2887
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FIGURE 3 Simulated dynamics of the model HVM. (A) Steady-state behaviors of the AP, underlying sarcolemmal currents, and [Ca®"]; transient. The
model HVM was paced at 1 Hz with 1-ms stimuli of 80 pA/pF. Differential equations (Egs. 55-64) were numerically solved for 20 min with the initial
conditions appropriate to a resting state, which were determined by Eqs. 65-69 with [K™]; fixed at 140 mM. Model cell behavior after the last stimulus (during
the last AP) is depicted. (B) Rate dependence of APD, Ic, 1, and [Ca®*]; transients. The model HVM was paced at 0.5, 1, and 2 Hz with 1-ms stimuli of 80
pA/pF. The differential equations were numericaily solved for 20 min at each pacing rate; model cell behaviors after the last stimulus are depicted.

I, attenuated with increasing the pacing rate as observed in the AP clamp
experiment of Li et al. (23). The values of [Na*]; daring stimuli at O (resting
state), 0.25, 0.5, 1, and 2 Hz averaged 6.14, 7.47, 8.26, 9.22, and 9.57 mM,
respectively, comparable to experimental data (43,44).

The peak [Ca®*]; transient predicted by the current model was a little
smaller at 2 Hz than at 1 Hz. In most experiments, however, the peak [Ca“]i
transient and/or developed tension increased as the pacing rate increased
up to 2.5 Hz (45-47). This inconsistency may result from the lack of intra-
cellular modulating factors such as those involved in the rate-dependent
potentiation of Ic,y (48,49). Alternatively, the kinetic formulation of Ic,y,
andfor SR Ca®* handling may be inappropriate. We found that the use of the
7q, formula from the ten Tusscher et al. model (16) led to the successful
reproduction of the rate-dependent increase in the peak [Ca®*]; transient.
Nevertheless, their Tg, formula was not used, because it appeared not to fit
the experimental data as shown in Fig. 1 and because a very large Ix, (>8
times larger than the experimental values) was required to counteract the
large Ic,y. during phase 2 (16). In the preliminary study, BP dynamics or
bifurcation structures of the HVM model were not essentiaily altered by the
use of different formulas for I, 1, (Tg) or the change in the rate dependence
of [Ca®*]; transients.

Stability and bifurcation analyses

Constructing bifurcation diagrams

We examined how the stability and dynamics of the model cell alter with
changes in bifurcation parameters and constructed bifurcation diagrams for
one or two parameters. Bifurcation parameters chosen in this study were the

Biophysical Journal 89(4) 2865-2887

maximum conductance of the ionic channels (gx1, gcal, &k &xs) and
amplitude of Inaca OF Jyiss the maximum conductance and Iy,c, amplitude
are expressed as normalized values, i.e., ratios to the control values.

In the HVM model with the fixed [K*];, 14 state variables define a 14-
dimensional state point in the 14-dimensional state space of the system. We
calculated EPs and periodic orbits in the state space. An EP was determined
as a point at which the vector field vanishes (i.e., f(x) = 0); steady-state
values of the state variables were calculated by Eqs. 65-69 (see Appendix 2).
Asymptotic stability of the EP was also determined by computing 14 eigen-
values of a 14 X 14 Jacobian matrix derived from the linearization of the
nonlinear system around the EP (for more details, see Vinet and Roberge
(7)). Periodic orbits were located with the MATLAB ODE solvers. When
spontaneous oscillation (BP activity) appeared, the AP amplitude (APA) as a
voltage difference between the maximum diastolic potential (MDP) and
peak overshoot potential (POP), as well as the cycle length (CL), was de-
termined for each calculation of a cycle. Numerical integration was con-
tinued until the differences in both APA and CL between the newly calculated
cycle and the preceding one became <1 X 107> of the preceding APA and
CL values. Potential extrema (MDP, POP) and CL of the steady-state oscil-
lation were plotted against bifurcation parameters. When periodic behavior
was irregular or unstable, model dynamics were computed for 60 s; all
potential extrema and CL values were then plotted in bifurcation diagrams.

Codimension one and two bifurcations to occur in the model system were
explored by constructing bifurcation diagrams with one and two parameters,
respectively (10,11). For construction of one-parameter bifurcation diagrams
in which values of a state variable at EPs or extrema of periodic orbits are
shown as a function of one bifurcation parameter, a bifurcation parameter
was systematically changed while keeping all other parameters at their
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TABLE 3 AP parameters and [Ca®*]; dynamics for single HVMs paced at 1 Hz: model-generated values
and experimentally observed values
[Ca®*], K™, [Na™}* RP Vinax APDgq [Ca™" T, F A[Ca®");

(mM) (mM) (mM) (mV) (V/s) (ms) (M) (M)
Model values 2.0 4.0 10 -91.2 385 357 200 900
Priebe-Beuckelmann (15)* 2.0 4.0 10 -90.2 386 357 400 0
Bernus et al. (18) 2.0 4.0 10 —90.4 369 333 119 784
Sachse et al. (39) 2.0 54 >11.5 —87.3 238 276 70 930
Ten Tusscher et al. (16) 2.0 4.0 9.80 —90.7 350 322 68 797
Iyer et al. (17) 2.0 5.4 9.18 —84.9 411 338 169 792
Current (modified) model
Experimental values
Peeters et al. (90) 1.2 4.0 —84 + 6 381 = 94
Liet al. (24) 1.0 5.4 10 —83 +3 336 £ 16
Li et al. (42) 2.0 54 10 ~-82 %2 298 *+ 17
Péréon et al. (91), epicardium 2.7 4.0 —86 + 1 196 *+ 20 324 = 19
Péréon et al. (91), midmyocardium 2.7 4.0 —-86 + 1 446 * 46 432 = 19
Piacentino et al. (92) 1.0 54 12.5 153 = 20 804 = 197

*The steady-state mean [Na*]; values during 1 Hz pacing are shown for the TNNP (16), Iyer et al. (17), and the current model; the resting state or fixed value
is shown for others. The experimental values were for the perforated- or ruptured-patch recording. A [Na™]; value was unknown (not shown) when the

conventional microelectrode method was used.

TMinimum [Ca® "}

values during the diastolic phase, i.e., [Ca®"); values at the end of phase 4.

*Data for AP parameters are from Table 3 of Bernus et al. (18). The values of [Ca”]i,r (200) and A[Ca>"]; (900) are only approximations from the original figures.

Abbreviations: RP, resting potential; V};,,x, maximum upstroke velocity.

standard values. The membrane potential (V) at EPs (steady-state branches)
and local potential extrema of periodic orbits (periodic branches) were
determined and plotted for each value of the bifurcation parameter. The
saddle-node bifurcation point at which two EPs coalesce and disappear was
determined as a point at which the steady-state current—voltage (I/V) curve
and zero-current axis come in touch with each other. The Hopf bifurcation
point at which the stability of an EP reverses was also detected by the
stability analysis as described above. For construction of two-parameter
bifurcation diagrams in which codimension one bifurcation points are
plotted in a parameter plane, the secondary parameter was systematically
changed with the primary parameter fixed at various different values. The
path of saddle-node and Hopf bifurcation points was traced in the parameter
plane; i.e., bifurcation values for the secondary parameter were plotted as
a function of the primary parameter.

Definition and evaluation of structural stability for
the BP system

We also evaluated the structural stability of the BP system, which is defined
as the robustness of pacemaker activity to various interventions or modi-
fications that may cause a bifurcation to quiescence or irregular dynamics
(11). Interventions or modifications leading to quiescence or irregular
dynamics include injections of Iy, electrotonic loads of normal HVMs,
current leakage via myocardial injury, and intrinsic changes in channel
conductance or gating kinetics. In this study, the structural stability of the BP
system was tested for hyperpolarizing and depolarizing loads by exploring
bifurcation structures during applications of Iy;,s.

The way of evaluating the structural stability to [y, is essentially the
same as in our previous study for the SA node pacemaker (11). Changes in
Vp and its stability with Jy;,s applications were depicted as the Jy;,-Vo curve
(for more details, see Fig. 1 of Kurata et al. (11)). There are one or two Hopf
bifurcation points and two saddle-node bifurcation points corresponding to
the current exrema in the Jp,5-Vo curve. In the unstable Iy, region between
two Hopf (or a Hopf and saddle-node) bifurcation points, the system has an
unstable EP only, usually exhibiting stable limit cycles without annjhilation
(6,8). When the system removes to the stable Iy, region, it would come to
rest at the stable EP via gradual decline of limit cycles, annihilation, or
irregular dynamics, as reported by Guevara and Jongsma (8). Note that

system A is considered structurally more stable than system B when the
amplitude of Jp;, required for stabilizing an EP or causing a bifurcation to
quiescence is greater in system A than in system B (11). Thus, the larger the
unstable ;s range over which limit cycles continue is, the more structurally
stable the system is.

The Hopf and saddle-node bifurcation points, as well as the control V; at
Lias = 0, in the Iy,-Vo curve were determined as functions of bifurcation
parameters and plotted on both the potential and current coordinates, as in
previous studies (7,11). Exploring how the unstable V and Iy;,; regions
change with decreasing or increasing the sarcolemmal currents would enable
us to determine the contribution of each current to the structural stability of
the BP system to hyperpolarizing or depolarizing loads, as well as to EP
instability itself, which is evaluated by positive real parts of eigenvalues of
Jacobian matrices (see Fig. 4 of Kurata et al. (11)).

Definitions of terms specific to nonlinear
dynamics and bifurcation theory

Autonomous system

An nth-order ‘‘autonomous’’ continuous-time dynamical system is defined
by the state equation dx/dz = f(x), where the vector field f, a smooth function
of the state variable x = x(r), does not depend on time, but depends only on
the state variable x (13).

Nonautonomous system

An nth-order ‘‘nonautonomous’ continuous-time dynamical system is
defined by the state equation dx/ds = f(x, ), where the vector field f depends
on time, i.e., explicitly contains time ¢ (13).

EP

A time-independent steady-state point at which the vector field vanishes
(i.e., dx/df = 0) in the state space of an autonomous system, constructing the
steady-state branch in one-parameter bifurcation diagrams. This state point
corresponds to the zero-current crossing in the steady-state I/V curve, i.e.,
a quiescent state of a cell if it is stable.

Biophysical Journal 89(4) 2865—-2887
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Periodic orbit

A closed trajectory in the state space of a system, constructing the periodic
branch in one-parameter bifurcation diagrams.

Limit cycle

A periodic limit set onto which a trajectory is asymptotically attracted in an
autonomous system. A stable limit cycle corresponds to an oscillatory state,
i.e., pacemaker activity, of a cell.

Bifurcation

A qualitative change in a solution of differential equations caused by altering
parameters, €.g., a change in the number of EPs or periodic orbits, a change
in the stability of an EP or periodic orbit, and a transition from a periodic to
quiescent state. Bifurcation phenomena we can see in cardiac myocytes
include a generation or cessation of pacemaker activity and occurrence of
irregular dynamics such as skipped-beat runs and early afterdepolarizations.

Hopf bifurcation

This is a bifurcation at which the stability of an EP reverses with emergence
or disappearance of a limit cycle, occurring when eigenvalues of a Jacobian
matrix for the EP have a single complex conjugate pair and its real part
reverses the sign through zero.

Saddle-node bifurcation

This is a bifurcation at which two EPs (steady-state branches) or two periodic
solutions (periodic branches) emerge or disappear. The saddle-node bi-
furcation of EPs occurs when one of eigenvalues of a Jacobian matrix is zero.

Codimension

The codimension of a bifurcation is the minimum dimension of the param-
eter space in which the bifurcation may occur in a persistent way (12,50). In
other words, the codimension is the number of independent conditions
determining the bifurcation (14). A bifurcation with codimension one is a
point in one-parameter bifurcation diagrams such as Fig. 6 or a line in two-
parameter bifurcation diagrams such as Fig. 7, whereas a bifurcation with
codimension two is a point in the two-parameter space.

RESULTS

BP generation in /¢ -downregulated HVM
BP activity appears in model HVYM during Iic; suppression

We first examined whether I, downregulation leads to BP
generation in the model HVM by decreasing gk ; atan interval
of 0.01 (1%). Spontaneous oscillations (BP activity) abruptly
appeared when gi; was reduced to 0.15 (15%). Fig. 4 shows
the simulated BP activity of the /x;-downregulated HVM
with gg; of 0.15 or 0, depicting the membrane potential
oscillations, underlying sarcolemmal currents, and [Ca2+]i
transients in steady state. The values of MDP, POP, APA, CL,
and maximum upstroke velocity were determined for the BP
oscillations at each gi; value. The simulated AP parameters
are listed in Table 4, together with the data from the guinea pig
ventricle (3) and rabbit SA node (51) models, as well as from
real BP systems (1,52), for comparison. The average [Na*];
during the BP oscillations at gg; of 0.15 and 0 were 6.55 and
6.42 mM, respectively. Decreasing gk caused the decrease of
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FIGURE 4 Simulated steady-state BP activities (spontaneous APs, ionic
currents, and [Ca?™]; dynamics) in the model HVM at gk = 0.15 (left) and
0 (right). Differential equations (Eqs. 55-63) were numerically solved for 20
min at each gx; with initial conditions appropriate to an EP and a 1-ms
stimulus of 1 pA/pF for triggering an AP; model cell behaviors during the
last 2.5 s starting from MDP are depicted. Note the differences in the
ordinate scales for individual currents.
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TABLE 4 AP parameters for pacemaker systems: Model-generated values and experimental values
Normalized gg, MDP (mV) POP (mV) APA (mV) CL (ms) Vinax (V X s7H

Model values
Silva and Rudy (3)* 0.19 —67.3 594 15

0 366
This study 0.15 —61.9 +32.7 94.7 1117 32

0.10 —54.3 +31.6 86.0 938 2.8

0 —47.9 +29.8 71.7 795 2.3
Kurata et al. (51) 0 -58.6 +16.6 75.2 308 6.4
Experimental values
Miake et al. (1)* 0.20 —60.7 600
Plotnikov et al. (52)* 1091

*Data from the model and real guinea pig ventricular myocytes.
TPrimary pacemaker model for the rabbit SA node.

*Data for Purkinje myocytes expressing [, (HCN2) in the canine left ventricle.

APA with depolarization of MDP, decrease of CL, increase of
[Ca®"];, and decrease of [Na'];. Consistent with the result
from the guinea pig ventricular model (3), Inaca Was the
dominant inward current during phase 4 depolarization in the
HVM pacemaking. In contrast, /c,3, was very small during
the early phase of the depolarization, although predominantly
contributing to phase 0 upstroke. Iy, was also very small due to
the voltage-dependent inactivation.

lonic basis of phase 4 depolarization in simulated BP activity

Before investigating the dynamical mechanisms of BP gen-
eration via bifurcation analyses of the HVM model, we
examined the ionic basis of phase 4 depolarization of the BP
activity. The contributions of I, and Ik deactivation, as well as
individual inward currents (Ic, 1, INa> INaCas INabs Icap), tO the
pacemaker depolarization were assessed by the conventional
freezing and blocking methods (53-55). Phase 4 depolarization
of the Ixj-reduced BP system disappeared on clamping Ik,
deactivation (gating variable p,) at the time of MDP, but not on
clamping Ik deactivation (gating variable n). Thus, the gx.-
decay theory for the natural SA node pacemaker (53-55)
appears to be applicable to the HVM pacemaker as well.
Removal of ICan-at the time of MDP little altered the initial
phase of pacemaker depolarization, although reducing the rate
of the later phase depolarization with cessation of BP activity.
Eliminating Iy, did not significantly affect BP oscillations.
Furthermore, in the Ik ;-removed system, eliminating Iyac, (the
most dominant pacemaker current) at the MDP abolished phase
4 depolarization, leading to cessation of BP activity, whereas
the removal of Iy, , (the second dominant pacemaker current)
or I, only reduced the depolarization rate.

Bifurcation structure of HVM system during
Ik suppression

BP activity abruptly appears around unstable EP via
saddle-node bifurcation

To elucidate the dynamical mechanisms of BP generation,
we explored EP stability, dynamics, and bifurcation struc-

tures of the HVM system during Ix; suppression by con-
structing bifurcation diagrams for gk;. As shown in Fig. 5,
the zero-current potential in the steady-state I/V curve, as
well as steady-state [Ca2+]i and [Na+]i, was plotted as
a function of gk,; when BP activity appeared, AP parameters
(MDP, POP, CL), extrema of [Ca“]i, and average [Na+]i
were also plotted. There are three EPs corresponding to the
zero-current crossings of the I/V curve in the state space of
the system at gg; = 1 (denoted as EP1, EP2, and EP3). The
stability analysis revealed that EP1 with the most depolarized
potential as well as EP2 is unstable, whereas EP3 with the
most negative potential corresponding to the resting state is
stable. The zero-current potential at EP3 positively shifted
with decreasing gg;; the stable EP3 (and EP2) disappeared
via a saddle-node bifurcation when gg; reduced to 0.154.
After the bifurcation, the system has only one EP at
depolarized potentials (EP1), which is always unstable, not
stabilized during gx; decreases. Limit cycles (BP oscilla-
tions) abruptly emerged around the unstable EP1 on
occurrence of the saddle-node bifurcation, with APA and
CL gradually decreasing during further reductions in gg;.

Decrease in [Na™ ]; accelerates BP generation

The steady-state [Na*J;, 6.14 mM in the control resting state
(at g1 = 1), reduced as gk decreased, reaching 4.64 mM just
before the saddle-node bifurcation at gi; = 0.154 (see Fig. 5,
right bottom). This reduction in [Na™]; during [k suppression
was due to the enhancement of Na* efflux via the Na™-K ™"
pump, as well as decrease of Na™ influx via the Na™/Ca®"
exchanger and I, 1, With resting potential depolarization. To
determine how the [Na™ ]; decrease affects BP generation, we
constructed bifurcation diagrams for gk, using the reduced
system with [Na™]; fixed at the control value of 6.14 mM or
critical value of 4.64 mM (data not shown). The critical gx, at
which BP activity emerges via a saddle-node bifurcation was
larger in the system with the reduced [Na™J; of 4.64 mM
(0.153) than with the control [Na™]; of 6.14 mM (0.117),
suggesting that the [Na ™ ]; reduction facilitates BP generation
during I suppression.

Biophysical Journal 89(4) 2865-2887
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lonic bases of EP instability and BP generation
in lx,-downregulated HVM

Instability of the EP at depolarized potentials (EP1) appears
to be essentially important for BP generation. To elucidate
the ionic mechanisms of EP instability and BP generation,
therefore, we further explored how modulating individual
sarcolemmal currents or [Ca2+]i transients affects EP sta-
bility, oscillation dynamics, and bifurcation structures of the
BP system. We focused on I, 1, Ik, and Inaca, Which appear
to be essentially important for BP generation.

Influences of blocking I, or Ix on stability and dynamics
of the BP system

Fig. 6 shows the effects of reducing the maximum conduc-
tance of ICa,L (gCa,L)a ]Kr (gKr)! or IKS (ng) on EP stablh’[y and
BP dynamics of the Ix;-removed system. The zero-current
potential (EP1) negatively shifted with decreasing gc,1; the
EP became stable via a Hopf bifurcation when gc,;. was
reduced by 86.6%. During the gc, 1. decreases, a limit cycle
(BP oscillation) gradually contracted in size and finally
disappeared at the Hopf bifurcation point. In contrast, a Hopf

Biophysical Journal 89(4) 28652887

bifurcation to abolish BP activity did not occur during de-
creases in gg, or ggs, although APA significantly reduced
with decreasing gg,. Spontaneous oscillation continued even
when Ig, or Iy, was completely blocked, whereas it was
abolished by eliminating both Ik, and Ik,.

As shown in Fig. 7, we also examined the effects of
blocking I, 1., Ikr, Of Ik on the unstable Vj and Iy, regions
in the Iy,5-Vo curve for further clarifying the contributions of
the individual currents to EP instability and structural sta-
bility to depolarizing or hyperpolarizing loads of the BP
system. Hopf and saddle-node bifurcation points in the Iy;,s-
Vo curve determined with decreasing conductance values
were plotted on the potential and current coordinates to
display how blocking each current shrinks the unstable
ranges where BP oscillations occur (for more details, see
Theory and Methods). The more prominent shrinkage in the
unstable V|, region is, the greater the contribution of the
current to EP instability is; the more prominent shrinkage in
the unstable /,;,; region is, the greater the contribution to the
robustness to depolarizing or hyperpolarizing loads is. The
unstable regions, shrinking with decreases in gc,p, dis-
appeared via a codimension two saddle-node bifurcation ‘at
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of MDP and POP converging at the bifurcation point.

a 87.4% reduction of gc,1. Pacemaker activity never ap-
peared in the system with g, 1, reduced to less than the saddle-
node bifurcation value. In contrast, reducing gg, or gis little
affected the unstable Vj range, eigenvalues of Jacobian
matrices at Vj being not significantly altered. The unstable
Iias Tegion shrunk with decreasing gk, or gk, though it did
not disappear even when I, or Ix; was completely blocked,;
the robustness to depolarizing /,;,s was attenuated by decreas-
ing gx: Or gxs-

- 28

Effects of incorporating various K™ currents on stability
and automaticity of an l-removed system

The results shown in Figs. 6 and 7 suggest that Ik, or Ik,
contributes little to the instability of the EP leading to the
generation of spontaneous oscillations. To elucidate the roles
of Iy, and Ik, in the HVM pacemaking, we tested how the
stability and dynamics of the reduced BP system not includ-
ing either Iy, or Ig, are affected by incorporating different
K™ currents. Both Iy, and I, were first removed from the

Biophysical Journal 89(4) 2865-2887
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standard /x,-eliminated BP system, and the background K™*
current of linear I/V relation (Ix ) or the original Iy, or Ik
(one of the three) was then incorporated. Eliminating both Ik,
and I abolished BP activity, with the model cell coming to
arest at a stable zero-current potential of +16.15 mV. Fig. 8
shows how EP stability and automaticity of the reduced
system change with increasing the K™ current conductance
up to 10-50 pS/pF. As the K™ conductance increased, the
zero-current potential was negatively shifted and eventually
destabilized via a Hopf bifurcation, with limit cycles
emerging at the bifurcation. It should be noted that all the
K" currents, including I p, could individually create an
unstable EP and induce spontaneous oscillations. However,
Ik p, the effect of which was very similar to the electrotonic
influence of the adjacent normal HVM in a coupled-cell
system (data not shown), produced the oscillation of rela-
tively small amplitude and low upstroke velocity, as well as
unstable CL and irregular dynamics. The Ik, conductance
(gxp) range where an EP is unstable and spontaneous
oscillations occur was very limited, with further increases in
gk» leading to quiescence via emergence of a stable EP. In
contrast, I, could yield the large amplitude oscillation with

Biophysical Journal 89(4) 2865-2887

relatively high upstroke velocity and stable CL; however, Ik,
caused irregular dynamics at higher gx, values (>31.5 pS/
pF), whereas I did not.

We further examined how incorporating the K™ currents
affects the structural stability of the reduced model to depo-
larizing or hyperpolarizing loads. The unstable regions in the
Inias-Vo curve were determined for individual K™ currents
with the conductance increased up to 50 pS/pF (data not
shown). Note that the structural stability to hyperpolarizing
or depolarizing loads is considered as improved when the
unstable I;,s region is enlarged, i.e., when larger I, is
required to cause a bifurcation to quiescence. The results are
summarized as follows: 1), Increasing Ik, (gk,) continuously
enlarged the unstable [,;,; region, sufficiently improving the
structural stability to depolarizing Iy, 2), Ixs could also
enlarge the unstable /;,s region, but did not improve the
structural stability as efficiently as Ix,; and 3), Ix ;, could not
enlarge the Iy, region of instability; with increasing g p, the
unstable regions shrunk and finally disappeared via a codi-
mension two saddle-node bifurcation. These findings are
essentially the same as those reported for the SA node
pacemaker (see Fig. 9 of Kurata et al. (11)).
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Influences of blocking Inaca or [Ca? ]; transients on the
stability and dynamics of the BP system

SR Ca®" release, [Ca®"]; transients, and activation of Ixucq
possibly play an important role in the generation and regu-
lation of BP activity; as in the guinea pig ventricular
pacemaking (3), Inac, Was the dominant pacemaker current

Kurata et al.

in the HVM pacemaking (Fig. 4). We therefore assessed the
contributions of In,c, and [Ca®*); transients (SR Ca®™ re-
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Normalized INaca

lease) to the EP instability and oscillation dynamics of the
BP system by decreasing ly,c, and/or clamping [Ca2+]i. As
shown in Fig. 9 (left), BP oscillation ceased via a Hopf
bifurcation when Inac, was reduced by 99.44% in the

FIGURE 9 EP stability and BP dy-
namics of the Ix;-removed system
during /nac. inhibition, determined for
the unmodified system (leff) and the
modified system in which f, was fixed
at 0.412, the value for [Ca®>"); = 0.5
uM (middle), or {Ca*"); itself was fixed
at 0.5 uM (right). The amplitude of
Inaca as aratio to the control value was
decreased from 1 (control) to 0.001
(0.1%); practically, the log(Inaca) value
was reduced from O (Inaca = 1) to —3
Unaca = 1 X 107%) at an interval of
0.01. The zero-current potential (EPI)
and BP dynamics (MDP, POP, CL), as
well as the minimum (Min) and maxi-
mum (Max) of [Ca2+]; and minimum
values of the inward currents (Jc,y,
INacas INaps Icap), are plotted as func-
tions of log(/naca). Note that a Hopf
bifurcation to abolish BP activity oc-
curred only in the unmodified system
(HB at Inaca = 0.0056).
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Ix,-removed system. However, this may be due to the Ca**-
dependent inactivation of /¢, after the induction of Ca’"-
overload conditions, rather than the decrease of Inac, itself.
Therefore, we further tested the stability and dynamics dur-
ing Inac, inhibition of the modified BP system for which
[Ca*>"); or Ca®*-dependent I, inactivation (fc,) was fixed
at a control value. In the modified systems, inhibition of
Inaca caused neither EP stabilization nor BP cessation, with
Ic,1. being not attenuated, although Iy,c, was still the
dominant pacemaker current in control (Fig. 9, middle,
right). Eliminating [Ca®"]; transients or blocking SR Ca®"
release little altered BP dynamics.

We also examined the contributions of Inac, or [Ca®'];
dynamics to the EP instability and structural stability to
depolarizing or hyperpolarizing loads of the BP system by
determining the unstable regions in the Iy;,s-V, curve during
decreases in In,c, or [Ca®"]; transients. As shown in Fig. 10
(left), inhibition of In,c, significantly shrunk the unstable
regions, though a codimension two saddle-node bifurcation
did not occur. When [Ca®*]; or fca was fixed at the control
value, however, the unstable regions did not shrink during
INaca reduction (Fig. 10, middle, right). The influences of
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eliminating [Ca®"]; transients or blocking SR Ca®" release
on the unstable regions were very small.

DISCUSSION

Mechanisms of BP generation in
Ix;-downregulated HVM

Nonlinear dynamical aspects of BP generation

This study shows that pacemaker activity appears in the
Ik -downregulated HVM system via a saddle-node bifurca-
tion (disappearance of a stable EP) or Hopf bifurcation
(destabilization of an EP) and that the instability of an EP at
depolarized potentials underlies the stable HVM pacemak-
ing. The term ‘‘mechanisms of pacemaker generation’ is
usually interpreted as meaning how individual sarcolemmal
currents drive or contribute to phase 4 depolarization. From
the viewpoint of the nonlinear dynamics and bifurcation
theory, however, ‘‘EP instability’’ seems to be most impor-
tant for the generation of robust pacemaking: if the system
has a stable EP, it will be quiescent at the stable EP or in a
bistable zone where stable steady states and periodic states

Control fca fixed [Ca2+]; fixed
0 0 0
< Stable H1 Stable H1 Stable
E -
= -10 H1 Crctabie -10 Unstable 10 Unstable
©
g = I 0l =
2
S ‘ SN1 —
SN1 30
o — X
® SN2 SN2
% —_— 40
z H2 SN2
S Stable -50 Stable
)
-60 . A
.001 .01 1 1 .001 .01 1 1 .001 .01 A 1
8 8 8r
T 6 Stable 6 H1 Stable 6 Hi Stable
s ; — =
3 4 4 At
= Unstable Unstable Unstable
o 2 2 2
= HB SN2
3 ——l )
0 0 l 0
[7) SN2 SN2 SN2
g H2 o1 7\')'
--2 Stable gy 2 W2 st sm1 2 SNt Stable
-4 -4 -4
.001 .01 1 1 .001 .01 1 1 .001 .01 1 1

Normalized IngGa

Normalized IN aCa

Normalized IngCa

FIGURE 10 Changes in the unstable regions of the [,V curve during In,c, suppression in the I ;-removed systems. Displacements of the bifurcation
points (H{/-2, SN1-2), as well as the control V; at L, = 0 (EPI), in the Li;,5-V curve with decreasing Iy,c, are shown for the unmodified system (leff) and the
modified system with fc, fixed at the value for [Ca®"]; = 0.5 UM (middle) or [Ca*Y; itself fixed at 0.5 UM (right). The log(Inaca) value was reduced from 0 to
—3 at an interval of 0.01. As in Fig. 7, values of V;, and I, at the bifurcation points are plotted on both the potential (fop) and current (bottom) coordinates as
functions of 10g(/naca)- In the unmodified system, the path of EP1 intersected the locus of H2 at Iyy,c, = 0.0056 (labeled HB).
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coexist and thus annihilation occurs (for details on bistability
and annihilation, see Landau et al. (6) and Guevara and
Jongsma (8)). When considering the pacemaker mecha-
nisms, therefore, one must elucidate the ionic mechanism of
EP destabilization, which may be different from that of phase
4 depolarization. In the HVM pacemaker, I, 1 is responsible
for EP instability, whereas Iy.ca as well as Ik, deactivation
most contributes to phase 4 depolarization. Our study also
suggests that the question ‘‘which current is dominant dur-
ing phase 4”’ is relevant to the ionic mechanism not for
EP instability as a requisite to stable pacemaking, but for
the regulation of the destabilization rate (Figs. 4, 9, and
10). These viewpoints would be important particularly for
engineering of functional BP cells to exhibit robust pace-
making.

It should be noted that the EP with the most depolarized
potential (EP1) is always unstable, not stabilized during Ik,
suppression (Fig. 5). The saddle-node bifurcation may also
be yielded by increasing inward currents such as Iy,p Or
Icap. Nevertheless, increasing the inward currents would not
lead to BP generation, because the positively shifted EP1
becomes stable via a Hopf bifurcation, resulting in an arrest
at depolarized potentials. Another approach to create a BP
cell may be overexpression of the hyperpolarization-acti-
vated current (f,), which has been reported to induce BP
activity in canine atrial or Purkinje myocytes (52,56). How-
ever, incorporating /;, did not cause a saddle-node bifurcation
nor BP generation in the HVM model with normal Ik,
although accelerating BP generation during Ix; suppression
via shifting the saddle-node bifurcation point toward higher
gk values (data not shown). This discrepancy is at least in
part due to the difference in I, density, which is much
higher in ventricular cells than in atrial or Purkinje cells
(56,57). These findings suggest that Ix; downregulation,
ensuring both the occurrence of a saddle-node bifurcation
and instability of EP1, is necessary and sufficient for con-
structing BP cells from HVMs.

Roles of individual sarcolemmal currents in
HVM pacemaking

/ Ca,L

Ica1 contributes little to the initial phase of pacemaker
depolarization, although it contributes significantly to the
terminal phase of the depolarization as well as to phase 0
upstroke (Fig. 4). Nevertheless, Ic,;, appears to be in-
dispensable for the HVM pacemaking in that it is responsible
for EP instability as a requisite to stable pacemaking (Figs. 7
and 8). The Ca®" channel responsible for /¢, 1, in the current
model and original ventricular or SA node models cor-
responds to the high voltage-activated subtype (C-LTCC)
formed by an «;c subunit (Ca,l1.2), which is a major
component in the heart of mouse or other species (58-60).
However, the low voltage-activated subtype (D-LTCC), the
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a-subunit of which is a;p (Ca,1.3), activating at the pace-
maker potential range, has recently been reported to con-
tribute to phase 4 depolarization in the mouse SA node
(61-63) and possibly in the rabbit SA node as well (64).
Nevertheless, it is unlikely that D-LTCC plays an important
role in the ventricular pacemaking, because Ca,1.3 m-RNA
is not present in the mouse or human ventricle (58,63).

Ik

In contrast to Ic, 1, Ik, O Ixs Was suggested to be inessential
for EP destabilization leading to spontaneous activity, because
1), eliminating Ik, and/or Ik, did not significantly attenuate
the EP instability as evaluated by positive real parts of ei-
genvalues of Jacobian matrices, little shrinking the unstable
Vo region in the I,s-Vy curve (Fig. 7); and 2), the Ik-
removed BP system, quiescent in control (at gg = 0),
resumed automaticity when an EP was destabilized by in-
corporation of I, (Fig. 8) or electrotonic influences of ad-
jacent normal HVMs (data not shown). Although Ik, or Ik, is
not necessarily required for the generation of spontaneous
oscillations, the K* currents appear to play pivotal roles in
the modulation of BP dynamics. As suggested by Fig. 8, Ix
would be necessary for the BP generation with large am-
plitude, high upstroke velocity, and stable frequency. Decreas-
ing Ik, or Ixs shrunk the unstable Iy, region in the I~V
curve, i.e., it attenuated the structural stability to depolarizing
loads of the BP system (Fig. 7). The K™ conductance region,
as well as the Iy, region, where EPs are unstable and thus
spontaneous oscillations occur, was much larger for the
Ix-incorporated system than for the /x p-incorporated system
(Fig. 8). Therefore, Ix may also contribute to the robust
maintenance of BP activity, i.e., prevention of a bifurcation
to quiescence.

/ NaCa

As in the guinea pig ventricular pacemaking (3), Iyaca Was
suggested to be the dominant pacemaker current in the HVM
pacemaking, with its removal leading to cessation of BP
activity via a Hopf bifurcation (Figs. 4 and 9). However, the
stabilization of an EP and cessation of BP activity during
Inaca decreases appear to be a consequence of the Ca?*-
dependent inactivation of Ic, 1, rather than the In,c, decrease
itself: when fc, was fixed or when [Ca®"]; was kept low by
rapid Ca®>* buffering or tentative electroneutral Ca>" trans-
port, BP activity did not cease, being quite stable, during
Inaca suppression (Fig. 9). It is also suggested that Iy,ca is
not required for the destabilization of an EP or generation
of spontaneous oscillations (Fig. 10). Thus, the major role of
INaca Would be the maintenance of relatively low [Ca®*); to
prevent Ca”*-dependent inactivation of Icayr as well as
cellular remodeling under Ca®*-overload conditions, rather
than the contribution to phase 4 depolarization as a pace-
maker current. In all existing heart models, the Nat/Ca®*
exchanger is assumed to mediate only the current Iy.ca via
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the 3Na™t:1Ca%" transport mode. However, it is also reported
to carry a significant part of Iy, via the Na™-conducting
mode (65,66). The background inward current Iy, is the
second dominant pacemaker current in the HVM model and
the most dominant pacemaker current in most SA node
models (51). Thus, the Na*/Ca®" exchanger may also con-
tribute to pacemaker depolarization by generating I, p.

Comparisons of HVM pacemaker with other
pacemaker systems

Conditions for BP generation and BP dynamics

Real and model guinea pig ventricular myocytes exhibited
spontaneous activities on 80-81% suppression of I channels
(1,3). In the HVM model, BP activity appeared when I, was
suppressed by 84.6%, which is close to the critical values for
BP generation in the guinea pig ventricle. The BP rates of the
Ik -reduced HVM (54-75 bpm), lower than those of the real
or model guinea pig ventricular myocytes (100-164 bpm),
appear to be in reasonable agreement with the mean human
heart rate under normal conditions (refer to Table 4).

Pacemaker mechanisms

It has been reported for the rabbit SA node primary pace-
maker that 1), Ic,1 is, but I is not, responsible for EP
instability leading to spontaneous oscillations (11); 2), Ik,
contributes to the robust pacemaking with large amplitude
and stable frequency (11); 3), Ik, deactivation is crucial for
phase 4 depolarization (53-55); and 4), Ina.» and Ixac, are the
predominant inward currents during phase 4 depolarization,
with Ic,1. contributing only to the terminal phase of the
depolarization as well as to phase 0 upstroke (51,55). These
findings for the SA node pacemaker are in good agreement
with our conclusions for the HVM pacemaker. As mentioned
in the preceding section, the low voltage-activated Ic,1
mediated by D-LTCC may serve as a pacemaker current in
the SA node pacemaking, but not in the ventricular pace-
making (61-63). However, the knockout of D-LTCC did not
lead to sinus arrest, but led only to sinus bradycardia and
arrhythmias (61-63), whereas the deletion of C-LTCC caused
fetal death (60). These findings and our study suggest that the
roles of C-LTCC and D-LTCC in pacemaking are different:
C-LTCC would contribute mainly to EP destabilization as a
requisite for basal pacemaking, whereas D-LTCC is not
necessary for basal pacemaking, rather playing a pivotal role
in pacemaker regulation by contributing mainly to phase 4
depolarization. Thus, the dynamical mechanism of the HVM
pacemaking appears to be essentially the same as that of the
basal SA node pacemaking. This consistency may reflect that
cardiac myocytes, both pacemaker and nonpacemaker cells,
in different regions or species share the common mechanism
for the generation of basal pacemaking. Nevertheless, previ-
ous reports suggest the regional difference in pacemaker
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mechanisms. Blocking /¢, abolished spontaneous activity
in central SA node tissues, but not in peripheral tissues
(67,68); in the peripheral SA node, Iy, might contribute to
EP destabilization and pacemaker generation. [, is also
suggested to play a predominant role in the subsidiary pace-
maker mechanism (69,70). Bifurcation analyses of mathe-
matical models for various regions or species are required for
further investigations of the regional difference in pacemaker
mechanisms.

Because there is transmural heterogeneity of electrophys-
iological properties of ventricular myocytes (16,18,71), one
may also expect the transmural difference in BP mecha-
nisms. Electrophysiological differences between epicardial,
midmyocardial, and endocardial cells are attributable mainly
to the differences in density and kinetics of I, or Ik, and
possibly Iyaca, as summarized by ten Tusscher et al. (16).
Reducing g, only increased POP without affecting other AP
parameters or EP stability (data not shown). Changing gk or
Inaca exerted only minor effects on stability and dynamics of
the BP system (Figs. 6, 7, 9, and 10). These results suggest
that bifurcation structures of epicardial, midmyocardial, and
endocardial cells are essentially the same; thus we do not
expect the transmural difference in BP mechanisms.

Responsiveness to B-adrenergic stimulation

As suggested by Silva and Rudy (3), a potential advantage of
the BP over the electronic pacemaker is responsiveness to
[3-adrenergic stimulation (SAS). In the guinea pig ventricular
model, BP responsiveness to SAS was very limited (3). We
did not show the data on this issue, which is very important
but out of the aim of this study. Nevertheless, we also found
in the simulations according to the method of Silva and Rudy
(3) that the HVM pacemaker did not exhibit a significant rate
increase in response to SAS, suggesting that the ventricular
pacemaker is less sensitive to SAS than the SA node pace-
maker. The low sensitivity to SAS of the ventricular pace-
maker may be at least in part due to the lack or low density of
the regulatory inward currents, such as the low voltage-
activated Ic,1, sustained-inward current (/) and I, which
are known to be enhanced by SAS and abundant in SA node
primary pacemaker cells (11,51,61-63,72-74).

Significance of applying bifurcation theory to
BP system analysis and engineering

In this study, we used stability and bifurcation analyses to
investigate the mechanisms of BP generation. As mentioned
in the Introduction, the nonlinear dynamical approach is
known to be useful for general understanding and systematic
descriptions of the mechanisms of normal and abnormal
pacemaker activities (4—11), as well as reentrant arrhythmias
or conduction block (75-78). This study demonstrates that
bifurcation theory also provides a reliable way of elucidating
the roles of individual currents in pacemaker generation of
Ix,-downregulated ventricular myocytes.
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Our work suggests that exploring bifurcation structures of
model cells can reveal the conditions and ways for oscil-
latory behavior to emerge or disappear in cardiac myocytes
and possibly allow us to accurately predict and properly
control the dynamics of real cells. Thus, the mathematical
approach would also be applicable to engineering BP cells
from native myocytes in vivo (1,52,56) or from human
embryonic stem cells (hESCs) ex vivo (79-81) for the gene
or cell therapy of bradyarrhythmias usually requiring im-
plantation of an electronic pacemaker (for review, see
Gepstein et al. (80)). Bifurcation analyses of model systems
may lead to appropriate design of a functional BP, like the
SA node, as a therapeutic alternative to the electronic pace-
maker. Further investigations based on the bifurcation theory
will possibly find out the most efficient ways to 1), create BP
cells, 2), control BP dynamics, 3), improve the robustness of
BP activity as well as BP sensitivity to SAS, and 4), improve
BP ability to drive surrounding nonpacemaker tissues via
modulating the existing currents or newly expressing the
regulatory inward currents.

Limitations and perspectives of the study

Incompleteness of the HVM model

One limitation of this study is the incompleteness of the
HVM model due to the lack of experimental data from
HVMs. The formulas for /a1, Ik, SR Cca’* release, and
others were partly adopted from human atrial or animal heart
models (see also Priebe and Beuckelmann (15)). In addition,
for simplicity, the current model does not incorporate detailed
descriptions of intracellular Ca>* dynamics, SR Ca®* handl-
ing, or the intracellular modulating factors such as cAMP
and protein kinases, as in recently developed models (73,
82-84). More elaborate HVM models have recently been
developed (16,17); however, these models with the larger
number of equations and/or very complex formulas are less
suitable for bifurcation analyses than the current model (for
more details, see Theory and Methods). We believe that the
current model is valuable and highly appropriate for explor-
ing the essential mechanisms of BP generation. Neverthe-
less, further sophisticated but simplified HVM models with
refinements of the formulas based on the data from HVMs,
as well as incorporating more detailed descriptions of the
intracellular Ca®* handling and modulating factors, would
have to be developed for future investigations.

The recently developed HVM models (16,17) are based
mainly on the data from expressed channels whose electro-
physiological properties may be different from those of
native channels in HVMs. As suggested recently (79,81,
85), hESCs would provide an unlimited and renewable source
of human cardiomyocytes for basic research as well as
implantation therapies. Thus, cell system engineering to
establish hESC-derived experimental models of HVMs may
facilitate the development of more sophisticated HVM
models.
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Lack of experimental evidence

The conclusions in this study are of course the predictions
from the model system; thus, they must be verified and sup-
ported by experimental works using real HVMs. However,
there is no experimental study on BP activity in genetically
modified HVMs. The hESC-derived experimental models of
ventricular or nodal cells may also be useful for future in-
vestigations of BP mechanisms and thus verification of the
model predictions. We hope that this study provides a stim-
ulus to further experimentation on this issue.

Requirement of muiticellular models involving
electrotonic interactions

As suggested by Silva and Rudy (3), it should be recognized
that the engineering of single BP cells is only a first step
toward creation of the functional BP. Pacemaker mecha-
nisms of the intact SA node are reported to involve electro-
tonic interactions with the atrium (86—88). BP cells in vivo
would also suffer hyperpolarizing loads of adjacent non-
pacemaker cells, which may abolish BP activity. Thus, BP
ability to drive the heart would depend on its architecture to
facilitate optimization of the electrical loading by the sur-
rounding atrial or ventricular tissue (86,87). Recently, hESC-
derived pacemaking cardiomyocytes implanted into the
guinea pig ventricle in vivo have been found to integrate
with the host tissue via forming gap junctions and drive the
quiescent ventricle with nearly the same rate as in the iso-
lated state (81). This suggested that the engrafted BP could
efficiently interact with the surrounding nonpacemaker tissue
to minimize the electrotonic load. However, the hESC-
derived pacemaker may not be as robust to excessive hy-
perpolarizing loads as the native SA node pacemaker.
Multicellular models such as for the SA node tissue
(68,36,89) are required for further investigating the roles of
electrotonic interactions in BP mechanisms in vivo and how
to create a real functional BP with robust pacemaking.

APPENDIX 1: MODEL EQUATIONS

The mathematical expressions used in this study are given below. Units are
mV, pA, nS, ms, nF, mM, and L. The temperature assumed for the model is
37°C. The symbols used and their definitions are the same as those in our
rabbit SA node model (51) or the original PB model (15). The stimulus
current Iy, in Eqs. 55 and 64 was assumed to carry K™ ions into the cell
for charge conservation during paced AP simulations, being set equal to zero
for BP simulations. Standard parameter values and initial conditions for
computations are given in Tables 5 and 6, respectively.

Sarcolemmal ionic currents

L-type Ca®* channel current (lcat)

Ieap = gcar(V — Ecap) X dy X fi X foaw 3)
diw = 1/{1 +exp[—(V +7.64)/6.32]} 4)
fie = 1/{1 +exp[(V +24.6)/6.9]} &)
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TABLE 5 Standard parameter vaiues

Parameters Values Parameters Values

F 96485 (C/mol) IoCamax 0.11 (pA/pF)
R 8.3144 (J/mol/K)  Kmcap 0.0005 (mM)
T 310.15 (K) P 50 (ms™)

Can 153.4 (pF) Py 0.00221 (mM/ms)
Veen 38 (pL) Preak 0.00026 (ms™")
1’4 25.84 (pL) Kup 0.00025 (mM)
Veel 0.182 (pL) T 180 (ms)

Vep 2.098 (pL) [CM]or 0.05 (mM)
[Na'l, 140 (mM) [CQliot 10 (mM)

K*1o 5.4 (mM) [TClot 0.07 (mM)
[Ca®*], 2.0 (mM) Kiem 0.00238 (mM)
gcaL 0.2496 (nS/pF) Kaco 0.8 (mM)

8ks 0.012 (nS/pF) Kare 0.0005 (mM)
8Ks 0.036 (nS/pF) kerc 400 (mM ! X ms™})
Zto 0.3 or 0.4 mS/pF)  kyrc 0.2 (ms™Y)

8Na 7.8 (nS/pF)

gx1 3.9 @S/pF)

8Nab 0.001 (nS/pF)

8cap 0.00051 (nS/pF)

EcaL +52.8 (mV)

Kica 0.00035 (mM)

INaKmax 0.884 (PA/PF)

KuoNap 10 (mM)

Komip 1.5 (mM)

knaca 1000 (pA/pF)

Ksae 0.1

FNaCa 035

KmNaex 87.5 (mM)

KinCaex 1.38 (mM)

T = (1.4/{1 + exp[—(V + 35)/13]} + 0.25)
X1.4/{1+exp|(V +5)/5]}
+1/{1 + exp[—(V — 50)/20]} ©)

TABLE 6 State variable initial conditions for simulations
of paced APs and BP oscillations

State APs during BP activity BP activity at
variables 1 Hz pacing* at gg; = 0.157 axy = 0F
1% —84.86 —61.91 —47.88
di. 4941 X 1076 1.862 x 107* 1.714 x 1073
i 0.8873 0.5298 0.3868
Da 9.095 X 1073 0.3382 0.5371
n 1.974 x 1072 0.1350 0.2321
q 0.9997 0.9890 0.8999
h 0.9925 0.2811 1.640 X 1072
[Ca®*y; 1.691 x 10~ 3.502 X 1074 4.889 x 10~*
[Ca® e 2.683 5.207 6.378
[Ca* 1y 2.843 5.349 6.473
[Na*], 9.224 6.548 6.418
K™ 136.4 140 140
dr 4941 x 107° 1.866 X 107* 1.718 X 1073
fr 0.9998 0.9954 0.9645
Jre 0.2529 0.4125 0.4949

*Initial conditions for simulations of paced APs in the standard system
(gx1 = 1), obtained at 30 min during 1 Hz pacing, i.e., just before the
1801st stimulus, starting from a resting state.

*Initial conditions for simulations of BP activity in the /x;-reduced systems,
obtained at MDP after 15 min calculations starting from an EP.
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Tt = 17.925/{0.1389 X exp[—(0.0358 X (V — 10.9))’]
+0.0519} | @

fCa,w = 1/[1 + (Kmea/[CaH]i)] (8)

Rapidly activating delayed-rectifier K* current (Ix;)

Iy, = gxe X (V — Ex) X py X Pieo )
Daw = 1/{1 +exp[—(V + 14)/7.7]} (10)
Diw = 1/{1 +exp[(V + 15)/22.4]} (11)

o = 1/(apa + Bra) (12)

ay, = 0.0003 X (V + 14)/{1 — exp|—(V + 14)/5]} (13)

B,. = 0.000073898 X (V — 3.4328)/{exp[(V — 3.4328)/
51237 — 1} (14)

Slowly activating delayed-rectifier K* current (Ixs)

I = g X (V — Ex) X 1 (15)
Ex. = (RT/F) X In[(0.01833 X [Na™| + [K"].)/
(0.01833 X [Na"], + [K"],)] (16)
ne = 1/{1 + exp[—(V — 9.4)/11.8]}*’ (17
7o = 555/{1 + exp[—(V +22)/11.3]} + 129  (18)

Transient outward current (It,)

Lo =80 X (V—FE,) XgXrs 19)

E, = (RT/F) X In[(0.043 X [Na"] +[K"],)/
(0.043 X [Na"], + [K"].)] (20)
o = a/(a; +B,) 1)

a, = 0.5266 X exp[—0.0166 X (V — 42.2912)]/
{1 + exp[—0.0943 X (V — 42.2912)]} (22)

B, = {0.5149 X exp[—0.1344 X (V — 5.0027)]
+0.00005186 X V}/{1 + exp[—0.1348

X (V — 0.00005186)]} 23)
ge = ag/(ag + B,) (24)
79 = 1/(ag +B,) (25)

a, = {0.0721 X exp[—0.173 X (V + 34.2531)]
+0.00005612 X V}/{1 + exp[—0.1732
X (V +34.2531)]} (26)

B, = {0.0767 X exp[—0.00000000166 X (V-+ 34.0235)]
+0.0001215 X V}/{1 + exp[—0.1604
X (V +34.0235)]} . @7)
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Na* channel current (Ing)

Ina = gnva X (V= Ep) X mi), X I (28)

En = (RT/F) X In[([Na" ], +0.12X[K"].)/([Na"],
+0.12 X [K™])] (29)
Mo = an/(0n + B,) (30)
am = 0.32 X (V +47.13)/{1 — exp[—0.1 X (V +47.13)]}
€)Y
B, = 0.08 X exp(—V/11) (32)

he =05 X [1 —tanh(7.74 + 0.12 X V)] (33)
Th = 0.25 +2.24 X [1 — tan h(7.74 + 0.12 X V)]/
{1 — tan ~[0.07 X (V +92.4)]} (34)
Inward-rectifier K channel current (lx;)
Ik = gx1 X (V - EK) X kla/(kla + klb) (35)
ki, = 0.1/{1 + exp[0.06 X (V — Ex — 200)]} (36)
ki, = {3 X exp{0.0002 X (V — Ex + 100)] + exp[0.1
X (V—Ex—10)]}/{1 +exp[-0.5 X (V—Ex)]} (37
Background Na*/Ca”* currents (Inap, lcap)
]Na,b = gNap X (V - ENa) (38)
Icap = 8cap X (V — Eca) (39)

Na*-K* pump current (Inax)

Kurata et al.

Jeapet = (lcar. T Icap — 2 X Ivaca + Iica) X Cu/(2 X F)
(46)
Intracellular Ca®>* dynamics (SR Ca®* handling)
SR C&”" release
Jua = g X (de X f2)’ X ([Ca"]y — [C2"])  @47)
8t = Prat/{1 + exp[(Zcar. + Lcap — 2 X Tyaca + Ipca
+5)/0.9]} (48)
dhe = dw = 1/{1+exp[~(V +7.64)/632]}  (49)
faw =fow = 1/{1 +exp[(V +24.6)/69]}  (50)
T =T = 4 51)
SR Ca®" uptake via Ca®* pump

rel

T =Py X (G PJ(C P HEL)  (52)
SR Ca?" transfer and leak
JTI = ([Ca2+ ]up - {Caer ]rel)/Tll' (53)

Jieak = Prege X ([C2™F], — [Ca>"]) (54)

up
Differential equations for state variables
Membrane potential (V)

dV/dt = Istim - Itotal (55)

Inax = Inamax X {[K7],/ (K, + Kuip) }/{1 + (Kanap/[Na 1)} /{1 + 0.1245 X exp(—0.1 X V X F/RT)
+0.0365 X [exp([Na*),/67.3) — 1]/7 X exp(—V X E/RT)} (40)

Na*/Ca?* exchanger current (Inaca)

Ivaca = kxaca/ (Kpgaer + [N 12) / (Kinciex + [C2*7],) X {[Ca”" ]

o]

X [Na" P X exp(ryaca X V X F/RT)

o

— Na" 2 X [Ca®"), X exp[(ryaca — 1) X V X F/RT|}/{1 + ke X exp[(rxaca — 1) X V X E/RT]}  (41)

Sarcolemmal Ca®* pump current (I,c,)

Lca = Dycamax /[1 + (Kincap/ [Caﬂ]i)] 42)
Total membrane current (li4z)

Itota.l = ICa,L + IKr + IKs + Ito + INa + IKl + INa,b + ICa,b + INa.K
+ INaCa + IpCa (43)

Net ion fluxes
Tvapet = (Ina T Ivap T3 X Ik +3 X Ijaca) X Co/F (44)
JK,net - ([KI +IKS +Ito +IK1 - 2 X INaK) X Cm/F (45)
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Gating variables
dx/dt= (Xw —x)/'rx [x:dLafLapa)naqa hadRafR] (56)
Ca®* buffering flux
dch/dt = kirc X [Ca”]i X (1 _ch) — kirc ><ch (&Y))
Bew = 1/{1+ [CM],, X Koo/ (Kuem + [Ca*' )} (58)
Beg = 1/{1 + [CQ,,, X Kaco/(Kacq + [Ca™ ] 4)*}  (59)
Intracellular ion concentrations

d Ca2+ f dt == BCM X *JCanet + Jral X Vﬁl - J“ X VU
i 2 P p
+ T X Vi) /Vi — [TC),, X dfic/dt}  (60)
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d[Ca’" ], /dt = Beq X (i — Jwa) (61)
dfCa™ ], /dt =Ty —Ju X Via/Vip = Jiwc  (62)
d[Na™ ], /dt = —Jyepe/ Vi (63)
d[K"]./dt = (Iym X Cn/F — Jxper)/ Vs (64)

APPENDIX 2: DETERMINATION OF EPS AS
INITIAL CONDITIONS

To determine an EP (resting state) of the HVM system as initial conditions
for AP simulations, steady-state values of the state variables V, [CaH]i,
[Na*1;, [K™1, [Ca®* e, and [Ca®*],, were calculated numerically by the
differential or algebraic method of Hund et al. (35). Differential equations
given in Appendix 1 (Eqgs. 55, 60-64) were used for the differential method
with the MATLAB ODE solvers, whereas the following algebraic equations
derived from the differential equations were used for the algebraic method
with a nonlinear equation solver available in MATLAB.

Lo = 0 (dV/dt = 0) (65)
Jcape = 0(d[Ca’"],/dt = 0) (66)
J —Jp = 0(d[Ca>"]_ /dt = 0) (67)
Jup =T X Via/Vip = Jieax = 0 (d[Ca®"],,/dt=0) (68)
Jnaner = 0 (d[Na" ], /dt = 0) (69)
Jpe = 0 (d[K™],/dt = 0) (70)
V= (Vi X F/Cy) X (K"]; + [Na"]; +2[Ca’" ], + 2
X (Vrel/vi) X [Caz+ ]rel,tot +2 X (VUP/Vi)
X [Ca®" ], — Co) a1
[Ca®" ], = [Ca®" ], + [CM],, X [Ca®" ] ,/([Ca” ], + Kucw)
+[TC],,, X [Ca™],/([Ca™ ], + Kerc) (72)
[Ca2+ ]rel,tot = [CaZJr]rel + [CQ]tot X [Ca2+ }rel/([Ca2+ ]rel
+ Kaco) (73)

The symbol Cy in Eq. 71 is a constant of integration determined by initial
conditions (35). Note that Eq. 65 can be derived from Eqs. 66, 69, and 70 (see
Eqgs. 43-46). The algebraic method for the full system with variable K%
practically used Eqs. 66—70 and Eqs. 71--73 instead of Eq. 65, assuming that
(K'Y, is equal to 140 mM under control conditions (e.g., at gg; = 1). The
differential and algebraic methods yielded nearly identical results. For BP
simulations and bifurcation analyses using the [K*];-fixed system, steady-
state values of the state variables were calculated by Eqs. 65-69.
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Abstract

The hepatic anaphylactic venoconstriction is partly involved in anaphylactic hypotension, and is
characterized by significant post-sinusoidal constriction and liver congestion in guinea pigs. We deter-
mined what chemical mediators are involved in anaphylaxis-induced segmental venoconstriction and
liver congestion in perfused livers isolated from ovalbumin sensitized guinea pigs. Livers were per-
fused portally and recirculatingly at constant flow with diluted blood. The sinusoidal pressure was
measured by the double occlusion pressure (Pdo), and was used to determine the pre-sinusoidal (Rpre)
and post-sinusoidal (Rpost) resistances. An antigen injection increased both the portal vein pressure
and Pdo, resulting in 4.1- and 2.3-fold increases in Rpre and Rpost, respectively. Hepatic congestion
was observed as reflected by liver weight gain. Pretreatment with TCV-309 (10 uM, platelet-activating
factor (PAF) receptor antagonist) or ONO-1078 (100 wM, human cysteinyl-leukotriene (Cys-LT)
receptor 1 antagonist), but not indomethacin (10 puM, cyclooxygenase inhibitor), ketanserin (10 pM,
serotonin receptor antagonist), or diphenhydramine (100 uM, histamine H; antagonist), significantly
attenuated this anaphylactic hepatic venoconstriction. Anaphylaxis-induced increases in Rpre and

Abbreviations: PAF, platelet-activating factor; Cys-LTs, cysteinyl-leukotrienes; CysLT, cysteinyl-leukotriene
receptor 1; CysLT,, cysteinyl-leukotriene receptor 2; Tx, thromboxane; IVC; inferior vena cava; Ppv, portal venous
pressure; Phv, hepatic venous pressure; Pdo, double occlusion pressure; Q, portal blood flow rate; Rt, total portal-
hepatic venous resistance; Rpre, pre-sinusoidal resistance; Rpost, post-sinusoidal resistance
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Rpost were significantly inhibited by TCV-309 (by 48%) and ONO-1078 (by 36%), respectively.
Combined TCV-309 and ONO-1078 pretreatment exerted additive inhibitory effects on anaphylac-
tic hepatic venoconstriction. Anaphylactic hepatic weight gain was converted to weight loss when
post-sinusoidal constriction was attenuated. It is concluded that anaphylaxis-induced pre-sinusoidal
constriction is mainly caused by PAF and the post-sinusoidal constriction by Cys-LTs in guinea pig
livers.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Leukotriene; Platelet-activating factor; Histamine; Hepatic circulation; Antigen; Double occlusion
pressure; Hepatic vascular resistance

1. Introduction

Anaphylactic hypotension is sometimes life-threatening, and is caused by a decrease
in effective circulating blood volume [1]. It is reported that livers are partly involved in
anaphylactic hypotension [2,3]. Anaphylaxis causes hepatic venoconstriction, as observed
in rats [3,4], guinea pigs [5] and dogs [6,7], resulting in portal hypertension which then
causes congestion of the upstream splanchnic organs, with resultant decrease in venous
return and effective circulating blood volume, and finally augmentation of anaphylactic
hypotension. Furthermore, if anaphylactic venoconstriction occurs substantially in the
hepatic post-sinusoidal veins, hepatic congestion, pooling of blood in liver itself develops,
which could contribute to anaphylactic hypotension, as observed in canine anaphylaxis
[7,8]. We have recently reported that hepatic anaphylactic venoconstriction in guinea pigs is
also accompanied by liver congestion [5]. Measurement of the sinusoidal pressure with the
vascular occlusion method revealed that this hepatic congestion was caused by significant
post-sinusoidal constriction, although the pre-sinusoidal constriction was predominant
[51.

Anaphylaxis is the classic well-established immunoglobulin E dependent reaction
[9]. Various inflammatory mediators, including histamine, serotonin, platelet-activating
factor (PAF), and eicosanoids such as cysteinyl-leukotrienes (CysLTs), thromboxane
(Tx) Az, and prostaglandin D;, are involved in the initiation and propagation of the
anaphylactic responses [10-14]. However, the primary mediators responsible for the
local anaphylactic response may differ among organs and tissues involved. The media-
tors responsible for hepatic anaphylaxis in any species including guinea pigs have not
been determined. Indeed, histamine, which is stored in mast cells and released dur-
ing degranulation, causes hepatic venoconstriction in guinea pigs [15]. PAF [16], TxA»
[16] and LTDy4 [17,18], all of which are the products of the arachidonic acid cascade
and are synthesized upon mast cell activation, induce hepatic venoconstriction. How-
ever, it is not known which mediator is mainly involved in the anaphylactic pre- or
post-sinusoidal constriction, and hepatic congestion. Thus, the purpose of the present
study was to determine the role of histamine, serotonin, eicosanoids, and PAF in the
pre- and post-sinusoidal constriction and hepatic congestion during guinea pig hep-
atic anaphylaxis by using the corresponding receptor antagonists or enzyme-synthesis
inhibitors.
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2. Materials and methods

2.1. Animals

The experiments conducted in the present study were approved by the Animal Research
Committee of Kanazawa Medical University.

Forty-two male Hartley guinea pigs weighing 356 £ 5 (S.E.) g were used in this study.
The animals were housed in a temperature-controlled animal facility with alternating
12-h light/12-h dark cycles and fed standard lab chow ad libitum with free access to
water.

2.2. Antigen sensitization

Guinea pigs were actively sensitized by the subcutaneous injection of an emulsion made
by mixing complete Freund’s adjuvant (0.5 ml) with 1 mg ovalbumin (grade V, Sigma)
dissolved in physiological saline (0.5 ml).

2.3. Isolated liver preparation

Two weeks after sensitization, the animals were anesthetized with pentobarbital sodium
(35 mg/kg, i.p.) and mechanically ventilated with room air. The methods of isolation and
perfusion of guinea pig livers were previously described [5]. A polyethylene tube was placed
in the right carotid artery. After laparotomy, the cystic duct and the hepatic artery were
ligated and the bile duct was cannulated with the polyethylene tube (1.0mm i.d., 1.3 mm
0.d.). At 5 min after intraarterial heparinization (500 U/kg), 8-9 ml of blood was withdrawn
with a plastic syringe through the carotid arterial catheter. The intra-abdominal inferior
vena cava (IVC) above the renal veins was ligated, and the portal vein was cannulated with
a stainless cannula (2.1 mm i.d., 3.0 mm o.d.) for portal perfusion. After thoracotomy, the
supradiaphragmatic IVC was cannulated through a right atrium incision with the same size
stainless cannula, then portal perfusion was begun with the heparinized autologous blood
that was diluted with 5% bovine albumin (Sigma) in Krebs solution (118 mM NaCl, 5.9 mM
KCl, 1.2 mM MgSOy4, 2.5 mM CaCl,, 1.2 mM NaH,POy4, 25.5 mM NaHCO3, and 5.6 mM
glucose) at Het of 8%. The liver was rapidly excised, suspended from an isometric transducer
(TB-652T, Nihon-Kohden, Japan) and weighed continuously throughout the experimental
period.

The sensitized livers were perfused at a constant flow rate in a recirculating manner via
the portal vein with blood that was pumped using a Masterflex roller pump from the venous
reservoir through a heat exchanger (37 °C). The recirculating blood volume was 40 ml.
The height of the reservoir and the portal blood flow rate could be adjusted independently
to maintain the portal and hepatic venous pressures at any desired level. The perfused
blood was oxygenated in the venous reservoir by continuous bubbling with 95% O, and
5% CO,. The portal venous (Ppv) and the hepatic venous (Phv) pressures were measured
with pressure transducers (TP-400T, Nihon-Kohden, Japan) attached by sidearm to the
appropriate cannulas with the reference points at the hepatic hilus. To occlude inflow and
outflow perfusion lines simultaneously for measurement of the double occlusion pressure
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(Pdo), two solenoid valves were placed in such a position that each sidearm cannula was
between the corresponding solenoid valve and the liver. Portal blood flow rate (Q) was
measured with an electromagnetic flow meter (MFV 1200, Nihon-Kohden, Japan), and
the flow probe was positioned in the inflow line. Bile was collected drop by drop in a
small tube suspended from the force transducer (SB-1T, Nihon-Kohden, Japan). One bile
drop yielded 0.027 g and the time between drops was measured for determination of the
bile flow rate [4]. The hepatic vascular pressures, blood flow rate, liver weight and bile
weight were monitored continuously and displayed through a thermal physiograph (RMP-
6008, Nihon-Kohden, Japan). Outputs were also digitized by the analog-digital converter
at a sampling rate of 100 Hz. These digitized values were displayed and recorded using a
personal computer for later determination of Pdo.

2.4. Experimental protocols

Hepatic hemodynamic parameters were observed for at least 20 min after the start of
perfusion until an isogravimetric state (no weight gain or loss) was obtained by adjust-
ing the flow rate and the height of the reservoir at a Phv of 0-1cmH;0, and at a
Q of 44+ 1 ml/min/10g liver wt. After the baseline measurements, the perfused livers
excised from the sensitized animals were randomly assigned to one of the following six
groups.

In the Control group (n=6), ovalbumin 0.1 mg was injected into the reservoir. In all
other groups, 10 min before an injection of antigen (0.1 mg), the following receptor antag-
onists or inhibitors were injected into the perfusate: (1) diphenhydramine HC1 (100 uM),
a histamine H;-receptor antagonist, for the Diphenhydramine group (n = 6); (2) ketanserin
(10 wM), a serotonin-receptor antagonist, for the Ketanserin group (n = 6); (3) indomethacin
(10 pM), a cyclooxygenase inhibitor, for the Indomethacin group (n=06); (4) TCV-309
(10 pM; {3-bromo-5-[N-phenyl-N-(2-{[2-(1,2,3,4-tetrahydro-2-isoquinolyl-carbonyloxy)-
ethyl]carbamoyl}ethyl)carbamyl]-1-propylpyridi nium nitrate}), a PAF-receptor antag-
onist [19], for the TCV-309 group (n=6); (5) ONO-1078 (100 pM; 4-oxo0-8-[p-(4-
phenylbutyloxy) benzoylamino]-2-(tetrazol-5-yl)-4H-1-benzopyran hemihydrate), a spe-
cific antagonist for human cysteinyl leukotriene receptor 1 (CysLT) [20], for the ONO-1078
group (n=6); and (6) both TCV-309 (10 n.M) and ONO-1078 (100 uM) for the combined
TCV-309 and ONO-1078 group (n=6).

The effects of each inhibitor or antagonist were evaluated by comparing the response
of the agent-treated group with that of the Control group. The concentrations of TCV-309
(10 puM), diphenhydramine (100 M), and ketanserin (10 uM) employed in this study were
high enough to completely inhibit submaximal hepatic venoconstriction induced by 10 pM
PAF, 100 pM histamine, and 10 uM serotonin, respectively, in the isolated guinea pig livers
in our preliminary studies. The concentrations of indomethacin and ketanserin were chosen
as previously described [21,22].

The hepatic sinusoidal pressure was measured by the double occlusion method [7].
Both the inflow and outflow lines were simultaneously and instantaneously occluded for
13s using the solenoid valves, after which Ppv and Phv rapidly equilibrated to a simi-
lar or identical pressure, which was Pdo. Actually, Pdo values were obtained from the
digitized data of Ppv and Phv using an original program (LIVER software, Biomedical
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Science, Kanazawa, Japan). In each experimental group, Pdo was measured at baseline
and 4, 6, and 10min, and then at a 10-min intervals up to 120 min after an injection of
ovalbumin.

The total portal-hepatic venous (Rt), pre-sinusoidal (Rpre) and post-sinusoidal (Rpost)
resistances were calculated by the following equations.

(Ppv — Phv)

Rt=——— 1
t 0 (1)
Rpre = (Ppv — Pdo) )

Q
Rpost = (Pdo — Phv) 3)

Q

2.5. Drugs

TCV-309 and ONO-1078 were kindly provided by Takeda Chemical, (Osaka, Japan) and
Ono Pharmaceutical (Osaka, Japan), respectively. Diphenhydramine-HCI, indomethacin
and ketanserin were purchased from Sigma (St. Louis, MO, USA). TCV-309, ketanserin,
and diphenhydramine-HC 1 were dissolved in saline. ONO-1078 was dissolved in IN
NaOH and ethanol. Indomethacin was dissolved in DMSO. Concentrations of drugs were
expressed as a final concentration in the perfusate.

2.6. Statistics

All results are expressed as the means + S.E. Data were analyzed by one- and two-way
analysis of variance, using repeated-measures for two-way comparison within groups. Com-
parisons of individual points between groups and within groups were made by Bonferroni’s
test. Differences were considered as statistically significant at P-values less than 0.05.

3. Results
3.1. Antigen-induced hepatic segmental venoconstriction and hepatic weight gain

Fig. 1(left) shows a representative example of the response to 0.1 mg ovalbumin in the
Control group. Within 1min after an ovalbumin injection, venoconstriction occurred as
evidenced by an increase in Ppv, which reached peak levels of 23.5 & 1.2 cmH;0 from the
baseline of 7.2 + 0.2 cmH,0O. The Ppv-to-Phv gradient, the determinant of Rt, increased to
3.3 times the baseline, indicating that Rt increased by the same degree, as shown in Fig. 2.
The double occlusion maneuver performed at 4 min after antigen revealed the sinusoidal
pressure of Pdo (7.2 & 0.4 cmH;0) higher than that of the baseline (3.3 £0.1 cmH;0). The
Pdo-to-Phv gradient increased from the baseline 0f 2.9 4 0.1 t0 6.7 £ 0.4 cmH;O, indicating
an increase in Rpost (2.3-fold baseline). However, the increase in the Ppv-to-Pdo gradient
(3.9 £0.2cmH;0 versus 16.3 &+ 1.1 cmH»0, baseline versus peak) was greater than that
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Fig. 1. Representative recordings of the response to the antigen, ovalbumin 0.1 mg in the Control (left) and the
combined TCV-309 and ONO-1078 (right) groups.

in the Pdo-to-Phv gradient, indicating a greater increase in Rpre (4.2-fold baseline) than
Rpost. At the same time the liver weight showed a gradual increase, reaching the peak of
2.1+0.5g/10g liver weight at 10 min. Concomitant with venoconstriction, the bile flow
rate decreased to 57% of the baseline of 0.03 £ 0.01 g/min/10 g liver wt.

—e— control
-z diphenhydramine

0.7 1 —— ketanserin
—w— indomethacin

0.6 1 —&— ONO1078
—O0— TCV309

N 0.5 1 —e— TCV309+0NO1078
t
(cmH, O/ 0.4
ml/min/10g liver)

0.3

0.2

0.1 Y YT T

0 4 6 10 20 30 40 50 60 70 80 90 100110120

Time after antigen (min)

Fig. 2. Time course of total vascular resistance (Rt) in all seven groups. Values are means & S.E.; *P <0.05 vs.
the Control group. All values of Rt after antigen in each group were significantly different from the corresponding
baseline values.
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3.2. Effects of diphenhydramine, ketanserin, indomethacin, TCV-309, ONO-1078, and
combined TCV-309 and ONO-1078 on antigen-induced hepatic segmental
venoconstriction and hepatic weight gain

Fig. 2 shows the time course of changes in Rt after antigen in all groups studied. In
the control sensitized group, Rt increased from the baseline levels of 0.16 + 0.01 to the
peak levels of 0.52 £ 0.02 cmH,0/ml/min/10 g liver wt. at 4 min after antigen, followed
by a gradual return towards the baseline. Pretreatment with TCV-309, ONO-1078, or the
combination of TCV-309 and ONO-1078 (TCV-309 + ONO-1078), but not indomethacin,
ketanserin, or diphenhydramine, significantly attenuated this increase in Rt. The order of the
degrees of the inhibition was the combined TCV-309 and ONO-1078 > TCV-309 > ONO-
1078, as shown in Fig. 2. Actually the peak levels of Rt after antigen decreased to 54, 71,
and 79% of that of the Control group in the TCV-309 + ONO-1078, TCV-309, and ONO-
1078 group, respectively. Thus the inhibitory effect of the combination of TCV-309 and
ONO-1078 seemed to be exerted in an additive, rather than synergistical, manner of an
inhibitory effect of each drug. Fig. 3 shows the results for Rpre and Rpost. Anaphylaxis-
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0.40 - —a— ONO1078
—0— TCV309
—&— TCV309+ONO1078

0.35 1
0.30 1
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(emH, O/ 0.25 -
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Fig.3. Time course of the pre-sinusoidal resistance (Rpre) and post-sinusoidal resistance (Rpost) in the Control, the
TCV-309, the ONO-1078, and the combined TCV-309 and ONO-1078 groups. Values are means = S.E.; #P <0.05

vs. the Control group. All values of Rpre and Rpost after antigen in each group were significantly different from
the corresponding baseline values.
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induced increases in Rpre and Rpost were significantly attenuated by TCV-309 (by 44%)
and ONO-1078 (by 25%), respectively. Combined TCV-309 and ONO-1078 pretreatment
exerted additive inhibitory effects on anaphylactic segmental venoconstriction, with pre-
and post-sinusoidal vessel constriction decreased by 49 and 27%, respectively. Fig. 1 (right)
shows a representative example of the response in the combined TCV-309 and ONO-1078
group.

Fig. 4 shows Pdo and liver weight changes in all groups studied. In the Control group
the sinusoidal pressure of Pdo increased significantly from the baseline of 3.3 £ 0.1 cmH,O
to the peak of 7.2+ 0.4 cmH;0 at 4 min after the antigen. Pretreatment with ONO-1078
and combined TCV-309 and ONO-1078 significantly attenuated the increase in Pdo after
antigen, with the peak value of Pdo at 4 min in the ONO-1078 and the combined groups
being 5.6+ 0.2 and 5.2+ 0.1 cmH,O, respectively. Anaphylactic hepatic weight gain was
observed in all groups but not in the ONO-1078, TCV-309, or the combined TCV-309
and ONO-1078 groups. In the ONO-1078 and the combined groups, the liver weight after
antigen significantly decreased to the nadir of —1.0+0.1 and —1.3£0.1 g/10 g liver wt.,
respectively. In the TCV-309 group, the liver weight tended to decrease but not significantly
after antigen.

4. Discussion \

In the present study, we determined the chemical mediators responsible for anaphylactic
hepatic segmental venoconstriction in isolated sensitized guinea pig livers perfused at a
constant flow. The hepatic vascular resistances were assigned to the Rpre and Rpost by
measuring the sinusoidal pressure with the vascular occlusion methods [7]. We found that
hepatic anaphylactic venoconstriction was characterized by predominant pre-sinusoidal
constriction and liver weight gain. This finding was consistent with our previous findings
[5] although the method of sensitization of the guinea pigs with ovalbumin was different:
the antigen was injected intraperitoneally in the previous study [5], while subcutaneously
in the present study. The main finding of the present study was that anaphylaxis-induced
pre-sinusoidal constriction was significantly inhibited by a PAF-receptor antagonist, TCV-
309, and post-sinusoidal constriction by a CysLT; receptor antagonist, ONO-1078. The
combined TCV-309 and ONO-1078 pretreatment exerted additive inhibitory effects on this
segmental venoconstriction. On the other hand, inhibition of the receptor of histamine
or serotonin, or inhibition of cyclooxygenase, alone did not affect the hepatic anaphylactic
response. Another major finding was that anaphylactic hepatic weight gain was converted to
weight loss when post-sinusoidal constriction was attenuated by ONO-1078 and combined
TCV-309 and ONO-1078.

In the present study, pretreatment with TCV-309, a PAF antagonist, most intensely
inhibited the increase in Rt after antigen (by 29%). This finding suggests that PAF is the
primary mediator of the hepatic anaphylactic venoconstriction in guinea pigs. This hepatic
venoconstriction was characterized by predominant pre-sinusoidal constriction rather than
post-sinusoidal constriction. Actually, TCV-309 significantly attenuated this anaphylactic
pre-sinusoidal constriction, but not the post-sinusoidal constriction, as shown in Fig. 3. With
respect to the effects of PAF on the segmental hepatic vascular resistances of guinea pigs,
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Fig. 4. Time course of the double acclusion pressure (Pdo) and the liver weight change in all seven groups. Values
are means & S.E.; “P <0.05 vs. baseling. The asterisks were not given in Pdo after antigen, because all these values
were significantly different from the corresponding baseline values. #P <0.05 vs. the Control group.

we have recently reported that PAF injected into the isolated guinea pig livers perfused
in the same way as in the present study caused predominant pre-sinusoidal constriction
with liver weight gain, the response similar to the anaphylactic response [16]. The cru-
cial role of PAF was also reported in guinea pig anaphylaxis in vivo and in isolated lung
parenchymal strips in vitro [23]. Darius et al. [23] demonstrated that the histamine- and
leukotriene-independent component of anaphylactic hypotension and bronchoconstriction
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in guinea pigs is mediated by PAF. These findings are consistent with the present results on
the hepatic anaphylaxis in guinea pigs.

Cys-LTs are demonstrated to be as another main mediator in the guinea pig hepatic vas-
cular anaphylaxis since pretreatment with ONO-1078 significantly attenuated the increase
in Rt after antigen (by 21%). In contrast to TCV-309, which selectively inhibited the pre-
sinusoidal constriction, ONO-1078, selective CysLT; antagonist, significantly inhibited
anaphylactic post-sinusoidal constriction, but not the pre-sinusoidal constriction. Although
Cys-LTs constrict hepatic vessels [17,18], it is not known which vascular segment of hepatic
vessels is preferentially constricted by Cys-LTs. The present study suggests that Cys-LTs
contract significantly the post-sinusoidal vessels of guinea pig livers via the CysLT; recep-
tor, and substantially contribute to anaphylactic hepatic venoconstriction of this animal.
It has been known that the vasoactive effects of Cys-LTs are mediated by at least 2 spe-
cific receptors, CysLT; and Cys-LT receptor 2 (CysLT2) [24,25]. However there are only
a limited number of studies that revealed the roles of these specific receptors in hepatic
circulation [26]. Graupera et al. [26] reported using intact perfused rat livers that CysLT;
receptor blockade mimics the effect on portal perfusion pressure caused by 5-lipoxygenase
inhibition, suggesting that regulation of normal vascular tone by Cys-LTs is mediated by
the activation of CysLT; receptors. We here show that anaphylactic post-sinusoidal con-
striction in guinea pigs is mediated by the activation of CysLT; receptors. However, the
roles of CysLT; receptor and a \third class of Cys-LT receptor could not be examined due
to the lack of specific antagonists [24,25]. In future, further studies are required in this
respect.

Combined TCV-309 and ONO-1078 pretreatment inhibited the anaphylaxis-induced
increases in Rt, Rpre, and Rpost by 46, 49, and 27%, respectively. This suggests that PAF
and Cys-LTs exert the hepatic venoconstrictive actions in not synegistical but additive
manner.

In the present study, diphenhydramine, a histamine Hj-receptor antagonist, did not atten-
uate the venoconstriction induced by ovalbumin antigen. Histamine is known to be released
during systemic anaphylaxis in humans [27] and in animals [12,28,29]. Actually, Selig et al.
[13] showed, by using isolated perfused lungs of guinea pigs that were sensitized with oval-
bumin, that the histamine H-receptor antagonist prevented the antigen-induced changes
in pulmonary hemodynamics, intratracheal pressure, and edematogenic responses. Organ
dependent difference in responsiveness to antigen may account for the difference in the
effect of histamine antagonist between lungs and livers. Indeed, we have recently shown
that in guinea pigs, the hepatic vascular response to histamine was relatively weak and short-
lasting as observed in isolated perfused livers: even at high concentration of 100 pM, Rt
increased only to 1.7-fold baseline, and this response lasted only 3 min [15]. Another expla-
nation why a histamine antagonist did not prevent anaphylactic response is that histamine is
released only early stage of anaphylaxis in guinea pigs [23,30]. Mest et al. [30] reported by
examining the time course changes in chemical mediators during guinea pig anaphylaxis
that histamine and serotonin were released immediately after antigen, reaching peak levels
at 20-30s, and then the release decreased rapidly within 60s. Thus, when the maximum
venoconstriction occurred in the present perfused guinea pig livers, histamine might have
disappeared in perfusing blood. Failure of the histamine antagonist to prevent the physio-
logical changes after the antigen administration in the present study suggests a minor role
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of histamine in anaphylactic vasoconstriction in guinea pig livers. Finally, a more plausible
explanation for the absence of the effect of diphenhydramine (histamine inhibitor), and
also ketanserin (serotonin inhibitor) or indomethacin (cyclooxygenase inhibitor) on vaso-
constriction is that more than one mediators are released at supramaximal concentrations,
and thus inhibition of a single mediator has no effect on the magnitude of the constriction.
For instance, even if the response to histamine, serotonin or TxA; is completely blocked,
the response to PAF and Cys-LTs still remain intact, and no change in the constriction is
observed.

In this study, liver weight gain was observed after antigen in the Control group but not in
either TCV-309, ONO-1078, or the combined ONO-1078 and TCV-309 group. Moreover,
the latter two groups showed the liver weight loss response. The weight gain in the Control
group might be caused by post-sinusoidal venoconstriction as evidenced by a substantial
increase in Rpost. This post-sinusoidal contraction could induce the upstream sinusoidal
engorgement and increased extravascular fluid filtration caused by an increase in Pdo, the
sinusoidal hydrostatic pressure. The absence of liver weight gain after antigen in the TCV-
309, ONO-1078, or the combined groups may be due to the attenuation of post-sinusoidal
constriction. Actually in these three groups, the sinusoidal pressure of Pdo, which is the
indicator of post-sinusoidal resistance as well as the determinant of transvascular fluid
movement and hepatic congestion, was not so much increased. We previously reported
that the magnitude of an increase in Pdo in response to PAF and the TxA; analogue was
strongly associated with the liver weight change in the same guinea pig liver preparation
[16]. The perfused liver with pre-sinusoidal venoconstriction does not show liver weight
gain until post-sinusoidal vessels contract enough to elevate Pdo to more than 6.5 cmH;0.
In the present study, the peak Pdo in the TCV-309, ONO-1078 and the combined ONO-1078
and TCV-309 groups was less than 6.5 cmH,0 (Fig. 4). On the other hand, the conversion
from liver weight gain to liver weight loss after antigen in the ONO-1078 and the combined
groups may be explained as follows: In these two groups, the anaphylaxis-induced post-
sinusoidal constriction was substantially attenuated, but the pre-sinusoidal constriction was
preserved. In the presence of pre-sinusoidal constriction, the blood volume of sinusoids,
that was distal to the constricted pre-sinusoidal portal venules, could be passively reduced
due to a decrease in distending pressure of the sinusoids. This reduction of blood volume
may result in liver weight loss.

In summary, the chemical mediators responsible for the hepatic anaphylactic segmental
venoconstriction induced by ovalbumin antigen were determined in isolated guinea pig
livers. Anaphylaxis-induced pre- and post-sinusoidal constriction was inhibited markedly by
the PAF inhibitor TCV-309 and the Cys-LT receptor 1 antagonist ONO-1078, respectively,
whereas histamine, serotonin or cyclooxygenase inhibitors did not affect this response. We
conclude that anaphylaxis-induced pre-sinusoidal constriction is mainly caused by PAF and
the post-sinusoidal constriction by Cys-LTs in guinea pig livers.
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Beta-Adrenergic Agonist Therapy for Alveolar Edema in Postoperative Pulmonary

Complications

Tsutomu Sakuma, Zheng Wang, Jin Xu, Sumiko Maeda, Makoto Sugita, Motoyasu Sagawa

Abstract: Over the past one and a half decade, we have established and developed an ex vivo human lung
model for the investigation of alveolar fluid reabsorption (alveolar fluid clearance) in the human lung.
Alveolar fluid clearance primarily depends on active sodium transport via apical sodium channel and
basolateral Na™-K* ATPase on alveolar epithelial cells. Beta-adrenergic agonists stimulate 3 ;- and f3 »-, but
not 3 s-adrenergic receptors followed by the increase of cAMP and alveolar fluid clearance. Cystic fibrosis
transmembrane conductance regulator plays a role in [ -adrenergic agonist stimulated alveolar fluid
clearance. Hypothermia followed by rewarming preserves alveolar fluid clearance capacity and the function
of /3 -receptors, the results are favorable in the preservation of donor lung for lung transplantation. Since
there was a species difference between alveolar fluid clearance among animals, our date from human lungs
have contributed to the research area of ion and fluid transport on the alveolar epithelial cells and to the

clinical area of pulmonary edema and lung injury.

Key words: pulmonary edema, alveolar epithelium, ion transport, beta-adrenergic agonist

Introduction

There are a number of postoperative
pulmonary complications in which fluid
accumulates in the alveolar spaces (Table 1). In
such diseases, excess alveolar fluid deteriorates
alveolar gas exchange and exposes the patients to
hypoxemia. If the therapy for the diseases was not
successful, the patient will be exposed to high
mortality because of respiratory failure followed
by multiple organ failure.

Alveolar fluid clearance plays an important role
in resolution of alveolar edema in a number of
diseases that occur during intra- and post-
operative period in patients who undergo
pulmonary resection. Over the past two decades,
the mechanism responsible for alveolar fluid
clearance has been studied in normal and
pathological lungs of sheep (1-3), goats (4) , dogs
(5, 6) , rats (7-18), rabbits (19), and mice (20-24).
Those studies indicated that apical sodium
channel and basolateral Na"-K" ATPase on alveolar
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type II epithelial cells drive excess alveolar fluid
out of the alveolar spaces. In human, active ion
and fluid transport was suggested by the

Table 1. Postoperative pulmonary complications in which fluid
accumulates in the alveolar spaces

Hydrostatic pulmonary edema
Cardiogenic pulmonary edema
Hyperperfusion pulmonary edema
Post-pneumonectomy pulmonary edema
Increased permeability pulmonary edema
Acute respiratory distress syndrome
Re-expansion pulmonary edema
Ischemia-reperfusion lung injury
Ventilator-induced lung injury
Pulmonary reimplantation response
Interstitial inflammation
Idiopathic interstitial pneumonias
Drug-induced interstitial pneumonia
Alveolar inflammation
Aspiration pneumonia: gastric juice, pleural effusion
Bronchopneumonia
Atelectasis
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Alveolar Fluid Clearance in Human Lung

observation that protein concentration increased
greater in pulmonary edema fluid than in
simultaneously obtained plasma (25-29), but it was
not possible to examine the effect of known
inhibitors or agonists of alveolar fluid clearance in
the clinical setting. We have established and
developed the method to measure alveolar fluid
clearance in ex vivo human lung, and studied the
mechanism responsible for alveolar fluid
clearance in human lungs. In this article, human
studies for alveolar ion and fluid clearance are
summarized.

Methods for alveolar fluid clearance in ex vive human
lung

Since we had studied that alveolar fluid
clearance occurred in the presence of pulmonary
blood flow in sheep (2), we have advanced the
method and tested if alveolar fluid clearance
occurred in the isolated human lungs. The
instillate consisted of a physiologic albumin
solution that was adjusted to be isosmolar (290
mOsm/1) with human serum. The solution
consisted of total protein 5.0 g/dl; albumin>99 %;
Na' 155 mEq/1; K 0.3 mEq/l; CI' 115 mEq/L; Ca*
1.8 mEq/1; HCOy 11 mEq/1; glucose 10 mg/dl;
and pH 6.8. Human lungs were obtained from
patients who underwent pulmonary resection for
bronchogenic carcinoma. The age of the patients
was 65 = 8 years. Preoperative pulmonary function
test revealed to be normal. Within 10 minutes of
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surgical removal, a segmental bronchus was
occluded by a balloon catheter. Through the
catheter, 40 — 50 ml of isosmolar 5% human
albumin solution warmed to 37°C was instilled
into the occluded segmental lobe followed by 40
ml of air to advance the instilled solution into the
alveolar spaces. The lungs were inflated with 100%
oxygen at an airway pressure of 7 cmH:0. The
lung was placed in a plastic bag and a humidified
incubator at 37°C in order to minimize
dehydration (Figure 1). At the conclusion of the
experiment over 1 — 4 h, the lung was removed
and alveolar fluid was aspirated with a small
catheter (0.75 mmID). Aspirated alveolar fluid (1 -
2 ml) was centrifuged at 3,000 rpm for 10 min. The
supernatant of the fluid was obtained for
measurement of the protein concentration. The
total protein concentrations of the instilled
albumin solution and the final alveolar fluid were
measured by a biuret method. The albumin
content was measured by electrophoresis using a
cellulose acetate membrane.

Alveolar fluid clearance was estimated by
measuring the increase in the protein
concentration of the instilled albumin solution.
Since protein leaves the air space very slowly (30),
the change of the albumin concentration in the
alveolar spaces over 1 — 4 h was used as an index
of alveolar fluid clearance. Alveolar liquid
clearance (AFC) (% of instilled) was calculated
according to the following equation:
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Fig 1. Schematic diagram of the experiment. An isosmolar albumin solution was instilled through the segmental bronchus that was located

distant from the tumor,
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AFC = (Vi X Fwi-VI X Fwf) / (ViX Fwi) X 100

in which V is the volume of the instilled albumin
solution (i) and the final alveolar fluid (f), Fw is
the water content of the instilled albumin solution
(1) and the final alveolar fluid (f). Water content
was measured by the albumin concentration. Vf
(ml) is measured by the following equation:

Vi (@ml) = (ViXPi) / Pf

in which P is the albumin concentration of the

instilled albumin solution (i) and the final alveolar
fluid ).

Alveolar fluid clearance in ex vivo human lung

Basal alveolar fluid clearance in ex vivo human
lung in the absence of pulmonary perfusion was
12 + 2 % over 4 h (31). Amiloride (10° M), an
inhibitor of apical sodium uptake, and ouabain
(10 M), an inhibitor of Na*-K' ATPase activity,
reduced alveolar fluid clearance by 40% and 49%,
respectively. Hypothermia (8°C) completely
inhibited alveolar fluid clearance. These data
provided the first direct evidence for active
metabolic processes and sodium transport as the
major mechanism driving alveolar fluid clearance
in ex vivo human lung.

3 -adrenergic agonists stimulate alveolar fluid clearance

There was a species difference in the effect of
[-adrenergic agonists on alveolar fluid clearance.
Although fj-adrenergic agonists increased
alveolar fluid clearance in sheep (1), dogs (5), rats
(7), and mice (20), j-adrenergic agonists did not
in rabbits (19) and hamsters (32). Therefore, it
was an urgent and important issue to determine if
[-adrenergic agonists increased alveolar fluid
clearance in human lungs.

We determined if a p-adrenergic agonist,
terbutaline, stimulated alveolar fluid clearance in
ex vivo human lungs (31). Terbutaline (10° or 10*
M) doubled alveolar liquid clearance to 28 + 9 %
over 4 h. Propranolol (10* M) and amiloride (10°
M) inhibited the terbutaline-increased alveolar
fluid clearance. In a subsequent study, salmeterol,
a lipophilic j.-adrenergic agonist, was more
potent stimulator of alveolar fluid clearance than
terbutaline in ex vivo human lungs (8).

In terms of the distribution of b-receptors in
the human alveolar epithelium, 70% are j3 .-
adrenoceptors and 30% are 3 i-adrenoceptors in
the human alveolar walls (33). Similar to 3o
agonists, a [?-adrenergic agonist can increase
alveolar fluid clearance in rat lungs (12).
Norepinephrine increased alveolar fluid
reabsorption via the activation of both «-and -

Tsutomu Sakuma/et al.

adrenergic receptors in rats (10, 34). However, it
is yet uncertain if a j;-adrenergic agonist and
norepinephrine increase alveolar alveolar fluid
clearance in human lungs.

Recently we found that endogenous
catecholamine concentrations in pulmonary
edema fluid increased to the level of 10° - 10° M
and that administration of exogenous epinephrine
(107 M), but neither epinephrine (10° M) nor
norepinephrine (107 M), into the distal airspaces
could stimulate alveolar fluid clearance in the
human lung (22). These results indicate that
endogenous catecholamine concentrations in
pulmonary edema fluid are probably not sufficient
to stimulate alveolar fluid clearance and that
administration of exogenous p-agonists into the
distal airspaces can be a potent therapy for
patients with pulmonary edema.

Glibenclamide (10°M) and CFTR;-172(10°M),
cystic fibrosis transmembrane conductance
regulator (CFTR) inhibitors, inhibited the
epinephrine-induced stimulation of alveolar fluid
clearance in ex vivo human lungs (18). Our results
are consistent with the results that glibenclamide
inhibited isoproterenol-stimulated alveolar fluid
clearance in human lungs that were obtained from
human lung donors whose lungs were rejected for
transplantation (22).

Human lung versus rat lung

We determined if there was a difference in the
rate of basal alveolar fluid clearance between ex
vivo human and ex vivo rat lungs, and if there was
a difference in the effect of p-adrenergic agonist
therapy on alveolar epithelial fluid clearance
between ex vivo human and ex vivo rat lungs (8).
The results indicated that basal alveolar fluid
clearance in rat lungs was significantly faster than
in human lungs (24 + 4% over 4 h in rat lungs
compared to 11 + 2% over 4 h in human lungs).
Comparison of equivalent doses of salmeterol
indicated that stimulated clearance rates were also
faster in rat lungs than in human lungs. Very low
doses of salmeterol were effective in ex vivo rat
lungs (107® M). Relatively low doses were effective
in the ex vivo human lungs (10° M) as a treatment
for increasing alveolar fluid clearance. In
summary, there are significant differences in the
basal and stimulated rates of alveolar epithelial
fluid clearance between rat and human lungs. The
human lung responds well to relatively low doses
of j-adrenergic agonist, a finding with potentially
important clinical implications for hastening the
resolution of alveolar edema.
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Temperature dependent alveolar fluid clearance

Since hypothermia abolished alveolar fluid
clearance in the excised human lungs (35), we
advanced the study to determine whether alveolar
fluid clearance resumed in the human lungs that
were rewarmed after severe hypothermia (36). An
isosmolar albumin solution was instilled into ex
vivo human lungs that were rewarmed to 37°C
after hypothermia (7 + 3°C) over 5 h, and then
alveolar fluid clearance was measured by the
concentration of albumin in the alveolar fluid
sample after 4 h. Although hypothermia
completely abolished alveolar fluid clearance,
alveolar fluid clearance resumed to a normal level
of 12 + 1% over 4 h in the lungs that were
rewarmed after hypothermia. Amiloride
decreased alveolar fluid clearance by 47% in the
rewarmed lungs. Terbutaline increased alveolar
fluid clearance by nearly 300% in the rewarmed
lungs.

Alveolar fluid clearance was also measured in
human lungs that were obtained from human lung
donors whose lungs were rejected for
transplantation (14, 17). The donor lungs were
transported under hypothermic conditions and
then warmed to 37°C over 3 -4 h. Next, 60 - 120
ml of isosmolar 5% human albumin solution
containing 5 mCi*'I-albumin that was used for
calculation of alveolar fluid clearance. Alveolar
fluid clearance capacity in donor lungs was similar
to that in ex vivo human lungs from patients with
bronchogenic carcinoma (36).

These studies indicated that basal and
stimulated alveolar fluid clearance is normal in the
excised human lung that has been exposed to
severe hypothermia followed by rewarming to
human body temperature. Amiloride-sensitive
sodium transport and j3-adrenoceptors that
mediate alveolar fluid clearance are preserved in
the rewarmed human lungs after hypothermia.
The results provide further evidence of the
resistance of alveolar epithelial transport
mechanisms to injury, a finding that has been
documented under a variety of clinically relevant
pathological conditions.

In addition, a study was conducted to
determine whether hypothermia inhibited alveolar
epithelial injury in the resected human lung
during preservation (37). A hyposmolar albumin
solution, 248 mOsm/kg, was instilled into the
alveolar spaces of the resected human lungs
which were inflated with an airway pressure of 7
cmH,0 and stored at either 37°C or 8°C for 4 h.
Alveolar fluid was aspirated and the influx of

lactate dehydrogenase (LDH) and globulin into
the alveolar spaces, as markers of alveolar
epithelial injury, was measured. Ion transport and
fluid clearance across the alveolar epithelium were
calculated by the changes in electrolyte and
albumin concentrations in the alveolar fluid,
respectively. While the LDH levels and globulin
concenfrations increased significantly in the
hyposmolar experiments at 37°C, hypothermia
inhibited these increases. Alveolar fluid clearance
at 37°C increased to 20% in the hyposmolar
experiments compared with 12% in the control
isosmotic experiments, however, sodium and
chloride transport in the hyposmolar experiments
was not significantly different from that in the
isosmolar experiments. This study indicates that
hypothermia at 8°C inhibits alveolar epithelial
injury caused by the hyposmolar solution in
excised human lungs. Moreover, alveolar ion and
fluid clearance mechanisms were preserved
across the injured alveolar epithelial cells.

K.rp channel opener stimulates alveolar fluid clearance

Since the effect of ATP-sensitive potassium
channel (Karp channel) opener on the function of
alveolar epithelial cells is unknown, the effect of
YM-934, a newly synthesized Kyrp channel opener,
on potassium influx into the alveolar spaces and
alveolar fluid clearance was determined in the
resected human lung (38). An isosmolar albumin
solution with a low potassium concentration was
instilled into the distal airway of the resected
human lungs. Net potassium transport and
alveolar fluid clearance were measured for 4 h
using both the changes in the potassium
concentration of the alveolar fluid as well as
changing the alveolar fluid volume. YM934 (10™*
M) increased net influx of potassium by 76% into
the alveolar spaces and also increased alveolar
fluid clearance by 48 % in the experiments with a
potassium concentration of 0.3 mEq/l
Glibenclamide (10 M), a Karp channel blocker,
inhibited the YM934-increased influx of potassium
transport and the increase in alveolar fluid
clearance. Also amiloride (10™ M) blocked the
YM934-increase in alveolar fluid clearance. These
results indicate that a Karp channel opener can
affect potassium transport and net vectorial fluid
movement across the human alveolar epithelium.

Recently, Kir channel (Kir6.1) and sulfonylurea
receptor (SUR 2B) forming Karp channel were
detected in freshly isolated and cultured rat
alveolar type II cells (39). Glibenclamide reduced
amiloride-sensitive sodium current and abolished
chloride current stimulation by forskolin in
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cultured monolayer of alveolar type II epithelial
cells. In addition, Kare channel activation by
pinacidil increased sodium and chloride
transepithelial transport. Although further studies
are necessary to elucidate the relationships
among Karp channel, -adrenoceptor and chloride
channel in the alveolar epithelial cells, it is noted
that Karp channels may be necessary for 3-agonist
mediated stimulation of chloride transport.

Alveolar fluid clearance in the remaining lung after
thoractomy

We studied the effect of thoracotomy on
alveolar fluid clearance in the remaining lungs in a
patient who underwent exploratory thoracotomy
(40). The first exploratory thoracotomy was
carried out 9 days before the second thoracotomy.
Since the tumor was malignant, the second
thoracotomy was carried out and alveolar fluid
clearance was measured in the excised lungs. We
found that alveolar sodium and fluid clearance
increased by nearly 200 %. Histological
examination showed that the number of alveolar
type II epithelial cells was markedly increased
particularly in the alveoli near the visceral pleura
(41). These results suggest that an increase in the
number of alveolar type II cells may accelerate
alveolar fluid clearance under certain clinical
conditions.

Summary

We have established a method to study ion and
fluid transport across the alveolar epithelium in ex
vivo human lung and determined the mechanisms
responsible for alveolar fluid clearance. The
principle results were as follows. Alveolar fluid

Table 2. Strategies to accelerate the resolution of pulmonary edema
in the human lung

Increase alveolar fluid clearance capacity
Aerosolized b-adrenergic agonists
B adrenergic agonist (Denopamine)
[ -adrenergic agonist (Salmeterol, Terbutaline,
Epinephrine)
Intravenous administration
Dobutamine
Dopamine
Potassium channel opener
Prevent collapse of the alveolar spaces
Proliferation of type II alveolar epithelial cells
Nutrition

Tsutomu Sakuma/et al.

clearance occurred in the excised human lung.
Active ion transports mediated by amiloride-
sensitive sodium channels and Na'-K" ATPase
accounted for the mechanisms responsible for
alveolar fluid clearance. /3 ;adrenergic agonists
(terbutaline, salmeterol, and epinephrine) were
potent stimulators of alveolar liquid clearance via
S -adrenergic receptors and sodium channels. A
potassium channel opener (YM934) also increased
alveolar fluid clearance. Hypothermia abolished
alveolar fluid clearance and rewarm following
hypothermia resumed normal alveolar fluid
clearance. Proliferation of type II alveolar
epithelial cells played a role in the increase in
alveolar fluid clearance in a patient who had
undergone partial pneumonectomy of the lung.
CFTR may play a potential role in epinephrine
stimulated alveolar fluid clearance. These
observations have important clinical implications
because stimulation of alveolar fluid clearance
may accelerate the resolution of alveolar edema in
many diseases (Table 2). However, further studies
are needed because little data are available
regarding alveolar fluid clearance in in vivo
human lungs.
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C2005-1), Grant-In-Aid for Scientific Research
from the MEXT, Japan (14571289, 17591492).
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OXYGEN CONSUMPTION, ASSESSED WITH THE OXYGEN ABSORPTION
- SPECTROPHOTOMETER, DECREASES INDEPENDENTLY OF
VENOCONSTRICTION DURING HEPATIC ANAPHYLAXIS
IN PERFUSED RAT LIVER
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ABSTRACT—Anaphylactic shock is accompanied by a decrease in oxygen consumption. However, it is not well known
whether oxygen consumption decreases during local anaphylactic reaction in liver. We determined the effects of
anaphylaxis and norepinephrine on oxygen consumption in isolated rat livers perfused portally and recirculatingly at
constant flow with blood (hematocrit, 12%). Oxygen consumption was continuously measured by monitoring the
portal-hepatic venous oxygen saturation differences using the absorption spectrophotometer, the probes of which were
built in perfusion lines. Hepatic anaphylaxis was induced by an injection of ovalbumin (0.01 or 0.1 mg) into the perfusate of
the isolated liver of the rat sensitized with subcutaneous ovalbumin (1 mg). Hepatic venoconstriction and liver weight loss
were similarly observed in response to norepinephrine (0.01-10 umol L™ ") and anaphylaxis. However, hepatic anaphylaxis
reduced oxygen consumption, whereas norepinephrine increased it. There was a possibility that anaphylactic
venoconstriction could reduce the perfused surface area, resulting in decreased oxygen consumption. However,
pretreatment with a vasodilator of sodium nitroprusside substantially attenuated venoconstriction but not the decrease in
oxygen consumption during anaphylaxis. Thus, we conclude that local hepatic anaphylaxis decreases oxygen
consumption independently of venoconstriction in isolated blood-perfused rat livers.

KEYWORDS—Anaphylactic shock, hepatic circulation, norepinephrine, hepatic venoconstriction, portal venous pressure

INTRODUCTION

Circulatory shock is characterized by generalized cellular
hypoxia and a decrease in oxygen consumption of organs and
tissues (1-3). The severity and the mortality after shock is
strongly associated with decreased oxygen consumption (2, 4).
Indeed, anaphylactic shock is accompanied by decreased
oxygen consumption (5, 6). There is a possibility that
anaphylactic reaction itself reduces oxygen consumption.
However, there are only a limited number of studies (7) to
determine the effect of local anaphylaxis on oxygen con-
sumption of organs such as the liver.

Therefore, for determination of the effect of local anaphy-
laxis on oxygen consumption of the liver, we used the isolated
perfused liver, which was free from the influences of the other
organs or many humoral mediators released from other organs
during the time course of anaphylactic shock. We continu-
ously measured the oxygen consumption of isolated blood-
perfused livers during hepatic anaphylaxis by monitoring the
oxygen (O,) saturation differences between the inflow and
outflow blood using a custom-made absorption spectropho-
tometer. To check the validity of this absorption spectropho-
tometer, we also measured the oxygen consumption during
administration of norepinephrine because norepinephrine is
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known to increase oxygen consumption in the perfused rat
liver (8-10). Another reason for investigating the effect of
norepinephrine is that it induces hepatic venoconstriction.
Oxygen consumption depends not only on metabolic factors
but also on hemodynamic factors. From the hemodynamic
point of view, isolated perfused rat livers showed similar
predominant presinusoidal constrictive responses to anaphy-
laxis (11) and norepinephrine (12). In addition, to determine
the effect of hepatic anaphylaxis on oxygen consumption
without its hemodynamic influence, anaphylaxis-induced
venoconstriction was suppressed by pretreatment with sodium
nitroprusside (SNP) and then changes in oxygen consumption
were determined during hepatic anaphylaxis.

MATERIALS AND METHODS

Animals

Seventy-four male Sprague-Dawley rats (Japan SLC, Shizuoka, Japan) weigh-
ing 270 to 370 g (mean + SD, 325 + 4 g) were used in this study. Rats were
maintained at 23°C and under pathogen-free conditions on a 12-h dark/light cycle
and received food and water ad libitum. The study protocol was approved by the
Animal Research Committee of Kanazawa Medical University.

Sensitization

Twenty-one rats were sensitized by subcutaneous injection of an emulsion made
by mixing complete Freund’s adjuvant (0.5 mL) with 1 mg ovalbumin (grade V,
Sigma, Saint Louis, MO) dissolved in physiological saline (0.5 mL) as previously
described (11). Two weeks after injection, rats were used for the isolated perfused
liver experiments.

Isolated liver preparation

The animals were anesthetized with pentobarbital sodium (50 mg kg~ i.p.) and
were mechanically ventilated with room air. The method for perfusion of isolated
rat livers was previously described (11). In brief, after the right carotid artery
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Fic. 1. The relationship between the ODM values and the measured

ASop that were obtained in 10 intact livers. The regression line equation is
ASop = 1.5103 x ODM — 0.0685 (r=0.92, P < 0.05).

cannulation and laparotomy, the hepatic artery was ligated, and the bile duct was
cannulated with polyethylene tube (inner diameter [ID], 0.5 mm; outer diameter
[OD], 0.8 mm). After intra-arferial heparinization (500 U kg™"), 8 to 9 mL of
blood was withdrawn through the carotid arterial catheter. The intra-abdominal
inferior vena cava above the renal veins was ligated, and the portal vein was
cannulated with a stainless cannula (ID, 1.3 mm; OD, 2.1 mm) for portal perfusion,
After thoracotomy, the supradiaphragmatic inferior vena cava was cannulated
through a right atrium incision with a larger stainless cannula (ID, 2.1 mm; OD, 3.0
mm), then portal perfusion was begun with the heparinized autologous blood
diluted with 5% bovine albumin (Sigma-Aldrich, St. Louis, Mo) in Krebs solution
(118 mmol L™} NaCl, 5.9 mmol L™! KCl, 1.2 mmol L™! MgSOs, 2.5 mmol L™
CaCl, 1.2 mmol L™ NaH;POy, 25.5 mmol L™ NaHCO;, and 5.6 mmol L™ glucose)
at hematocrit of 12%. The liver was rapidly excised, suspended from an isometric
transducer (TB-652T, Nihon-Kohden, Tokyo, Japan), and weighed continuously
throughout the experimental period.

The livers were perfused at a constant flow rate in-a recirculating manner via
the portal vein with blood that'was pumped using a Masterflex roller-pump from
the venous reservoir through a heat exchanger (37°C). The recirculating blood
volume was 40 mL. The perfused blood was oxygenated in the venous reservoir by
continuous ‘bubbling with 95% O, and 5% carbon dioxide (perfusate Po, =
300 mmHg). The portal and hepatic venous pressures (Ppy and Phv, respectively)
were measured using pressure transducers (TP-400T, Nihon-Kohden) attached by
sidearm to the appropriate cannulas with the reference points at the hepatic hilus.
Portal blood flow rate was measured with an electromagnetic flow meter (MFV
1200, Nihon-Kohden), and the flow probe was positioned in the inflow line. Bile
was. collected drop by drop in a small tube suspended from the force transducer
(SB-1T, Nihon-Kohden). One bile drop yielded 0.018 g, and the time between
drops was measured for determination of the bile flow rate. To determine the
oxygen consumption, the blood oxygen saturation difference between the portal
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and hepatic venous blood was monitored continuously with a custom-made
absorption spectrophotometer (ODM-1, Biomedical Science, Kanazawa, Japan),
the probe. of which consisted of a 660-nm wavelength light-emitting diode, a
cuvette, and a photodiode detector. These 2-probes were built in the inflow and
outflow perfusion lines. The blood oxygen saturation differences measured with
this absorption spectrophotometer were expressed as the oxygen difference meter
(ODM)y values. The hepatic vascular pressures, ODM values, blood flow rate, liver
weight, and bile weight were monitored continuously and displayed. through a
thermal physiograph (RMP-6008, Nihon-Kohden). All output were also digitized
by the analog—digital converter at a sampling rate of 100 Hz. These digitized
values were also displayed and recorded using a personal computer.

Measurement of oxygen consumption

Oxygen consumption was calculated according to the Fick principle by the
following equation

Portalbloodflow/liverweight(g) x 1.39(mL/g) x hemoglobin{g/mL)
XAS()z

where ASo, is the oxygen saturation difference between the inflow (portal) and
outflow (hepatic. vein) blood. To estimate AS0, by the ODM value of the
absorption spectrophotometer, the validity of the ODM values was examined
by comparing the ODM values with the ASo,, which was determined by
measuring the oxygen saturation of the inflow and outflow blood with the use
of automatic blood gas analyzer. To determine the correlation of ODM value
and ASo,, the intact isolated rat livers (n = 10) were perfused at-various blood flow
rates (12 — 60 mL/min) to obtain various inflow-to-outflow oxygen saturation
differences. Blood samples were collected simultaneously from the inflow (portal)
and outflow (hepatic venous) lines at a given flow rate and the oxygen saturation of
the inflow (So,in) and outflow (Sozout) blood-were measured by the blood gas
analyzer (AVL OMNI Modular System, AVL Scientific Corp., Roswell; GA). The
calculated oxygen saturation differences (ASo, = So,in — So.out) were compared
with the corresponding ODM values. We obtained the regression line equation for
So, measured and ODM values.

Experimental protocol

Hepatic hemodynamic parameters were observed for at least 20 min after the
start of perfusion until an isogravimetric state (no weight gain or loss) was obtained
by adjusting the portal blood flow rate and the height of the reservoir at a Phv of 0
to 1 emH,0 and at a portal blood flow of 37 + 1 mL min™" per 10 g of liver. After
the baseline measurements, the perfused livers excised from nonsensitized animals
were randomly assigned to the control group or norepinephrine group and those
from sensitized animals to the anaphylaxis group. In the norepinephrine group (n =35),
norepinephrine was. administered into the perfusate to get the final concentration of
0.001, 0.01, 0.1, 1; and 10 umol L™, The concentrations of norepinephrine were
randomly assigned for individual preparations. In the anaphylaxis group, ovalbumin
0.01 (n=7) or 0.1 mg (n = 7) was administered into the perfusate. In addition, to
eliminate a possible  effect of anaphylaxis-induced venoconstriction on oxygen
consumption, a vasodilator of SNP at 100 yumol L™ was administered 10 min before
injection of 0.01 mg of ovalbumin (SNP group, n = 7). In the control group (n = 8),
ovalbumin 0.1 mg was administered into the perfusate of the livers from
nonsensitized rats,

Fia. 2. A represeniative recording of the response to
norepinephrine at 1 umol L™,
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Statistics

All results are expressed as means + SE. Data were analyzed by one- and
two-way analysis of variance, using repeated measures for 2-way comparison
within groups. Comparisons of individual points between groups and within
groups were made by Bonferroni test. The correlation between the ODM values
and the measured oxygen saturation differences was analyzed by linear

regression. Differences were considered as statistically significant at P values
of <0.05.

RESULTS

Relationship between the ODM values and the measured
oxygen saturations

Figure 1 shows the relationship between the ODM values
and the measured ASO, that were obtained in 10 intact livers.
The regression line equation is

ASg, = 1.510xODM~0.069 (r = 0.92, P <0.05). (2)

This indicates that the AS0, can be estimated by ODM
values in isolated perfused rat liver. The basal oxygen
consumption calculated using the ODM values in the control,
0.1-mg ovalbumin, 0.01-mg ovalbumin, SNP, and 0.001-,
0.01-, 0.1+, 1+, and 10-umol L' norepinephrine groups
were 0.0072 £ 0.0005, 0.0078 = 0.0002, 0.0054 + 0.0005,
0.0055 £ 0.0003, 0.0065 + 0.0008, 0.0069 + 0.0009, 0.0066 +
0.0008, 0.0070 +.0.0008; and 0.0064 + 0.0005 mL min_ | per
gram of liver, respectively. In the present study, the changes
in oxygen consumption in a given perfused liver were
directly proportional to the ODM values because the other
determinants of oxygen consumption such as perfusate
hemoglobin and portal blood flow rate were not changed
during the experimental period. Thus, oxygen consumption
was expressed as the percentage of the baseline ODM
value.

Bile flow rate
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Fic. 3. The time course changes in the Ppv, liver weight changes, oxygen consumption, and bile flow rate in the norepinephrine (n = 35) and control
{n = 8) groups. Values are given as means * SE. *P < 0.05 versus the baseline. NE indicates norepinephrine.

Effects of norepinephrine on hepatic oxygen consumption,
Ppv, liver weight, and bile flow

Figure 2 shows a representative example of the hepatic
response to administration of norepinephrine at 1 gmol L™',
Figure 3 shows the summary data of the time-dependent
changes in Ppv, liver weight, hepatic oxygen consumption,
and bile flow rate of the norepinephrine groups. Significant
changes in the variables were observed in response to
norepinephrine at concentrations higher than 0.01 pgmol L™,
Hepatic oxygen consumption increased dose-dependently
after norepinephrine, with the peak values being 129% +
13% of the baseline at 0.01 umol L™', 145% *+ 42% at
0.1 ymol L™', 142% + 27% at 1 umol L™, and 171% + 43%
at 10 umol L ™', Norepinephrine at 0.01, 0.1, and 1 gmol L™
dose-dependently ‘increased Ppv to the peak, 9.2 + 0.3, 12.1 £
0.5, and 20.4 = 0.8 cmH,O, respectively, within 3 min.
Maximal venoconstriction was observed at 1 umol L™'; the
peak of Ppv after norepinephrine at 10 ymol L™' (20.8 =
0.7 cmH,0) was comparable to that at 1 umol L™'. After
administration of norepinephrine at 0.01, 0.1, 1, and 10 umol
L™, the liver weight decreased by 0.8 £0.1, 1.2£0.2, 1.7 +
0.2, and 2.4 + 0.2 g per 10 g of liver, respectively. The bile .
flow rates decreased after norepinephrine administration at 1 and
10 pmol L™ to 84% + 6% and 84% + 8% of the baseline of 8.6 +
0.4 and 9.8 + 0.5 mg min~ " per 10 g of liver, respectively.

Effects of anaphylaxis on hepatic oxygen consumption,
Ppv, liver weight, and bile flow

Figure 4 shows a representative example of the response of
the sensitized liver to the antigen (0.01 mg of ovalbumin).
Figure 5 shows the summary data of the time course changes
in Ppv, liver weight, hepatic oxygen consumption, and bile
flow rate of the 0.01-mg ovalbumin group along with the data
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Fie. 4. A representative recording of the responses to
the antigen of ovalbumin (0.01 mg).
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of the 0.1-mg ovalbumin, 1- and 10-umol L™ norepineph-
rine, and control groups. After injection of 0.01 mg of
ovalbumin, Ppv increased from the baseline of 6.9 *
0.13 emH;0 to the peak of 20.0 £ 1.4 cmH,O at 4 min.
Hepatic oxygen consumption decreased to the nadir of 75% +
6% of the baseline at 2 min and then recovered to the baseline
level at 4 min after administration of 0.01 mg of ovalbumin.
The decrease in oxygen consumption after antigen adminis-
tration contrasts with its increase after norepinephrine admin-
istration in that hepatic venoconsiriction was similar in
magnitude between the 0.01-mg ovalbumin group and the
high dose of norepinephrine (1 or 10 ymol L™') group. The
liver weight showed a rapid decrease, reaching the bottom of
=04 + 0.1 g per 10 g of liver at 4 min after- 0.01 mg
ovalbumin administration. The bile flow rate significantly
decreased to 86% + 1% of the baseline of 8.7 + 0.5 mg min "
per 10 g of liver at 5 min after antigen (0.01 mg of ovalbumin)
administration and then gradually recovered. The responses of
the variables to the high-dose ovalbumin (0.1 mg) were
qualitatively similar to that of the low-dose ovalbumin
(0.01 mg), but greater in magnitude, as shown in Figure 5.

Effects of SNP on Hepatic Anaphylactic Response

Figure 6 shows a representative example of the response of
the sensitized liver to the antigen (0.01 mg of ovalbumin)
after pretreatment with SNP at 100 umol L™". Figure 7 shows
the summary data of the time course changes of the 0.01-mg
ovalbumin and SNP groups. The increase in Ppv in response
to the 0.01-mg ovalbumin antigen was much smaller with

“SNP than without SNP. However, the decrease in hepatic
oxygen consumption was similarly observed with or without
pretreatment with SNP. At 2 min after antigen administration,
hepatic oxygen consumption decreased to the nadir of 79% *
3% of the baseline, which was not significantly different from
that of the 0.01-mg ovalbumin group without administration
of SNP. In contrast, Ppv increased only slightly to the peak of
9.9 £ 12 cmH,O at 4 min from the baseline of 6.6 £
0.15 cmH,0. The liver weight showed a mild, but significant,
decrease, reaching the nadir of —0.2 £ 0.1 g per 10 g of liver
at 3 min after ovalbumin administration. The bile flow rate
significantly decreased to 89% * 1% of the baseline of 8.6 %

3 min

0.5 mg min~ " per 10 g of liver at 5 min after antigen admin-
istration and did not return to the baseline.

DISCUSSION

In the present study, oxygen consumption was for the first
time measured continuously by a custom-made absorption
spectrophotometer, the probes of which were built in the
perfusing circuit to monitor the portal-hepatic venous oxygen
saturation difference of isolated perfused rat livers. We have
shown that anaphylaxis decreased hepatic oxygen consump-
tion, whereas norepinephrine increased it, although both
caused similar hepatic venoconstriction and liver weight loss.
Pretreatment with a vasodilator of SNP did not prevent the
anaphylaxis-induced decrease in hepatic oxygen consumption,
whereas it substantially attenuated the anaphylaxis-induced
hepatic venoconstriction. These findings suggest that the
decrease in hepatic oxygen consumption during anaphylactic
shock could be caused by local hepatic anaphylaxis itself, and
that it is independent of hepatic venoconstriction.

We- demonstrated that there was a significant and good
correlation between the ODM values of the absorption spec-
trophotometer and ASg,, measured with the blood gas analyzer.
This indicates that the AS, and oxygen consumption can be
indirectly measured by the absorption spectrophotometer in
isolated perfused liver. Oxygen consumption of the perfused
liver is usually measured with a Clark-type oxygen electrode
(7, 13-15). However, this oxygen electrode monitors only the
effluent, but not the influent, oxygen concentration and, thus, it
alone cannot directly assess the portal— hepatic venous oxygen
difference, which is the determinant of oxygen consumption.
The application of the custom-made oxygen absorption
spectrophotometer permits the continuous measurement of the
portal-hepatic venous oxygen difference of the perfused livers.

An increase in oxygen consumption has been observed after
norepinephrine administration in perfused rat livers (8, 16). In
these studies, oxygen consumption was. determined by
measuring the effluent oxygen concentration with a Clark-
type oxygen electrode. In the present study, we confirmed by
using the oxygen absorption spectrophotometer that norepi-
nephrine at concentrations higher than 0.01 umol L7'
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Fic. 5. The time course changes in the Ppv, liver weight changes, oxygen consumption, and bile flow rate in the 0.1-mg ovalbumin (n = 7), 0.01-mg

ovalbumin (n = 7), 1-umol L' norepinephrine (n = 7), 10-umol L ™"
+ SE. *P < 0.05 versus the baseline. NE indicates norepinephrine.

increased hepatic oxygen consumption in isolated blood-
perfused livers. This effect is ascribed to the metabolic effect
of norepinephrine; norepinephrine is known to increase glyco-
genolysis using energy, which is reflected by an increase in
oxygen consumption. Indeed, norepinephrine increases
oxygen consumption of isolated cultured hepatocytes (17).
In the present study, in contrast to norepinephrine admin-
istration increasing hepatic oxygen consumption, anaphylaxis
obviously reduced hepatic oxygen consumption (35% and
75% of baseline with ovalbumin at 0.1 and 0.01 mg,
respectively). This finding is consistent with the investigation
of Hines and Fisher (7), in which hepatic oxygen consumption
initially increased and then largely decreased to about 24%
during the antigen infusion. However, their experimental
method was different from that of this study: In their study,
the isolated rat livers were perfused with blood-free solutions
in a nonrecirculating manner, whereas the livers in the present
study were perfused more physiologically with blood.

ovalbumin (0.01 mg)
Portal
venous

30
20
pressure

norepinephrine (n = 8), and control (n = 8) groups. Values are given as means

Another difference is that oxygen consumption was deter-
mined by measuring only the effluent oxygen concentration
with an oxygen electrode in the previous study, whereas it was
measured by directly determining the portal-hepatic venous
oxygen saturation difference with the oxygen absorption
spectrophotometer in the present study.

Hepatic oxygen consumption is regulated by the factors
that affect metabolic and hemodynamic components of the
liver. Thus, metabolic and hemodynamic factors may be
involved in the anaphylaxis-induced decrease in oxygen con-
sumption observed in the present study. With respect to the
metabolic factors, pharmacologically active mediators, such as
leukotrienes, thromboxane A, (TXA,), platelet-activating factor,
histamine, and serotonin are released during anaphylactic
reaction. These mediators could directly inhibit oxygen con-
sumption. Indeed, leukotriene C, and D, reduced oxygen
consumption by 29% + 3% and 30% + 3% of baseline,
respectively, and these inhibitory effects were independent of
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Fia. 6. Arepresentative recording of the responses to the
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changes in hemodynamic factors (13). U-46619, a TXA,
analogue, also decreased oxygen consumption by 27% in
perfused rat livers (13). Altin and Bygrave (14) also found that
ONO-11113, another TXA, analogue, induced an initial small
transient stimulation followed by a marked and sustained
inhibition of oxygen uptake in perfused rat livers. Finally,
platelet-activating factor increased glucose production concom-
itant with suppression of oxygen consumption in perfused rat
livers (15). On the other hand, from the hemodynamic point of
view, presinusoidal constriction observed during anaphylactic
venoconstriction of the perfused sensitized rat livers (11) may
account for decreased oxygen consumption—presinusoidal
constriction caused a decrease in hepatic vascular surface area,
which might result in a decrease in the number of active
hepatocytes. However, even when anaphylactic hepatic veno-
constriction to be induced by 0.01 mg of ovalbumin was
substantially suppressed by pretreatment with SNP, a potent
vasodilator, the anaphylaxis-induced decrease in oxygen con-
sumption was still preserved (Fig. 7). Thus, although
hemodynamic changes might partially contribute to the
anaphylaxis-induced decrease in oxygen consumption, the con-
tribution of the hemodynamic effect seems to be small.

To the best of our knowledge, this is the first study to
measure oxygen consumption of perfused rat liver using
absorption spectrophotometer, although this method has been
well adopted for isolated perfused heart experiments (18, 19).
Kameyama et al. (18) reported that the basal oxygen
consumption of isolated perfused rat hearts measured with
an absorption spectrophotometer (AVOX system ) was 0.65 to
0.70 pL g~ " beat™" (about 0.16 mL min "' per gram of heart
weight). Oxygen consumption of isolated perfused rat hearts
measured with an oxygen content difference analyzer (model
PWA-2008S, Shoe Technica, Chiba, Japan) was about 0.5 uL g—l
beat ™’ (0.15 mL min ' per gram of heart weight) (19). The
basal oxygen consumption of the present perfused rat livers

calculated from the ODM values was 0.0054 to 0.0078 mL
min ' per gram of liver. Thus, these values are approximately
one twentieth of those of perfused hearts (18, 19). This
difference in oxygen consumption between heart and liver
was also observed when a Clark-type oxygen electrode was
used for the perfused rat heart (20-23) and perfused rat liver
(8, 24-27): 28 to 49 umol L™' min~" per gram of heart
(20-23) and 1.78 to 3.0 umol L™" min~" per gram of liver
(8, 23-26), respectively. This indicates that the absorption
spectrophotometer used in the present study can be used to
measure oxygen consumption continuously in isolated per-
fused liver experiments.

In the present study, the bile flow rate decreased after
norepinephrine at concentrations of 1 and 10 umol L™', The
reason for this decrease is not known, but it seems to be
secondary to the hemodynamic effects (28). In hepatic
anaphylaxis, the bile flow rate also reduced significantly at
5 min after antigen administration, even when the hemodynamic
effect was eliminated by SNP. We therefore speculate that it is
related to the reduction of hepatocyte activity, as reflected by a
decrease in oxygen consumption during anaphylaxis.

In summary, we measured the changes in oxygen con-
sumption during hepatic anaphylaxis and norepinephrine
administration using a custom-made absorption spectropho-
tometer in isolated perfused rat livers. Hepatic venoconstric-
tion and liver weight loss were similarly observed in response
to norepinephrine and anaphylaxis. However, hepatic anaphy-
laxis caused a decrease in oxygen consumption, whereas
norepinephrine increased oxygen consumption, as reported
previously. Pretreatment with a vasodilator of SNP substan-
tially attenuated anaphylaxis-induced venoconstriction, but
not anaphylaxis-induced decrease in oxygen consumption. We
conclude that local hepatic anaphylaxis decreases oxygen
consumption independently of venoconstriction in isolated
perfused rat livers.
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Abstract

Vasoconstrictive lipid mediators, thromboxane A, (TxA,), platelet-activating factor (PAF) and leukotriene Dy (LTD,) have been
implicated as mediators of liver diseases. There are species differences in the primary site of hepatic vasoconstriction in response to
these mediators. We determined the effects of a TxA, analogue (U-46619), PAF and LTD, on the vascular resistance distribution,
weight and oxygen consumption of isolated rat livers portally perfused with blood. The sinusoidal pressure was measured by the
double occlusion pressure (Py,), and was used to determine the pre- (Ry.) and post-sinusoidal (Rpe) resistances. All these three
mediators increased the hepatic total vascular resistance (R,). The responsiveness to PAF was 100 times greater than that to U-46619
or LTD,. Both of PAF and U-46619 predominantly increased R over Ry, At the comparable increased R, levels, U-46619 more
preferentially increased R,y than PAE. In contrast, LTD; increased both the Ry and Ry to similar extent. U-46619 caused liver
weight loss, while high concentrations of either LTD, or PAF produced liver weight gain, which was caused by substantial post-
sinusoidal constriction and increased Py,. PAF and U-46619 decreased hepatic oxygen consumption while LTDy induced biphasic
change of an initial transient decrease followed by an increase. In conclusion, PAF is the most potent vasoconstrictor of rat hepatic
vessels among these three mediators. Both Tx A, and PAF constrict the pre-sinusoidal veins predominantly. TxA, more preferentially
constricts the pre-sinusoids than PAF, resulting in liver weight loss. However LTDy constricts both the pre- and post-sinusoidal
veins similarly. High concentrations of LTD, and PAF cause liver weight gain by substantial post-sinusoidal constriction. PAF and
TxA; decrease hepatic oxygen consumption, whereas LTD, causes a biphasic change of it.
© 2006 Elsevier Inc. All rights reserved.

Keywords: PAF; The double occlusion pressure; Hepatic circulation; U-46619; Sinusoidal pressure; Microcirculation; LTDy; Oxygen consumption

1. Introduction

Lipid mediators such as platelet-activating factor (PAF), thromboxane Ay (TxA3) and leukotriene Dy (LTDy) are
potent vasoconstrictors, and are released from a variety of cells including platelets, neutrophils, macrophages (e.g.,
Kupffer cells), monocytes, lymphocytes, endothelial and smooth muscle cells in response to various stimuli [ 1-3]. Each
substance is implicated as a mediator of various types of liver diseases such as hepatic anaphylaxis [3,4], endotoxin

Abbreviations: 1VC, inferior vena cava; PAF, platelet-activating factor; Ry, pre-sinusoidal resistance; Rygy, post-sinusoidal resistance; Ry, total
portal-hepatic venous resistance; Ppy. portal venous pressure; Ppy, hepatic venous pressure; Py,, double occlusion pressure; @, portal blood flow
rate; W, liver weight; LT, leukotriene; TxA», thromboxane A,

* Corresponding author. Tel.: +81 76 218 8104; fax: +81 76 286 8010.

E-mail address: shibamo @kanazawa-med.ac.jp (T. Shibamoto).

1098-8823/% — see front matter © 2006 Elsevier Inc. All rights reserved.
doi: 10.1016/j.prostaglandins.2006.03.004
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liver injury [5-7], ischemia-reperfusion liver injury [8-10] and hepatic resection [9-11]. The microcirculation of the
hepatic sinusoid plays a crucial role in the integrity of liver function [12]. PAF, TxA; and LTD4 may influence the
sinusoidal circulation, as a result of their vasoconstrictive action. Indeed, an infusion of a TxA; analogue or LTDy
into the isolated perfused rat liver increases portal vein pressure, indicative of constriction of the hepatic vasculature
[13,14]. PAF also causes an increase in the portal vein pressure in in vivo animals [15] and isolated perfused livers
[16]. We have reported by measuring the sinusoidal pressure with the hepatic vascular occlusion methods in isolated
blood-perfused canine livers that a TxA, analogue predominantly constricts the post-sinusoidal veins [17], while
PAF constricts both the pre- and post-sinusoidal veins similarly [18]. On the other hand, both agents predominantly
constrict the pre-sinusoidal veins over the post-sinusoidal veins in the isolated blood-perfused guinea pig livers [19].
These investigations indicated that there are species differences in the primary site of hepatic vasoconstriction for
these mediators. However, the dominant vascular segments that these lipid mediators constrict in rat livers are not well
known. Using the hepatic vascular occlusion method for measurement of the sinusoidal pressure [20], therefore, we
determined the effects of PAF, a TxA, mimetic of U-46619 and L'TD4 on hepatic vascular resistance distribution and
liver weight in isolated blood-perfused rat livers. Simultaneously, their effects on hepatic oxygen consumption were
also determined with a custom-made oxygen absorption spectrophotometer [21].

2. Materials and methods

Sixty-seven male Sprague-Dawley rats (Japan SLC, Shizuoka, Japan) weighing 327 4= 3 g were used in this study.
Rats were maintained at 23 °C and under pathogen-free conditions on a 12/12-h dark/light cycle, and received food and
water ad libitum. The experiments conducted in the present study were approved by the Animal Research Committee
of Kanazawa Medical University.

2.1. Isolated liver preparation

The animals were anesthetized with pentobarbital sodium (50 mgkg™!, i.p.) and were mechanically ventilated
with room air. The methods for the isolated perfused rat liver preparation were previously described [22]. In brief, a
polyethylene tube was placed in the right carotid artery. After laparotomy, the hepatic artery was ligated and the bile
duct was cannulated with the polyethylene tube (0.5 mm i.d., 0.8 mm o.d.). At 5 min after intraarterial heparinization
(500 U kg™"), 8-9 ml of blood was withdrawn through the carotid arterial catheter. The intra-abdominal inferior vena
cava (IVC) above the renal veins was ligated, and the portal vein was cannulated with a stainless cannula (1.3 mm i.d.,
2.1mm o.d.). After thoracotomy, the supradiaphragmatic IVC was cannulated through a right atrium incision with a
larger stainless cannula (2.1 mm i.d., 3.0 mm o.d.), then portal perfusion was begun with the heparinized autologous
blood diluted with 5% bovine albumin (Sigma—Aldrich Co., St. Louis, MO) in Krebs solution (118 mM NaCl, 5.9 mM
KCI, 1.2mM MgSOy4, 2.5 mM CaCl,, 1.2 mM NaH>POy4, 25.5 mM NaHCO3, and 5.6 mM glucose) at Het of 12%.
The liver was rapidly excised, suspended from an isometric transducer (TB-652T, Nihon-Kohden, Japan) and weighed
continuously throughout the experimental period.

The liver was perfused at a constant flow rate in a recirculating manner via the portal vein with blood that was
pumped using a Masterflex roller pump from the venous reservoir through a heat exchanger (37 °C). The recirculating
blood volume was 40 ml. The perfused blood was oxygenated in the venous reservoir by continuous bubbling with
95% Oy and 5% CO; (perfused POy =300 mmHg).

2.2. Measurement of hepatic vascular pressures and vascular resistances

The portal venous (Ppy) and the hepatic venous (Ppy) pressures were measured using pressure transducers (TP-400T,
Nihon-Kohden, Japan) attached by sidearm to the appropriate cannulas with the reference points at the hepatic hilus.
Portal blood flow rate (Q) was measured with an electromagnetic flow meter (MFV 1200, Nihon-Kohden, Japan), and
the flow probe was positioned in the inflow line. The hepatic sinusoidal pressure was measured by the double occlusion
pressure (Pgy) [20,23]. Both the inflow and outflow lines were simultaneously and instantaneously occluded for 13 s
using the solenoid valves, after which Py, and Py rapidly equilibrated to a similar or identical pressure, which was
Py,. The principle of the double occlusion method to estimate the sinusoidal pressure [20] is derived from the concept
of the mean circulating filling pressure (Pyr) of the systemic circulation [24]. The P in the systemic circulation
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represents the pressure of the most compliant vascular segments, and therefore the Py, the Ppyer in the isolated perfused
livers, represents the pressure of the most compliant vessels in the liver, that is the sinusoids. Actually, Py, values were
obtained from the digitized data of Ppy and Py, using an original program (LIVER sofiware, Biomedical Science,
Kanazawa, Japan). The total portal-hepatic venous (R,), pre-sinusoidal (Rp) and post-sinusoidal (Rpost) resistances
were calculated by the following equations:

Ry = (Ppy — Pny)/ Q (H
Rpre = (va - Pdo)/Q (2)
Rpost = (Pgo — th)/Q (3)

2.3. Bile flow rate measurement

Bile was collected drop-by-drop in a small tube suspended from the force transducer (SB-1T, Nihon-Kohden, Japan).
One bile drop yielded 0.018 g and the time between drops was measured for determination of the bile flow rate [22].

2.4. Hepatic oxygen consumption measurement

To determine the oxygen consumption, the blood oxygen saturation difference between the inflow and outflow blood
(ASO3) was monitored continuously with a custom-made oxygen absorption spectrophotometer (ODM-1, Biomedical
Science, Kanazawa, Japan), the cuvettes and sensors of which were built in the inflow and outflow perfusion lines [21].
The measured ASO; was expressed as the ODM values [21]. ASO; was calculated using the following regressien line
equation as determined in our previous study [21]:

ASO; = 1.5103 x ODM — 0.0685 )

Using ASQ;, oxygen consumption (ml min~! 10 g liver weight ™) was calculated according to the Fick principle by
the following equation:

Portal blood flow/liver weight (g) x 10 x 1.39 (ml/g) x Hb (g/ml) x ASO, (5

where Hb is the perfusing blood hemoglobin measured using spectrophotometer (UV-1200, SHIMADZU, Japan).

2.5. Data recording

The hepatic vascular pressures, blood flow rate, liver weight, bile weight and ODM values were monitored con-
tinuously and displayed through a thermal physiograph (RMP-6008, Nihon-Kohden, Japan). All outputs were also
digitized by the analog-digital converter at a sampling rate of 100 Hz. These digitized values were also displayed and
recorded using a personal computer for later determination of Pg,.

2.6. Experimental protocol

Hepatic hemodynamic parameters were observed for at least 20 min after the start of perfusion until an isogravimetric
state (no weight gain or loss) was obtained by adjusting the portal blood flow rate and the height of the reservoir at a Py,
of 0-1 cmH,0, and at a Q of 36 0.5 mImin~" 10 gliver wt™!, After the baseline measurements, the perfused livers
were randomly divided into the three groups of the PAF, U-46619 and 1.TD4 groups. To determine the concentration
dependence, the drug was administered as a bolus into the reservoir to gain the final concentration of 0.0001-1 pM for
PAF, 0.001-3 pM for U-46619 and 0.001-1 uM for LTD4. The concentrations were randomly assigned for individual
preparations.

In each experimental group, Py, was measured at baseline and maximal venoconstriction (when Pp, reached the
peak), 6, 10, 20 and 30 min after injection of PAF, U-46619 or LTDy.
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Fig. 1. Representative recordings of the responses of rat livers to PAF at 0.1 pM (A), to U-46619 at 1 uM (B) and to LTDy at 0.1 uM (C). ASO,,
the blood oxygen saturation difference between the inflow and outflow blood. .

2.7. Statistics

All results are expressed as the means & S.E. Data were analyzed by one- and two-way analysis of variance, using
repeated-measures for two-way comparison within groups. Comparisons of individual points between groups and

within groups were made by Bonferroni’s test. Differences were considered as statistically significant at P-values less
than 0.05.

3. Results
3.1. Effects of PAF, U-46619 and LTDy4 on hepatic hemodynamic variables

Fig. 1 shows the representative examples of variables after injections of PAF at 0.1 pM (A), U-46619 at 1 uM (B)
and LTDy at 0.1 uM (C). Fig. 2 shows the summary data of the time-dependent changes in Ppy, Pgo, liver weight,
hepatic oxygen consumption and bile flow rate of all groups.

Soon after administrations of PAF (0.0001-1 uM), vasoconstriction occurred, as evidenced by the increase in Ppy
(Figs. 1A and 2A). At 0.1 pM, Ppy increased to the peak of 25.5 = 1.9 cmH;O from the baseline of 7.1 £ 0.1 cmH,0
within 1.5-2.5 min after injection. The double occlusion maneuver revealed that Py, increased from the baseline of
2.540.1 to 4.4+ 0.3 cmH;0. The pressure gradient of Pg,-to-Pyy was significantly increased from the baseline of
2.240.110 4.1 +0.1cmH,O, indicating the increase in Rpost. However, the increase in the Ppy-to-Py, gradient, from
4.7+£0.1 to 21.2 £ 0.9 cmH;0, was much greater than that in the Pgo-to-Pyy gradient, indicating that the increase in
Rpre was greater than that in Rpes. Fig. 3 shows the peak levels of segmental vascular resistance, liver weight change
and bile flow after PAF (closed column). R; and Ryre showed concentration-dependent increases with peak levels of
3.7-fold and 4.6-fold the baseline at 0.1 WM PAE: In contrast, Ryos; at 0.1 uM PAF reached only 1.9-fold the baseline.
Thus, the Rpost/ Ry ratio decreased with increasing concentrations of PAF, as shown in Fig. 3. The peaks of Ry, Rye and
Rpost at 1 uM PAF were not significantly different from those at 0.1 uM PAF.

U-46619 caused venoconstriction at concentrations higher than 0.01 pM (Figs. 1B and 2B). Similar to PAF, the
U-46619-induced venoconstriction was also characterized by dominant pre-sinusoidal constriction: the increase in
Pdo was relatively smaller than that in Ppy, as shown in Fig. 2B. Actually, at the maximal vasoconstriction with 3 uM
U-46619, the increase in Ppy-t0-Py, gradient (from 4.8 £0.1 to 23.1 £ 0.5cmH;0) was much greater than that in
the Pgo-t0-Py gradient (from 2.3 0.1 t0 3.3 0.1 cmH,0). Indeed, in response to 3 uM U-46619, Rpe increased to
4.8 times the baseline, while Ryos increased to only 1.3 times the baseline (Fig. 3). This predominant pre-sinusoidal
constriction over post-sinusoidal constriction was reflected by a progressive decrease in Rpost/R, ratio (Fig. 3). The U-
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Fig. 2. The summary data of time course changes in portal venous pressure, double occlusion pressure (Pg,), liver weight change, hepatic oxygen
consumption and bile flow rate in the PAF (A), U-46619 (B) and LTD; (C) groups. Values are given as mean & S.E. n=4-6. "P<0.05 vs. the
baseline.

46619-induced increase in R; was smaller in magnitude than that at the corresponding concentration of PAF. However,
at the comparable increased R; levels, the Rpoq/R; ratio in U-46619 groups was smaller than that in PAF groups,
indicating that U-46619 more preferentially constricts the pre-sinusoids than PAF. Ry, Rpre and Rpost recovered almost
to the baseline levels within 20 min after U-46619.

LTDj caused a dose-dependent increase in Ppy at concentrations higher than 0.01 uM, as shown in Figs. 1C and 2C.
The vasoconstrictive effect of LTDy4 is much weaker than that of PAF or U-46619, However, the venoconstrictive
responsiveness of either pre- or post-sinusoids to LTD4 was almost the same; the increase in Rpge (1.6 times the
baseline) was nearly the same as that of Ry (1.3 times the baseline) with 0.1 uM LTDy. This was also reflected by
no significant change in Rpost/R; ratio (Fig. 3). Ry, Rpre and Ryost recovered almost to the baseline levels within 10 min
after LTDy.

Table 1 shows the basal hemodynamic variables in all groups.

3.2. Effects of PAF, U-46619 and LTD4 on liver weight

Concomitant with hepatic vasoconstriction at high concentrations of PAF (0.01-1 pM), the liver weight showed
a biphasic change characterized by an initial decrease followed by an increase, as shown in Fig. 2A. There are no
significant differences in peak liver weight levels between the 0.1 and 1 M PAF groups.

U-46619 caused a progressive and dose-dependent decrease in the liver weight, resulting in the nadirs of
—0.22+0.02, —0.51 4 0.05, and —0.67 £ 0.09g 10gliverwt™!, at 0.1, I and 3 pM, respectively, at | min (Fig. 2B).

In contrast to PAF and U-46619, LTDy, did not significantly change liver weight for 20 min, but slightly increased
it at 30 min after | uM LTDy4 (Fig. 2C).
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Fig. 3. The peak changes in the total (R,), pre- (Rpr) and post-sinusoidal (Ryqs;) resistances, the Rposi/R, ratio, bile flow rate and liver weight change
at 0.0001-3 uM of PAF, U-46619 and LTDy. Percent changes are expressed by those of the baseline. Values are given as mean & S.E. n=4-6.
*P <0.05 vs. the baseline, 2P <0.05 vs. U-46619, PP <0.05 vs. LTD;.

Table 1
Basal hemodynamic variables of isolated perfused rat livers in the PAF, U-46619 and LTD; groups

PAF U-46619 LTDy
Number of preparations 22 27 18
Portal venous pressure (¢cmH0) 7.1+ 0.1 7.2 £ 0.1 7.0 + 0.1
Hepatic venous pressure (cmH0) 0.20 £ 0.02 0.18 £ 0.02 0.21 +0.03
Double occlusion pressure (cmH,0) 24+ 0.1 25+ 0.1 26 £ 0.1
Blood flow rate (ml™! min~! 10g~1) 3541 38+ 1 £
Total vascular resistance (cmH,O ml~! min~! 10g™1) 0.20 £ 0.01 0.19 £ 0.01 0.20 + 0.01
Pre-sinusoidal resistance (cmH,Oml~! min=! 10g™1) 0.14 = 0.01 0.13 + 0.01 0.13 + 0.01
Post-sinusoidal resistance (cHO ml~! min~! 10g™1) 0.06 + 0.01 0.06 + 0.01 0.07 + 0.01
Rypost/ Ry ratio 032 + 0.01 0.33 £ 0.01 034 £ 0.01

Values are given as mean & S.E.
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3.3. Effects of PAE, U-46619 and LTDy on bile flow rate

Basal bile flow rate in livers studied was 8.7 0.1 mgmin~! 10 g liver wt™!. After PAF at 0.1 and 1 uM, bile flow
rate significantly decreased to nadirs of 74 &= 8 and 63 £ 4% of the baseline, respectively, at 2 min and then gradually
recovered. In response to U-46619 at 1 and 3 M, it also significantly decreased to 84 + 5 and 70 £ 5% of the baseline.
In contrast, a significant decrease in the bile flow rate was observed after LTDy4 only at 1 uM, and it decreased to
69 + 5% of the baseline at 30 min.

3.4. Effects of PAE U-46619 and LTDy4 on hepatic oxygen consumption

The hepatic oxygen consumption was not significantly changed by PAF at 0.0001-0.01 uM, but significantly
decreased at 0.1 and 1 uM (Figs. 1A and 2A). Itrecovered to the baseline at 10 min. There was no significant difference
between the nadirs of hepatic oxygen consumption, 23 4 3% of the baseline of 0.049 £ 0.006 mi min~' 10 g liver wt™!
at 0.1 wM and 21 4 2% of the baseline of 0.053 £+ 0.010 mimin™! 10 gliver wi™! at 1 WM.

In response to U-46619, the hepatic oxygen consumption was also not significantly changed at lower concentrations
(0.001-0.1 wM), but was significantly decreased at higher concentrations (1 and 3 M), It reached the nadirs, 6246
and 36 = 14% of the baseline of 0.041 & 0.005 and 0.044 & 0.008 mI min—" 10 g liver wt™!, respectively, at 1 min, and
then recovered quickly, as shown in Fig. 2B. The magnitude of decrease in the hepatic oxygen consumption was smaller
with U-46619 than with PAF at corresponding concentrations.

In contrast, LTDy4 induced biphasic changes at high concentrations of 0.1 and 1 uM. It initially decreased to 78 + 8%
and 80 4% of the baseline at 0.5 min, and then quickly and significantly increased to the peak of 118 £4% and
126 £ 7%, at 0.1 and I pM, respectively (Fig. 2C).

4. Discussion

In the present study, we determined the effects of a TxA, analogue (U-46619), PAF and LTD4 on the vascular
resistance distribution, liver weight and oxygen consumption in isolated rat livers portally perfused with blood. The
main findings are thatboth PAF and U-46619 predominantly constricted the pre-sinusoidal veins over the post-sinusoidal
veins, with U-46619 more preferentially constricting the pre-sinusoids than PAF. In contrast, LTD4 constricted both the
pre- and post-sinusoidal veins similarly in isolated blood-perfused rat livers. U-46619 caused liver weight loss, while
PAF and LTDy at the high concentrations increased liver weight via substantial post-sinusoidal constriction. PAF and
U-46619 decreased hepatic oxygen consumption, but LTD4 induced a biphasic change of an initial transient decrease
followed by an increase.

Hepatic vascular responsiveness to various vasoactive substances differs depending on the vascular segments and
the animal species. Histamine causes marked constriction of the hepatic vein in dogs [25] and guinea pigs [26], while
it does not constrict hepatic vessels of cats {27] and rats {26]. In contrast, norepinephrine preferentially constricts
the pre-sinusoidal vessels similarly in dog [28,29], rat [28,29], rabbit [23,28], guinea pig [26] and mouse [30]. With
respect to the venoconstrictive site of PAF and TxAjz, we previously reported using canine isolated blood-perfused
livers that TxA, predominantly constricts the hepatic vein [17], while PAF constricts both portal veins and hepatic
veins similarly [18]. We have recently shown that both PAF and TxA; predominantly constrict pre-sinusoidal veins
over post-sinusoidal veins in guinea pigs, although the post-sinusoidal action of TxA, was weaker than that of PAF
[19]. In rat livers, we herein demonstrated that both PAF and Tx A, predominantly constricted pre-sinusoidal veins over
post-sinusoidal veins, and TxA, more preferentially constricted the pre-sinusoids than PAF in rat livers. In contrast,
LTD; constricted both the pre- and post-sinusoidal veins similarly in rat livers. Thus the hepatic vascular responsiveness
to PAF and Tx A7 of rats appears to be similar to that of guinea pigs rather than dogs. Furthermore, we have shown that
the order of vasoconstrictive effects was PAF>TxA; >LTDy.

We have recently reported using the same isolated rat liver preparation that hepatic anaphylaxis induced by antigen of
ovalbumin causes marked pre-sinusoidal venoconstriction and liver weight change of initial loss followed by a gradually
increase, which could account for the portal hypertension and hepatic congestion associated with anaphylactic shock
[21,22]. Anaphylactic reaction is accompanied by an increased release of vasoactive substances such as PAF [31], Tx Ay
[31] and LTDy4 [32]. In the present study, PAF induced substantial pre-sinusoidal constriction, and an initial slight liver
weight loss followed by liver weight gain. The response to PAF may be compatible with the hepatic anaphylactic
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response in rats [21,22]. In contrast, TxAsor LTDy4 seems not to be a main mediator responsible for the rat hepatic
anaphylaxis, because the vasoconstriction induced by these mediators was very weak, as shown in the present study.
However, in this respect, further pharmacological studies are required using the antagonists of these lipid mediators.

The mechanism whereby PAF or U-46619 predominantly constricts the pre-sinusoids over the post-sinusoids in rat
is not known. One possibility is related to platelet and neutrophil aggregation, because both PAF and TxA, can activate
these cells, resulting in intravascular aggregation [1,2]. The aggregation of neutrophils and platelets may obstruct the
sinusoids, which could represent an increase in the pre-sinusoidal resistance. However, this assumption seems unlikely
because heparin that was used in the present study has been shown not only to inhibit adhesion of leukocyte in the
endothelium [33] but also to cause platelet dysfunction [34]. Thus, even if platelet or leukocyte aggregation occurs,
they might play a minor role in the vascular resistance change. The second, contraction of the hepatic pericytes, hepatic
stellate cells, may account for either PAF or U-46619-induced pre-sinusoidal venoconstriction. Hepatic stellate cells
are located around the endothelial cells and their multiple cellular appendages reach out to wrap around the sinusoid
[35]. Hepatic stellate cells are highly contractile in response to PAF and TxA; [36]. PAF and TxA3 could constrict
sinusoidal hepatic stellate cells directly, resulting in increased sinusoidal resistance, which might represent increased
pre-sinusoidal resistance. However, other investigators could not confirm the physiological contractility of the stellate
cells [37,38]. Finally, a more plausible explanation is that functional PAF and TxA; receptors are distributed more
abundantly in the smooth muscle cells of the rat pre-sinusoidal vein than in those of the post-sinusoidal vein. However,
there is no direct evidence of the presence of nonhomogenous distribution of PAF or TxAj; receptors in rat hepatic
vessels.

We believe that the hepatic vasoconstrictive response to PAF, U-46619 or LTDy in the present study was due to the
direct effects of these substances, because the vasoconstriction occurred immediately after injection without a latent
period that might have been required for activation, release or synthesis of other vasoconstrictors. However, we cannot
rufe out a possibility of modulation of an endogenous hepatic vasoconstrictor that could be released in response to
U-46619, PAF or LTDj4. In organs other than livers, some of the vasoconstrictive effects of TxAs seem to be mediated
by the induction of LTC4 and LTD4 [39], and endothelins [40]. PAF is also able to activate the hepatic intravascular
macrophages of Kupffer cells, with resultant release of the cyclooxygenase metabolites [41]. LTDj4 could stimulate the
synthesis of TxAj [42,43]. Further studies are required to examine the interactions among these mediators.

We measured liver weight changes to know the intrahepatic blood volume alterations. U-46619 induced obvious
liver weight loss. In contrast, PAF mainly induced liver weight gain although it initially and transiently caused liver
weight loss. Liver weight also increased in response to LTDy at the highest concentration of 1 uM. The decrease in
liver weight may be produced by pre-sinusoidal constriction, which may prevent the entrance of blood into the liver
capillaries, resulting in weight loss. The liver weight gain after PAF and LTD4 may be caused by substantial post-
sinusoidal constriction and an increase in Pg,, both of which would lead to hepatic congestion, enhanced extravascular
fluid filtration and interstitial water accumulation. The magnitude of increased Py, may represent the liver weight
change. Fig. 4 shows the relationship between the peak Py, and liver weight change in all groups studied. There was
a significant correlation between the peak Py, and liver weight change (r=0.746, p <0.0001) after administrations
of PAF, U-46619 and LTDy. This finding indicated that the liver weight change was strongly associated with the Py,
increase, as described previously in our study [19].

In the present study, we have demonstrated that PAF and U-46616 decreased hepatic oxygen consumption, while
LTD;4 caused a biphasic change of it. These results are in agreement with the previous studies [44-46]. Haussinger
et al. reported that U-46619 decreased oxygen consumption by 27% in perfused rat livers {44]. ONO-11113, another
TXA; analogue, induced an initial small stimulation followed by a marked inhibition of oxygen uptake in perfused rat
livers [45]. PAF also suppressed oxygen consumption in perfused rat livers [46]; However, Haussinger et al. reported
that LTCy and LTD4 of 20 M reduced oxygen consumption by 29 & 3% and 30 3% of baseline, respectively, in
isolated rat livers [44]. The difference may be telated to the different perfusion methods. In the study of Haussinger
et al., the livers were perfused without recircuiation with blood-free Krebs solution [44]. In addition, in the present
study, a biphasic change in oxygen consumption was observed only at high concentrations (0.1 and 1 pM) of LTDj4.
In contrast, Haussinger et al. examined only one small dose (20 nM) of LTDy, but not the high dose of LTDj.

There is a criticism that the relevance of the present findings to the in vivo situation seems to be limited by the fact
that the experiments were done in an isolated organ, and perfusion was done using diluted blood. However, one of
the main purposes of the present study is to determine the venoconstrictive site of the lipid mediators in rat hepatic
circulation. Currently, this could not be accomplished in in vivo intact animals, if the measurement of the hepatic
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Fig. 4. Relationship between peak Py, values and liver weight changes after injections of PAF (closed circle), U-46619 (open circle) and LTD;y
(triangle). Equations of linear lines are given in the text.

microvascular pressures using the micropipette method were not performed [47]. However, no measurement of the
hepatic microvessels with micropipettes in in vivo animals has been performed so far to determine the effects of lipid
mediators such as PAF, TxAy, and LTDy4 on the hepatic vascular resistance distribution. Although limitations inherent
to isolated perfused livers exist, we think that Py, [20] in the present perfused livers has provided estimation of the
sinusoidal pressure and therefore the pre- and post-sinusoidal resistances in the livers exposed to the lipid mediators
studied.

In conclusion, both TxA, and PAF predominantly constrict pre-sinusoidal veins, and TxA, more preferentially
constricts the pre-sinusoids than PAF. However LTDy constricts both pre- and post-sinusoidal veins similarly. The
order of the extent of hepatic venoconstrictive effects was PAF > TxAj >LTD4. TxA; causes liver weight loss at high
concentrations, while LTD4 and PAF increase liver weight via substantial post-sinusoidal constriction in isolated rat
livers. PAF and TxA; decrease hepatic oxygen consumption, whereas LTD4 induces a biphasic change of it in isolated
blood-perfused rat livers.
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NC¢-NITRO-L-ARGININE METHYL ESTER POTENTIATES
ANAPHYLACTIC VENOCONSTRICTION IN RAT PERFUSED LIVE
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SUMMARY

1. The effects of the nitric oxide (NO) synthase inhibitor
NC-pitro-L-arginine methyl ester (1-NAME) on anaphylaxis-
induced venoconstriction were examined in rat isolated livers
perfused with blood-free solutions in order to clarify the role of
NO in anaphylactic venoconstriction.

2. Rats were sensitized with ovalbumin (1 mg) and, 2 weeks
later, livers were excised and perfused portally in a recirculating
manner at a constant flow with Krebs’—Henseleit solution. The
antigen (ovalbumin; 0.1 mg) was injected into the reservoir
10 min after pretreatment with L-NAME (100 pmol/L) or
p-NAME (100 pmol/L) and changes in portal vein pressure
(Ppv), hepatic vein pressure (Phv) and perfusate flow were
monitored. In addition, concentrations of the stable metabolites
of NO (NO;j and NOj) were determined in the perfusate using
an HPLC-Griess system.

3. The antigen caused hepatic venoconstriction, as evidenced
by an increase in Ppv from a mean (XSEM) baseline value of
7.7+ 0.1 cmH,0 to a peak of 21.4 + 1.1 emH,0 at 3 min in
D-NAME-pretreated livers. Pretreatment with L-NAME aug-
mented anaphylactic venoconstriction, as reflected by a higher
Ppv (27.4 £ 0.8 cmH,0) after antigen than observed following
D-NAME pretreatment. The addition of L-arginine, a precursor
for the synthesis of NO, reversed the augmentation of anaphy-
lactic venoconstricion by L-NAME. This suggests that hepatic
anaphylaxis increased the production of NO, which conse-
quently attenuated anaphylactic venoconstriction. However,
perfusate NO, levels did not increase significantly after antigen
in livers pretreated with either L-NAME or b-NAME.

4. In conclusion, L-NAME potentiates rat anaphylactic
hepatic venoconstriction, suggesting that NO contributes to the
attenuation of the venoconstriction. However, this functional
evidence was not accompanied by corresponding changes in
perfusate NO, concentrations.
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isolated perfused rat liver, nitric oxide, NO,.
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INTRODUCTION

Anaphylactic hypotension is sometimes life threatening
caused by a decrease in effective circulating blood v
Nitric oxide (NO), which is produced in endothelial
response to either hormonal or physical stimuli, such as she:
regulates the vascular system.™ Nitric oxide seems to
important pathophysiological role in modulating the
changes associated with anaphylaxis. An NO synthase
inhibitor was shown to attenuate hypotension and haemo
tration and decrease venous return in this condition, altl
did not improve cardiac depression.* Conversely, NO func
antagonizes the effects of vasoconstrictors released duri
phylaxis and there is experimental evidence that NO may
some pathophysiological changes associated with anar
except for vasodilatation.*

It is well known that vasoconstriction of the liver cor
to the control of systemic circulation: passive blood mobi
to and from the liver, which is caused by hepatic vasocons
influences venous return to the heart and, hence, systemic
tion.” Indeed, it has been reported that hepatic venocon:
is involved, in part, in anaphylactic hypotension.*” Anaj
causes hepatic venoconstriction, as observed in rats,”®
pigs’ and dogs,'™"" resulting in portal hypertension tt
causes congestion of the upstream splanchnic organs,
resultant decrease in venous return and effective cirx
blood volume and finally augmentation of anaphylacti
tension. We have shown recently that hepatic venocons
is observed in response to antigen in sensitized guinea-p:
and that NO attenuates constriction of these vessels
phylactic hepatic venoconstriction, based on an increase i
venous pressure, was also observed in rats.”® However,
known whether NO can be released in rat liver vasc
exposed to anaphylaxis and can modulate anaphylactic
venoconstriction.

Thus, to investigate these issues, anaphylactic venocon
was examined with rat isolated livers that were perfusec
blood-free solution under constant flow in the presence
NOS inhibitor N%nitro-L-arginine methyl ester (L-NA
D-NAME, an inactive enantiomer of L-NAME. The e
L-NAME was further examined with simultaneous pret:
with L-arginine. In addition to this functional study, we at
to provide physical evidence by measuring perfusate NO; a
(stable metabolites of NO) with the sophisticated HPLC
system (ENO-10) to elucidate the contribution of NO to fu
effects observed.
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METHODS

Animals

Twenty-three male Sprague-Dawley rats (Japan SLC, Shizuoka, Japan)
weighing 333 + 4 g were used in the present study. Rats were maintained
under pathogen-free conditions on a 12 h dark-light cycle and allowed
food and water ad libitum. The experiments conducted in the present study
were approved by the Animal Research Committee of Kanazawa Medical
University. Rats were actively sensitized by the subcutaneous injection of
an emulsion made by mixing equal volumes of complete Freund’s adjuvant
(0.5 mL) with 1 mg ovalbumin (grade V; Sigma, St Louis, MO, USA) dis-
solved in physiological saline (0.5 mL).

Isolated perfused liver

Two weeks after sensitization, animals were anaesthetized with pentobarbital
sodium (70 mg/kg, i.p.) and ventilated mechanically with room air. The basic
methods for rat isolated perfused livers have been described elsewhere.”
Briefly, a catheter was placed in the right carotid artery for the injection of
heparin. After laparotomy, the hepatic artery was ligated. After intra-arterial
heparinization (500 U/kg), the intra-abdominal inferior vena cava (IVC)
above the renal veins was ligated and the portal vein was cannulated with a
stainless-steel cannula (1.3 mm ID, 2.1 mm OD) for portal perfusion. After
thoracotomy, the supradiaphragmatic IVC was cannulated through an incision
in the right atrium with a large stainless-steel cannula (2.1 mm ID, 3.0 mm OD).
Then, portal perfusion was started at a constant flow rate (43 mL/min) with
Krebs’—Henseleit solution (composition (in mmol/L): NaCl 118; KCl 5.9;
MgSO, 1.2; CaCl, 2.5; NaH,PO, 1.2; NaHCO, 25.5; glucose 5.6). Initially,
livers were perfused in a non-recirculating manner with perfusate that was
pumped using a Masterflex pump (Cole-Parmer, Chicago, IL, USA) from
the venous reservoir through a heat exchanger (37°C). When the colour of
the effluent became translucent, the perfusion mode was changed to re-
circulating. The recirculating perfusate volume was 40 mL. The perfusate
was oxygenated in the venous reservoir by continuous bubbling with 95%
0, and 5% CO,. The portal venous (Ppv) and hepatic venous (Phv) pressures
were measured with pressure transducers (TP-400T; Nihon-Kohden, Tokyo,
Japan) attached by a sidearm to the appropriate cannulas with the reference
points at the hepatic hilus. Portal perfusate flow rate (Qpv) was measured
with an electromagnetic flow meter (MFV 1200; Nihon-Kohden) and the
flow probe was positioned in the inflow line. The Ppv, Phv and Qpv were
monitored continuously and displayed through a thermal physiograph (RMP-
6008; Nihon-Kohden). Outputs were also digitized by the analogue—digital
converter at a sampling rate of 100 Hz using a personal computer.’

Hepatic haemodynamic parameters were observed for at least 20 min after
the start of perfusion. Then, the livers were divided into three groups: (i) D-
NAME (n =9), in which 100 pmol/L D-NAME (Sigma) was administered
into the reservior; (ii) L-NAME (n=09), in which 100 pmol/L L-NAME
(Sigma) was administered into the reservior; and (iii) L-arginine + L-NAME
(n=15), in which L-arginine (1 mmol/L; Sigma) plus L-NAME (100 pwmol/L)
were administered into the reservoir. Thus, any livers studied were pretreated
with either L-NAME or b-NAME. Ovalbumin (0.1 mg) was injected into
the reservoir 10 min after the injection of L-NAME or p-NAME. In each
experimental group, measurements were performed up to 30 min after the
administration of antigen. The total portal-hepatic venous (Rt) resistance was
calculated using the formula:

Rt = (Ppv — Phv)/Qpv

Measurement of NO,

Portal (inflow) and hepatic venous (outflow) perfusate samples (0.5 mL) were
simultaneously and instantaneously obtained from the inflow and outflow lines,
respectively, before injection of L- or D-NAME just before antigen injection
(baseline) and 0.5, 1, 3 and 6 min after antigen injection. NO; and NO, were
separated and measured using the HPLC—Griess system (ENO-10; Eicom,
Kyoto, Japan). The detection limit and the sensitivity for NO; were 10 nmol/L
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Fig.1 Summary of changes in portal venous pressure and hepatic
venous pressure after antigen injection in N%-nitro-p-arginine methy! ester
(0-NAME; 1 = 9; O), NS-nitro-L-arginine methy! ester (L-NAME; n = 9; @)
and L-arginine + L-NAME (n=5; A) groups. Data are the meantSEM.
*P < 0.05 compared with baseline; 'P < 0.05 compared with the D-NAME
and L-arginine + L-NAME groups.

under routine setup, whereas under the highly sensitive mode for NO,
(the reduction column was omitted and 100 pL sample was loaded without
deproteinization), the detection limit was 2 nmol/L and the sensitivity was
1-2 nmol/L. The inter- and intra-assay coefficients of variation were below
0.5% for NO; and approximately 5% for NO, for highly sensitive quantifi-
cation.'>* Special attention was paid to avoid any contamination with NO,
throughout the entire procedure.'

Statistics

All results are expressed as the meantSEM. Analysis of variance followed
by Bonferroni’s test was used to test the significance of differences.
Differences were considered statistically significant at P < 0.05.

RESULTS

Response of Ppv to antigen

After injection of L-NAME or D-NAME into the blood-free constant-
flow perfused liver, Ppv did not change significantly. As shown
in Fig. 1, after injection of 0.1 mg ovalbumin into a D-NAME-
pretreated liver, venoconstriction occurred, as evidenced by an increase
in Ppv. The Ppv reached peak levels of 21.4 + 1.1 cmH,O 3 min after
the injection of antigen from a baseline value of 7.7 £ 0.1 cmH,0.
The Ppv-to-Phv gradient, the determinant of Rt, increased 2.9-fold
baseline, indicating that Rt increased by the same degree, as indicated
in Table 1. In fact, Rt increased from a baseline value of 0.17 + 0.01
to 0.47 £ 0.04 cmH,O/mL per min per 10 g. Thereafter, Ppv and Rt
decreased gradually towards baseline values.

In the L-NAME group, Ppv also increased after the injection of
antigen, but the peak Ppv levels of 27.4 £ 0.8 cmH,0 3 min after
antigen injection were significantly greater than those seen in the
D-NAME group (21.4 + 1.1 cmH,0). Thus, the peak Rt level in the
L-NAME group was 1.7-fold greater than that in the D-NAME
group. This significant difference was observed until 10 min after
antigen injection (Fig. 1). However, as shown in Fig. 1, the augmenta-
tion of antigen-induced venoconstriction induced by L-NAME was
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Table 1
antigen injection in rat isolated perfused livers

Effects of N-nitro-L-arginine methyl ester (L-NAME) and N%-nitro-p-arginine methyl ester (0-NAME) on haemodynamic variables and |

1.-NAME D-NAME L-Arginine + L-NAME
Groups Pretreatment ~ Baseline 3 min Pretreatment ~ Baseline 3 min Pretreatment  Baseline
Ppv (emH,0) 72+£02 7.8+04 274+0.8% 7.4%0.1 7.7+£0.1 214+ 1.0% 7.4+02 8.0+04 22«
Phv (emH,0) 03+0.1 04+02 05+0.2 0.2+0.1 03+0.1 0.3+ 0.1 0.3+0.1 0.3+0.1 0.
Qpv (mL/min per 10 g) 41£3 4143 4113 42+2 42+2 42+2 38+ 1 38+ 1 3¢
Rt 0.19+£0.03 020£0.04 0.74+0.10* 0.17£0.01 0.17+£0.01 047£0.04* 0.19+0.01 020£0.01 0.5¢
NO, concentration (pmol/L)
Inflow 045+0.05 0512005 054005 045£002 052+002 055£0.02 040+£0.05 0.50£0.05 0.5
Outflow 045£0.06 050x£006 054+£006 053£0.03 045+0.06 054+0.02 041£0.05 048%£0.05 05

Values are the meantSEM. *P < 0.05 compared with baseline.

Ppv, portal vein pressure; Phv, hepatic venous pressure; Qpv, perfusate flow; Rt, vascular resistance (in cmH,O/mL per min per 10 g).

reversed by additional perfusion with L-arginine (I mmol/L). The
pressure response in the r-arginine + L-NAME group was similar
in magnitude to that in the D-NAME group. These results suggest
that the anaphylactic reaction in rat livers produced NO, which then
attenuated the anaphylactic hepatic venoconstriction.

Perfusate concentrations of NO,

Perfusate levels of either NO; or NOj did not change significantly
after antigen injection in any group studied (Table 1). Moreover,
differences in NO; and NOj between the outflow and inflow did
not change significantly in any group and the differences between
the two groups were not significant throughout the experimental
period, as shown in Fig. 2.

DISCUSSION

The present study showed that the NOS inhibitor L-NAME aug-
mented anaphylactic venoconstriction in rat isolated livers perfused
with blood-free solution under constant flow. L-Arginine completely
reversed enhancement of the anaphylactic venoconstriction by
L-NAME. This finding suggests that, similar to guinea-pig livers,’
rat livers produce NO during the anaphylactic reaction and that the
NO released then attenuates anaphylactic hepatic venoconstriction.
We also measured perfusate concentrations of NO metabolites
before and after antigen in order to confirm the production of NO.
However, unexpectedly, we could not detect significant differences
in perfusate NO, concentrations between the outflow and inflow
perfusate, even though we used the highly sensitive HPLC-Griess
system (ENO-10) for measurement of NO,.

We have reported previously that anaphylactic venocostriction
occurs in rat isolated blood-perfused livers.” In the present
study, a similar response was observed in rat livers perfused with
blood-free solution. This indicates that the intrahepatic mast cells
rather than circulating blood cells, such as basophils and platelets,
were involved in the hepatic regional anaphylaxis in the present
study.

NO-Nitro-L-arginine methyl ester is widely used to inhibit
endothelial synthesis of NO. However, multiple non-specific actions
of L-NAME other than simple inhibition of NO synthesis have
also been reported.” " These include generation of superoxide
anions and prostaglandin endoperoxides, both of which cause vaso-
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Fig.2 Summary of changes in differences in (a) NO, and
concentrations between inflow and outflow perfusate after antigen
in the N%nitro-p-arginine methyl ester (D-NAME; O), N-nitro-1
methyl ester (L-NAME; @) and r-arginine + L-NAME (&) gic
arrows indicate the time of pretreatment. Data are the meantSE}
*P < 0.05 compared with baseline.

constriction. Thus, NO-independent mechanism may ha
involved in the effect of L-NAME in the present study. F
we found that the addition of L-arginine completely reve
augmentation by L-NAME. This finding suggests that the
L-NAME is due to inhibition of NO synthesis rather tha
the production of vasoconstrictors, such as superoxide an
prostaglandin endoperoxide.
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The mechanism responsible for NO release during hepatic ana-
phylaxis may be ascribed to shear stress-dependent and -independent
mechanisms.”® In rat livers perfused at constant flow, anaphylaxis
contracted hepatic vessels, where shear stress could be increased,
resulting in NO release from the constricted endothelium. Con-
versely, the shear stress-independent mechanism may be related to
humoral substances released by the anaphylactic reaction per se.
We assume that chemical mediators, such as platelet-activating
factor (PAF), thromboxane (TX) A,, histamine, cysteinyl leukotrienes
and serotonin, may act on their corresponding receptors on the
endothelium, resulting in the subsequent activation of endothelial
(e) NOS and production of NO. In fact, it has been reported that
most mediators of anaphylaxis, such as histamine,***' leukotrienes,*
TXA,? and PAF® all stimulate NO release from the vascular
endothelium.

The percentage proportion of NO counter-regulation in anaphy-
lactic venoconstriction of the portal vein in rats was approximately
28% (6.0 cmH,0). This seems to be smaller than that of similarly
examined guinea-pig livers, in which NO inhibition augmented the
anaphylaxis-induced increase in Ppv by 80% (18.1 cmH,0).” The
relatively lesser augmentation induced by L-NAME in the present
study may be ascribed to differences in the perfusate, as well as
species differences. The Krebs’ solution used in the present study
had a very low viscosity and, thus, produced a low vascular resistance,
resulting in low shear stress and small NO production compared with
the diluted blood used in the previous guinea-pig liver study.® The
reason why we used blood-free Krebs’ solution as the perfusate
in the present study was that a solution including free haemoglobin
could prevent accurate measurement of perfusate NO; and NO;
concentrations.* Haemolysis and, thus, the presence of free haemo-
globin in the perfusate could not be avoided in the present experimental
set up including a roller pump. Because NO; has been suggested
to be a more sensitive and specific marker of NO than NO3;* and
it has been suggested that NOj is the main metabolite of NO in
haemoglobin-free medium,”® we endeavoured to quantify the substance
atnmol/L levels. The possible reasons why the highly sensitive HPLC—
Griess system could not detect the expected increase in NO; as a
reflection of enhanced NO release during anaphylaxis in rat isolated
perfused livers reamin obscure. However, some possible causes
may be derived from the following. The device we used may still
be insufficient to detect smaller changes in NO; from the vascular
bed in an excised organ with a large volume of perfusate compared
with changes in a whole body and the substance may be easily
influenced by the surrounding atmosphere. In addition, we have
experienced disappearance of NOj or NOj after perfusion of
certain organs.'>"

In conclusion, we are able to present functional evidence that NO
production may be increased during rat hepatic anaphylaxis. This
hepatic anaphylactic response was independent of circulating blood
cells. However, perfusate NO, measurements using the highly
sensitive HPLC—Griess system could not detect physical evidence
of increased intrahepatic NO production in rat isolated perfused
anaphylactic livers; thus, this issue requires further examination.
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ORIGINAL ARTICLE

Effects of Hct on L-NAME—induced Potentiation
of Anaphylactic Presinusoidal Constriction in
Perfused Rat Livers

Sen Cui, MD, Toshishige Shibamoto, MD, PhD, Wei Liu, MD, Hiromichi Takano, PhD,
Zhan-Sheng Zhao, MD, PhD, and Yasutaka Kurata, MD, PhD

Abstract: Effects of hematocrit (Hct) on N®-nitro-L-arginine methyl
ester (L-NAME)-induced modulation of anaphylactic venoconstric-
tion were determined in isolated perfused rat livers. The rats were
sensitized with ovalbumin (1 mg), and the livers were excised 2 weeks
later and perfused portally and recirculat-ingly under constant flow
at Het of 0%, 5%, 16%, and 22%. The hepatic sinusoidal pressure
was estimated via the double occlusion pressure (Pdo), and the
presinusoidal resistance (Rpre) and the postsinusoidal resistance
(Rhv) were calculated. The antigen of ovalbumin 0.1 mg was injected
‘into the reservoir at 10 minutes after pretreatment with L-NAME
(100 pM) or b-NAME (100 pM). Perfusate viscosity, a determinant
of vascular resistance and shear stress, was increased in parallel with
Hct. In the D-NAME groups, antigen caused predominant presinu-
soidal constriction. The magnitude of venoconstriction was signif-
icantly smaller at Het 0% than at Het 5% to 22%, whereas no
significant differences were found among Het 5% to 22%. L-NAME
potentiated the antigen-induced increase in Rpre, but not in Rpost at
Het 5% to 22% as compared with p-NAME. But the augmentative
effects of L-NAME were similar in magnitude among Het 5% to 22%.
These findings suggest that hepatic anaphylaxis increases production
of nitric oxide, which consequently attenuates anaphylactic presinu-
soidal constriction in rat livers, and that these effects are independent
of perfusate Hct or viscosity in blood-perfused rat livers.

Key Words: anaphylactic shock, nitric oxide, viscosity, shear stress,
hepatic circulation

(J Cardiovasc Pharmacol™ 2006;48:827-833)

Anaphylactic hypotension is sometimes life-threatening,
and is caused by a decrease in effective circulating blood
volume.' Tt is reported that the liver is partly involved in
animal models of anaphylactic hypo-tension.™ Anaphylactic
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hepatic venoconstriction, as observed in rats,>* guinea
pigs,” and dogs,®” causes portal hypertension which then
induces congestion of the upstream splanchnic organs, with
resultant decrease in venous return and effective circulating
blood volume, and finally augmentation of anaphylactic
hypotension.

Nitric oxide (NO), a potent vasodilator, regulates the
vascular system,*” and seems to play an important patho-
physiologic role in modulating the systemic changes associ-
ated with anaphylaxis."” We have recently reported that
NC-nitro-L-arginine methyl ester (L-NAME), a NO synthase
inhibitor, augmented anaphylactic hepatic venoconstriction in

© guinea pig.” And further, we demonstrated, using the vascular

occlusion method for measurement of the hepatic sinusoidal
pressure,  that the anaphylactic venoconstriction of the
presinusoids, but not the postsinusoids, was enhanced by
L-NAME.> However, it is not known whether L-NAME also
induces augmentation of anaphylactic hepatic venoconstric-
tion in other animals such as rats.

NO is produced by the activation of the NO synthase 3
present in endothelial cells either by hormonal or physical
stimuli such as shear stress.®® The viscosity, an important
determinant of shear stress and vascular resistance, highly
depends on hematocrit (Het). Indeed, the vascular resistance
increased as Het elevates at a given blood flow in rat liver, as
we previously reported.’’ However, it is not well known how
the changes in blood viscosity modulate anaphylactic hepatic
segmental venoconstriction.

Thus, we herein determined the effect of Het on the
L-NAME-induced modulation of anaphylactic hepatic seg-
mental venoconstriction in rats. To accomplish this purpose,
we measured the sinusoidal pressure with the vascular
occlusion method, and determined the pre and postsinusoidal
resistances during hepatic anaphylaxis in isolated rat livers
perfused portally and recirculatingly under constant flow at
different Hcet of 0%, 5%, 16%, or 22% in the presence of
L-NAME or p-NAME (an inactive enantiomer of L-NAME).
In addition, we determined the anaphylaxis-induced changes
in hepatic oxygen consumption and bile production.

METHODS

Animals and Sensitization

Forty male Sprague-Dawley rats (Japan SLC, Shizuoka,
Japan) weighing 341 * 3 g were maintained at 23°C and under
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pathogen-free conditions on a 12/12-hours dark/light cycle,
and received food and water ad libitum. The experiments
conducted in the present study were approved by the Animal
Research Committee of Kanazawa Medical University. Rats
were actively sensitized by the subcutaneous injection of an
emulsion made by mixing equal volumes of complete Freund’s
adjuvant (0.5 mL) with 1 mg ovalbumin (grade V, Sigma)
dissolved in physiologic saline (0.5 mL).?

Isolated Liver Preparation

Two weeks after sensitization, the animals were
anesthetized with pentobarbital sodium (50 mg kg™', IP)
and were mechanically ventilated with room air. The methods
for the isolated perfused rat liver preparation were previously
described.’ In brief, a polyethylene tube was placed in the right
carotid artery. After laparotomy, the hepatic artery was ligated
and the bile duct was cannulated with the polyethylene tube
(0.5 mm ID, 0.8 mm OD). At 5 minutes after intra-arterial
heparinization (500 U kg™'), 8 to 9 mL of blood was
withdrawn through the carotid arterial catheter. The intra-
abdominal inferior vena cava above the renal veins was ligated,
and the portal vein was cannulated with a stainless cannula
(1.3 mm ID, 2.1 mm OD). After thoracotomy, the supra-
diaphragmatic inferior vena cava was cannulated through
a right atrium incision with a larger stainless cannula (2.1 mm
ID, 3.0 mm OD), then portal perfusion was begun with the
heparinized blood diluted with 5% bovine albumin (Sigma-
Aldrich Co, St Louis, MO) in Krebs solution (118 mM NaCl,
59 mM KCl, 1.2 mM MgSO,, 2.5 mM CaCl2, 1.2 mM
NaH,PO,4, 25.5 mM NaHCO,, and 5.6 mM glucose) at the
following Het levels: 0% (n = 10), 5% (n = 10), 16% (n = 10},
and 22% (n = 10). At Het 5%, only the autologous blood was
used, while at Hct 16% and 22%, additional blood was
obtained by exsanguination of an anesthetized and heparinized
mtact donor rat. At Het 0%, the liver was perfused with only
5% albumin-Krebs solution without blood. The liver was
rapidly excised, suspended from an isometric transducer {TB-
652T, Nihon-Kohden, Japan), and weighed continuously
throughout the experimental period.

The liver was perfused at a constant flow rate in
a recirculating manner via the portal vein using perfusate with
or without blood that was pumped using a Masterflex roller
pump from the venous reservoir through a heat exchanger
(37°C). The recirculating perfusate volume was 40 mL.
The perfusate was oxygenated in the venous reservoir by
continuous bubbling with 95% O, and 5% CO, (perfusate
PO, = 300 mm Hg).

The viscosity of the perfusate was measured using cone
plate type of viscometer (Biorheolizer, Tokyo Keiki, Japan).

Measurement of Hepatic Vascular Pressures
and Vascular Resistances

The portal venous (Ppv) and the hepatic venous (Phv)
pressures were measured using pressure transducers (TP-400T,
Nihon-Kohden, Japan) attached by sidearm to the appropriate
cannulas with the reference points at the hepatic hilus. Portal
blood flow rate (Q) was measured with an electromagnetic
flow meter (MFV 1200, Nihon-Kohden, Japan), and the flow
probe was positioned in the inflow line. The hepatic sinusoidal

pressure was measured by the double occlusion pressure
(Pdo).” Both the inflow and outflow lines were simultaneously
and instantaneously occluded for 17 seconds using the
solenoid valves, after which Ppv and Phv rapidly equilibrated
to a similar or identical pressure, which was Pdo. Actually, Pdo
values were obtained from the digitized data of Ppv and Phv
using an original program (LIVER software, Biomedical
Science, Kanazawa, Japan). The total portal-hepatic venous
(Rt), presinusoidal (Rpre), and postsinu-soidal (Rpost)
resistances were calculated as follows:

Rt = (Ppv — Phv)/Q )
Rpre = (Ppv — Pdo)/Q (2)
Rpost = (Pdo — Phv)/Q 3)

Bile Flow Rate Measurement

Bile was collected drop by drop in a small tube
suspended from the force transducer (SB-1T, Nihon-Kohden,
Japan). One bile drop yielded 0.018 g and the time between
drops was measured for determination of the bile flow rate.”

Hepatic Oxygen Consumption Measurement

To determine the oxygen consumption, the blood
oxygen saturation difference between the inflow and outflow
blood (ASO;) was monitored continuously with a custom-
made oxygen absorption spectrophotometer (ODM-1, Bio-
medical Science, Kanazawa, Japan), the cuvettes and sensors
of ' which were built in the inflow and outflow perfusion lines.'?
The measured ASO, was expressed as the oxygen consump-
tion difference meter (ODM) values.!? ASO, was calculated
using the following regression line equation as determined in
our previous study'®:

ASO, = 1.5103 X ODM - 0.0685 “4)

Using ASO,, oxygen consumption (mL min™"' 10 g liver wt™")
was calculated according to the Fick principle by the following
equation:

Portal blood flow/liver weight (g) X 10 X 1.39 (ml/g)
X Hb (g/ml) X ASO, (5)

where Hb is the perfusing blood hemoglobin measured by
cyanmethohemoglobin method (Hb-B test Wako, Wako,
Japan) with a spectrophotometer (UV-1200, Shimadzu,
Japan).

Data Recording

The hepatic vascular pressures, blood flow rate, liver
weight, bile weight, and ODM values, were monitored
continuously and displayed through a thermal physiograph
(RMP-6008, Nihon-Kohden, Japan). All outputs were also
digitized through the analog-digital converter at a sampling
rate of 100 Hz. These digitized values were also displayed and

recorded using a personal computer for later determination of
Pdo.
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Experimental Protocol

Hepatic hemodynamic parameters were observed for at
least 20 minutes after the start of perfusion until an
isogravimetric state (no weight gain or loss) was obtained
by adjusting the portal blood flow rate and the height of the
reservoir at a Phv of 0 to 1 cm H,O, andata Q of 36 = 0.5 mL
min~' 10 g liver wt™'. Then, the livers perfused at various
Het were further divided into the following 2 groups of the
D-NAME and L.-NAME groups, in which p-NAME (100 pM:
Sigma) and L-NAME (100 uM: Sigma), respectively, were
administered into the reservoir. Thus, any liver studied was pre-
treated with either D-NAME or L-NAME. Ovalbumin 0.1 mg
was injected into the reservoir at 10 minutes after injection of
D-NAME or t-NAME. In each experimental, measurement was
performed up to 30 minutes after antigen.

In each experimental group, the double occlusion was
performed at baseline, just before antigen injection, and at the
maximal venoconstriction (when Ppv reached the peak), 6, 10,
20, and 30 minutes after injection of antigen.

Statistics

All results are expressed as the means = SE. Data were
analyzed by 1 and 2-way analysis of variance, using repeated-
measures for 2-way comparison within groups. Comparisons
of individual points between groups and within groups were
made by Bonferroni test. Differences were considered as
statistically significant at P values less than 0.05.

RESULTS

Perfusate Hct and Viscosity

The perfusate viscosity increased in parallel with Het
from 0% to 22% in both b-NAME and L-NAME groups. The
viscosity was 0.879 = 0.007 mPa s~ ' at Het 0%, 1.232 +
0.014 mPa s~ ! at Het 5%, 1.706 + 0.019 mPa s~ ' at Het
16%., and 2.222 * 0.039 mPa s~ ' at Het 22%.

The Basal Hepatic Vascular Resistances

Figure 1 shows basal Ppv, Rpre, and Rpost. Basal Rpre
was higher than basal Rpost in livers of any Het (0% to 22%),
resulting in basal Rpost/Rt ratio of 0.3 to 0.35. The basal Ppv
and vascular resistances of Het 22% groups were significantly
greater than those of other Het groups. p-NAME pretreatment
did not change basal Ppv or resistances at any Hct level.
However, basal Ppv and Rpre were significantly increased by
L-NAME pretreatment at Het 16% and 22%.

Effects of Hct on the Responses of b-NAME
Pretreated Livers to Antigen

Figure 2 shows the summary data of the time-dependent
changes in Ppv, Pdo, liver weight, oxygen consumption, and
bile flow rate of p-NAME groups. Antigen induced
venoconstriction, as reflected by an increase in Ppv. Ppv
peaked at 3 minutes after antigen and gradually decreased
towards baseline at 30 minutes. The magnitude of venocon-
striction at Het 0% was significantly smaller than that at Het
5% to 22%: The Ppv peak at Het 0% was 20.9 = 1.4 cm H,0,
and that at Het 5% was 27.8 = 0.8 cm H,O. However, no
significant differences were found in the peak values of Ppv

© 2006 Lippincoit Williams & Wilkins
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FIGURE 1. The basal portal venous pressure (Ppv), presinu-
soidal resistance (Rpre), and postsinusoidal resistance (Rpost)
of the baseline and after pretreatment with b-NAME (D) and t-
NAME (L) at Hct of 0%, 5%, 16%, and 22%. *P < 0.05 versus
the baseline.
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after antigen among Hct 5%, 16%, and 22%. Pdo increased
slightly but significantly after antigen, and the increase at Het
0% was smaller than that at Het 5% to 22%.

Figure 3 shows changes in Rpre and Rpost after antigen.
In the p-NAME groups, both Rpre and Rpost significantly
increased after antigen. However, the magnitudes of the
increases in Rpre were much larger than that in Rpost: At
Hct 16%, Rpre increased 0.612 = 0.067 cmH,O mL ™! min™!
10 ¢! liver, whereas Rpost increased only 0.050 = 0.003 cm
HOmL " min~' 10 g~ ' liver weight ™', The antigen-induced
increases in Rpre and Rpost in blood-perfused livers (Het 5%
to 22%) were significantly greater than those in livers perfused
without blood (Hct 0%). However, there were no significant
differences in increases of Rpre or Rpost among Hct 5%,
16%, and 22%. These results indicate that the antigen induces
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FIGURE 2. The summary data of time course changes in the
portal venous pressure (Ppv), double occlusion pressure (Pdo),
liver weight change, hepatic oxygen consumption, and bile
flow rate after antigen injection at Hct of 0%, 5%, 16%, and
22% in the b-NAME groups. Values are given as mean = SE, n=
5. *P < 0.05 versus the baseline.
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predominant presinusoidal constriction independently of
blood Het (5% to 22%) in blood-perfused rat livers.

The liver weight showed a biphasic change of an initial
decrease followed by an increase in response to antigen, as
shown in Figure 2. The lowest nadir was —0.521 = 0.054 g 10
g~ " liver at Het 22%. There were no significant differences in
the nadirs among all D-NAME groups.

Bile flow rate decreased Het dependently, reaching 47 =
3% of the baseline of 8.7 £ 0.6 mg min~' 10 g™ ' liver at Hct
22% group, as shown in Figure 2. It did not recover to the
baseline at the end of experiment.

‘ Changes in Rpre
(emH,O/ml/min/10g liver)
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FIGURE 3. The changes in Rpre and Rpost after antigen
injection at Hct of 0%, 5%, 16%, and 22% in b-NAME and -
NAME groups. Values are given as mean * SE. All values in
both p-NAME and L-NAME groups were significantly different
from the corresponding baseline, and therefore asterisks were
omitted. *P < 0.05 versus the p-NAME group.

The basal hepatic oxygen consumption increased as Het
increased: The basal levels were 0.015 = 0.002 for Het 5%,
0.070 = 0.005 for Hct 16%, and 0.096 * 0.034 mL min™'
10 g~ liver for Het 22%. The oxygen consumption in livers of
Het 0% could not be determined in the present system because
of absence of red blood cells in the perfusate. The hepatic
oxygen consumption was significantly decreased after antigen
injection. It reached the lowest value, 13.5 * 4.1% of the
baseline of 0.072 = 0.006 mL min~' 10 g™! liver at Het 16%.
Actually, the decreases of hepatic oxygen consumption were
similar in magnitudes among Het 5% to 22%. Oxygen
consumption almost recovered to the baseline at 20 minutes
after antigen,

Effects of L-NAME on Hepatic Responses to
Antigen Under Different Hct

Figure 4 shows the summary data of the time course
changes in Ppv, Pdo, liver weight, oxygen consumption, and
bile flow rate of the L-NAME groups. As compared with
D-NAME groups, the antigen-induced increases in Ppv in the
L-NAME groups were qualitatively similar but greater in
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FIGURE 4. The summary data of time course changes in the
portal venous pressure (Ppv), double occlusion pressure (Pdo),
liver weight change, hepatic oxygen consumption, and bile
flow rate after antigen injection at Hct of 0%, 5%, 16%, and
22% in the L-NAME groups. Values are given as mean = SE. n=
5. *P < 0.05 versus the baseline.

magnitude, although the increases in Pdo were comparable.
Thus, as shown in Figure 3, the amplitudes of the increase in
Rpre, but not in Rpost, were significantly larger in the
L-NAME groups than in the -NAME groups at any Hct level.
However, the increases in Rpre were not significantly different
among Hct levels of 5% to 22%, although they were
significantly higher than those at Het 0%.

The antigen-induced changes in liver weight, bile flow
rate, and oxygen consumption in L-NAME groups were

© 2006 Lippincott Williams & Wilkins

similar to those in D-NAME groups. However, bile flow rates
more profoundly decreased than in D-NAME groups at
corresponding Hct level: the nadir, 31.2 * 3.6% of the
baseline of 8.9 = 1.1 mg min~' 10 g~' liver at Hct 22% was
much lower than in D-NAME groups. Although there were no
significant differences in the nadir of hepatic oxygen
consumption in all groups studied, it was much lower at 6,
10, and 20 minutes after antigen in the L-NAME groups than
in the D-NAME group, as shown in Figure 4.

DISCUSSION

In the present study, we examined anaphylactic
venoconstriction in isolated perfused rat livers pretreated with
either L-NAME or p-NAME under various Het. The first of the
main findings is that L-NAME augmented the antigen-induced
increase in Rpre, but not Rpost. This suggested that hepatic
anaphylaxis increases production of NO, which consequently
attenuates presinusoidal constriction in rats. The second is that
the magnitudes of the L-NAME-induced augmentation of the
anaphylactic presinusoidal constriction were similar at various
Hect (5% to 22%), although the perfusate viscosity increased
depending on Hct.

In the present study, we first confirmed the previous
finding that anaphylaxis induced predominant presinusoidal
constriction in rat livers perfused with blood at Het 12%,? and
further extended it by showing the same result at various Het
ranging 0% to 22%.

The basal levels of Ppv and Rpre of Het 22% groups
were significantly greater than those of other Het groups (Fig.
1). According to Poiseuille’s law, this increase in basal hepatic
vascular resistance could be attributed to the perfusate Hct-
dependent increase in perfusate viscosity. We have here shown
that 1-NAME pretreatment - increased the basal hepatic
resistances, especially Rpre, only at Het 16% and 22% (Fig.
1). This indicated that NO is not involved in the regulation of
basal hepatic vascular tone of isolated rat livers perfused with
blood at Hct of 5% or less. This finding is consistent with that
on rat livers perfused with a blood-free solution, in which
inhibition of NO did not increase basal vascular tone.'® It is
suggested that the low perfusate viscosity results only in small
shear stress and thus low amount of NO production in livers
perfused with low Het. This might account for a negligible role
of NO in maintenance of basal vascular tone in livers perfused
at Het of 5% or less.

The present study showed that L-NAME significantly
potentiated the antigen-induced increase in Rpre, but not in
Rpost, in rat livers, a finding similar to that observed in guinea
pig livers.® This suggests that NO might be released selectively
from presinusoidal vessels during anaphylaxis, and then
attenuated the anaphylactic presinusoidal constriction. The
mechanism for this selective vulnerability of presinusoids to
NO may be considered as follows: anaphylaxis predominantly
constricted presinusoidal vessels as shown in D-NAME
groups, where elevated shear stress increased NO release
from the same presinusoidal endothelium, leading to re-
laxation of the adjacent presinusoidal vascular smooth muscle
cells in a paracrine manner. Indeed, the wall shear stress in
isolated perfused vessels is inversely proportional to the third
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power of internal radius theoretically.!® The decrease in
vascular internal radius caused by anaphylactic venoconstric-
tion should result in an increase in shear stress. It would further
be increased if turbulence did increase at the constricted site.'*
Thus, the NO release from vascular endothelium of the
contracted presinusoids would be increased via the shear stress
mechanism during anaphylactic venoconstriction.

In the present study, the magnitudes of the L-NAME~
induced potentiation of anaphylactic venoconstriction were
similar among livers perfused with blood at Hct 5% to 22%
(Fig. 3), although perfusate viscosity increased depending on
Hect. However, these results were unexpected, because the Het-
dependent increase in perfusate viscosity could produce more
shear-siress,'* and then increase production of NO, resulting in
more dilation of the constricted vessels. Thus, we initially
expected that 1-NAME-induced potentiation of anaphylactic
venoconstriction might increase when the perfusate Het
increased. With respect to the mechanisms for the absence
of exaggerated venoconstriction by L-NAME at high Hct,
it might be attributed to the concomitant increase in perfusate
Hb concentration. It is reported that oxygenated Hb, even
in extremely small amounts, nactivates NO, resulting in
inhibition of its vasodilatory action.'>'® Thus, augmented
vasodilatory effect due to the over-produced NO at high
perfusate Hct might be attenuated by elevated perfusate Hb,
which could inactivate NO. Another possible explanation
could be related to the isolated rat liver preparation perfused at
a constant flow. It is possible that the hepatic vessels perfused
at a low Het of 5% in the presence of 1-NAME contracted
mechanically to the maximal levels and could not constrict
further even when the perfusate Het increased. In the present
isolated perfused rat liver preparation, Ppv might not be able to
increase to the levels higher than 45 cm H,O. Actually, Ppv did
not increase higher than 45 c¢cm H,O even when supra-
physiologically high concentrations (>3 wM) of PAF, a potent
vasoconstrictor, were administered into the similar perfused rat
liver preparations.'’

Hepatic oxygen consumption was significantly and
markedly decreased to the level less than 20% of baseline,
regardless of different perfusate Hct or pretreatment with
L-NAME or p-NAME. This finding of anaphylaxis-induced
reduction of hepatic oxygen consumption was consistent with
previous studies.*'* The mechanisms for this decrease in
oxygen consumption may be due to hemodynamic or non-
hemodynamic factors. Nonhemodynamic factors may be
anaphylaxis-related chemical mediators, such as PAF,'®"
TXA, % and LTD,,'*?" all of which can decrease hepatic
oxygen consumption. On the other hand, from the hemody-
namic point of view, presinusoidal constriction observed
during anaphylactic venoconstriction may account for the
decreased oxygen consumption: presinusoidal constriction
reduced hepatic vascular surface area, resulting in a decrease
in the number of active hepatocytes. Actually, the difference in
the recovery of decreased oxygen consumption between the L-
NAME (slow recovery) and b-NAME (quick recovery) groups
seems to be correlated to the difference in the time course
changes in Ppv, hence hepatic venoconstriction, as shown in
Figures 2 and 4. Thus, the hemodynamic factors might
substantially contribute to the late phase of the anaphylaxis-

induced decrease in oxygen consumption in the L-NAME
group.

In summary, ovalbumin-induced anaphylactic hepatic
venoconstriction is characterized by predominant presinu-
soidal constriction in all rat livers with Hct 0% to 22%, and
L-NAME pretreatment augmented the antigen-induced veno-
constriction, by increasing Rpre, but not Rpost. This suggests
that hepatic anaphylaxis increases production of NO, which
consequently attenuates anaphylactic presinusoidal constric-
tion in isolated perfused rat livers. However, the magnitude of
1-NAME~induced augmentation of anaphylactic venocon-
striction was not variable and independent of perfusate Het and
viscosity in blood perfused rat livers. Anaphylaxis reduced
hepatic oxygen consumption independently of perfusate Het
5% to 22%.
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Background. Hepatic ischemia-reperfusion (I/R) is
accompanied by liver weight gain and ascites forma-
tion possibly caused by an increase in the sinusoidal
pressure, a determinant of hepatic transvascular fluid
movement. However, changes in the sinusoidal pres-
sure during hepatic I/R in mice are not known. It is
also controversial whether nitric oxide (NO) exerts a
beneficial or detrimental effect on hepatic I/R injury.
We determined the changes in hepatic sinusoidal pres-
sure and liver weight, and the effect of a NO synthase
inhibitor, N®-nitro-L-arginine methyl ester (L-NAME)
on I/R injury of isolated mouse liver.

Materials and methods. Isolated liver from 20 male
outbred ddY mice was perfused portally with diluted
blood (Hct 3%). After pretreatment with L-NAME (100
pM) or D-NAME (100 um), ischemia was induced at room
temperature by occlusion of the inflow line of the por-
tal vein for 1 h followed by 1-h reperfusion in a recir-
culating manner. The sinusoidal pressure was assessed
by the double vascular occlusion pressure (Pdo), and
pre- and postsinusoidal resistance was determined.
Liver injury was assessed by blood levels of alanine
aminotransferase (ALT).

Results. In the p-NAME group (n = 7), immediately
after reperfusion, the portal pressure increased by
2.8 = 0.1 (SE) mmHg, which was accompanied by an
increase in Pdo of 1.5 + 0.1 mmHg, indicating in-
creases in pre- and postsinusoidal resistance to a sim-
ilar degree. Then, presinusoidal, but not postsinusoi-
dal, resistance sustained increased until 60 min after
reperfusion. Liver weight increased to 0.14 *+ 0.04 g/g
liver after reperfusion, followed by a gradual return to
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baseline. Blood ALT levels increased at 60 min after
reperfusion. There were no significant differences in
changes in the variables between the p- and L-NAME
(n = 7) groups. In the time-matched non- I/R control
group (n = 6), no changes in variables were observed
for 2 h.

Conclusions. Mouse hepatic I/R causes marginal
liver weight gain associated with a small and transient
increase in the sinusoidal pressure, and nitric oxide
does not play any significant roles in this injury. e 2007
Elsevier Inc. All rights reserved.

Key Words: hepatic circulation; double occlusion
pressure; nitric oxide; hepatic vascular resistance.

INTRODUCTION

Ischemia followed by reperfusion causes a series of
complex pathophysiological events that could finally
lead to irreversible cell injury. Ischemia-reperfusion
(I/R) injury may be involved in hepatic dysfunction in
liver transplantation [1] and in hepatic surgery requir-
ing temporal occlusion of hepatic vessels [2]. Liver
weight gain and ascites formations are among the
manifestations of the liver injuries caused by I/R [3].
Increased capillary (sinusoidal) pressure of the liver
causes the transvascular fluid movement resulting in
liver weight gain and ascites formation. We previously
reported that an increase in hepatic sinusoidal pres-
sure, assessed by the vascular occlusion method, is
involved in edematogenic changes in rat liver after
reperfusion after ischemia [4]. However, the change in
the sinusoidal pressure after I/R is not known in other
mammals such as the mouse, the most frequently used
experimental animal. Recently, we have established

,90,



SHIBAMOTO ET AL.: SINUSOIDAL PRESSURE IN HEPATIC ISCHEMIA-REPERFUSION 31

the isolated perfused mouse liver preparation in which
the sinusoidal pressure can be measured with the dou-
ble occlusion method [5].

Nitric oxide (NO) is a potent vasodilator and can
induce vasodilation at the level of the sinusoids as well
as at presinusoidal sites in liver exposed to vasocon-
strictors [6—8]. Microcirculatory disturbances and non-
perfused sinusoids are well-recognized phenomena that
cause reperfusion injury after hepatic ischemia [9-11].
In this respect, the vasodilator action of NO serves a
beneficial purpose in hepatic I/R. On the other hand,
NO can react with superoxide to form the potent cyto-
toxic oxidant peroxynitrite [12]. Thus, it is still contro-
versial whether inhibition of NO is beneficial [13, 14] or
detrimental [15, 16] in hepatic I/R injury.

Therefore, the first purpose of the present study was
to determine the effect of reperfusion following isch-
emia on the hepatic sinusoidal pressure, vascular re-
sistance distribution, and liver weight in isolated mouse
liver. Ischemia was induced at room temperature by
occlusion of the inflow line while keeping the outflow
line open. The second purpose was to determine the
effect of a NO synthase inhibitor, N®-nitro-L-arginine
methyl ester (L-NAME), on the I/R injury in isolated
portally perfused mouse liver.

MATERIALS AND METHODS

The study protocol was approved by the Animal Research Com-
mittee of Kanazawa Medical University, Uchinada, Japan.

Isolated Perfused Mouse Liver Preparation

Twenty male specific-pathogen-free, outbred ddY mice [41.5 * 0.4
(SE) g; SLC Co., Hamamatsu, Japan], one of the most popular mouse
strains in Japan, were anesthetized with pentobarbital sodium (50
mg/kg, i.p.) and mechanically ventilated with room air. After lapa-
rotomy, the bile duct was cut and the hepatic artery was ligated.
Before cannulation of the portal vein, the perfusion circuit was
initially filled with diluted blood; 1.3 mL blood was initially obtained
by exanguination of an intact anesthetized and heparinzed donor
mouse, and this blood was diluted with 5% bovine albumin (Fraction
V powder-A2153; Sigma, St. Louis, MO) in a Krebs solution (118 mM
NaCl, 5.9 mm KCl, 1.2 mM MgSO,, 2.5 mm CaCl,, 1.2 mm NaH,PO,,
25.5 mm NaHCO3, and 5.6 mM glucose). At 5 min after an injection
of heparin (500 mU/g) into the intra-abdominal inferior vena cava
(IVC), autologous blood was obtained through the abdominal TVC
and added to the reservoir. Then, IVC above the renal veins was
ligated, and the portal vein was cannulated with a stainless cannula
(OD 1.2 mm, ID 1.0 mm) for portal perfusion. After thoracotomy, the
supradiaphragmatic IVC was cannulated through a right atrial in-
cision with the same size stainless cannula, and then portal perfu-
sion was begun with diluted blood. The liver was rapidly excised,
suspended from an electric balance, and weighed.

The basic method for liver perfusion was described previously [5].
The liver was perfused at a constant flow rate in a recirculating
manner via the portal vein with the diluted blood. Blood was pumped
using a Masterflex pump from the venous reservoir through a heat
exchanger (37°C). The recirculating blood volume was 30 mL and the
final hematocrit was 3%. The height of the reservoir and the blood
flow rate could be adjusted independently to maintain the portal and
hepatic venous pressures at any desired level. The blood was oxy-
genated in the reservoir by continuous bubbling with 95% O, and 5%

CO,. The portal venous (Ppv) and the hepatic venous (Phv) pressures
were measured with pressure transducers connected to the corre-
sponding side arm with the reference point at the hepatic hilus. To
measure the double occlusion pressure (Pdo), two solenoid valves
were placed around the perfusion tubes upstream from the Ppv
sidearm cannula and downstream from the Phv sidearm cannula [5].
Blood flow rate (Q) was measured manually by collecting outflow
blood for 1 min just before the baseline measurement. The same
measurement was done at the end of the experiment to confirm the
constancy of blood flow during experimental period. The hepatic
vascular pressures and liver weight (Wt) were monitored continu-
ously and displayed through a thermal physiograph.

Experimental Protocol

Initially, the hepatic hemodynamic variables were observed for at
least 30 min after the start of perfusion until an isogravimetric state
(no weight gain or loss) was obtained at the highest levels of Q by
adjusting Ppv and Phv to a level within the normal perfusion range,
i.e., a Ppv of 4.5 to 5.5 mmHg and a Phv of 0 to 1 mmHg. After the
baseline measurement, the perfused liver was pretreated with either
of L-NAME (100 uM, n = 7) or the biological inactive enantiomer of
NC-nitro-p-arginine methyl ester (0-NAME, 100 uM, n = 7).

The mouse liver was then exposed to ischemia, which was induced
by occlusion of the portal inflow line for 1 h followed by 1-h reperfu-
sion. In the time-matched non-I/R control group (n = 6), the liver was
perfused without ischemia for 2 h. In all liver studied, the pump
speed for portal perfusion, once determined at baseline, was not
changed throughout the experimental period. The hepatic sinusoidal
pressure was measured by the double occlusion method [17]. Both
the inflow and outflow lines were simultaneously and instanta-
neously occluded using the solenocid valves, after which Ppv and Phv
rapidly equilibrated to an identical pressure, which was Pdo. In each
experimental group, Pdo was measured at baseline before ischemia,
and 1.5, 3, 10, 20, 30, 40, 50, and 60 min after reperfusion. In the
control group, Pdo was measured at the corresponding time after
60-min observation. For measurement of blood concentration of ala-
nine aminotransferase (ALT) with the automated analyzer (HITA-
CHI 7250, Hitachi, Japan), the perfusing blood (1 mL) was sampled
before ischemia and at 1.5 and 60 min after reperfusion. The total
portal-hepatic venous (Rt), pre- (Rpre) and postsinusoidal (Rpost)
resistance values were calculated by the following equations:

Ppv — Phv
Rt= ——— (1)
Q
R Ppv — Pdo @
pre = ————
Q
Pdo ~ Phv
Rpost = ——— (3)
Q
Statistics

All results are expressed as the means = SE. Data were analyzed
by one- and two-way analysis of variance (ANOVA), using repeated-
measures for two-way comparison within groups. Comparisons of
individual points between groups and within groups were made by
Bonferroni-Dunn post hoc test. A P values less than 0.05 was con-
sidered significant.

RESULTS

Administration of either L.-NAME or p-NAME into
the blood of isolated mouse liver did not change basal
Ppv. Figure 1 shows a recording example of variables
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FIG. 1.
1-h ischemia in the D-NAME group.

during 60 min after reperfusion following 1-h ischemia
in the D-NAME group. Ppv increased steeply from the
preischemia baseline of 5.1 * 0.1t0 7.9 =+ 0.3 mmHg at
1.5 min after start of reperfusion, and then it remained
elevated even at the end of the experimental period, as
shown in Table 1. Phv (0.2 = 0.1 mmHg) did not change
because of constant flow perfusion. Double occlusion
maneuver revealed that Pdo increased from the base-
line of 2.5 + 0.1 t0 4.0 = 0.1 mmHg at 1.5 min, and then
it returned to the almost baseline levels of 2.8 = 0.1
mmHg at 60 min after reperfusion (Fig. 2, Table 1).
During reperfusion, Wt changed in a manner similar to
the change in Pdo: Wt increased steeply and reached
the peak value of 0.14 * 0.04 g/g liver above the base-
line at 1.5 min, and then quickly returned to the lower
levels, which were not significantly different from the
baseline at 10 min, as shown in Fig. 2. The hepatic
hemodynamic responses were also similarly observed
in the L-NAME group. There were no significant differ-
ences in the hemodynamic variables between the
L-NAME and p-NAME groups, as shown in Figs. 2 and
3, and Table 1. In the control group, Ppv showed a
minimal but significant increase at 120 min after the
baseline measurement.

At 1.5 min after reperfusion in the -NAME group,
the Ppv-to-Pdo gradient increased from the baseline of
2.6 £ 0.1 to 3.9 = 0.2 mmHg, and the Pdo-to-Phv
gradient also increased from 2.4 = 0.1 to 3.8 = 0.1
mmHg. The increase in the Ppv-to-Pdo gradient (1.5
mmHg) was similar to that in the Pdo-to-Phv gradient
(1.4 mmHg), indicating that the increases in Rpre and
Rpost were similar in degree after reperfusion. The
similar changes in pressure gradients were observed in
the L-NAME group. Figure 3 shows changes in Rpre,
Rpost, and Rt after reperfusion. The time course
changes in Rt were parallel to those of Ppv because of

0.2
0.1
0.0 —’j\
-0.1
® 4,
-0.3 [

2 min

Representative recordings of portal venous pressure, hepatic venous pressure, and liver weight change after reperfusion following

constant perfusion. At 1.5 min after reperfusion, Rpre
increased by 60% after reperfusion in both I/R groups
(from 1.06 £ 0.05t01.78 = 0.13 mmHg - mL ™' - min - g
liver in the p-NAME group; from 1.08 * 0.05 to 1.62 =
0.06 mmHg - mL™'-min-g liver in the L-NAME
group). Rpost also significantly increased about 60% in

TABLE 1

The Changes in the Portal Venous, Hepatic Venous,
Double Vascular Occlusion Pressures, Portal Venous
Blood Flow, and Blood Alanine Aminotransferase af-
ter Reperfusion following 1-hour Ischemia

Groups Baseline 1.5 min 60 min

Ppv (mmHg)

L-NAME (n = 7) 4.9+ 0.1 7.8 + 0.2%# 6.9 = 0.4%#

D-NAME (n = 7) 51+01 7.9*03% 68=*03%

non I/R control (n = 6) 49*+0.1 52=x0.2 5.9 = 0.2*
Phv (mmHg)

L-NAME (n = 7) 04 +0.1 0.4+0.1 0.4*+01

D-NAME (n = 7) 0.2+01 0.2+01 0.2+0.1

non I/R control (n = 6) 03=*01 03=x0.1 0.3 0.1
Pdo (mmHg)

L-NAME (n = 7) 2501 41x02% 29%02

I/R D-NAME (n = 7) 2501 4.0=*01% 28=*01

non I/R control (n = 6) 25+01 2601 2.7 0.1
Q (mL - min~" - g liver™)

L-NAME (n = 7) 24+ 0.1 2401 2.4 +0.1

D-NAME (n = 7) 2501 25=x0.1 25*0.1

non I/R control (n =6) 25=*+01 25=*0.1 25 *+0.1
ALT (U/L)

L-NAME (n = 7) 3x1 11+3 60 = 20*#

D-NAME (n = 7) 2+1 9+4 51 = 19%#

non I/R control (n = 6) 3+1 62 9x3

Ppv, portal venous; phv, hepatic venous; pdo, double vascular occlu-
sion; Q, portal venous blood flow; ALT, blood alanine aminotransferase.

Values are means * SE.

* P < 0.05 vs. baseline.

# P < 0.05 vs. the non I/R control group.
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FIG. 2. Time course changes in liver weight change and double
occlusion pressure (Pdo) in the L-NAME (closed circle, n = 7),
D-NAME (closed triangle, n = 7), and non-I/R control (open circle,

n = 6) groups. Values are means * SE. *P < 0.05 vs. baseline. #P <
0.05 vs. non-I/R control group.

both p-NAME and .-NAME groups. Thus, the Rpost to
Rt ratio (Rpost/Rt ratio) did not significantly change: It
changed from the baseline value of 0.52 * 0.07 to 0.49
+ 0.01 at 1.5 min in D-NAME group, and from 0.46 +
0.01 to 0.49 = 0.01 at 1.5 min in the .-NAME group.
This indicates that increased hepatic vascular resis-
tance could be ascribed to a similar increase in both
Rpre and Rpost. Rpost returned to the baseline levels
within 30 min after reperfusion, while Rpre remained
elevated at the end of the experimental period. In the
non-I/R control group, there were no significant
changes in the Rpost throughout the experimental pe-
riod, while Rpre did not significantly increased until
120 min after reperfusion. The liver dysfunction was
also confirmed by increased liver enzyme release into
blood after reperfusion. Table 1 shows the results of
blood levels of ALT. The enzyme levels at 60 min after
reperfusion in both I/R groups were significantly
higher than the corresponding levels of the control
group. In the D-NAME group, ALT levels increased to
28 times the baseline levels. The increased levels in the

D-NAME group were not significantly different from
those in the L-NAME group.

DISCUSSION

In the present study we determined the changes in
liver weight and the sinusoidal pressure, which was
assessed by Pdo [17], in the I/R injury of isolated mouse
liver perfused with diluted blood via the portal vein.
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FIG. 3. Time course changes in total vascular resistance (Rt), pre-
sinusoidal resistance (Rpre), and postsinusoidal resistance (Rpost) in
the L-NAME (closed circle, n = 7), D-NAME (closed triangle, n = 7),

and non-I/R control (open circle, n = 6) groups. Values are means *
SE. *P < 0.05 vs. baseline. #P < 0.05 vs. non-I/R control group.
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Immediately after reperfusion, Pdo, the determinant of
transvascular fluid movement and hepatic congestion,
increased slightly but significantly because of an in-
crease in Rpost. Concomitant with an increase in Pdo,
liver weight increased (14%), and then quickly declined
to baseline without secondary liver weight gain at the
end of the experimental period. This finding suggests
that the sinusoidal pressure does not so much increase
after /R that the associated edematous changes might
be small in mouse liver during VR. Another major find-
ing is that both Rpre and Rpost increased in a similar
magnitude immediately after reperfusion. Then Rpre
remained elevated throughout the postreperfusion pe-
riod, whereas Rpost returned to the baseline levels
within 30 min after reperfusion.

Although the reperfusion-induced increase in vascu-
lar resistance was previously reported in isolated por-
tally perfused rat liver [18, 19], we have recently dem-
onstrated that the increased vascular resistance after
reperfusion was mainly because of the increase in
Rpre, that is, the inflow resistance [4]. In the present
study, however, Rpost in mouse liver increased in
nearly the same magnitude as Rpre during reperfusion
after ischemia. The differences in reperfusion-induced
changes in segmental vascular resistance between rats
[4] and mice may be attributed to the greater increase
in Rpre in rats (230%) than in mice (60%), because the
increase in Bpost was similar between these species
(100% 1in rats and 60% in mice). The reason for this
difference is not know; however, the hepatic venocon-
striction in mice generally seems to be smaller than
rats. One possibility is that contractile smooth muscle
cells may not be so much distributed in portal venules
of mice, as compared with rats. However, no morpho-
logical studies that support this assumption are cur-
rently available.

The increase in Rpre might be explained on a me-
chanical basis by the phenomenon of vascular occlu-
sion. Ischemia-induced mechanical collapse and cell
swelling of portal venules and sinusoids can lead to a
physical obliteration of lumen of portal venules and the
sinusoids. Actually, Ischemia stress does cause hepa-
tocyte swelling [20]. Such a swelling of parenchymal
cells would cause narrowing of the vascular spaces and
thus impede microvascular blood flow. After /R, Kupffer
cells can also physically enlarge and impinge on lumi-
nal diameter [21]. These possible changes in the portal
venules and sinusoids might have appeared as an in-
crease in the inflow resistance after reperfusion in the
present study. The mechanism for the increase in the
Rpost is also not known from the present study. We
speculate that activation of Kupffer cells and perhaps
endothelial cells might have released potent vasocon-
strictor substances, resulting in hepatic venous con-
striction. Kupffer cell activation has been shown to
occur mainly on reperfusion [22], and these activated
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Kupffer cells could release a variety of vasoactive sub-
stances, such as eicosanoids, platelet-activating factor,
reactive oxygen intermediate [23]. Further studies are
required in this respect.

In the present study, hepatocellular injury was evi-
dent by an increase in blood ALT at 60 min after
reperfusion, but the associated liver weight gain was
not observed. This contrasted with the previous finding
on rat hepatic I/R injury [4], in which liver weight gain
was accompanied by hepatocellular damages, because
no differences were found in the perfusate Het and the
ischemia time between the present mouse and the pre-
vious rat studies. The absence of hepatocellular injury
associated liver weight gain in mouse liver could be
ascribed to presence of the persistent elevated Rpre, as
shown in Fig. 3. Although the mechanism for persis-
tent increase in Rpre is not known, presinusoidal veno-
constriction or obstruction could cause a decrease in
downstream sinusoidal blood volume, resulting in liver
weight loss. This possible liver weight loss associated
with increased Rpre might have been counteracted by
liver damage-associated liver weight gain, resulting in
apparent absence of liver weight changes at the end of
experimental periods. Another possibility may be re-
lated to the difference in the ischemia tolerance be-
tween rats and mice: mice might be more resistant to
hepatic UR injury than rats. However, this assumption
may be unlikely. In the additional in vivo experiments,
we could not find any significant differences in plasma
ALT, an indicator of hepatocellular damage, after
reperfusion following a 60-min ischemia of 70% liver
(occlusion of the portal vein and hepatic artery to the
left and middle lobes) between ddY mice and SD rats
(baseline; 33 = 9 versus 21 *+ 1 U/L, 60 min after
reperfusion; 557 + 84 versus 401 + 64 U/L, mice versus
rats, respectively).

NO has been reported to play a beneficial role in
hepatic VR injury [24]. NO can induce vasodilation at
the level of the sinusoid as well as at presinusoidal
sites, resulting in improvement of mic¢rocirculatory dis-
turbances and non-perfused sinusocids. Indeed, any
NOS inhibitors that affect eNOS reduce microvascular
perfusion and aggravate liver injury during I/R [14,
25]. NO also has anti-inflammatory effects, such as
inhibition of platelet aggregation and neutrophil ad-
herence to endothelium [26, 27]. In addition, other
beneficial effects of NO, such as protection of mitochon-
dria and induction of heat shock proteins, may also be
involved [28]. However, in the present study, pretreat-
ment. with L-NAME did not augment the /R injury.
This suggests that NO does not play a substantial role
in the present perfused mouse hepatic I/R injury
model. One of the reasons for the absence of beneficial
effects of NO may be related to diluted perfusing blood.
In the present study to measure the sinusoidal pres-
sure, the liver was isolated and perfused, resulting in a
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large perfusate volume as compared with the mouse
liver mass. In the present perfused liver preparation,
neutrophils could not have exerted injurious actions
because of too much dilution. The diluted blood has a
low viscosity, resulting in a decrease in shear stress, a
key factor of NO generation. Finally, NO may only be
relevant in conditions of microhemodynamic deteriora-
tion. If there are no serious disorders, as observed in
the present study, NO may not be produced in relevant
amounts, and thus, inhibition may not affect the he-
patic circulation.

In conclusion, we determined the changes in the
sinusoidal pressure, hepatic vascular resistance distri-
bution, and liver weight in the I/R injury of isolated
mouse liver perfused portally with diluted blood. Pre-
and postsinusoidal resistance was similarly increased
immediately after I/R, followed by a sustained increase
in presinusoidal resistance. Reperfusion caused mar-
ginal liver weight gain associated with a small and
transient increase in the sinusoidal pressure. NO syn-
thase inhibition does not affect hepatic /R injury in
this isolated perfused mouse liver model.
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Kurata Y, Matsuda H, Hisatome I, Shibamoto T. Effects of
pacemaker currents on creation and modulation of human ventric-
ular pacemaker: theoretical study with application to biological
pacemaker engineering. Am J Physiol Heart Circ Physiol 292:
H701-H718, 2007. First published September 22, 2006;
doi:10.1152/ajpheart.00426.2006.—A  cardiac biological pace-
maker (BP) has been created by suppression of the inward rectifier
K™ current (k1) or overexpression of the hyperpolarization-acti-
vated current (I). We theoretically investigated the effects of
incorporating I, T-type Ca®* current (Jcar), sustained inward
current (I5), and/or low-voltage-activated L-type Ca?* channel
current (Icarp) on 1) creation of BP cells, 2) robustness of BP
activity to electrotonic loads of nonpacemaking (NP) cells, and 3)
BP cell ability to drive NP cells. We used a single-cell model for
human ventricular myocytes (HVMs) and also coupled-cell models
composed of BP and NP cells. Bifurcation structures of the model
cells were explored during changes in conductance of the currents
and gap junction. Incorporating the pacemaker currents did not
yield BP activity in HVM with normal /k; but increased the critical
Ik, conductance for BP activity to emerge. Expressing /;, appeared
to be most helpful in facilitating creation of BP cells via Iy,
suppression. In the coupled-cell model, 7 significantly enlarged
the gap conductance (G¢) region where stable BP cell pacemaking
and NP cell driving occur, reducing the number of BP cells
required for robust pacemaking and driving. In contrast, I, en-
larged the Gc region of pacemaking and driving only when /x; of
the NP cell was relatively low. Ic,t or Icaip exerted effects
similar to those of I but caused shrinkage or irregularity of BP
oscillations. These findings suggest that expressing I most effec-
tively improves the structural stability of BPs to electrotonic loads
and the BP ability to drive the ventricle.

mathematical model; bifurcation analysis; computer simulation

A CARDIAC BIOLOGICAL PACEMAKER (BP) has recently been cre-
ated by genetic suppression of the inward rectifier K* current
(Iky) in guinea pig ventricular myocytes (28) or overexpression
of the hyperpolarization-activated current (/) in canine atrial
or Purkinje myocytes (32, 36), suggesting possible develop-
ment of the functional BP as a therapeutic alternative to the
electronic pacemaker (8, 37).

A first step for creation of the functional BP would be
engineering of single BP cells, which requires deep under-
standing of the BP mechanisms. By bifurcation analyses of a
mathematical model for human ventricular myocytes (HVMs),
we have elucidated (22) the dynamical mechanisms of BP

generation in /g;-downregulated HVMs and the roles of indi-
vidual sarcolemmal currents in HVM pacemaking. We have
suggested that /) BP activity can be developed by reducing /x,
alone in HVMs as in guinea pig ventricular myocytes (41), 2)
the instability of an equilibrium point (EP) with depolarized
potentials is essentially important for BP generation, and 3) the
dynamical mechanism of ventricular pacemaking is essentially
the same as that of natural sinoatrial (SA) node pacemaking as
reported by Kurata et al. (21). In the previous study, however,
whether BP cells can be developed from HVMs by incorpo-
rating “pacemaker currents,” which contribute to phase 4
depolarization in SA node pacemaking, was not clearly shown,
with the most efficient way to create BP cells remaining
unknown; the pacemaker currents include Fn, T-type Ca’”"
channel current ({c,1), sustained inward current (Jy), and
low-voltage-activated L-type Ca?* channel current (Jcapp).
Therefore, we first investigated whether incorporating these
pacemaker currents can yield BP activity and how this affects
BP generation during Ik suppression in the model HVM. Our
findings suggested that I, facilitates BP generation during /¢,
suppression in combination with the other pacemaker currents,
although Ix, downregulation is necessary for constructing BP
cells from HVMs.

Our preliminary study also revealed some drawbacks of the
Ixi-downregulated HVM pacemaker, compared with the SA
node pacemaker, to prevent the creation of functional BPs.
They include 7) relatively low robustness to hyperpolarizing
(electrotonic) loads and 2) low ability to drive adjacent non-
pacemaker cells, which may be due to the lack of pacemaker
currents. Using a coupled-cell model composed of Ix,-deleted
BP cells and a nonpacemaking HVM [referred to as “nonpace-
making (NP) cell”], therefore, we further explored the effects
of incorporating pacemaker currents on the structural stability
of BP cells (robustness of BP activity) to electrotonic modu-
lations and BP cell ability to drive the adjacent NP cell. Our
results suggested that /¢, 1, s, and Ica1p can, but Iy cannot,
significantly improve the structural stability of BPs to electro-
tonic loads of HVMs and the BP ability to drive the ventricle.

This study indicates that the theoretical approach based on
nonlinear dynamics and bifurcation theory may allow us to
predict the effects of current modulations on pacemaker cell
dynamics accurately and find out how to control the dynamical
properties of real myocytes properly. Exploring bifurcation
structures of the mathematical model would provide a theoret-
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ical background for engineering of BP cells and functional BPs
from native cardiomyocytes or embryonic stem (ES) cells, i.e.,
for gene or cell therapy of bradyarrhythmias (8, 37). This study
also provides novel insights into the roles of the pacemaker
currents in natural SA node pacemaking. Definitions of terms
specific to nonlinear dynamics and bifurcation theory are given
at the end of THEORY AND METHODS (see also Refs. 21-23, 30).

THEORY AND METHODS

Base Mathematical Model for Human Ventricular Myocytes

We used our HVM model (22) as a modified version of the
Priebe-Beuckelmann model (33). More elaborate HVM models were
recently developed by Iyer et al. (12) and ten Tusscher et al. (42),
which are probably superior to the original or modified Priebe-
Beuckelmann model in reproducing experimental data. Nevertheless,
these models are much more complex or include vector field functions
that are not continuous or smooth, being less suitable for bifurcation
analyses (for more details, see Ref. 22). We have therefore chosen to
use our model, which is more suitable for bifurcation analyses.

The standard model for the normal activity of single HVMs is
described as a nonlinear dynamical system of 15 first-order ordinary
differential equations. The membrane current system includes the
L-type Ca®" channel current (/ca1), rapid and slow components of
delayed rectifier K™ currents (denoted Ik, and Ik respectively),
4-aminopyridine-sensitive transient outward current (/,), Na™ chan-
nel current (Ina), Ixi, background Na‘ (Inap) and Ca?* (Icap)
currents, Na*-K™ pump current (Inax), Na™/Ca®* exchanger current
(Inaca), and Ca?™ pump current (/pc.). Time-dependent changes in the
membrane potential (V) are described by the equation

dV/dt = Isfun - (ICa,L + IKr + IKs + lm + INa + IKI + lNa.b

)
+ ICa,h + INaK + [NaCu + [pCa)

where Iqim represents the stimulus current (in pA/pF), being set equal
to zero for simulations of BP activity. Details on modifications and
expressions of the HVM model are described in our previous article
(22).

Our full system includes material balance expressions to define the
temporal variation in intracellular Ca®>*, Na*, and K* concentrations
([Ca?*];, [Na™];, and [K*}), whereas extracellular Ca®*, Na™, and
K™ concentrations ([Ca®*],, [Na*],, and [K*],) were fixed at 2, 140
and 5.4 mM, respectively. As pointed out by Hund et al. (11) and
Krogh-Madsen et al. (18), the second-generation model incorporating
ion concentration changes exhibits degeneracy (i.e., nonuniqueness of
steady-state solutions), not suitable for bifurcation analysis to be
applicable to isolated equilibria. One of the ways to remove degen-
eracy and thus allow bifurcation analyses of isolated equilibria is to
make some ionic concentrations fixed (18). Variations in [K*]; during
changes in bifurcation parameters were relatively small, not signifi-
cantly altering the model cell behaviors. For stability and bifurcation
analyses, therefore, [K*]; was fixed at 140 mM.

Incorporation of Pacemaker Currents

To investigate how pacemaker currents contributing to phase 4
depolarization in SA node pacemaking affect bifurcation structures of
HVM model cells, we incorporated the formulas of Iy, Ica 1, and Iy,
which were used for our SA node model (20) or experimentally
determined for human cardiomyocytes. The low voltage-activated
L-type Ca?* channel (D-LTCC) was recently reported to activate at
pacemaker potential regions, i.e., at potentials 10-20 mV more
negative than the high-voltage-activated Ca>* channel, contributing
to mouse SA node pacemaking (16, 27, 31, 51). Therefore, we also
tested the effect of the current mediated by D-LTCC (denoted as
Icap). The formulas for individual pacemaker currents are given in
APPENDIX B. The origins of the expressions and conductance values
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tested for each current, as well as those chosen for the original SA
node models as mean experimental values, are summarized in Table
1 (for details, see below).

For comparison of the voltage-dependent gating behaviors of the
currents tested, steady-state probabilities and time constants of gating
variables, as well as the steady-state (window) currents calculated by
the steady-state equations for the gating variables, are shown in Fig.
1. To determine the conductance range to be tested for individual
currents, we first examined their effects on stability and dynamics of
a single BP cell (Fig. 2). Higher conductance of I, caused a saddle-
node bifurcation and cessation of BP activity with drastic increases in
[Na™]; and [Ca®"];; higher conductance of Icar, s, OF Icarn caused
shrinkage of BP oscillations with decrease in upstroke velocity and
then cessation of BP activity via Hopf bifurcations. The maximum
conductance value to be tested was limited for each current so as not
to significantly shrink- BP oscillations or not to cause Na*- or
Ca**-overload conditions (for more details, see below).

Iy The expressions for I, were adopted from the rabbit SA node
model (20, 49), as well as from experimental studies for human /1, (3,
29). Although all the I, formulas exerted qualitatively the same
effects, the effect of the rabbit SA node I;, was most dramatic, which
is probably due to the most positive activation threshold. Thus we
show data only for the rabbit SA node Ii,. The maximum conductance
(g) value for Iy, (gn), 0.375 nS/pF in the original SA node model (20,
49), was limited to 0.12 nS/pF (for the effects on BP generation) or 0.5
nS/pF (for the effects on pacemaking and driving ability of BP cells):
higher gn caused inaccurate calculations of steady states with drastic
increases of [Na™]; and [Ca®"]; to unreasonable values.

I, . The expressions for I, + were adopted from the rabbit SA node
(5, 20) and ventricular (34) models. The effects of these Icar currents
were qualitatively the same, with the effect of the SA node Ic,r being
more remarkable; thus the data for the rabbit SA node I,y are shown.
Relatively high gcar was required to affect dynamical properties of the
model cell, probably because the window region (i.e., overlap of activa-
tion and inactivation curves) of the model Ic, 1 is relatively small (see
Fig. 1). Therefore, the gca1 value was increased up to 3 nS/pF, although
it was 0.458 nS/pF in the original SA node model (5, 20). Further

Table 1. Equations and conductance values tested for
individual pacemaker currents )

Conductance, nS/pF
Species and Expression —_—

Systems References BP SAN
Iy
Rabbit SA node Kurata et al. (20), Wilders 0-0.5 0.375
et al. (49)
Human ventricle Cerbai et al. (3) 0-1
HCN2 (expressed in Moroni et al. (29) 0-1
HEK cells)
IC;),T
Rabbit SA node Kurata et al. (20), Demir 0-3 0.458
et al. (5)
Rabbit ventricle Puglisi and Bers (34) 0-3
I
Rabbit SA node Kurata et al. (20) 0-0.02  0.015
Rat SA node Shinagawa et al. (40) 0-0.1 0.0669
Icarp
Mouse SA node Mangoni et al. (27), Platzer 0-1 0.58

et al. (31)

I, hyperpolarization-activated current; Ica, T-type Ca?* current; g, sus-
tained inward current; Jcarp, low-voltage-activated L-type Ca?" channel
current; SA, sinoatrial; SAN, SA node; BP, biological pacemaker. BP values
are ranges of the maximum conductance tested for each current in this study.
SAN values are the maximum conductance of each current used for the
original SA node models (5, 20, 40, 49); the value used for the SA node
high-voltage-activated Ca®* channel current (fcarc) (20) is shown for Jeaip.
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Fig. 1. Voltage-dependent kinetics of the rabbit sinoatrial (SA) node hyperpolarization-activated current (Jn), T-type Ca?* current (Jca 1), and sustained inward
current (Ig) as well as mouse SA node low-voltage-activated L-type Ca®" channel curtent (Icarn). Top and middle: voltage dependence of the steady-state
probabilities (top) and time constants (7, middle) for activation and inactivation gating variables of individual pacemaker currents. Bottom: steady-state (window)
currents calculated by the steady-state equations for the gating variables. Numbers in each panel represent the maximum current conductance in nS/pF. See

APPENDIX A for symbol definitions.

increases in gear caused shrinkage of BP oscillations and stabilization of
an EP via a Hopf bifurcation (see Fig. 2).

I5,. The formulas for I, were adopted from the rabbit SA node
model (20) and the experimental report for the rat SA node (40). The
effects of the two I currents were essentially the same; thus only data
for the rabbit SA node I, are shown. The gy value, 0.015 nS/pF in the
original SA node model (20), was limited to 0.02 nS/pF; further

-increases in gy yielded extremely large window currents leading to
Na™-overload conditions, because the window region of the model /i
is relatively large (see Fig. 1).

Ican. The kinetics of Jeaip was formulated on the basis of
experimental data from mouse SA node cells (27, 31, 51) and human
embryonic kidney cells expressing D-LTCC (16). These previous
studies suggested that /) the voltage dependence of the activation and
inactivation of Ica1p is 10-20 mV more negative than that of the
high-voltage-activated Ca®>* channel current (Ica1.c), 2) the activation
of I, Lp is faster than that of Icayc, and 3) the inactivation of Ica1n
is 1.5-2 times slower than that of Ic,1c. According to these data,
therefore, we formulated the kinetics of Ic, b as provided in APPENDIX
B (Egs. A38-A42). Because the effects on model cell dynamics of the
model I, 1 were relatively small, the ge,1 value was increased up
to 1 nS/pF. Further increases in gea1p caused Ca?*-overload condi-
tions as well as shrinkage of BP oscillations (see Fig. 2).

Formulation of Coupled-Cell Model

To investigate the electrotonic influences of adjacent HVMs on
stability and dynamics of BP cells as well as BP cell ability to drive
adjacent HVMs, we used a coupled-cell model (Fig. 3), in which
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Ixi-deleted BP cells were connected to a NP cell with normal or
reduced Ix; via the gap junction conductance (G¢) of 0-20 nS. One
NP cell was connected with one to seven BP cells; more than one BP
cells were assumed to be well-coupled enough to synchronize com-
pletely and act as a cluster of isopotential cells (or assumed to connect
with the NP cell via an identical G¢). Pacemaker currents were
incorporated into the BP cells only (not into the NP cell).

Time-dependent changes in the membrane potentials of the BP
(Vip) and NP (Vnp) cells were calculated by the equations

AVypldt = Ly — Lowmey — La/ Cop
dVNp/dt = _Imml(NP) -+ IGJ/CNP

(2)
3

where Cgp and Cnp represent the membrane capacitance of the BP
and NP cells, respectively. lowimpy and lomivpy are the sum of
sarcolemmal ionic currents in the BP and NP cells, with /gy denoting
the gap junction current. Igim is the stimulus current applied to the BP
cells, usually set equal to zero. The units for V, C, liotar (Usiim), and Iy
are millivolts, picofarads, picoamperes per picofarad, and picoam-
peres, respectively. Time-dependent changes in all the other state
variables of the BP and NP cells were computed independently, as
described for the single HVM in our previous article (22).

Numerical Methods for Dynamic Simulations and
Bifurcation Analyses :

Dynamic behaviors of the model cells were determined by solving
a system of nonlinear ordinary differential equations numerically.
Numerical integration as well as bifurcation analyses were performed
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on Workstation CELSIUS X630 (Fujitsu, Tokyo, Japan) with MAT-
LAB 7 (MathWorks, Natick, MA). We used the numerical algorithms
available as MATLAB ODE solvers: I) a fourth-order adaptive-step
Runge-Kutta algorithm that includes an automatic step-size adjust-
ment based on an error estimate (ode45) (6) and 2) a variable
time-step numerical differentiation approach selected for its suitability
to stiff systems (odel5s) (39). Both solvers usually yielded nearly
identical results. The latter, much more efficient than the former, was
usually used; the former as the best function for most problems was
only sometimes used to confirm the accuracy of calculations. The
maximum relative error tolerance for the integration methods was set
to1 X 1078,

Stability and Bifurcation Analyses

We examined how the stability and dynamics of the model cells
alter with changes in bifurcation parameters and constructed bifurca-
tion diagrams for one or two parameters. Bifurcation parameters
chosen in this study were the maximum conductance of Ik (gk1) and
pacemaker currents (gn, gcars 8sv gcarp) as well as Ge; gk 18
expressed as a normalized value, i.e., in ratio to the control value of
3.9 nS/pF, unless otherwise stated. The methods for bifurcation
analyses of the single BP or NP cell are described in our previous
article (22).

BP cells AVAVA
Ge

Fig. 3. Coupled-cell model. NP, nonpacemaking; G¢, gap conductance.

NP cell

4 0 2 4 6
8cq,1 (n8/pF)

80 .01 .02 03 .04 050 4 8
gt (nS/pF)

12 16 2
8carp (0S/PF)

Although the methods of bifurcation analyses for the coupled-cell
system are essentially the same as for the single cell, the number of
state variables increases twice: in the coupled-cell system with fixed
[K*]i, 28 state variables define a 28-dimensional state point in the
28-dimensional state space of the system. We calculated EPs, i.c.,
steady-state values of the variables, and periodic orbits in the state
space of the coupled-cell system. Steady-state values of the variables
were calculated by Egs. A53—-A58 in APPENDIX C. Asymptotic stability
of the EP was also determined by computing 28 eigenvalues of a 28 X
28 Jacobian matrix derived from the linearization of the nonlinear
system around the EP (for details, see Ref. 45). Periodic orbits were
located with the MATLAB ODE solvers. When spontaneous oscilla-
tion (BP activity) appeared, the action potential amplitude (APA) as a
voltage difference between the maximum diastolic potential (Viin)
and peak overshoot potential (Vimax) as well as the cycle length (CL)
were determined for each calculation of a cycle. Numerical integration
was continued until the differences in both APA and CL between the
newly calculated cycle and the preceding one became <1 X 1073 of
the preceding APA and CL values. Potential extrema (Viin, Vmax) and
CL of the steady-state oscillation were plotted against bifurcation
parameters. When periodic behavior was irregular or unstable, model
dynamics were computed for 60 s; all potential extrema and CL values
were then plotted.

We constructed one-parameter bifurcation diagrams for G¢ and
two-parameter bifurcation diagrams for G¢ and pacemaker current
conductance. For construction of one-parameter bifurcation diagrams,
the membrane potential at EPs (steady-state branches) and local
potential extrema (Viin, Vimax) Of periodic orbits (periodic branches)
were determined and plotted as a function of G, which was system-

AJP-Heart Circ Physiol « VOL 292 « JANUARY 2007 - www.ajpheart.org

,99,



CREATION AND MODULATION OF HUMAN VENTRICULAR PACEMAKER

atically changed while keeping all other parameters at their standard
values. The saddle-node bifurcation point at which two EPs coalesce
and disappear with emergence of robust BP activity was determined;
the Hopf bifurcation point at which an unstable EP is stabilized with
cessation of BP activity was also located. For construction of two-
parameter bifurcation diagrams, the critical Ge values at bifurcation
points were determined as functions of the secondary parameters such
as the pacemaker current conductance, the number of BP cells, and
NP cell gki; the primary parameter (Gc) was systematically changed,
with the secondary parameter fixed at various different values. The
path of Hopf and saddle-node bifurcation points was traced in the
parameter plane, i.e., bifurcation values for the primary parameter
were plotted as a function of the secondary parameter.

We also evaluated the “structural stability” of BP cells, which is
defined as the robustness of BP activity to various interventions or
modifications that may cause a bifurcation to quiescence or irregular
dynamics (21, 22). In this study, we tested the structural stability of
BP cells to electrotonic (hyperpolarizing) loads of an adjacent NP cell,
using the coupled-cell system, which is also useful in exploring BP
cell ability to drive the adjacent NP cell. The method of evaluating the
structural stability to electrotonic Toads is essentially the same as that
for constant bias currents as described in our previous articles (21,
22). In the unstable G¢ region where the system has no stable EP, the
system usually exhibited robust pacemaking and driving without
annihilation (9, 24). When the system removes to the stable G¢ region
with a stable EP, it will come to a rest at the stable EP via gradual
decline of limit cycles, annihilation, or irregular dynamics, as reported
by Guevara and Jongsma (9). In the coupled-cell system, the larger the
G region over which all EPs are unstable (there is no stable EP) and thus
BP activity appears is, the more structurally stable the BP system is (for
more detail, see Ref. 22).

Definitions of Terms Specific to Nonlinear Dynamics and
Bifurcation Theory

Equilibrium point. The equilibrium point (EP) is a time-indepen-
dent steady-state point at which the vector field vanishes in the state
space of a dynamical system, constructing the steady-state branch in
one-parameter bifurcation diagrams. This state point corresponds to
the zero-current crossing in the steady-state current-voltage (I-V)
curve, i.e., a quiescent (resting) state of a cell if it is stable.

Periodic orbit. A-periodic orbit is a closed trajectory in the state
space of a system, constructing the periodic branch in one-parameter
bifurcation diagrams.

Limit cycle. The limit cycle is a periodic limit set onto which a
trajectory is asymptotically attracted. A stable limit cycle corresponds
to an oscillatory state, i.e., pacemaker activity, of a cell.

Bifurcation. Bifurcation is a qualitative change in a solution of
differential equations caused by altering parameters, e.g., a change in
the number of EPs or periodic orbits, a change in the stability of an EP
or periodic orbit, and a transition from a periodic to a quiescent state.
Bifurcation phenomena we can see in cardiac myocytes include
generation or cessation of pacemaker activity and occurrence of
irregular  dynamics such as skipped-beat runs and early
afterdepolarizations.

Saddle-node bifurcation. Saddle-node bifurcation is a bifurcation at
which two EPs (steady-state branches) or two periodic solutions
(periodic branches) emerge or disappear. The saddle-node bifurcation
of EPs occurs when one of the eigenvalues of a Jacobian matrix for
the EP is zero.

Hopf bifurcation. The Hopf bifurcation is a bifurcation at which the
stability of an EP reverses with emergence or disappearance of a limit
cycle, occurring when eigenvalues of a Jacobian matrix have a single
complex conjugate pair and its real part reverses the sign through zero.

H705
RESULTS

Effects of Pacemaker Currents on BP Generation in
Single HVM Model

Our preceding study (22) suggests that /x; downregulation,
ensuring both the occurrence of a saddle-node bifurcation and
instability of the EP with depolarized potentials, yields spon-
taneous oscillations (BP activity) in HVMs without incorpo-
rating any pacemaker current. However, a saddle-node bifur-
cation to induce BP activity may also be yielded by incorpo-
rating pacemaker currents such as Iy, fear, I, and lcarn,
which are abundant in SA node primary pacemaker cells but
absent or very small in native HVMs. In the preliminary study,
we found that these pacemaker currents could not yield BP
generation in the model HVM with normal 7k (gx1 = 1): BP
activity did not appear when gn, gcat, gs0 and gearp Were
increased up to the limited values of 0.12, 3, 0.02 and 1 nS/pF,
respectively (see THEORY AND METHODS) or even when gcar, £t
or gcarp was further increased to the critical value above
which an EP at depolarized potentials would be stable and thus
BP oscillations could not occur (see Fig. 2). Nevertheless,
incorporating the pacemaker currents is expected to accelerate
BP generation during Ix; suppression by increasing the critical
gxa value at which a saddle-node bifurcation occurs and thus
BP oscillations emerge. We therefore investigated how these
currents affect the saddle-node bifurcation and BP generation
during Ik, suppression.

Effects of incorporating each pacemaker current on BP
generation during lx; suppression. As clearly shown in Fig. 4,
the saddle-node bifurcation point below which BP oscillations
occur shifted toward higher gg; values with increasing g,
suggesting that expression of I, accelerates BP generation
during Ik suppression by increasing the critical ggy value to
induce BP activity. To further examine the effects of incorpo-
rating the pacemaker currents on BP generation in the /-
reduced HVM, we determined the critical gg; value for BP
generation (i.e., gxi value at a saddle-node bifurcation) as
functions of gn, gcat. gst O gcarb, as well as exploring the
influences of the pacemaker currents on the steady-state I-V
relation at gg; = 1 (Fig. 5). The inward pacemaker currents
counteracted the outward component of /x;, inwardly shifting
the steady-state /-V curve. The critical gk, value increased with
increasing gn; however, it did not reach the control gk; value
but reached the maximum of 0.287 (28.7%) at g, = 0.1039
nS/pF. I, 1 at higher densities (gcar = 3 nS/pF) also increased
the critical gki, with its increase limited to <0.266 (26.6%).
The effects of Iy and Ic,1p were relatively small within
the limited conductance ranges of =0.02 and =1 nS/pF,
respectively.

Effects of coexpression of I, and other pacemaker currents
on BP generation. The critical gk; value did not reach the
control gk value when the conductance of individual cur-
rents was increased up to the limited values, or even when
gcaTs &si OF gearp was increased to more than the Hopf
bifurcation point at which BP oscillation would disappear
(see Fig. 2). However, the critical gg, may further be
increased by coexpression of [, and the other pacemaker
currents that have a different voltage range of activation. As
shown in Fig. 6, therefore, we also examined the effects of
coexpressing I, and Ic,7, I, Or Icap on BP generation
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Fig. 4. Bifurcation structures during gk decreases of the
model human ventricular myocyte (HVM) in the absence or
presence of the rabbit SA node type /n. One-parameter bifur-
cation diagrams for gxi with the steady-state (EP1-3) and
stable periodic (Vinn, Vmax) branches (top), as well as CL of
potential oscillations as a function of gk (botrom), are shown
for gn of 0 (left), 0.02 (center), and 0.05 (right) nS/pF. Steady-
state BP dynamics were computed by numerically solving
differential equations for 60 min at each gk, value (for details
see APPENDIX B). The gk, value was reduced at an interval of
0.001, with the initial [Na™]; setequal to 5.75 mM at gk; = 0.4.
The saddle-node bifurcation point at which EP2 and EP3 merge
together and disappear is shown (labeled SNB at g«; = 0.154,
0.219, and 0.260).

during Ik, suppression. IcaT, Isi, or Icarn coexpressed with
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I, further increased the critical gx; value, i.e., enhanced the

accelerating effect of I,. Nevertheless, the increase in the
critical gy was limited even when 7, and the other pace-
maker currents were coexpressed. Drastic increases of
[Na™]; and [Ca?"]; at the bifurcation points were caused by
coexpression of I, and the other currents at higher
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Structural Stability and Driving Ability of HVM Pacemaker

One of the drawbacks of the Ix;-downregulated HVM pace-
maker may be the relatively low structural stability to hyper-
polarizing loads such as electrotonic modulations of surround-
ing nonpacemaker cells, because it lacks the pacemaker cur-
rents that are abundant in SA node primary pacemaker cells

conductance. and contribute to pacemaker depolarization. We therefore ex-
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Fig. 5. Effects of incorporating the rabbit SA node Iy, Icu 1, or Iy or the mouse SA node Joa1n on the steady-state current-voltage (/-V) relation and BP generation
during Ik, inhibition. Top: effects on the steady-state I-V curve for a HVM with normal Jx;. [K™]; was fixed at 140 mM. The values of gn, gear, go, and goarn
were increased up to 0.12, 3, 0.02, and 1 nS/pF, respectively. Bortom: 2-parameter bifurcation diagrams for gg; (y-axis) and gn, gcar, s OF gearn (x-axis),
depicting changes in the critical gx: value, i.e., displacements of saddle-node bifurcation points at which BP activity emerges, with increasing gn, geat, gst, OF
gearp at an interval of 0.1 (for gn and gq) or 1 (for gcar and gearn) pS/pE. The gk value was reduced at an interval of 0.001-0.0001 for searching for bifurcation

points.
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amined the structural stability of BP cells to electrotonic loads
of the adjacent NP cell, using a coupled-cell model in which
BP cells (gk1 = 0) were connected to a NP cell (gx; = 0.2-1)
via the G¢ ranging from O to 20 nS. The coupled-cell system is
also useful in exploring BP cell ability to drive adjacent NP
cells.

Gc-dependent behaviors of the coupled-cell system. In the
system with one BP cell and one normal HVM (gk; = 1), an
EP was stabilized via a Hopf bifurcation at G¢ = 0.689 nS,
with the BP cell not exhibiting pacemaker activity at G¢ values
higher than the bifurcation value. Thus the coupling of one BP
cell to one normal HVM produced either /) BP cell pacemak-
ing at slower rates without driving the NP cell for lower G¢
values or 2) inhibition of BP cell pacemaking for higher G¢
values. We could not find a G¢ value for which one BP cell
could exhibit pacemaking itself and drive the normal HVM but
found that three or more BP cells, assumed to be well coupled
to form a cluster, were required for driving the normal HVM.

Figure 7 shows the simulated membrane potentials and /gy at
various G values for the coupled-cell system composed of five
BP cells and one normal HVM. With increasing G¢, the BP
rate decreased, with the oscillation amplitude getting larger.
The BP cells could induce only subthreshold responses of the
HVM at Ge = 2.0 nS, whereas they induced driven action
potentials at Ge = 2.5-3.5 nS. Further increase in G¢ to 5.0 nS
abolished BP activity, which was probably due to hyperpolar-
izing loads of the NP cell as indicated by positive Ig;.

Influences of size factor and NP cell gx; on Gc-dependent
bifurcation structures. The structural stability and driving abil-
ity of pacemaker systems are known to depend on the size

factor (i.e., the number of BP cells relative to that of NP cells)
and gk; of adjacent NP cells (13, 14, 19, 47), which are
practically important for engineering of functional BPs in vivo.
Therefore, we more minutely explored the effects of the size
factor and NP cell gk; on G¢e-dependent bifurcation structures
of coupled-cell systems.

Stability and dynamics during G increases of the coupled-
cell system composed of one to seven BP cells and one normal
HVM are shown in Fig. 84. EPs and potential extrema were
determined for both the BP and NP cells, plotted as functions
of G¢ values. Hopf and saddle-node bifurcation points were
also determined and located in the bifurcation diagrams. In the
systems with one to five BP cells, hyperpolarizing loads of the
NP cell caused I) prolongation of CL with an increase in
oscillation amplitude, 2) irregular dynamics, and then 3) a
bifurcation to quiescence (Hopf bifurcation), with increasing
Gc. These behaviors are essentially the same as those reported
for interactions of the SA node cell and the atrial or ventricular
myocyte (13, 44, 47, 48). The critical G¢ value at the Hopf
bifurcation to cause stabilization of EPs and cessation of BP
activity increased with increasing number of BP cells. One or
two BP cells could not drive the normal HVM. With three
to five BP cells, the increase in G¢ yielded a BP cell ability to
drive the normal HVM; however, further increases in G¢ led to
the cessation of pacemaking and driving via the Hopf bifurca-
tion. The Gc region of driving the normal HVM was very
limited with three to five BP cells, whereas it dramatically
enlarged when the number of BP cells increased to more than
five. With six or more BP cells, a saddle-node bifurcation at
which two EPs (EP2, EP3) disappear occurred to ensure the
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robust pacemaking and driving without annihilation (see Fig.
8A, far right, for 7 BP cells).

The relatively low ability to drive the normal HVM and low
structural stability to electrotonic loads of the BP cell appeared
to be due to the relatively high /k; density in the normal HVM
(14). Therefore, we also explored stability and dynamics dur-
ing G¢ increases of a coupled-cell system consisting of one BP
cell and one NP cell with reduced Ix;, as shown in Fig. 8B for
the normalized NP cell gk; of 0.35, 0.30, and 0.25. With the
reduced gk, of 0.30 (1.17 nS/pF) or less, increasing G¢ did not
cause a Hopf bifurcation to quiescence but yielded a saddle-
node bifurcation to ensure robust pacemaking and driving.

Effects of Pacemaker Currents on Structural Stability and
Driving Ability of HYM Pacemaker

Using the coupled-cell model, we examined how incorpo-
rating the pacemaker currents affects the structural stability of
BP cells to electrotonic loads of the adjacent NP cell, as well
as BP cell ability to drive the NP cell. Figure 8 suggests that a
Hopf bifurcation point is just at or close to the point at which
BP activity is abolished by hyperpolarizing loads of the NP
cell, whereas a saddle-node bifurcation point is the point above
which robust pacemaking and driving occur. To assess the
effects of the pacemaker currents on the structural stability and
driving ability of BP cells, therefore, we focused on the shift in
the Hopf bifurcation point, as well as emergence of a saddle-
node bifurcation.

Effects of incorporating pacemaker currents on Ge-depen-
dent bifurcation structures. Bifurcation structures during G¢
increases were first determined at various conductances of each
pacemaker current. We constructed two-parameter bifurcation

Time (s) Time (s)

diagrams in which the critical G¢ value at Hopf or saddle-node
bifurcation points was plotted as functions of the maximum
current conductance. Figure 9 shows the effects of incorporat-
ing In, Icarr, s, OF Icap on the bifurcation structure during G¢
increases of the coupled-cell system in which three BP cells
were connected to one normal HVM or one BP cell was
connected to one NP cell with reduced Ix; (gx1 = 0.35).
Stability and dynamics during Gc increases of the coupled-cell
systems incorporating each pacemaker current are illustrated in
Fig. 10. The results suggest that individual pacemaker currents
affect the G¢-dependent bifurcation structure of the system in
different ways.

I EFFECT. In the coupled-cell system with three BP cells and
one normal HVM, incorporation of I (~0.5 nS/pF) did not
significantly change the critical G¢ value at Hopf bifurcations
where an EP is stabilized and BP activity is abolished, not
enlarging the region of pacemaking labeled “P"D*” (Fig. 9,
top). As shown in Fig. 10A, I, (0.2 nS/pF) did not enlarge the
G region where all EPs are unstable and BP activity appears.
When Ix; of the NP cell was relatively small (gk; = 0.35),
however, I, enlarged the pacemaking and driving region la-
beled P*D™ by producing a saddle-node bifurcation (Fig. 9,
bottom; Fig. 10B). Overexpression of Iy (gn > 0.2043 nS/pF)
caused cessation of BP activity at higher G¢ values, with a
stable resting potential dramatically hyperpolarized probably
via drastic increases in [Na¥]; and [Ca®*);.

lear EFFECT. Similar to Iy, Icar (~3 nS/pF) did not signifi-
cantly change the critical G¢ value at Hopf bifurcations, not
enlarging the PTD™ region, in the coupled-cell system with
three BP cells and one normal HVM (Fig. 9, rop). However,
higher densities of /¢, v yielded a saddle-node bifurcation and

AJP-Heart Circ Physiol - VOL 292 « JANUARY 2007 - www.ajpheart.org

- 103 -



CREATION AND MODULATION OF HUMAN VENTRICULAR PACEMAKER

H709

A Cm=1:1 Cw=3:1 Cm=5:1 Cm=7:1
60
Y
40 ‘max
E Vinax 9% A PO
gn 20 @ cmm——E——— EEEE—
*_E _2(()} EP1 EPI e T Em
> — ) . s
= 'gg v o) M v £ o[ EP2 QFB
=60 | Vmax i : HB e EP3 v i
(: 80 Lgg s e EP3 4 EF3 28
Z. 100 Vmin Vamin Vimia Vmin
60
> ol
E 40 | Ymax | Vmax Vmax Vmax
< 20 — 1 r ™
-1
i EP1 HB EP1
S :
>
- EP EP) Wi EP3 EP2 s}m
6 Vmin Vmin
A
-]
@ .
: 3t . 5. w0 Fig. 8. Stability and dynamics during Ge
B P o -4 increases of the coupled-cell systems with
g 2 ] /‘ﬁ various size factors (A) or NP cell gk (B).
':3 / One normal HVM was connected to 1, 3, 5, or
9 7 Iki-deleted BP cells with all the BP cells
1 - K1
o - / — assumed to be well coupled (A), or 1 Ik;-
0 - - reduced NP cell (gk1 = 0.35, 0.30, 0.25) was

o 1 2 3 4 50 1 2 3 4 50 1 2 3 4

Gap Junction Conductance (nS)

connected to 1 BP cell (B). One-parameter
bifurcation diagrams for G¢ depicting EPs,
Hopf bifurcation, and saddle-node bifurcation

B points, as well as extrema of potential oscil-
=0:1 =0:0.35 =0:0.30 =0:0.25 fations (Vuin, Viax), of NP (iop) and BP

60 B % Bk B (middle) cells are shown; CL of BP oscilla-
s 40 Vimax Vit tions is also shown as functions of Gc¢ (bot-
E % 88 Viax i U || e ) Steady-state model cell dynamics were
& e . computed by numerically solving the differ-
£ 0 EP1 EP1 EP1 o EP1 " ential equations for 60—120 min at each Gc¢
§ 201 - value. The G¢ value was increased up to 5 nS
= :zg v EP2 V‘:‘“ HB  Ep Vimax ppy SNB EP2_gnp at an .imerval of 0.01 nS. Cin, cell membrane
] " HB — capacitance.
= 50 v/ £ Vi EP3 EP3 Vinin EP3

-100 LY miz =

60
S v
T 40 Ve - i Ve
g 20 ,
£ 2?) EP1 EP1 EP2 EP1 EP2 EP1
= -
> 40} &=—HB EPZ B A S EP3 SN
3 0oy e = v
: 80 Vmin EP3 ‘min 3 EP3 Vinin min
= 100

4
& .
N’ &
= 3 ‘: o @ .
g» : P
= 2 }l
@
A /
U - o

L)
0

0 1t 2 3 4 50 1 2 3 4 50 1 2 3 4

Gap Junction Conductance (nS)

thus enlarged the P*D™ region; Ic, 1 at 2 nS/pF enlarged the
G region where all EPs are unstable and BP activity appears
(Fig. 10A). When the NP cell Ix; was relatively small, Icar
dramatically enlarged the P D™ region by producing a saddle-
node bifurcation (Fig. 9, bottom; Fig. 10B). With relatively

high conductance of Icar, the amplitudes of BP oscillations
and driven action potentials of the NP cell were relatively
small.

Isr EFFECT. In contrast to I or Ic, 1, incorporation of Iy
(~0.02 nS/pF) dramatically shifted Hopf bifurcation points
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Fig. 9. Effects of incorporating pacemaker currents on bifurcation structures during Gc increases of the coupled-cell model. Three BP cells were connected 1o
1 normal HVM (top), or 1 BP cell was connected to 1 NP cell with a'reduced g1 of 0.35 (botrom). The rabbit SA node In (gn = 0-0.5 nS/pF), Icat (gcat =
0-3 nS/pF), or Is (gse = 0~-0.02 nS/pF) or mouse SA node Ica o (gcarn = 0~1 nS/pF) was incorporated into the BP cells. Two-parameter bifurcation diagrams
for G¢ and the pacemaker current conductance are shown; the critical G values at Hopf bifurcation and saddle-node bifurcation points were plotted as functions
of the maximum current conductance. The G¢ value was increased up to 10-20 nS at an interval of 0.01 nS for searching for bifurcations. The parameter plane
should be divided into 3 areas with different steady states: /) nonpacemaking and nondriving (P~D™), where BP activity is abolished; 2) pacemaking and driving
(PTD™), where BP cells exhibit pacemaker activity and drive the NP cell; and 3) pacemaking and nondriving (P*D ™), where BP cells exhibit pacemaker activity
but do not drive the NP cell. The loci of Hopf and saddle-node bifurcation points actually divided the parameter plane into 3 areas, P~D~, P*D*, and P*D*
(not P*D™). The symbol P*D= was used for the G region lower than the 1st bifurcation point, because NP cell driving might appear in the vicinity of the Ist
bifurcation point (see Fig. 8), but it was not possible to determine the critical G¢ value at which NP cell driving occurs by this analysis.

toward higher G¢ values and further produced a saddle-node
bifurcation to ensure robust pacemaking and driving, i.e.,
enlarged the PTD™ region (Fig. 9). I at 0.01 nS/pF dramati-
cally enlarged the G region where BP oscillations occur, with
CL of BP oscillations being relatively stable during increases
in G¢ (Fig. 10).

Iearn EFFECT. The effects of Ic, 1.p were similar to those of I,
although much larger conductance was required for Icarp to
exert the effects as dramatically as Iy. Incorporation of Icarp
(~1 nS/pF) increased the Hopf bifurcation value and produced
a saddle-node bifurcation to enlarge the P*D™ region (Fig. 9).
As shown in Fig. 10, Ic. 10 (0.5 nS/pF) enlarged the G region
where BP oscillations occur. However, Ic, 1 p at high densities
of 0.5-1 nS/pF caused unstable CL and irregular dynamics
during increases in Gc.

Influences-of altering pacemaker current kinetics on their
modulation -of - bifurcation- structures. Individual pacemaker
currents- affected the Ge-dependent bifurcation structure in
different ways, as well as with different potencies. The effects
of Iy, were completely different from those of the other pace-
maker currents, which probably resulted from the difference in
the voltage range of activation. Furthermore, the effects of
Icar, Ig, and Ic,p were apparently different in the system
with three BP cells and one normal HVM: the locus of Hopf
bifurcation points at lower G¢ was separated from that of
saddle-node bifurcation points with ¢, 1, but not with Iy or
Ica1p. The differences in their effects may result from the large
differences in their inactivation kinetics, whereas the different

potencies are probably due to the different degrees of the
overlap of activation and inactivation curves (see Fig. 1). Thus
we examined the effects of incorporating the modified Ic, 1 or
I, with slowed or accelerated inactivation on Gc-dependent
bifurcation structures of the system with three BP cells and one
normal HVM (Fig. 11). Changing the inactivation kinetics
altered the loci of Hopf bifurcations: the modified /¢, + with the
inactivation time constant (trr) 10 times higher than the control
yielded a bifurcation diagram similar to that for the original /y;
in contrast, the modified /; with the inactivation time constant
(7qi) decreased to 0.01 of the control yielded a locus of Hopf
bifurcations separated from that of saddle-node bifurcations,
like the original I, 1. Thus the different effects of the pace-
maker currents are at least in part ascribable to the difference
in their inactivation kinetics, which appeared to affect the Hopf
bifurcation, i.e., stability of EPs, but not the saddle-node
bifurcation.

Effects of pacemaker currents on size factor or NP cell
gxi-dependent bifurcation structures. To further examine how
the pacemaker currents affect the pacemaking and driving of
BP cells, bifurcation structures during G¢ increase were deter-
mined with change in the size factor (the number of BP cells)
or NP cell gk, for the modified systems with BP cells incor-
porating I, Icar, Ia, OF Icaip, as well as for the standard
system not including a pacemaker current (control). We con-
structed two-parameter bifurcation diagrams in which the crit-
ical G¢ value at saddle-node or Hopf bifurcation points was
plotted as functions of the size factor or normalized NP cell
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Fig. 10. Stability and dynamics during G¢ increases of the coupled-cell systems composed of 3 BP cells and 1 normal HVM (A) or 1 BP cell and 1 NP cell with
reduced gx1 of 0.35 (B). In (gn = 0.1-0.2 nS/pF), Icat (gcaT = 1-2 nS/pF), I (g« = 0.01 nS/pF), or Icarp (gcarp = 0.5 nS/pF) was incorporated into the
BP cells. Bifurcation diagrams depicting EPs, Hopf bifurcation, and/or saddle-node bifurcation points, as well as dynamics (Vmin, Vmax, CL) of the NP and BP
cells, are shown as functions of Gc. Steady-state dynamics were computed by numerically solving the differential equations for 30—-60 min at each G¢ value,

which was increased up to 10 nS at an interval of 0.01 nS.
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gki; one to six BP cells were connected to one normal HVM
(Fig. 12) or one BP cell was connected to one NP cell with
reduced gg; of 0.2-0.7 (Fig. 13).

Incorporating I, (0.1-0.2 nS/pF) exerted relatively small
effects on the size factor-dependent bifurcation structure of the
coupled-cell system with a normal HVM, enlarging the P*D*

area only in the region of relatively large size factors and high
Gc values (Fig. 12). Decreasing gk, of the NP cell, I, enlarged
the P"D" area by producing a saddle-node bifurcation at
relatively low g1 values (Fig. 13). In contrast to [y, Iy
(0.01-0.02 nS/pF) dramatically enlarged the P*D™ area by
facilitating the emergence of saddle-node bifurcations at
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Fig. 12. Effects of incorporating the pacemaker currents on size factor-dependent bifurcation structures of the coupled-cell systems. One to six BP cells were
connected to 1 normal HVM. Rabbit SA node In (gn = 0.1-0.2 nS/pF), Ica1r (gcar = 1-2 nS/PF), or Iy (g«=0.01-0.02 nS/pF) or mouse SA node Icain
(gcarn = 0.5-1 nS/pF) was incorporated into the BP cells. Two-parameter bifurcation diagrams depicting the displacement of saddle-node bifurcation and Hopf
bifurcation points are shown; the critical G¢ value at the bifurcation points was plotted as functions of the size factor (i.e., the number of BP cells) increased
at an interval of 0.01. The G¢ value was increased up to 20 nS at an interval of 0.01 nS for searching for bifurcations.
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Fig. 13. Effects of incorporating the pacemaker currents on NP cell gx1-dependent bifurcation structures of the coupled-cell systems. One BP cell was connected
to 1 NP cell with gx; = 0.2-0.7. Iy (gn = 0.1-0.2 nS/pF), Icar (gcar = 1-2 nS/pE), Is: (g = 0.01-0.02 nS/pF), or Icarp (gcarn = 0.5-1 nS/pF) was
incorporated into the BP cell. The critical G¢ value at the bifurcation points was plotted as functions of the normalized gk of the NP cell decreased at an interval
of 0.001. The G¢ value was increased up to 10 nS at an interval of 0.01 nS for searching for bifurcations.

smaller size factors and higher gk values. The effects of Ic,
(1-2 nS/pF) or Icap (0.5-1 nS/pF) were similar to those of I,
although much larger conductance was required for Ic,r or
Icapp to exert effects as dramatically as /.

DISCUSSION
Possible Roles of Pacemaker Currents in Creation of BP Cells

We first investigated whether incorporating pacemaker cur-
rents exerts beneficial effects on creation of BP cells by
constructing two-parameter bifurcation diagrams in which the
critical gk value (saddle-node bifurcation point) to produce
BP activity was plotted as functions of the maximum current
conductance.

Pacemaker currents facilitate BP generation during Ig;
suppression. Our results suggest that the pacemaker currents,
especially Iy, can facilitate BP generation during Ik, suppres-
sion, although their effects were limited (Fig. 5). The mecha-
nism underlying the facilitation of BP generation appears to be
relatively simple: the inward pacemaker currents counteract the
outward component of Ixi, inwardly shift the steady-state I-V
curve, and thus lead to a saddle-node bifurcation at a higher
gk value (see Fig. 5, rop). Nevertheless, the critical gk value
never reached the control value of 1, suggesting that any
pacemaker currents cannot yield BP activity in the HVM with
normal Ix;.

Ix1 downregulation is a requisite for BP generation in HVM.
The limited effects of the pacemaker currents appear to be due
to the induction of intracellular Na™ and Ca®™ overloads: as
shown in Fig. 6, overexpressions of the pacemaker currents
cause increases in [Na™}; and [Ca’*];, which enhance the
outward Na"-K* pump current, attenuate the inward back-
ground Na* and Ca?* currents (by decreasing the driving force
for Na* and Ca®™"), and thus counteract the inward shift of I-V
curves that leads to a saddle-node bifurcation. When [Na™*];,

which is a state variable in the standard system, was fixed at the
control value of 6.14 mM (for gk; = 1) to prevent the
pacemaker currents causing Na " and Ca?™" overloads, increas-
ing the pacemaker currents led to BP generation via a saddle-
node bifurcation without inhibition of Iy, albeit with the
requirement of very high conductance (e.g., gy > 0.996 nS/pF)
(data not shown). Thus Na™ and Ca®" overloads would prevent
a bifurcation to BP generation during enhancements of the
pacemaker currents. In conclusion, incorporating /, and/or the
other pacemaker currents would not yield BP generation in
HVMs with normal Ik, and thus Ik, downregulation would be
necessary for constructing a BP cell system from HVMs.
Inconsistent with our result, Viswanathan et al. (46) reported
that the rabbit SA node 7 could induce BP activity in the
Luo-Rudy guinea pig ventricular model without reducing Ix;.
We are not sure about the reason for this inconsistency. Further
studies are required to clarify whether the effects of I, and
other pacemaker currents depend on species (human vs. guinea
pig) or on the property of a model itself as well as whether
expressing I, can actually induce BP activity in real NP
myocytes of the ventricle.

Overexpression of I, has been reported to induce BP activity
(or increase BP rates) in canine atrial or Purkinje myocytes (32,
36). Figure 5 indicates that increasing /,, alone can induce BP
activity via a saddle-node bifurcation if gk; is smaller than the
control value of 3.9 nS/pF, e.g., when a gk, value is 25% of the
control value (0.975 nS/pF), increasing gn to 0.0403 nS/pF or
more yields BP generation. Koumi et al. (17) reported that a
slope conductance at a reversal (K™ equilibrium) potential of
the human atrial I, (0.134 nS/pF) is only 18.3% of that of the
human ventricular I (0.732 nS/pF). As suggested by previous
reports (14, 32, 36), expression of /,, alone would induce
pacemaker activity in myocytes with relatively low density of
Ix1, such as atrial and Purkinje myocytes.
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Possible Roles of Pacemaker Currents in Robust
Pacemaking and Driving of Functional BP

Using the coupled-cell model, we examined whether incor-
poration of pacemaker currents exerts beneficial effects on BP
functions, i.e., whether it improves the structural stability of
BPs to electrotonic loads of adjacent NP cells and the BP
ability to drive the ventricle. The results suggest that individual
pacemaker currents affect the BP functions in different ways.

Iy effect is relatively small and NP cell gi; dependent. The
effects of I, on Ge-dependent bifurcation structures were quite
different from those of the other pacemaker currents, which is
probably due to the difference in the voltage range of activa-
tion. /, did not significantly improve the structural stability of
BP cells to electrotonic loads of the normal HVM or the BP
cell ability to drive the normal HVM (Figs. 9 and 10A). When
NP cell Ix; was relatively small, however, I, improved the
structural stability and driving ability of BP cells by producing
a saddle-node bifurcation (Figs. 9 and 10B). Moreover, the
effects of I, were shown to depend on Ik, density of the NP
cell, as well as the size factor (Figs. 12 and 13). These results
suggest that I;, can support the robust pacemaking and driving
of BPs only when /k; density in adjacent NP cells is relatively
small. Ik, density is much larger in the human ventricle than in
the human atrium (17); thus /, may support the robust pace-
making and driving of BPs (as well as the SA node) in the
atrium with relatively small /x;, but not in the ventricle with
relatively large Ik;. Possible roles of I in the working of
ventricular BPs could be to modulate pacemaker frequency in
response to autonomic regulations, as well as to prevent excess
hyperpolarization, rather than to improve the structural stabil-
ity and driving ability by destabilizing EPs or yielding saddle-
node bifurcations.

Icar effect is NP cell gx, dependent and characterized by
shrinkage of voltage oscillations. Similar to Iy, Ic, 1 did not
improve the structural stability of BP cells to electrotonic loads
of the normal HVM by shifting the Hopf bifurcation point at
lower G¢ values (Fig. 9, top); the low efficacy of I, T appeared
to be due to the rapid inactivation kinetics, because the mod-
ified Ic,r with slowed inactivation significantly increased the
Hopf bifurcation value (Fig. 11). Nevertheless, higher densities
of Icar improved the structural stability and driving ability of
BP cells by producing a saddle-node bifurcation. The effects of
Icqr also depend on the NP cell /x;, as well as the size factor
(Figs. 9, 12, and 13); Icar may effectively improve the func-
tions of BPs in the atrium, whereas much larger Ic,r is
required for the ventricle. However, higher densities of Ic,t
caused shrinkage in BP oscillations and driven action po-
tentials of the NP cell (Fig. 10), which is probably due to the
rapid kinetics of I¢, 1 inactivation and is not desirable for
functional BPs.

I most dramatically improves structural stability and driv-
ing ability of BP cells. In contrast to I or Ic,r, Iy at relatively
low conductance dramatically improved the structural stability
and driving ability of BP cells by shifting Hopf bifurcation
points toward higher G¢ values and yielding a saddle-node
bifurcation (Fig. 9), producing BP oscillations with stable
frequency over the broad G¢ range (Fig. 10). Furthermore, I,
as well as Icy1 and Ic,p, may contribute to reducing the
critical size of a BP system (i.e., the number of BP cells) to be
required for driving the ventricle: with I at 0.01 nS/pF, four

CREATION AND MODULATION OF HUMAN VENTRICULAR PACEMAKER

BP cells are enough to yield robust pacemaking and driving of
a normal HVM via creation of a saddle-node bifurcation,
whereas more than five BP cells are required without a pace-
maker current (see Fig. 12). Our results suggest that I,
exhibiting relatively slow inactivation kinetics, most dramati-
cally improves the structural stability and driving ability of the
HVM pacemaker. /i may be indispensable for robust pace-
making and driving of ventricular BPs.

Icorp effect is similar to Iy effect but characterized by
generation of irregular dynamics. The effects of ¢, p were
qualitatively similar to those of I, although its potency was
much smaller (Figs. 9, 12, and 13). However, IcaLp at high
densities caused unstable CL and irregular dynamics during
increases in G¢, which is possibly a consequence of producing
Ca®™" overload conditions, not desirable for functional BPs. We
suppose that the role of Ic,1p in the working of pacemaker
systems is essentially the same as that of Icarc: Icarp may
play a major role in producing the action potential upstroke as
well as excitation-contraction coupling, rather than in support-
ing robust pacemaking and driving.

Implications and Significance of Study

In the present study, we used stability and bifurcation
analyses to investigate the effects of pacemaker currents on
creation and modulations of the HVM pacemaker. Previous
reports indicate that exploring bifurcation structures of SA
node or ventricular models is useful for general understanding
and systematic descriptions of the dynamical mechanisms of
normal and abnormal pacemaker activities, e.g., the roles of
individual currents in pacemaking (4, 9, 21, 22, 24, 45).
Pacemaker currents are not indispensable for basal pacemaking
of SA node cells (20, 21) or BP cells (22, 46). As shown in this
study for BP cells, however, the pacemaker currents may be
necessary for constructing a pacemaker system with high
structural stability and high driving ability, as well as for finer
regulations of pacemaking rates.

Bifurcation analyses of model cell systems may also allow
us to accurately predict and properly control the dynamics and
bifurcation structures of real cells, possibly applicable to cell
system engineering to develop functional BPs from native
cardiomyocytes or ES cells for gene or cell therapy of brady-
arrhythmias (8, 10, 15, 25, 28, 32, 36, 50). Pacemaker currents
are not necessarily required for creating BP cells (22, 46).
Nevertheless, stable transfection of pacemaker channel genes
or transplantation of BP cells expressing pacemaker channels
(e.g., ES cell-derived SA node cells) to host tissues may be
helpful or even necessary for creating functional BPs with
robust pacemaking and driving, as well as responsiveness to
autonomic regulations. This study suggests that /) expression
of Iy (or the other pacemaker currents) is not indispensable but
is helpful for creating BP cells from HVMs, 2) expression of I,
improves structural stability and driving ability of BPs when
Ik, density in adjacent NP cells is relatively small, as in the
atrium, and 3) expression of I, i.e., a pacemaker current with
relatively slow inactivation kinetics, may especially be effec-
tive in yielding robust BP activity with stable frequency.

Limitations and Perspectives of Study

As mentioned in our previous article (22), the limitations of
our study include incompleteness of the HVM model due to the
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lack of experimental data from HVMs as well as the lack of
experimental evidence for bifurcation structures of real myo-
cytes. More elaborate HVM models, such as recently published
ones (12, 42), with refinements of formulas to be suitable for
bifurcation analyses would have to be developed for more
detailed investigations using the theoretical approach. In addi-
tion, the pacemaker current formulas based on experiments for
human cardiomyocytes should be used in future studies.

As suggested by Silva and Rudy (41), a potential advantage of
the BP over the electronic pacemaker is responsiveness to B-ad-
renergic stimulation (B-AS). BP responsiveness to 3-AS was very
limited in the guinea pig ventricular model (41). We also found in
the simulations according to their method that the HVM pace-
maker did not exhibit a significant rate increase in response to
3-AS, suggesting that the ventricular pacemaker is less sensitive
to B-AS than the SA node pacemaker. Such low sensitivity to
B-AS of the ventricular pacemaker would be due at least in part to
the lack of the pacemaker currents that are abundant in SA node
primary pacemaker cells (20, 21, 27, 31, 51) and are known to be
enhanced by 3-AS (26, 35, 43). Nevertheless, we did not show the
data on this issue, because it is very important but beyond the aim
of this study and because our model lacks the intracellular mod-
ulating factors such as cAMP and protein kinases. Further sophis-
ticated models incorporating the modulating factors, as developed
by Saucerman et al. (38), would be required.

We used the simple coupled-cell system to investigate the
structural stability and driving ability of BP cells, believing
that this study is valuable as a first step toward development of
a theoretical background for engineering of functional BPs.
Nevertheless, a real pacemaker system such as the intact SA
node has much more complex architectures to facilitate opti-
mization of the electrical loading by surrounding atrial or
ventricular tissues (1, 2, 14, 44). Thus more elaborate multi-
cellular models are required for investigation of the structural
stability to electrotonic loads and ability to drive the heart of a
BP system in vivo and of how to create BP systems with robust
pacemaking and driving. In the coupled-cell model, the critical
size factor (the critical number of BP cells) for stable driving
of a normal HVM was quite large, e.g., at least six BP cells
were required in the absence of a pacemaker current (see Figs.
8A and 12). A similar size effect, a size factor of 5, was
previously reported for other coupled-cell systems composed
of SA node cells and ventricular myocytes (19, 47). However,
the coupled-cell model cannot predict the critical size of a BP
to be required for stable driving of the ventricle. Using a
two-dimensional system in which real atrioventricular node or
model SA node cells were coupled to ventricular or atrial
model cells, Joyner et al. (14) determined the critical size of the
pacemaker cells for driving the surrounding quiescent cells and
suggested that the critical size depends on the scale of the
systems, /k; density in surrounding NP cells, G¢ values, and
many other factors. Moreover, the roles of pacemaker currents
in pacemaking and driving of BPs may also change depending
on the dimension of the systems, as well as the number of BP
cells, Ix: of adjacent NP cells, and G values (see Figs. 12 and
13). Further studies using multicellular (2 or 3 dimensional)
models are required to determine the critical BP size for
driving the ventricle and to determine how incorporating pace-
maker currents affects critical BP size and BP functions.
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APPENDIX A: GLOSSARY
General
F Faraday constant
\4 Membrane potential (mV)
Cell Geometry
Cm Cell membrane capacitance
Csp Cy of BP cells
Cnp Cy, of NP cells
Vi Myoplasmic volume available for Ca®* diffusion
Viel Volume of junctional SR (Ca®* release store)
Vap Volume of network SR (Ca®™ uptake store)
Ionic Concentrations
[Na*], Extracellular Na™ concentration
Ko Extracellular K™ concentration
[Ca®*], Extracellular Ca®* concentration
[Na*} Intracellular Na* concentration
K] Intracellular K™ concentration
[Ca®™ Myoplasmic Ca?™ concentration
[Ca?* e Ca®™* concentration in junctional SR
[Ca®* up Ca®* concentration in network SR
Equilibrium Potentials
Ena Equilibrium (Nernst) potential for Na™
Ex Equilibrium (Nernst) potential for K™
Sarcolemmal Ionic Currents
&n Maximum 7y, conductance
gcar Maximum I, 1 conductance
gst Maximum /,, conductance
8CalD Maximum I, 1.p conductance
dy. Activation gating variable for Icay.
fi Voltage-dependent inactivation gating variable for /g,y
dy Activation gating variable for Icar

fr Inactivation gating variable for Iear
Pa Activation gating variable for Ik,
n Activation gating variable for Ik
q Inactivation gating variable for I,
y Activation gating variable for I,
Ga Activation gating variable for I
qi Inactivation gating variable for I,

Olga Opening rate constant for g,

Bya Closing rate constant for g,

Qg Opening rate constant for g;

By Closing rate constant for ¢;

dip Activation gating variable for Ica1p

N Voltage-dependent inactivation gating variable for Icaip

Sfeas Ca?*-dependent inactivation gating variable for Icaip
h Inactivation gating variable for In,
Xoo Steady-state value of a gating variable x

Ty Time constant for a gating variable x
Net Ca?* flux through the sarcolemmal membrane
Net Na™ flux through the sarcolemmal membrane

J, Ca,net
J, Na,net

Intracellular Ca®" Dynamics (SR Function
and Ca** Buffering)

Jeer Ca®™" release flux from junctional SR to subspace
Jup Ca?* uptake flux from myoplasm to network SR
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Jo Ca®* transfer flux from network SR to junctional SR
Jicax Ca?" leak flux from network SR to myoplasm
[CMJw Total calmodulin concentration
[CQlon Total calsequestrin concentration
[TCliot Total concentration of troponin-Ca complex _
frc Fractional occupancy of troponin-Ca complex by Ca®*
fem Fractional occupancy of calmodulin by Ca?* in myoplasm
feo Fractional occupancy of calsequestrin by Ca®*
Kacm Ca?*-binding constant for calmodulin
Ksco  Ca®?*-binding constant for calsequestrin
Bem Scaling factor for fast Ca®* buffering by calmodulin
Beo Scaling factor for fast Ca®>* buffering by calsequestrin

APPENDIX B: MODEL EQUATIONS

The mathematical expressions used for the pacemaker currents (i,
Icar, s Icain), as well as differential equations for state variables of
the coupled-cell system, are given below. Units are millivolts, pico-
amperes, nanosiemens, picofarads, milliseconds, millimolar, and li-
ters. The temperature assumed for the model is 37°C. The symbols
used and their definitions are the same as those in our rabbit SA node
model (20). Expressions for other currents and dynamics of SR Ca®*
handling, as well as standard parameter values and initial conditions
for computations, are given in our previous article (22). See APPENDIX
A for symbol definitions.

Hyperpolarization-Activated Current (1)

Rabbit SA node I from Kurata et al. (20) model {adopted
from Wilders et al. (49) model].

L = 0.6167 + g, - (V—Eg) ¥ (AD)
Iiva = 03833 g, - (V—Ey) - ¥ (A2)

I =l + hna (A3)
Vo = {1 + exp[(V + 64)/13.5]} (A4)

7, = 0.71665/{exp[ — (V + 386.9)/45.302]

(A5)
+ exp[(V — 73.08)/19.231]}

Human ventricle 1, from Cerbai et al. (3).

L = 06167 g+ (V=FE -y (A6)
Iina = 03833 - g, - (V= Ey) *y (A7)
Iy = Ly + I (A8)

v = 1/{1 + exp[(V + 80.6)/6.8]} (A9)

1, = 1,000/[exp( — 2.9-0.04 - V) + exp(3.6 + 0.11 - V)] (A10)
Human HCNZ2 current from Moroni et al. (29).

L = 0.6167 + g - (V— Eg) * ¥ (All)

Iia = 03833+ g - (V= Ey) * ¥ (Al2)

I = Ik + Lina (Al3)

v, = 11 + exp[(V + 83.1)/7.89} (A14)

7, = 438.6/[0.00053 - exp( — V/13.16) + 141.17 - exp(V/13.16))]
(Al5)

T-type Ca®* Channel Current (Ic,t)

Rabbit SA node Ic, rfrom Kurata et al. (20) model [adopted
from Demir et al. (5) model].

Tcar = 8ear* (V—45)- dro * fr (A16)

dyee = 1/{1 + exp[ — (V + 26.3)/6]}
Freo = 11 + exp[(V + 61.7)/5.6]}
T = 1/(0.0153 - exp[ ~ (V + 61.7)/83.3]
40015 - exp[(V + 61.7)/15.38)]
Rabbit ventricle Icar from Pugligi-Bers (34) model.
Tear = gear * (V= E¢) “ drw* fi
dy.=1/{1+exp[ — (V + 48)/6.1]}
Free =141 + exp[(V + 66)/6.6]
T = 3241 + exp[(V + 65)/5]} + 8

Sustained Inward Current (1)

Rabbit SA node Iy from Kurata et al. (20) model.
Ii=ga (V=374 g, 4
Gawe = V{1 + expl — (V+ 57)/5]}
o, = 1[3,100 + exp(V/13) + 700 - exp(V/70)]
By = 1/[95 - exp( — V/10) + 50 - exp( — V/700)]
+ 0.000229/[1 + exp( — V/5)]
Giso = O‘qJ ((’qu + Bq;’)
Ta = 6.65/(ay; + By)
Rat SA node I from Shinagawa et al. (40).
Iy= gy (V—=18) - goe g,
oy, = 1[0.15 « exp( — V/11) + 0.2 + exp( = V/700)]
B, = 116 - exp(V/8) + 15 - exp(V/50)]
Ga = Qg (g T Boa)
ay = 1[3,100 - exp(V/13) + 700 - exp(V/70)]
B = 195 - exp( — V/10) + 50 - exp( — V/700)]
+ 0.000229/[1 + exp(—V/5)]
G = agllag + By)

T = Wog + By)
Low-Voltage-Activated L-Type Ca®" Channel
Current (I, 1p)

Iearp = 8carn * (V= 52.8) * dip “ fin * foam
dipe = 141 + exp[ — (V + 7.64)/6.32]}
Sinse = 141 + exp[(V + 24.6)/6.9]}
Tap = 17.925/(0.1389  exp{ — [0.0358 -
(V=10.9)T" + 0.0519)
feaw = 1[1 + ([Ca>*140.00035)]
Differential Equations for State Variables
Membrane potential (V).
dVppldt = Liim — Lommr) — {oc/ Cap
dVap/dt = — Line + Ioc/Crp
Low = Tcar + Ixe + Iy + Lo + Ing + Ixy + Iy + Ieap
+ Ik + Ingca T IpCa + 1+ deur + Iy + Icapp
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Gating variables.
dx/dt = (x,, — x)/7,

(A46)

[x = difis po 11, G5 By drs fro Yo A, frs Gos @i dips fin)
Intracellular ion concentrations.

d[Ca” J/dt = Bey - [( — Jeane T e Vi = Jup = Vi (A47)
+ e * V) Vi — [TCly, * dfpesdt]

Bey=1/{1+[CM]o Koe/(Kgem + [Ca*' 1)} (A48)

d[Ca®* )/t = Beg (U = Jred) (A49)

BCQ: {1+ [CQ]mz’KdCQ/(KdCQ + [Ca21 ]rel)z} (A50)

d[Ca’" ] /dt = Jyy = I * Vil Vg = Jica (ASI)

d[Na*"1/dt = — JuulVi (A52)

Jeane = Ucar, + Iy — 2 Iaca + Tyca + Icar (A53)
+ ICa,LD) -C/(2 - F)

Inoner = Ung + Fap + 3 Ik + 3 Inoca T lona T 1) - Cof/F - (AS4)

APPENDIX C: DETERMINATION OF EPS AS
INITIAL CONDITIONS

The methods for determination of EPs as initial conditions for the
single cell were described previously (22). To determine an EP of the
coupled-cell system, steady-state values of the state variables V,
[Ca**];, [Na*];, [Ca?*Jrer, and [Ca®*],, for BP and NP cells were
calculated numerically by the algebraic method with a nonlinear
equation solver available in MATLAB 7. For bifurcation analyses and
simulations using the [K™*];-fixed system, steady-state values of the
state variables for BP and NP cells were computed by the following
algebraic equations derived from the differential equations.

Lowmeer + 1o/ Cop = 0 (dVip/dt = 0) (A55)
Lomew) — 1o/ Cap = 0 (dVyp/dz = 0) (A56)
Jeane = 0 (d[Ca*"/de = 0) (A57)

Joo = Jy = 0 (d[Ca>* | ydt = 0) (A58)

Jup =i * Vil Vip = Jiewe = 0 (d[C2" ), Jd1 = 0)  (A59)
Ixane = 0 (d[Na*]/dt = 0) (A60)

Equations A57-A60 are for either the BP or the NP cell; in total, 10
equations are required for calculating the steady state of the coupled-
cell system.
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Abstract

Aim: The purpose of this study was to determine whether anaphylactic
hypotension in rabbits is accompanied by hepatic venoconstriction, and the
effects of anaphylaxis on hepatic segmental vascular resistances and liver
weight in isolated perfused rabbit livers.

Methods: The rabbits were sensitized by subcutaneous injection of antigen
of 2.5 mg ovalbumin with complete Freund’s adjuvant three times at 1 week
interval. One week after sensitization, anaphylaxis was induced by an
injection of 2.5 mg ovalbumin into the jugular vein of pentobarbital anaes-
thetized rabbits or the perfusate of rabbit livers perfused via the portal vein at
a constant flow. Using the double occlusion technique to estimate the hepatic
sinusoidal pressure, pre- (Rp) and post-sinusoidal (R,es) resistances were
calculated for the isolated perfused livers.

Results: An antigen injection into the sensitized rabbits caused not only a
decrease in systemic arterial pressure from 79 + 2 to 40 + 4 mmHg, but
also an increase in portal venous pressure (P,,) from 9.5+ 2.2 to
24.1 £ 3.9 cmH,O0. Portal hypertension persisted for 8 min after the antigen
injection. An injection of antigen into the perfusate caused a marked increase
in Py, from 5.4 + 0.1 to 28.6 + 2.4 cmH,0 at 6 min, but only a slight
increase in double occlusion pressure from 2.2 + 0.2 to 3.8 + 0.2 cmH,0,
resulting in a selective increase in Ry, rather than Rp.e. Concomitant with
the hepatic pre-sinusoidal constriction, liver weight loss occurred.
Conclusion: Anaphylactic hypotension in rabbits is accompanied by hepatic
venoconstriction which is characterized by pre-sinusoidal contraction.
Keywords anaphylaxis, hepatic circulation, isolated perfused rabbit liver,
portal hypertension.

The incidence of anaphylaxis is estimated between 1 in
10 000 and 1 in 20 000 anaesthesia, and any drug
administered in the perioperative period can potentially
produce life-threatening anaphylactic shock (Mertes &
Laxenaire 2004). Anaphylactic hypotension is primarily
caused by alterations in the systemic circulation that
decrease blood flow to the heart (Brown 1995).
Peripheral circulatory collapse is ascribed to hypovole-
mia, which results from a decrease in effective circulat-
ing blood volume. The latter could be due to

© 2006 The Authors

vasodilation with the peripheral pooling and increased
vascular permeability with a shift of intravascular fluid
to the extravascular space (Brown 1995). However, the
exact hemodynamic mechanism for the peripheral
pooling during anaphylactic shock is not well known.
We have been putting an emphasis on the existence of
antigen-induced hepatic venoconstriction and portal
hypertension during anaphylactic shock.

Indeed, in canine experimental models of anaphy-
lactic shock, antigen-induced selective constriction of
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post-sinusoidal hepatic veins (Yamaguchi e al. 1994)
play an important role in the pathogenesis of circulatory
collapse (Wagner et al. 1986); anaphylaxis-induced
hepatic venous constriction induces pooling of blood
in liver itself, as well as in upstream splanchnic organs,
both of which reduce venous return with resultant
decrease in stroke volume and systemic arterial pres-
sure. In addition, in rats, antigen-induced hepatic
venoconstriction is also involved in anaphylactic hypo-
tension (Shibamoto et al. 1999, 2005b). On the basis
of these previous findings, we have proposed that
antigen-induced hepatic venoconstriction plays an
important role in pathogenesis of anaphylactic shock,
and possibly serves as a common shock-inducing cause
among mammals. However, in rabbits, the role of the
liver is not known in anaphylactic hypotension,
although right heart overload due to anaphylactic
pulmonary hypertension is recognized as a factor
causative of hypotension in this species (Cohen et al.
1951, Halonen ez al. 1980). Thus, the first purpose of
the present study was to determine whether anaphylac-
tic hypotension is accompanied by hepatic venocon-
striction in anaesthetized rabbits. To resolve this
question, systemic arterial pressure and portal venous
pressure were observed in sensitized rabbits after the
antigen was intravenously administered.

Species difference has been found in the hepatic
vascular segments that preferentially contract during
anaphylaxis: selective post-sinusoidal constriction
occurs in sensitized canine livers (Yamaguchi et al.
1994), while predominant pre-sinusoidal but significant
and substantial post-sinusoidal constriction occurs in
guinea pig livers (Ruan ez al. 2004a). Finally in rats,
almost  selective pre-sinusoidal constriction was
observed (Shibamoto er al. 2005b). On the other hand,
it is not known whether anaphylactic reaction in rabbits
causes constriction of post-sinusoidal hepatic veins,
resulting in hepatic congestion. To clarify the anaphy-
laxis-induced changes in hepatic vascular resistance
distribution in rabbits, we herein established anaphy-
lactic models of isolated portally perfused rabbit livers,
in which the sinusoidal pressure was measured by the
double occlusion method (Yamaguchi et al. 1994).
Thus, the second purpose of the present study was to
determine the effects of anaphylaxis on hepatic vascular
resistance distribution and liver weight in isolated
perfused rabbit livers.

Methods

Animals

Twenty-six male New Zealand white rabbits (Japan
SLC, Shizuoka, Japan) weighing 2.8 + 0.1 kg were
used in this study. Rabbits were maintained at 22 °C

Acta Physiol 2007, 189, 15-22

and under pathogen-free conditions on a 12: 12-h
dark/light cycle, and allowed food and water ad libitum.
The experiments conducted in the present study were
approved by the Animal Research Committee of
Kanazawa Medical University.

Sensitization

Rabbits were actively sensitized by the subcutaneous
injection of an emulsion made by mixing equal volumes
of complete Freund’s adjuvant (0.5 mL) with 2.5 mg
ovalbumin (grade V; Sigma, St Louis, MO, USA)
dissolved in physiological saline (0.5 mL) three times
at 1 week interval. Non-sensitized rabbits were injected
with complete Freund’s adjuvant and ovalbumin-free
saline. One week after the third injection, the rabbits
were used for the following in vivo or isolated perfused
liver experiments.

In vivo experiment

One week after sensitization, sensitized (7 = 6) and
non-sensitized (n = 5) rabbits were anaesthetized with
pentobarbital sodium (50 mg kg™, i.v.) and placed on a
thermostatically controlled heating pad (ATC-101B;
Unique Medical, Tokyo, Japan). The adequacy of
anaesthesia was monitored by the stability of blood
pressure and respiration under control conditions and
during a pinch of the hindpaw. Supplemental doses of
anaesthetic (10% of initial dose) were given if neces-
sary. The right femoral artery and vein were catheter-
ized to measure systemic arterial pressure (Pg,), and to
inject antigen respectively. The right external jugular
vein was catheterized, and the catheter tip was posi-
tioned at the confluence of the superior vena cava and
the right atrium for measurement of the central venous
pressure (P,). Heart rate (HR) was measured by
triggering the R wave of electrocardiogram. Following
an abdominal midline incision, the gastroduodenal vein
was catheterized, and the catheter tip was positioned in
the main portal vein for continuous measurement of the
portal venous pressure (P,,). After closure of the
abdomen, the baseline measurements were started.

The Py, P, and P,, were continuously measured
with pressure transducers (TP-400T; Nihon-Kohden,
Tokyo, Japan), and these pressures and HR were
continuously displayed on a thermal physiograph
(RMP-6008; Nihon-Kohden). Outputs were also dig-
itally recorded at 20 Hz (PowerLab, ADInstruments).
Haemodynamic parameters were observed for at least
20 min after surgery until a stable state was obtained.
After the baseline measurements, 2.5 mg of the
ovalbumin antigen was administered via the femoral
vein catheter and the changes in variables were
observed for 60 min.

© 2006 The Authors

Journal compilation © 2006 Scandinavian Physiological Society, doi: 10.1111/].1748-1716.2006.01629.x

- 115 -



Acta Physiol 2007, 189, 15-22

Isolated liver experiment

One week after sensitization, the rabbits were anaes-
thetized with pentobarbital sodium (50 mg kg™?, i.v.)
and mechanically ventilated with room air. The basic
method for isolated perfused rabbit liver was previously
described (Shibamoto et al. 1999). Catheters were
placed in the right carotid artery. After laparotomy,
loose ligatures were placed around the hepatic artery,
portal vein, inferior vena cava and common bile duct.
At 5 min after heparinization (500 U kg™ iv.), the
rabbit was rapidly bled through the carotid arterial
catheter. The aforementioned vessels and bile duct were
ligated, and thoracotomy was performed. Then, the
liver was rapidly excised and weighed. The portal vein
and vena cava were cannulated with stainless cannulas
(5 mm ID), whereas the hepatic artery was ligated to
simplify analysis of the .intrahepatic vascular circuit.
The common bile duct was also cannulated with
polyethylene tubing. Perfusion was begun within
5 min after excision of the liver.

The cannulated liver was suspended from an isomet-
ric transducer (TB-652T; Nihon-Kohden) and perfused
via the portal vein at a constant flow rate with 200 mL
of the heparinized autologous blood diluted with 5%
bovine albumin (Sigma-Aldrich, St Louis, MO, USA) in
Krebs solution (118 mm NaCl, 5.9 mm KCI, 1.2 mm
MgSQ0y4, 2.5 mm CaCly, 1.2 mMm NaH,PO4, 25.5 mMm
NaHCO3, and 5.6 mm glucose) at Het of 8% in a
recirculating fashion. The blood was maintained at
37 °C by using a water bath, and the blood in the
reservoir was continuously bubbled with 95% 0,~5%
CO,, which could provide perfusate oxygen tension of
approx. 290 mmHg (Shibamoto ez al. 1999, 2005a).
A bubble trap was placed in the inflow line. P, and
hepatic venous (Py,) pressures were measured through
the corresponding sidearm cannula by using pressure
transducers (TP-400T; Nihon-Kohden) referenced to
the level of the portal vein at the hepatic hilus. The
portal blood flow rate (Q,,) was measured with an
electromagnetic flowmeter (MFV 1200; Nihon-Koh-
den), and the flow probe was positioned in the inflow
line. To occlude the portal and hepatic venous lines
simultaneously for measurement of the double occlu-
sion pressure (Py,), solenoid valves were placed around
the perfusion tubes upstream from the Py, sidearm
cannula and downstream from the Py, sidearm cannula.
Bile was continuously collected in a small tube suspen-
ded from the force transducer (45196A; NEC-Sanei,
Tokyo, Japan). The weight of the tube was continuously
measured, and the bile flow rate was expressed as grams
per minute per 10 g liver weight. The Py, Phy, Opv,
liver weight and bile weight were monitored continu-
ously and displayed through a thermal physiograph
(RMP-6008; Nihon-Kehden). Outputs were also digit-
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ized by the analogue-digital converter at a sampling
rate of 100 Hz. These digitized values were displayed
and recorded using a personal computer for later
determination of Py,

Hepatic haemodynamic parameters were observed
for at least 20 min after the start of perfusion until an
isogravimetric state (no weight gain or loss) was obtained
by adjusting Q. and the height of the reservoir ata Py, of
0-1 emH,0, and at a Q,, of 27 £ 1 mL min™" (10 g
liver weight)™’. After the baseline measurements, the
perfused livers excised from the sensitized rabbits (ana-
phylaxis group, # = 9) and non-sensitized rabbits (con-
trol group, n = 6) were challenged with ovalbumin
2.5 mg injected into the reservoir.

The hepatic sinusoidal pressure was measured by the
double occlusion method (Yamaguchi et al. 1994),
using the custom-made software (LIVER SOFTWARE,
Biomedical Science, Kanazawa, Japan). Both the inflow
and outflow lines were simultaneously and instantane-
ously occluded for 15 s with the solenoid valves, after
which P, and Py, rapidly equilibrated to a similar or
identical pressure, which was Pg4,. The principle of the
double occlusion method to estimate the sinusoidal
pressure is derived from the concept of the mean
circulating filling pressure of the systemic circulation
(Rothe 1993). In each experimental group, Py, was
measured at baseline and at 2, 4 and 6 min, and then at
10 min intervals up to 60 min after antigen.

The total portal-hepatic venous (R;), pre-sinusoidal
(Rpee) and post-sinusoidal (Rpoe) resistances were cal-
culated as follows:

Rt = (va - th)/va (1)
Rpre = (va o Pdo)/va (2)
Rpost = (Pdo - th)/QpV (3)

Statistics

All results are expressed as the means + SE. Statistical
analyses were performed with repeated measures ana-
lysis of variance, and a P-value <0.05 was considered
significant. When a significant difference was obtained,
post boc analysis was performed with the Bonferroni
post-test correction method.

Results

The response of the anaesthetized rabbits to antigen

Figure 1 shows a representative example of the response
to an intravenous injection of the ovalbumin antigen in
an anaesthetized rabbit sensitized with ovalbumin.
Figure 2 shows the summary data of time course
changes in P, P, and P.,. After an injection of
antigen, P, initially increased and then P, and P,
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Figure 2 The summary of changes in the systemic arterial
pressure, portal venous pressure and central venous pressure
after antigen injection. Means = SE; *P < 0.05 vs. baseline;
closed circles, the anaphylaxis group (n = 6); open circles, the

A representative recording of the response to ovalbumin antigen (2.5 mg) in an anaesthetized sensitized rabbit,

decreased and increased, respectively. Actually, approx.
1 min after an antigen injection, Py, decreased from the
baseline of 794+ 2mmHg to the nadir of
40 + 4 mmHg at 10 min, followed by a gradual
recovery to 65 & 5§ mmHg at 60 min. In contrast, after
the shorter latent period following the antigen, P,
began to increase gradually from the baseline of
9.5 + 2.2 emH,0 to the peak of 24.1 £+ 3.9 cmH,0
at 3 min after antigen, and then decreased to
12 + 1 emH,O at 10 min. After that, Py, remained at
this level, which was not significantly different from the
baseline. The post-antigen period of up to 10 min
during which P, remained elevated above the baseline
(Fig. 2) was designated as the portal hypertension phase
in the present study. It should be noted that P,
persistently decreased during the portal hypertension
phase (Fig. 2). After antigen, P, initially increased from
the baseline of 2.4 4+ 0.2 to 6.1 £ 1.1 cmH,O at
2.5 min, and thereafter gradually decreased along with
a decrease in P,,. Heart rate did not increase but
decreased in the presence of a fall in Pg,: heart rate
significantly decreased from 278 & 12 to 243 £ 15
beats min~! at 8 min after antigen in the anaphylaxis
group. Neither of Py, Py, nor P, was significantly
changed by the antigen in the control animals during the
experimental periods (Fig. 2).

The response of the blood-perfused livers to antigen

The excised liver weight measured just before perfusion
experiment in the control and anaphylaxis group was
88 + 4 and 90 + 3 g respectively. An antigen injection
caused hepatic venoconstriction, which was character-
ized by predominant pre-sinusoidal constriction and
liver weight loss, as shown in Figs 3 and 4. Within
1 min after antigen, venoconstriction was evident by an

© 2006 The Authors
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Figure 4 The summary of changes in hepatic vascular pres-

sures and liver weight changes after antigen injection in isola-
ted perfused rabbit livers. Means £ SE; *P < 0.05 vs. baseline
and the control group; Py, portal venous pressure; Py, double
occlusion pressure; Py, hepatic venous pressure; closed circles,
the anaphylaxis group (n = 9); open circles, the control group

(n = 6).

increased Pp,. Py, gradually increased to the peak
value of 28.6 + 2.4 cmH,O from the baseline of
5.4 + 0.1 cmH,0 at 6 min after antigen (Fig. 4). The
double occlusion maneuver performed at 6 min after
antigen revealed a Py, of 3.8 + 0.2 cmH,0 that was
significantly higher than that of the baseline of
2.2 £ 0.2 emH,0. Therefore, the Pp,-to-Py, gradient
(in conjunction with the flow), the indicator of R
(eqn 2), increased markedly from the baseline of
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3.3 £ 0.1 to 24.8 + 2.1 cmH,0, while the Py,-to-Py,
gradient, the indicator of Ry, (eqn 3), increased
only slightly, but significantly, from the baseline
of 1.9 £ 0.1 to 3.5 £ 0.2 ecmH,O (Fig. 4). Thus, R,
increased by 680% the baseline from 0.12 + 0.01
to 0.94 + 0.10 ecmH,O mL min~? (10 g liver weight),
while Ry increased by only 85% from 0.07 + 0.01 to
0.13 £+ 0.01 cmH,O mL min™! (10 g liver weight)
(Fig. 5). This indicates that the antigen almost selec-
tively increased R, rather than Ry, as reflected by a
significant increase in R,/R; ratio from the baseline of
0.64 + 0.03 to 0.87 £ 0.01. Py, and thus R,, returned
close to the baseline at 20 min after antigen. Concomi-
tant with venoconstriction, the liver weight showed a
decrease, reaching the nadir, 0.2 = 0.1 g (10 g liver -
weight)™", at 2 min. Then, the liver weight returned to
nearly the baseline at 10 min after antigen. The bile
flow decreased to 20% of the baseline level of
3.7 £ 0.5 gmin~" (10 g liver weight)™"  during the
maximal venoconstriction, as shown in Fig. 3. In the
control rabbit liver, any haemodynamic variables did
not change significantly after antigen (Figs 4 and 5).

Discussion

In this study, we examined whether hepatic venocon-
striction occurs during rabbit anaphylactic hypotension.
There are two major findings of the present study. The
first finding (derived from the anaesthetized rabbit
experiments) is that P,, markedly increased during
anaphylactic hypotension induced by an intravenous
injection of the ovalbumin antigen in anaesthetized
rabbits. Another finding (derived from the isolated
perfused rabbit liver experiments) is that hepatic ana-
phylactic venoconstriction is characterized by almost
selective pre-sinusoidal constriction and liver weight
loss.
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Figure 5 The summary of changes in pre- and post-sinusoidal
resistances after antigen injection in isolated perfused rabbit
livers. Means 4+ SE; *P < 0.05 vs. baseline and the control
group; closed circles, the anaphylaxis group (n = 9); open
circles, the control group (n = 6).

To the best of our knowledge, this is the first study to
demonstrate that anaphylactic hypotension in rabbits is
accompanied by substantial hepatic venoconstriction.
Indeed, anaphylactic hepatic venoconstriction has been
reported in rats (Hines & Fisher 1992, Shibamoto et al.
2005b), guinea pigs (Ruan et al. 2004a) and dogs (Weil
1917, Yamaguchi et al. 1994). With respect to the
physiological significance of hepatic venoconstriction in
anaphylactic hypotension, we speculate the following
pathophysiological process: anaphylactic hepatic veno-
constriction results in portal hypertension which then
causes congestion of the upstream splanchnic organs,
blood pooling, with resultant decrease in venous return
and effective circulating blood volume, and finally
augmentation of anaphylactic hypotension.

In the present study, P, increased significantly but
slightly by 3.7 cmH,0, which may be primarily caused
by increased right ventricular load probably due to
anaphylaxis-induced pulmonary vascular resistance
{(Cohen et al. 1951, Halonen ez al. 1980). Unlikely, this
increase in P, substantially contributed to the increase
in Py, because this increase in P, was very small and
short-lasting, when compared with that in P,,. We
think that the increase in P, was primarily caused by

Acta Physiol 2007, 189, 15-22

hepatic venoconstriction, as demonstrated in the isola-
ted perfused rabbit livers.

Concerning species difference in the hepatic vascular
segments that preferentially contract during anaphyl-
axis: post-sinusoids selectively contract in canine livers
(Yamaguchi er al. 1994), while predominant pre-sinu-
soidal but substantial post-sinusoidal constriction
occurs in guinea pig livers (Ruan et al. 2004a), and
finally almost selective pre-sinusoidal constriction
occurs in rat livers (Shibamoto et al. 2005b). In the
present study, by measuring the sinusoidal pressure with
the double occlusion method (Yamaguchi et al. 1994) in
perfused sensitized rabbit livers, we here clearly showed
that anaphylactic hepatic venoconstriction in rabbits
was characterized by a marked pre-sinusoidal con-
traction and only a slight post-sinusoidal contraction
(Figs 3 and 4), which was different from that in dogs or
guinea pigs, but similar to that in rats.

The mechanism for such a species-dependent
response is not clear. Canine post-sinusoidal hepatic
veins anatomically contain smooth muscle sphincters in
hepatic initial sublobular veins (Ekataksin & Kaneda
1999), which may cause selective post-sinusoidal con-
traction. Maass-Moreno & Rothe (1992) also reported
that major pressure gradients must lie upstream from
the large (>2 mm) hepatic veins in dogs. Indeed, these
post-sinusoidal veins vigorously contract in response to
various mediators of anaphylactic reaction, such as
histamine (Urayama et al. 1996), thromboxane A,
(Urayama et al. 1996), and platelet-activating factor
(PAF) (Wang et al. 1997). In guinea pig livers, the
anaphylactic pre-sinusoidal constriction may be caused
mainly by PAF, while the post-sinusoidal constriction is
caused by cysteinyl-leukotrienes (Shibamoto ez al.
2005a). Actually, PAF predominantly contracts pre-
sinusoidal vessels in guinea pig livers (Ruan ef al
2004b). However, the studies on effects of anaphy-
laxis-related vasoactive substances are limited on the
segmental vascular resistances of rabbit livers. We have
previously reported that histamine selectively contracts
pre-sinusoids of isolated rabbit livers perfused with
blood-free perfusate (Shibamoto etal. 1999). This
finding is consistent with the present finding of pre-
dominant pre-sinusoidal constriction of the antigen
challenged liver. However, the vasoconstrictive sites of
the anaphylaxis-related chemical mediators other than
histamine, were currently unknown. Further study is
required to identify the chemical mediators responsible
for the anaphylactic hepatic venoconstriction in rabbits
and their vasoconstrictive sites.

In contrast to the liver weight gain response to the
antigen of dogs (Yamaguchi et al. 1994) and guinea pigs
(Ruan et al. 2004a), a liver weight loss was induced by
marked anaphylactic pre-sinusoidal constriction in iso-
lated perfused rabbit livers. With the constant perfusion

© 2006 The Authors
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of the liver, the mechanism of the weight loss is
unknown. This liver weight loss may be due to hepatic
vascular blood loss. Likely the blood volume of the
sinusoids, which were situated downstream to the
selectively constricted pre-sinusoids, might be reduced.
On the other hand, we believe that this possible
reduction of intrahepatic blood volume as reflected by
liver weight loss in isolated anaphylactic livers occurs
similarly in anaesthetized animals. The hepatic vascular
blood loss could serve as autotransfusion which might
counteract the decrease in circulating blood volume and
systemic hypotension in rats. Although the anaphylactic
liver itself might have expelled the intrahepatic reserve
blood to the systemic circulation and then contributed
to supplementation of circulating blood volume, ana-
phylactic hypotension had occurred. This suggests that
the blood mobilized from the liver is not enough to
compensate fully the blood pressure fall induced by
systemic anaphylaxis. Actually, in the present study, the
maximum liver weight loss, which may serve as
autotransfusion, was —0.2 g (10 g liver)™. With an
active increase in the tension developed by the smooth
muscle in the hepatic vessel walls, up to 50% of the
hepatic blood volume can be mobilized (Greenway &
Lautt 1989). Since the liver blood volume is
350 mL kg liver™, a 50% of liver blood volume is thus
equivalent to a 1.75 mL (10 g liver)™! (Rothe & Maass-
Moreno 1998). The liver volume loss of 0.2 mL
(10 g liver)™" estimated from the liver weight loss in
the present study is only 11% of the maximal mobilized
blood volume. We suppose that this small volume of
autotransfusion might not effectively contribute to
compensation of anaphylaxis-induced circulating blood
volume loss.

Conclusion

We determined the response of rabbit hepatic circula-
tion to the antigen in anaesthetized rabbits and in
isolated perfused rabbit livers. An intravenous injection
of antigen (2.5 mg ovalbumin) caused not only a
profound decrease in P, but also an increase in Py,.
In addition, in isolated perfused sensitized rabbit livers,
hepatic anaphylaxis caused almost selective pre-sinu-
soidal constriction, and liver weight loss. On the basis
of these findings, we conclude that anaphylactic hypo-
tension in rabbit is accompanied by almost selective pre-
sinusoidal contraction of the liver, which could induce
splanchnic congestion and subsequent decrease in
venous return-and then contribute to hypotension.
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Abstract

Platclet-activating factor (PAF), one of vasoconstrictive lipid mediators, is involved in systemic anaphylaxis. On the other hand,
nitric oxide {NO) is known to attenuate anaphylactic venoconstriction of the pre-sinusoids in isolated guinea pig and rat livers.
However, it is not known whether NO attenuates PAF-induced hepatic venoconstriction. We therefore determined the effects of L-
NAME, a NO synthase inhibitor, on PAF-induced venoconstriction in blood- and constant flow-perfused isolated livers of mice,
rats and guinea pigs. The sinusoidal pressure was measured by the double occlusion pressure (Pdo), and was used to determine the
pre- (Rpre) and post-sinusoidal (Rpost) resistances. PAF (0.01-1 pM) concentration-dependently caused predominant pre-
sinusoidal constriction in all livers of three species studied. The guinea pig livers were the most sensitive to PAF, while the mouse
livers were the weakest in responsiveness. L-NAME pretreatment selectively increased the basal Rpre in all of three species. L-
NAME also significantly augmented the PAF-induced increases in Rpre, but not in Rpost, in rat and guinea pig livers. This
augmentation was stronger in rat livers than in guinea pig livers at the high concentration of 0.1 uM PAF. However, L-NAME did
not augment PAF-induced venoconstriction in mouse livers. In conclusion, in rat and guinea pig livers, NO may be released
selectively from the pre-sinusoids in response to PAF, and then attenuate the PAF-induced pre-sinusoidal constriction. In mouse
liver, PAF-induced venoconstriction is weak and not modulated by NO.

@© 2007 Elsevier Ltd. All rights reserved.

1. Introduction as a mediator in various types of liver diseases such as
hepatic anaphylaxis [3], endotoxin liver injury [4],

Platelet-activating factor (PAF), one of lipid media- ischemia-reperfusion liver injury, and hepatic resection

tors which have a potent vasoconstrictive action, is
released from a variety of cells including platelets,
neutrophils, macrophages (e.g., Kupffer cells), mono-
cytes, lymphocytes, endothelial cells and smooth muscle
cells in response to various stimuli [1,2]. It is implicated

Abbreviations: IVC, inferior vena cava;, PAF, platelet-activating
factor; Rpre, pre-sinusoidal resistance; Rpost, post-sinusoidal resis-
tance; Rt, total portal-hepatic venous resistance; Phv, portal venous
pressure; Phy, hepatic venous pressure; Pdo, double occlusion
pressure; Qpv, portal blood flow rate; W, liver weight; TxA,,
thromboxane Ay L-NAME, N-nitro-i-arginine methyl ester; p-
NAME, NG—nitm-D-arginine methyl ester; NO, nitric oxide; Pmcf, the
mean circulating filling pressure
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[5]- The microcirculation of the hepatic sinusoid plays a
crucial role in the integrity of liver function [6]. PAF
may influence the sinusoidal circulation via its vasocon-
strictive action [7,8]. We have reported by measuring the
sinusoidal pressure with the hepatic vascular occlusion
methods in isolated blood-perfused canine livers that
PAF similarly constricts both the pre- and post-
sinusoidal veins [9]. On the other hand, it predominantly
constricts the pre-sinusoidal veins over the post-sinu-
soidal veins in the isolated blood perfused guinea pig
[10] and rat livers [11]. These investigations indicated
that there are species differences in the primary site of
hepatic venoconstriction for PAF. However, the vascu-
lar segments that PAF predominantly constricts in
mouse livers are not well known.
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Nitric oxide (NO), a potent vasodilator produced by
the activation of the NO synthase 3 present in
endothelial cells in response to hormonal or physical
stimuli such as shear stress [12,13], regulates the vascular
system [12,13], and seems to play an important
pathophysiological role in modulating the systemic
changes associated with anaphylaxis [14]. We have
recently reported that N°-nitro-L-arginine methyl ester
(L-NAME), a NO synthase inhibitor, augmented ana-
phylactic venoconstriction of the pre-sinusoids  in
isolated guinea pig [15] and rat [16] livers. However, it
is not known whether L-NAME also augments hepatic
venoconstriction induced by PAF, one of the main
mediators for anaphylaxis.

The first purpose of the present study was to compare
the effects of PAF on hepatic vascular resistance
distribution in isolated perfused mouse, rat and guinea
pig livers. Another purpose was to determine the effects
of L-NAME on PAF-induced hepatic segmental veno-
constriction, and to explore whether there are species
differences in the effects among these three animals. To
accomplish these purposes, we measured the sinusoidal
pressure by the vascular occlusion method [17], and
determined the pre- (Rpre) and post-sinusoidal resis-
tances (Rpost) during hepatic venoconstriction induced
by PAF in isolated mouse, rat and guinea pig livers
perfused portally and recirculatingly with blood under
constant flow in the presence of either L-NAME or N°-
nitro-p-arginine methyl ester (D-NAME) (an inactive
enantiomer of L-NAME).

2. Materials and methods

Fourteen male ddY mice (40+1g), 12 male Sprague—
Dawley rats (311 +3 g) and 12 male Hartley guinea pigs
(320+3g) were used in this study. Animals were
maintained at 23 °C and under pathogen-free conditions
on a 12/12-h dark/light cycle, and received food and
water ad libitum. The experiments conducted in the
present study were approved by the Animal Research
Committee of Kanazawa Medical University. All
animals were purchased from Japan SLC (Hamamatsu,
Japan).

2.1. Isolated liver preparation

The animals were anesthetized with intraperitoneal
pentobarbital sodium and were mechanically ventilated
with room air. The methods for the isolated perfused
liver preparation were previously described [5,18,19].
After laparotomy, the hepatic artery was ligated; the bile
duct was cannulated with the polyethylene tube in rats
and guinea pigs. At S5min after heparinization
(500 U kg™") via right carotid artery for rats and guinea
pigs or via intra-abdominal inferior vena cava (IVC) for

mice, blood (8-9ml in rat or guinea pig, or 1.1 ml in
mouse) was withdrawn through the carotid arterial or
IVC catheter. The IVC above the renal veins was
ligated, and the portal vein was cannulated with a
stainless cannula. After thoracotomy, the supradiaph-
ragmatic IVC was cannulated through a right atrium

incision with a stainless cannula, then portal perfusion
- was begun with the heparinized autologous blood

diluted with 5% bovine albumin (Sigma-Aldrich Co.,
St. Louis, MO) in Krebs solution (118mM NaCl,
5.9mM KCI, 1.2mM MgSO,, 2.5mM CaCl,, 1.2mM
NaH,POy,, 25.5mM NaHCO;, and 5.6 mM glucose) at
Hct of 12% for rat and guinea pig livers and 3.6% for
mouse livers. The liver was rapidly excised, suspended
from an isometric transducer (TB-652T, Nihon-Koh-
den, Japan) and weighed continuously throughout the
experimental period.

The liver was perfused at a constant flow rate in a
recirculating manner via the portal vein with blood that
was pumped using a Masterflex roller pump from the
venous reservoir through a heat exchanger (37 °C). The
recirculating blood volume was 15ml for mouse nd
40 ml for rat or guinea pig liver. The perfused blood was
oxygenated in the venous reservoir by continuous
bubbling with 95% O, and 5% CO, (perfused
PO, = 300 mmHg).

2.2. Measurement of hepatic vascular pressures and
vascular resistances

The portal venous (Ppv) and the hepatic venous (Phv)
pressures were measured with pressure transducers (TP-
400 T, Nihon-Kohden, Japan) attached by sidearm to
the appropriate cannulas with the reference points at the
hepatic hilus. Portal blood flow rate (Qpv) was
measured with an electromagnetic flow meter (MFV
1200, Nihon-Kohden, Japan), the flow probe of which
was positioned in the inflow line in rat and guinea pig
livers. In mouse livers, Qpv was measured manually by
collecting outflow perfusate for 1min just before the
baseline measurement. The hepatic sinusoidal pressure
was measured using the double occlusion pressure (Pdo)
[17,20]. Both the inflow and outflow lines were
simultaneously and instantaneously occluded for 17s
in rat and guinea pig livers and 10's in mouse livers using
the solenoid valves, after which Ppv and Phv rapidly
equilibrated to a similar or identical pressure, which was
Pdo. The principle of the double occlusion method to
estimate the sinusoidal pressure [17] is derived from the
concept of the mean circulating filling pressure (Pmef) of
the systemic circulation [21]. Actually, Pdo values were
obtained from the digitized data of Ppv and Phv using
an original program (LIVER software, Biomedical
Science, Kanazawa, Japan). The total portal-hepatic
venous (Rt), Rpre and Rpost resistances were calculated
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as follows:

Rt = (Ppv — Phv)/Qpv, (H
Rpre = (Ppv — Pdo)/Qpv, (2)
Rpost = (Pdo — Phv)/Qpv. (3)

2:3: Data recording

The hepatic vascular pressures, Qpv and liver weight
(Wt) were monitored continuously and displayed
through a thermal physiograph (RMP-6008, Nihon-
Kohden, Japan). All outputs were also digitized via the
analog—digital converter at a sampling rate of 100 Hz.
These digitized values were also displayed and recorded
using a personal computer for later determination of
Pdo.

2:4. Experimental protocol

Hepatic hemodynamic parameters were observed for
at least 20min after the start of perfusion- until an
isogravimetric state (no weight gain or loss) was
obtained by adjusting Qpv and the height of the
reservoir at a Phv of 0—~1cmH-O. After the baseline
measurements, the perfused livers were randomly
divided into the p-NAME and 1-NAME groups, in
which b-NAME and L.-NAME (100 uM: Sigma-Aldrich
Co., St. Louis, MO) were administered into the
reservoir, respectively. Thus, any liver studied was
pretreated with either pD-NAME or L-NAME. At
10 min after injection of p-NAME or .-NAME, PAF
was administered as a bolus into the reservoir in a
cumulative manner to gain the concentrations of
0.00001-1 uM. In each experimental group, a double
occlusion manecuver was performed at baseline and

maximal venoconstriction (when Ppv reached the peak)
after an injection of PAF.

2.5. Statistics

All results are expressed as the means +SE. Data were
analyzed by one- and two-way analysis of variance,
using repeated-measures for two-way comparison within
groups. Comparisons of individual points between
groups and within groups were made by Bonferroni’s
test. Differences were considered as statistically signifi-
cant at P-values less than 0.05.

3. Results
3.1. The basal hepatic hemodynamic variables

Table 1 shows basal hemodynamic variables of
isolated perfused mouse, rat and guinea pig livers. Basal
Ppv values were similar among three species, but Qpv
values were different: Qpv were 2241, 38+1 and
48 +2mlimin~' 10 g liver Wt for mouse, rat, and guinea
pig livers, respectively. Therefore, the order of Rt was
mouse > rat > guinea pig. The Rpost-to-Rt ratios were
also different, higher in the mouse (0.43+0.01) and
guinea pig (0.421£0.01) and lower in the rat
{0.24+0.01).

3.2. Effects of L-NAME on basal hepatic hemodynamic
variables

Basal Rt and Rpre, but not Rpost, were significantly
increased by L-NAME pretreatment in all of three
species. Rt and Rpre after L-NAME increased substan-
tially in guinea pig livers, reaching 119 £3 and 130+4%
of the baselines, respectively. In contrast, the increases
in both Rt and Rpre after L-NAME in mouse and rat

Table 1
Basal hemodynamic variables of isolated perfused livers of mouse, rat and guinea pig

Mouse Rat Guinea pig
MNumber of animals 14 12 12
Wet liver weight (g) 17401 10.540.2 13.34+0.5
Ppv (cmH,0) 6.6+ 0100 7240.1 7.04+0.1
Phv (cmH,0) 0.2140.03 0.2240.03 0.27+0.05
Pdo (cmH,0) 3.040.1° 1.9+0.1° 31401
Qpv (mlmin™! per 10 g liver) 22410 38+1° 48472
Rt (emH,0 ml™ " min per 10 g liver) 0.299+0.010*" 0.185+0.004° 0.142+0.007
Rpre (cmH,Omt™ ' min per 10 g liver) 0.170+0.007"P 0.140+0.003° 0.083+0.004
Rpost(emH,O mI™ min per 10g liver) 0.12940.004"° 0.0454+0.001° 0.060+0.004
Rpost-to-Rt ratio 0.43+£0.01° 0.2440.01° 0.42+0.01

Values are given as means + SE: Ppv, portal venous pressure; Phv. hepatic venous pressure; Pdo, double occlusion pressure; Qpv, portal blood flow
rate; Rt, total vascular resistance; Rpre, pre-sinusoidal resistance; Rpost, post-sinusoidal resistance.

4P <0.05 vs. rat;
PP <0.05 vs. guinea pig.
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livers were similarly smaller than those in the guinea pig
livers. D-NAME pretreatment did not affect any basal
hemodynamic variables.

3.3. The hepatic vasoconstrictive responses of -NAME
pretreated livers to PAF

Fig. 1 shows the concentration-dependent responses
of hepatic vascular pressures to PAF (0.00001-1 uM) in
mouse, rat and guinea pig livers after pretreatment with
p-NAME and .-NAME. In p-NAME groups, PAF
concentration-dependently induced hepatic venocon-
striction, as reflected by a significant increase in Ppv.
Almost maximal constriction was observed at a high
concentration of 0.1 uM in all species studied, as shown

40 7 ~(— Ppv-D:NAME
dd¥Y mouse PN Ppv-L-NAME
30 1 —{— Pdo-D-NAME

~—  Pdo-L:NAME

20 1

10

* m % Ppv
0 - = =% Pdo

Changes in Ppv and Pdo (cm H20)

30 1
Ppv

20 1

Changes in Ppv and Pdo (cm H20)

Pdo

Guinea pig

30 1 w#

Ppv

20

Pdo

Changes in Ppv and Pdo (cm H20)

2k

|
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Fig. 1. The concentration-dependent changes in the portal venous
pressure (Ppv, circle) and double occlusion pressure (Pdo, square) after
PAF injection in mouse, rat and guinea pig livers in the p-NAME
(opened symbols) and L-NAME (closed symbols) groups. Values are
given as mean +SE. n = 6-7. "P<0.05 vs. the baseline, ¥ P<0.05 vs. D-
NAME group.

in Fig. 1. Guinea pig liver was the most sensitive to PAF
since the significant increase of Ppv was found at
0.0001 uM, while at 0.01 uM for mouse and rat livers.
The responsiveness to PAF of mouse livers was the
weakest: PAF at 0.1uM increased Ppv only by
2.9+0.2cmH,0. In contrast, in rat and guinea pig
livers, the increases of Ppv were 22.54+2.1 and
19.1+£0.9cmH,0, respectively, at the corresponding
concentration of 0.1 uM PAF. PAF caused a slight but
significant increase in Pdo in all of three species, as
shown in Fig. 1. These findings indicate that PAF-
induced increase in the  Ppv-to-Pdo gradient, an
indicator of Rpre (Eq. (2)) was greater than that in the
Pdo-to-Phv gradient, an indicator of Rpost (Eq. (3)).

Fig. 2 shows summary data of hepatic vascular
resistances in D-NAME and L-NAME groups. PAF
concentration-dependently increased Rpre and Rpost,
and the increases of Rpre were higher than those of
Rpost in all -NAME groups of mouse, rat and guinea
pig livers. These results indicate that PAF predomi-
nantly constricts the pre-sinusoids in mouse, rat and
guinea pig livers. At the concentration of PAF to induce
the maximum responses (0.1-1 uM), the Rpre and Rpost
were similar between rats and guinea pigs, but they were
much lower in mice (Fig. 2).

3.4. Effects of .L-NAME on hepatic vascular responses to
PAF

In L-NAME groups, PAF-induced hepatic vascular
responses were qualitatively similar to those of the p-
NAME groups in all three species of animals, as shown
in Figs. 1 and 2. In mouse livers, the increases in hepatic
vascular pressures and resistances induced by PAF were
comparable to those of D-NAME groups, and any
significant difference in hepatic hemodynamic variables
was not observed between the p- and L-NAME groups.
In contrast, in rat and guinea pig livers, the PAF-
induced increases in Ppv and Rpre, but not Pdo or
Rpost, were significantly greater than those of D-NAME
groups. This indicated that L-NAME augmented PAF-
induced pre-sinusoidal constriction in rats and guinea
pigs. The lowest concentration of PAF at which L-
NAME can induce significant augmentative effect was
lower in guinea pigs than in rats. However, the
augmented venoconstriction at the high concentration
of 0.1 uM PAF was significantly larger in magnitude in
rat livers than in guinea pig livers: Ppv increased by
37.44+2.4cmH,0 in rats, but only by 24.34+2.4cmH,0
in guinea pigs; Rpre increased to 744+55% of the
baseline in rats, but to 649+54% of the baseline in
guinea pigs. These results indicated that the augmenta-
tion by L-NAME of PAF-induced hepatic vasoconstric-
tion ‘was more sensitive in the guinea pig, but was
stronger in the rat.
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Fig. 2. The summary data of pre-sinusoidal resistance (Rpre, circle)
and post-sinusoidal resistance (Rpost, square) in percent of the
baselines in mouse, rat and guinea pig livers in the o-NAME (opened
symbols) and L-NAME (closed symbols) groups. Values are given as
mean+SE. n = 6-7. "P<0.05 vs. the baseline, "P<0.05 vs. the p-
NAME group.

4. Discussion

We here examined the effects of PAF on the vascular
resistance distribution in isolated perfused mouse, rat
and guinea pig livers pretreated with either L-NAME or
D-NAME. There are two main findings in the present
study. The first is that PAF concentration-dependently
constricted the pre-sinusoids predominantly over the
post-sinusoids in all species of mouse, rat and guinea
pig, and that the sensitivity to PAF was the greatest in
guinea pig livers and the responsiveness was the weakest
in mouse livers. Another main finding was that L-
NAME significantly augmented the PAF-induced in-
creases in Rpre, but not in Rpost, in rat and guinea pig

livers. This augmentation by L-NAME is stronger in rat
livers than in guinea pig livers at the high concentration
(0.1uM) of PAF. In contrast, .-NAME did not
significantly augment PAF-induced increases of vascular
resistances in mouse livers.

Hepatic segmental vascular responsiveness to PAF
differs depending on the animal species: both pre- and
post-sinusoidal veins contract in a similar magnitude in
dogs [9], while pre-sinusoidal veins predominantly
contract over post-sinusoidal veins in guinea pigs [10]
and rats [11]. In the present study, we confirmed the
previous findings on the effects of PAF on Rpre and
Rpost resistances in rat and guinea pig livers, and
further demonstrated that PAF also predominantly
constricted the pre-sinusoids over the post-sinusoids in
mouse livers. However, the venoconstrictive effect of
PAF was much weaker on mouse livers than on rat and
guinea pig livers (Fig. 2). The reasons of weak
venoconstrictive response of mouse livers to PAF were
unclear. We speculated that it may be related to the
density of PAF receptors on the hepatic vessels, which
might be lower in mouse liver than in rat and guinea pig
livers, and/or there may be a different subtype of PAF
receptor in mice. Another possible explanation is that
there might be little amount of contractile elements, i.e.,
smooth muscle cells, distributed on the portal vein wall
of the mouse. This assumption is derived from our
previous investigation that the hepatic vascular response
was weaker in mice than in rats or guinea pigs under
various insults such as norepinephrine [19,22], anaphy-
laxis [18] and ischemia-reperfusion injury [23,24]. In
response to norepinephrine (10uM), a physiological
sympathetic vasoconstrictor, Ppv increased by only
2.0cmH,0 in mouse livers [19], while 13.1cmH,0 in
rat livers [22] and 9.9 cmH,O in guinea pig livers [22].
During anaphylactic hypotension, the antigen-induced
increase in Ppv was only 3.8cmH,0 in anesthetized
ovalbumin-sensitized mice (unpublished observation),
but 14.5cm H,O in anesthetized similarly sensitized rats
[18]. Finally, during reperfusion following one-hour
ischemia, Ppv increased by 19.2cm H,O in rat livers
[24], while only 3.8 cmH,0 in mouse livers [23]. Further
studies are required on structural and functional
mechanisms for weak reactivity of the mouse hepatic
vessels to determine the amount and distribution of
vascular smooth muscle cells and receptors for PAF,
and vasoreactivity to PAF in the mouse portal and
hepatic veins.

The present study showed in rat and guinea pig livers
that L-NAME significantly augmented the PAF-induced
increases in Rpre, but not in Rpost. This suggested that
NO might be selectively released from pre-sinusoidal
vessels during PAF-induced venoconstriction, and then
attenuated the PAF-induced pre-sinusoidal constriction.
These findings are similar to our previous observations
on the effect of L-NAME on the anaphylactic hepatic
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venoconstriction in rats [16] and guinea pigs [15], and
consistent with the concept that PAF is one of the main
mediators for hepatic anaphylaxis [3,7]. The mechanism
for this selective vulnerability of pre-sinusoids to NO
under PAF-induced venoconstriction may be considered
as follows: PAF predominantly constricted pre-sinusoi-
dal vessels as shown in b-NAME groups, where elevated
shear stress increased NO release from the same pre-
sinusoidal endothelium, leading to relaxation of the
adjacent pre-sinusoidal vascular smooth muscle cells in
a paracrine manner. Indeed, the wall shear stress in
isolated perfused vessels is inversely proportional to the
third power of internal radius theoretically [25]. The
decrease in vascular internal radius caused by PAF-
induced venoconstriction should result in an increase in
shear stress. It would further be increased if turbulence
did increase at the constricted site [26]. Thus, the NO
release from vascular endothelium of the contracted pre-
sinusoids would be increased via the shear stress
mechanism during PAF-induced venoconstriction.

There is another possibility that is not related to shear
stress. PAF could directly stimulate NO release from the
vascular endothelium [27-29], by acting on the PAF
receptors of the endothelium, resulting in the subsequent
activation of endothelial nitric oxide synthase (eNOS)
and production of NO. Indeed, PAF, following the
binding to its receptor, induces translocation and
activation of protein kinase C-alpha [30], which then
phosphorylates and activates eNOS [28]. The pre-
ponderance of PAF receptors to distribute in the
pre-sinusoids rather than the post-sinusoids could
account for this vulnerability of the pre-sinusoids to
L-NAME.

In the present study, L-NAME augmented the hepatic
venoconstrictive responses of rats and guinea pigs, but
not mice. These results indicate that there is a species
difference in effects of L-NAME on PAF-induced
hepatic venoconstriction. We think that this difference
depends on the degree of PAF-induced vascular
constriction: The stronger venoconstriction, as observed
in rats and guinea pigs, could produce bigger shear
stress, resulting in more production of NO, which was
reflected by exaggerated augmentation of hepatic
venoconstriction by L-NAME. In contrast, the mouse
liver did not show substantial venoconstriction, which
resulted in small shear stress and thus small amount of
NO produced, which was reflected by absence of L-
NAME-induced augmentation. On the other hand, NO
synthesis could be stimulated by PAF via the shear
stress-independent mechanism, as mentioned above [28].
This shear stress-independent mechanism also might
have not operated in mouse livers challenged with PAF.
These findings suggest that mouse hepatic vasculatures
seem to be either less sensitive to stimuli for NO
synthesis or resistant to the vasodilator action of NO
released.

In summary, PAF predominantly constricted pre-
sinusoids over post-sinusoids in all three species studied.
The guinea pig liver was the most sensitive and the
mouse liver showed the least sensitive response among
three species. L-NAME pretreatment significantly aug-
mented the PAF-induced increases in Rpre, but not in
Rpost, in rat and guinea pig livers, which is stronger in
rats than in guinea pigs at high concentration (0.1 uM)
of PAF. In contrast, L-NAME did not augment PAF-
induced venoconstriction in mouse livers.
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Abstract. To clarify the role of NO in mouse anaphylactic hypotension, effects of a nitric oxide
(NO) synthase inhibitor, NY-nitro-L-arginine methyl ester (L-NAME), on antigen-induced
hypotension and portal hypertension were determined in anesthetized BALB/c mice. Systemic
arterial pressure (Psa), central venous pressure (Pcv), and portal venous pressure (Ppv) were
directly and simultaneously measured. Mice were first sensitized with ovalbumin, and then the
injection of antigen was used to decrease Psa and increase Ppv. Pretreatment with L-NAME
(1 mg/kg) attenuated this antigen-induced systemic hypotension, but not the increase in Ppv. The
effect of inhibitors of soluble guanylate cyclase on anaphylactic hypotension were studied with
either methylene blue (3.0 mg/kg) or 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one (10 mg/kg).
Neither modulated any antigen-induced changes. Furthermore, methylene blue did not improve
systemic hypotension induced by Compound 48/80 (4.5 mg/kg), a mast cell degranulator, which
can produce non-immunological anaphylactoid reactions. These data show in anesthetized
BALB/c mice that L-NAME attenuated anaphylactic hypotension without affecting portal
hypertension. This beneficial effect of L-NAME appears not to depend on the soluble guanylate
cyclase pathway.

Keywords: anaphylactic shock, portal venous pressure, N9-nitro-L-arginine methyl ester (L-NAME),

methylene blue

Introduction

Anaphylactic hypotension is sometimes fatal (1) and
is primarily caused by a decreased blood flow to the
heart because left ventricular function is relatively well
preserved during anaphylactic shock (2). However,
hemodynamic mechanisms responsible for anaphylactic
hypotension are not fully understood. We have proposed
that the liver and splanchnic vascular beds are involved
in anaphylactic hypotension (3 —6). Indeed, the liver
plays a crucial role in the pathogenesis of circulatory
collapse in canine anaphylactic shock (3, 7). Anaphy-
laxis-induced hepatic venous constriction induces
pooling of blood in the liver, as well as in upstream
splanchnic organs. Both effects reduce venous return
with a resultant decrease in stroke volume and systemic
arterial pressure. In addition, in sensitized rabbits,

*Corresponding author.  shibamo(@kanazawa-med.ac.jp
Published online in J-STAGE: June 29, 2007
doi: 10.1254 /jphs FPO070169

anaphylactic hypotension is accompanied by substantial
portal hypertension (4), although right heart overload
due to pulmonary hypertension is recognized as a
causative factor (8). In rats, antigen-induced hepatic
venoconstriction also contributes to anaphylactic
hypotension (5), and we have recently reported that the
liver and splanchnic vascular beds are also involved in
mouse anaphylactic hypotension (6).

Nitric oxide (NO) has been shown to play a primary
and harmful role in circulatory shock, causing progres-
sive refractory hypotension which ultimately leads to
multiple organ dysfunction and death (9 - 11). Although
mice have been frequently used for a variety of physio-
logical studies because of development of genetic
engineering, few studies have examined a possible role
for NO in mouse anaphylactic hypotension (10, 12).
Furthermore, it is not known how NO affects anaphy-
lactic hepatic venoconstriction in mice.

The objective of this study was to investigate the
role of NO on both systemic and hepatic circulation
during anaphylactic hypotension in anesthetized mice.
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To achieve this, systemic arterial pressure and portal
venous pressure were directly measured in sensitized
mice intravenously administered ovalbumin antigen. In
addition, we determined the effects of methylene blue
or 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one (ODQ),
both inhibitors of soluble guanylate cyclase, on anaphy-
lactic hypotension to define any role for activation of
guanylate cyclase and subsequent generation of cGMP
in the vasorelaxant action of NO (13). A key reason
for studying the effect of methylene blue in mouse
anaphylactic hypotension in the present study is the
suggestion that methylene blue might be a potential
therapeutic drug in anaphylactic shock (14).

Materials and Methods

Animals

The experiments conducted in the present study
were approved by the Animal Research Committee of
Kanazawa Medical University. We used 57 male
BALB/c¢ mice (SLC, Shizuoka) weighing 27 +3 g in
this study. Mice were maintained at 23°C and under
pathogen-free conditions on a 12:12-h dark/light cycle,
with food and water ad libitum.

Sensitization

Mice were actively sensitized by the subcutaneous
injection of an emulsion made by mixing aluminum
potassium sulfate adjuvant (2mg) with 0.0l mg
ovalbumin (grade V; Sigma Chemical Co., St. Louis,
MO, USA) dissolved in physiological saline (0.2 ml).
The antigen emulsion was injected again one week after
the first antigen injection. Non-sensitized (control) mice
were injected with aluminum potassium sulfate adjuvant
and ovalbumin-free saline. One week after the second
injection, the mice were used for the following experi-
ments except the experiment for compound 48/80
(C48/80), a mast cell degranulating agent.

Protocol

Mice were anesthetized with pentobarbital sodium
(90 mg/kg, i.p.) and placed on a thermostatically con-
trolled heating pad (ATC-101B; Unique Medical,
Tokyo) to maintain body temperature at 37 +0.2°C
throughout the experiment. The adequacy of anesthesia
was monitored by the stability of blood pressure and
respiration under control conditions and during tail
pinch. Supplemental doses of anesthetic (10% of initial
dose) were given intraperitoneally if necessary. To
ensure airway patency, tracheotomy followed by inser-
tion of a tracheal tube (18G stainless steel needle) was
performed. The right femoral artery was catheterized to
measure systemic arterial pressure (Psa) with a trans-

ducer (TP-400T; Nihon Kohden, Tokyo). The right
external jugular vein was catheterized, and the catheter
tip was positioned at the confluence of the superior vena
cava and the right atrium to measure the central venoys
pressure (Pcv). Following a laparotomy, a catheter (ID
0.47 mm, OD 0.67 mm) was inserted into the main
portal vein for continuous measurement of portal venous
pressure (Ppv). The Psa, Pev, and Ppv were continuously
measured and continuously displayed on a thermal
physiograph (RMP-6008, Nihon-Kohden). Outputs were
also digitally recorded at 20 Hz (PowerLab; AD
Instruments, Sydney, Australia).

The following three experimental protocols were
employed:

1) The effect of an NO synthesis inhibitor, N°-nitro-L-
arginine methyl ester (L-NAME), on anaphylactic hypo-
tension: either L-NAME (1.0 mg/kg, 25 ul; n=8) or N°-
nitro-D-arginine methyl ester (D-NAME) (1.0 mg/kg,
25ul; n=8) was intravenously administered. After
10 min, 0.01 mg of ovalbumin antigen (in 100 ul saline)
was intravenously administered.

2) The effect of inhibitors of soluble guanylate
cyclase, methylene blue or ODQ, on anaphylactic hypo-
tension: either methylene blue (3.0 mg/kg, 25 ul; n=7)
or saline (25 ul, n=15) was intravenously administered
into sensitized mice. After 2 min, the ovalbumin antigen
was administered as above. In 6 mice, ODQ (10 mg/kg
in 50l DMSO) was intraperitoneally administered
1.5 h prior to the injection of ovalbumin antigen.

3) The effect of methylene blue on anaphylactoid
reactions induced by C48/80: either methylene blue
(3.0 mg/kg; 25ul, n=5) or saline 25 ul, n=5) was
intravenously administered into non-sensitized mice.
After 2 min, C48/80 (4.0 mg/kg, 100 ul) was intra-
venously administered.

The following drugs were used: methylene blue
(Waldech GmbH & Co., Muenster, Germany); L-
NAME, D-NAME, ODQ, and C48/80 (Sigma).

Statistics

All results are expressed as the means*S.D.
Statistical analysis was performed by repeated measures
analysis of variance. Comparison of individual points
within groups was made by analysis of variance
followed by the Bonferroni post-test correction method.
Comparison of individual points between two groups
and among four groups was made by Student’s /-test
and analysis of variance followed by the Bonferroni
post-test correction method, respectively. Differences
were considered statistically significant at P<0.05.
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Results

Intravenous injection of L-NAME, an inhibitor of NO
synthase, significantly increased Psa from a baseline of
9916 to 116 £ 6 mmHg at 10 min, while injection of
D-NAME, an inactive isomer of L-NAME, did not
change Psa. At 10 min after injection of either L-NAME
or D-NAME, ovalbumin antigen was injected to induce
anaphylactic hypotension. Figure 1 shows representative
examples of the response to intravenous injection of
ovalbumin antigen in sensitized mice pretreated with
L-NAME or D-NAME. Figure2 shows the summary
data for the time course of changes in Psa, Ppv, and
Pcv. After an antigen injection, Psa and Ppv increased
in the D-NAME group. Psa increased to the peak of
107 £ 5 mmHg initially and then progressively and
significantly decreased to 50 = 8 mmHg. Ppv increased
from the baseline of 5.6+ 0.7 cmH,O to the peak of
9.8+0.8cmH,0 in the D-NAME groups. In the L-
NAME group, after antigen, Psa increased to a peak of
135+ 7 mmHg and then declined but not significantly
from baseline until 9, 10, and 20 min. Significant
differences in Psa between the L-NAME and D-NAME
group were observed up to 50 min after antigen. In
contrast to the Psa response, Ppv in the L-NAME group
increased in a similar way to the D-NAME group: Ppv
increased from the baseline of 5.6 £0.7cmH,0 to a
peak of 9.9+ 0.8 cmH,O after antigen. Pcv did not
significantly change after antigen in either the L-NAME
or D-NAME group.

To examine how NO may attenuate anaphylactic
hypotension, we used pretreatment with methylene blue
in anesthetized mice sensitized with ovalbumin. Intra-
venous injection of methylene blue did not change the
baseline values of Psa, Ppv, and Pcv. After 2 min,
antigen was injected to evoke anaphylactic hypotension.
Figure 3 shows anaphylactic hypotension in the presence
of methylene blue. Pretreatment with methylene blue
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Fig.2. The summary of changes in the systemic arterial pressure,
portal venous pressure, and central venous pressure after an
ovalbumin antigen injection in the presence of D-NAME or L-
NAME. Open circle, D-NAME control (non-sensitized) (n=4);
closed circle, D-NAME anaphylaxis (n=8); open square, L-NAME
control (non-sensitized) (n =4); closed square, L-NAME anaphylaxis
(n=28). Values are means+ S.D.; *P<0.05 vs the baseline values,
#P<0.05 vs the D-NAME anaphylaxis group.
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anaphylaxis (n=06); closed square, methylene blue anaphylaxis
(n=7); closed triangle, ODQ anaphylaxis (n=6). Values are
means = S.D. *P<0.05 vs the baseline values, ‘P<0.05 vs the control
anaphylaxis group.

did not significantly affect the antigen-induced changes
in Psa, Ppv, or Pcv. In addition, use of ODQ (10 mg/kg),
more specific soluble guanylate cyclase inhibitor, also
failed to influence the anaphylactic response.

The fact that methylene blue had no effect on mouse
anaphylactic hypotension was unexpected, because
Buzato et al. (15) reported that methylene blue improved
systemic hypotension induced by C48/80, a mast cell
degranulator in the rabbit. So the effect of methylene
blue on systemic hypotension induced by C48/80 was
also examined in non-sensitized BALB/c mice. Figure 4
shows the summary data for time course changes in
Psa, Ppv, and Pcv after an intravenous injection of
C48/80 in non-sensitized mice pretreated with or with-
out methylene blue. In control mice, Psa initially
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120 e
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*
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Fig. 4. The summary of changes in the systemic arterial pressure,
portal venous pressure, and central venous pressure after Compound
48/80 injection in the control group (open circles, n=35) and the
methylene blue group (closed circles, n = 5). Values are means £ S.D.
*P<0.05 vs the baseline values, "P<0.05 vs the control group.

increased to 114+ 15mmHg. from a baseline of
90 £ 8 mmHg after C48/80. Thereafter, Psa dropped to
58 £2 mmHg at 8 min and then gradually recovered.
Ppv was modestly increased, from a baseline 0of 5.9 + 0.5
to 8.3%£0.6cmH,O at 2min after an injection of
C48/80. Ppv then returned to the baseline levels by
8 min. Pcv was only slightly decreased after C48/80.
Pretreatment with methylene blue did not significantly
attenuate the C48/80-induced decrease in Psa (Fig. 4),
and likewise, there were no substantial differences in
Ppv or Pcv to C48/80 with methylene blue (Fig. 4).

Discussion

The present study showed the NO synthesis inhibitor,
L-NAME, attenuated anaphylactic systemic hypoten-
sion, but not anaphylactic portal hypertension, in
anesthetized BALB/c mice. Although attenuation of
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anaphylactic hypotension with L-NAME has been
reported previously (10, 12), the present study reports
the new observation that L-NAME does not affect
anaphylactic portal hypertension. Furthermore, use of
the soluble guanylate. cyclase inhibitor methylene blue
unexpectedly failed to have any effect against anaphy-
lactic hypotension ‘in the miouse. Methylene blue also
failed to improve systemic hypotension induced by
(C48/80, a mast cell degranulator, that caused a systemic
hypotension similar to anaphylaxis.

Anaphylactic hypotension is primarily caused by a
decrease in blood flow to the heart (2). An increased
resistance to venous return is important in the patho-
genesis of circulatory collapse in anaphylactic shock (3).
We have previously reported that anaphylaxis-induced
increase in venous resistance is in part caused by hepatic
vasoconstriction in dogs {7), guinea pigs (16), rats (5),
and rabbits (4). We speculate -that anaphylaxis causes
hepatic venoconstriction and portal hypertension, result-
ing in congestion of the upstream splanchnic organs,
with a resultant decrease in venous return and effective
circulating blood volume, and finally augmentation of
anaphylactic hypotension. Indeed, elimination of the
liver and splanchnic circulation by total hepatectomy
combined with ligation of the celiac and mesenteric
arteries  attenuates anaphylactic  hypotension in
anesthetized rats (5). More recently, the same surgical
procedures (hepatectomy and elimination of the
splanchnic vascular bed) have been shown to attenuate
mouse anaphylactic hypotension (6). However, in the
present study, antigen-induced increases in Ppv were
observed in both L-NAME and D-NAME groups;
although a significantly smaller decrease in Psa after
antigen occurred in the L-NAME group compared to
the D-NAME group. This suggests that L-NAME does
not affect anaphylactic hepatic venoconstriction and
that the beneficial anti-hypotensive effect of L-NAME
may be exerted not on the hepatic vessels but at extra-
hepatic sites, possibly systemic arterioles. In this regard,
we recently showed that mouse hepatic vessels display
weak responses to'L-NAME: L-NAME did not increase
the basal Ppv of hepatic vascular tone in isolated
perfused mouse liver  nor-did" it augment hepatic
venoconstriction. 1o either - the anaphylaxis-related
mediator of platelet-activating tactor (PAF) (17) or
thromboxane A, (unpublished-observation).

NO relaxes vascular smooth muscle cells mainly
through activation of soluble guanylate cyclase (sGC)
and subsequent cyclic GMP-dependent modification of
several intracellular processes, including the phosphory-
lation of proteins of the contractile apparatus and of
pumps or channels involved in modulating intracellular
calcium levels (13). Recent studies by Evora’s group

reported that one inhibitor of sGC, methylene blue, can
reverse clinical anaphylactic shock induced by injected
contrast media (12) and prolong the survival of rabbits
during experimental anaphylaxis (15). However, in
the present study, methylene blue: did ‘not prevent
anaphylactic hypotension to the same extent. Further-
more, we could not find any  beneficial: effects of
methylene blue against C48/80-induced hypotension,
as reported by Buzato et al: (15}, in anesthetized mice.
In addition, we also failed to alter the anaphylactic
responses with another sGC inhibitor, ODQ. The reason
for this disparity is not clear, but it might possibly
reflect a species difference. In agreement with our data,
Cauwels et al. showed that ODQ did not protect against
shock induced by PAF in the mouse and that deficiency
of 1 of the 2 isoforms of the a subunit of the
heterodimeric sGC enzyme (sGC.i”" mice) did not
protect against PAF-induced shock (10). They proposed
that downstream effects of 'NO, independent of sGC,
are important during PAF-induced shock.

On the other hand, NO is involved in the sympatho-
inhibition during anaphylactic hypotension in anesthe-
tized dogs (18, 19). So, L-NAME stimulation of sympa-
thetic nerve activity may underlie the increase in
systemic arterial pressure recorded during anaphylaxis
in the present study.

In summary, we investigated the role of NO during
anaphylactic hypotension in anesthetized mice. Pretreat-
ment with L-NAME attenuated a fall in Psa, but not an
increase in Ppv, after antigen injection. The results
suggest that NO partially- contributes to anaphylactic
hypotension but does not affect the hepatic circulation.
Furthermore, pretreatment with either methylene blue or
OD@ did not improve systemic hypotension induced by
antigen. Thus, it is suggested that sGC independent
events downstream from the NO produced during
anaphylaxis in the mouse underlie the beneficial action
of NO synthase imhibition on anaphylactic hypotension.
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Denopamine stimulates alveolar fluid clearance via cystic fibrosis transmembrane conductance
regulator in rat lungs

GU X, WANG Z, XU ], MAEDA S, SUGITA M, SAGAWA M, TOGA H, SAKUMAT. Respirology 2006; 11:
566-571

Objective: The objective of this study was to test the hypothesis that cystic fibrosis transmembrane
conductance regulator (CFTR) plays a role in 3;-adrenergic agonist-stimulated alveolar fluid clear-
ance.

Methods: Isotonic 5% albumin solutions containing different pharmacological agents were
instilled into the alveolar spaces of the isolated rat lungs. The lungs were inflated with 100% oxygen
at an airway pressure of 7 cm H,O and placed in a humidified incubator at 37°C. Alveolar fluid clear-
ance was estimated by the progressive increase in the albumin concentration over 1 h. To test the
hypothesis, we determined whether CFTR Cl- channel inhibitors (glibenclamide and CFTR;,,-172)
inhibited the effect of denopamine, a B;-adrenergic agonist, on stimulation of alveolar fluid clear-
ance in the isolated rat lungs.

Results: Denopamine increased alveolar fluid clearance in a dose-dependent manner. Atenolol, a
Bi-adrenergic antagonist, abolished the effects of denopamine on stimulation of alveolar fluid clear-
ance. Although glibenclamide alone or CFTR;;-172 alone did not change basal alveolar fluid clear-
ance, these CFTR inhibitors inhibited the effect of denopamine on alveolar fluid clearance.
Conclusion: CFTR plays a role in B;-adrenergic agonist-stimulated alveolar fluid clearance in rat
lungs.

Key words: alveolar fluid clearance, beta-adrenergic agonist, cystic fibrosis transmembrane conduc-
tance regulator, glibenclamide, pulmonary oedema.

doi: 10.1111/j.1400-1843.2006.00898.x

INTRODUCTION

The mechanisms responsible for reabsorption of
excess oedema fluid in the alveolar spaces have been
studied over the past two decades.' Alveolar epithe-
lium consisting of type I and type II alveolar epithelial
cells drives excess alveolar fluid out of the alveolar
spaces into the pulmonary interstitial spaces.”* The
primary mechanism responsible for alveolar fluid
clearance (AFC) is active sodium transport via apical
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sodium channels and basolateral Na*-K* ATPase.>”
Osmotic gradients generated by ion transport
withdraw excess alveolar fluid through unknown
pathways,*® probably through both paracellular and
transcellular pathways. Transported interstitial fluid
is then removed through pulmonary circulation,
lymph flow and pleural pathways.”® Although B-
adrenoceptors on alveolar epithelial cells do not play
a role in basal AFC, activation of 3-adrenoceptors by
B-adrenergic agonists increases AFC''™"* and acceler-
ates the resolution of pulmonary oedema.'

In terms of the distribution of B-receptors in
human alveolar cells, 70% are 3,-adrenoceptors and
30% are B,;-adrenoceptors.”® Terbutaline,'®!” epineph-
rine,'®" isoproterenol® and dobutamine? are potent
hydrophilic B,-adrenergic agonists and stimulators of
AFC. Salmeterol is a lipophilic B,-adrenergic agonist
and is more potent than the hydrophilic B,-adrenergic

Journal compilation © 2006 Asian Pacific Society of Respirology
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agonists in stimulating AFC."” Similar to B,-adrenergic
agonists, denopamine, a selective B,-adrenergic ago-
nist, can increase AFC in rat lungs.?*® In guinea pig
lungs, isoproterenol increased AFC, an effect that was
inhibited by atenolol, a selective §,-adrenergic antag-
onist.* Recent reports have indicated that CI” trans-
port is necessary for B,-agonist-stimulated AFC,?%
and that the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) Cl” channel is responsible for
CI" transport in B,-agonist-stimulated AFC.>"* How-
ever, it is not known whether B,-agonist-stimulated
AFC is mediated via CFTR. Therefore, the objective of
this study was to determine if B,-agonist-stimulated
AFC is mediated via the CFTR CI" channel.

METHODS
Materials

Denopamine (a B;-adrenergic agonist) was obtained
from Tanabe Pharmaceutical Co., Ltd. (Tokyo, Japan).
Atenolol (a B;-adrenergic antagonist) and glibencla-
mide (a sulphonylurea) were obtained from Sigma (St
Louis, MO, USA). CFTR;,,-172 (a selective CFTR inhib-
itor) was donated by Dr A.S. Verkman (University of
California, San Francisco, CA, USA).

Experimental protocol

All rats received humane care. The study was
approved by the Committee for Animal Experiments
at Kanazawa Medical University. AFC was measured
in the isolated rat lungs in the absence of pulmonary
perfusion or ventilation.'”?** Briefly, 8- to 10-week-
old male Sprague-Dawley rats (290 £ 35 g, Japan SLC,
Inc., Hamamatsu, Japan) were anesthetized with
intraperitoneal pentobarbital sodium (50 mg/kg). An
endotracheal tube was inserted through a tracheo-
stomy. The rats were exsanguinated via the abdomi-
nal aorta and the trachea, and lungs and heart were
isolated en bloc. Isotonic saline solution (6 mL/kg
body weight, 37°C) containing 5% bovine albumin
was instilled into both lungs, followed by 4 mL of oxy-
gen to deliver all the instilled solution into the alveo-
lar spaces. The lungs were placed in a humidified
incubator at 37°C and inflated with 100% oxygen at an
airway pressure of 7 cm H,0. Alveolar fluid was aspi-
rated 1 h after incubation. The oxygen concentration
does not affect AFC for 1 h in isolated rat lungs.*

Albumin concentrations in the instilled and aspi-
rated solutions were measured by the pyrogallol red
protein dye-binding method (SRL Inc., Tokyo, Japan).
AFC was estimated as the progressive increase in the
albumin concentration:

AFC = [(Vi-V)/Vi] x 100
VE=Vix Pi/Pf

where Vi indicates the volume of instilled albumin
fluid and VT the volume of final alveolar fluid. Pi indi-
cates the protein concentration in the instilled albu-
min fluid and Pf the protein concentration in the final
alveolar fluid.

567

The term alveolar does not imply that all fluid reab-
sorption occurs across the alveolar epithelium,
because the distal bronchial epithelium can also
transport sodium and fluid.

Effects of denopamine on AFC

The dose-dependent effects of denopamine on AFC
were determined. Isotonic 5% albumin solutions
containing denopamine (10°M, n=4; 10°M, n=4;
10°M, n=5;10°M, n=9, 10° M, n=6) were instilled
into the alveolar spaces of rat lungs. As a control, iso-
tonic 5% albumin solutions without denopamine
were instilled into the alveolar spaces of rat lungs
(n=10).

Effects of atenolol, glibenclamide and
CFTR;,,-172 on denopamine-stimulated AFC

As denopamine increased AFC in a dose-dependent
manner, we determined the mechanisms responsible
for denopamine-stimulated AFC. First, to determine
if denopamine-stimulated AFC was mediated via j3;-
adrenoceptors, atenolol (a selective B,-adrenergic
antagonist, 10™* M) was added to the albumin solu-
tions containing denopamine (10°M) and instilled
into the alveolar spaces of rat lungs (n="5). Second, to
determine if denopamine-stimulated AFC was medi-
ated via the CFTR Cl channel, glibenclamide (10™* M,
n=6) or CFTR;,,-172 (10°M, n=7) was added to the
albumin solutions containing denopamine (107° M)
and instilled into the alveolar spaces of rat lungs. The
concentration of CFTRy,-172 (10°M) completely
abolished ion transport in intestinal fluid secretion in
mice’! and in cultured human alveolar epithelial type
II cells.* Third, to determine if combined treatment
with atenolol and a CFTR inhibitor had an additive
effect on denopamine-stimulated AFC, isotonic 5%
albumin solutions containing atenolol (10™ M), glib-
enclamide (10*M) and denopamine (10°M) were
instilled into the alveolar spaces of rat lungs (n=>5).
Isotonic 5% albumin solutions containing atenolol
(10*M), CFTRy,-172 (10°M) and denopamine
(10°° M) were also instilled into the alveolar spaces of
rat lungs (n=>5).

Effects of atenolol, glibenclamide and
CFTR,;,-172 on basal AFC

Finally, we determined whether atenolol, gliben-
clamide, or CFTR;,,-172 had effects on basal AFC in
the absence of denopamine. Isotonic 5% albumin
solutions containing atenolol (10™* M), glibenclamide
(10*M, n=4), or CFTR,-172 (10°M, n=6) were
instilled into the alveolar spaces of rat lungs.

Statistics

Data are summarized as the mean and SD. The data
were analysed by one-way analysis of variance

© 2006 The Authors
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(aNova) with the Student-Newman-Keuls post hoc
test. Differences with a P-value <0.05 were regarded as
significant.

RESULTS

Basal AFC was 8.2 + 1.5% of instilled volume and there
was a dose-dependent effect of denopamine on AFC
in the rat lungs (Fig.1). Although 10® and 10°M
denopamine did not increase AFC, 107°-10"° M deno-
pamine increased AFC by up to 115% (P<0.05).
Atenolol abolished the effect of denopamine on stim-
ulation of AFC (P<0.01, Fig. 2). Glibenclamide and
CFTR;p,-172 partly inhibited the effect of denopamine
on stimulation of AFC (P<0.05). Neither glibencla-
mide nor CFTR;,,-172 had an additive effect to that of
atenolol on denopamine-stimulated AFC (Fig. 3).
Atenolol, glibenclamide and CFTR;,,-172 did not
change basal AFC (Fig. 4).
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Figure1 Dose-dependent effects of denopamine on alve-
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172 on denopamine-stimulated alveolar fluid clearance.
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cystic fibrosis transmembrane conductance regulator.
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DISCUSSION

There are two major findings from the current study.
First, denopamine increased AFC in a dose-
dependent manner. Second, the effect of denopam-
ine on AFC was mediated by B,-adrenoceptors and in
part, by CFTR CI” channels.

Recently, aerosolized B-agonist therapy has been
considered for hydrostatic pulmonary oedema and
acute lung injury."*® Interestingly, inhaled salme-
terol, a lipophilic B,-adrenergic agonist, reduced the
incidence of pulmonary oedema in subjects sus-
ceptible to high-altitude pulmonary oedema.®* We
previously reported that a f,-adrenergic agonist,
denopamine, stimulated AFC in isolated rat lungs.®
The effect of denopamine persisted in rat lungs
with mild injury caused by hyperoxia.*® As the dis-
tribution of B,-adrenoceptors is greater than that of
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Figure 3 Effects of combined treatment with atenolol and
cystic fibrosis transmembrane conductance regulator
(CFTR) blockers on denopamine-stimulated alveolar
fluid clearance. *P<0.01 versus control; "P<0.05 versus
denopamine.
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B,-adrenoceptors,’® a P,-adrenergic agonist should
be considered as the first candidate for B-agonist
therapy for pulmonary oedema. However, the use of
B,-agonists induces downregulation of [,-adreno-
ceptors thereby impairing the efficacy of B,-agonist
therapy.® In such circumstances, B;-agonist therapy
would be considered as a second option for treat-
ment of pulmonary oedema.

What is the minimal concentration of B,-agonist
that is required to stimulate AFC? To answer this ques-
tion, we initially determined the dose-response effect
of denopamine on AFC, and found that concentra-
tions of 107-10° M in the pulmonary oedema fluid
are necessary to stimulate AFC (Fig. 1). One possible
method may be aerosol therapy, because a study
reported that standard aerosolized delivery of a
generic B,-agonist (albuterol) in patients with acute
pulmonary oedema achieved concentrations in the
distal air spaces of the lung in the range of 10°M,* a
concentration that should be on the plateau of the
dose-response curve for cAMP-mediated stimulation
of AFC in human lungs."” Therefore, dose-response
studies indicate that an adequate concentration of
denopamine may be achieved by aerosol therapy.

In our previous study, atenolol, a selective [3;-
adrenergic antagonist, inhibited the effect of deno-
pamine, but ICI-118551, a selective B,-adrenergic
antagonist, did not.”® In the current study, although
we did not test the effect of ICI-118551, the [-
adrenoceptor subtype that was activated by deno-
pamine may be the f;-adrenoceptor, because
atenolol completely inhibited the effect of denopam-
ine on AFC. Previously, isoproterenol increased AFC
and the effect of isoproterenol in guinea pig lungs was
inhibited by atenolol** Recently, isoproterenol
stimulated AFC in mice with targeted deletions of the
B,-adrenoceptor (B;AR™*/B,AR™), although the mag-
nitude of stimulated AFC was less than in wild-type
(B,AR**/B,AR"") mice.” These reports and the current
study confirm that the stimulation of ;-adrenocep-
tors actually increases AFC in rats.

To determine if CFTR CI” channels play a role in
denopamine-stimulated AFC, we tested two inhibi-
tors of CFTR Cl” channels. One is glibenclamide, a sul-
phonylurea, that has been used for patients with
diabetes mellitus.?®*® The other inhibitor is CFTR;p,-
172, a newly synthesized specific CFTR inhibitor that
is more potent than glibenclamide.***' As CFTR;,-172
inhibited AFC, it is likely that denopamine-stimulated
AFC was mediated by CFTR.

There are high-conductance, voltage-dependent
chloride channels in rat alveolar type II cells, but
CFIR is the only cAMP-activated chloride channel
known to be present.*? A role for CFTR was indicated
by studies demonstrating AFC in the presence, but
not in the absence, of beta-adrenergic agonists.””*
However, similar to chloride transport in the presence
of B-adrenergic agonists, chloride transport occurs in
parallel with sodium transport during basal AFC,*
suggesting that there must be an intracellular rela-
tionship between sodium and chloride channels.
However, previous reports indicated that unselective
CI" channel inhibitors had little effect on basal AFC in
normal lungs.*** Both CFTR;;-172 and glibencla-
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mide had no effect on basal AFC in the current study.
These results suggest that there must be non-CFTR
chloride pathways that play a role in basal AFC.
However, as there is no specific non-CFTR chloride
channel antagonist available, the role of a non-CFTR
chloride pathway is uncertain. Further studies are
needed to determine the molecular basis for chloride
transport across the alveolar epithelium under basal
conditions.

Although atenolol abolished the effect of denopam-
ine in stimulating AFC, CFTR inhibitors only partly
inhibited the effect of denopamine and did not add to
the inhibitory effect of atenolol on denopamine-stim-
ulated AFC. The relationship between B-adrenocep-
tors and CFTR in AFC has not been sufficiently
elucidated. However, Fang etal reported that a
B-adrenergic agonist did not accelerate AFC in
CFTR'" mice.” Mutlu etal reported that neither
B,-adrenoceptor overexpression in CFTR™~ mice nor
CFTR overexpression in B;AR"/B,AR”" mice inc-
reased AFC.?® These studies have indicated that there
exists an interdependence between B-adrenoceptors
and CFTR CI” channels.

Denopamine increased AFC in a dose-dependent
manner. This increase was mediated via B;-
adrenoceptors and, in part, via CFTR Cl” channels.
Although the interdependence between f;-
adrenoceptor and CFTR CI” channel mechanisms is
unknown, it is likely that CFTR plays an important
role in B;-adrenergic agonist-stimulated AFC.
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Objective: We bad observed that pulmonary artery ligation for 14 days did not
induce lung infiltration in a patient who had undergone a lobectomy for lung cancer.
Our hypothesis was that long-term pulmonary artery ligation decreased lung water
volume and/or increased alveolar fluid clearance. We determined the mechanism
responsible for lung water balance in rats with chronic pulmonary artery occlusion
for 14 days.

Methods: Sprague-Dawley rats (n = 45) were used. Through a left thoracotomy, the
left pulmonary artery was ligated for 14 days. Then, we measured lung water
volume, alveolar fluid clearance, the effects of B-adrenergic agonist and antagonist,
mRNA expression, and protein expression in the lungs.

Results: Chronic left pulmonary artery occlusion increased both lung water volune
and alveolar fluid clearance in the left lungs, but not in the right lungs with
pulmonary perfusion. Neither a B-agonist nor a S-antagonist changed the increase
in alveolar fluid clearance. Real-time polymerase chain reaction revealed an increase
in a;-Na,K-ATPase mRNA and a decrease of f,-adrenoreceptor mRNA, but no
change in B;-Na K-ATPase mRNA and a-. B-, y-epithelial sodium channel mRNA,
in the left lung without pulmonary perfusion. Western blot analysis revealed an
increase in «;-Na,K-ATPase subunit, but no change in 3,-Na,K-ATPase subunit.

Conclusion: Chronic pulmonary artery occlusion increases alveolar fluid clearance
via a;-Na.K-ATPase overexpression in rats.

urgery is the most common form of treatment for non-small cell lung cancer.
However, there are some complications during surgery. While silicotic hilar
lymph nodes (11R inferior) were dissected from the pulmonary actery, we had
observed an unexpected hemorrhage from a distal pulmonary artery that was
thereafter ligated at the base of the branches to stop the hemorrhage. Fortunately, no
abnormal infiltration such as pulmonary edema was found in the lung lobe with
pulmonary artery ligation by a chest x-ray film and a computed tomograpic scan 14
days after the operation. However, questions remained regarding lung water bal-
ance, especially whether lung water volume decreased or whether alveolar fluid
clearance increased.
The amount of alveolar fluid volume is determined by the balance between
formation and clearance of alveolar fluid.' If the formation exceeds the clearance of

The Journal of Thoracic and Cardiovascular Surgery » Volume 134, Number 5 1213

- 141 -



Cardiopulmonary Suppert and Physiology

Wanyg et al

Abbreviations and Acronyms
ATPase = adenosine iriphosphatase
cDNA = complementary deoxyribonucleic acid
DNA = deoxyribonucleic acid
ENaC = epithelial sodium channel
GAPDH = glyceraldehyde-3-phosphate
dehydrogenuse
Na.K-ATPase = sodium~potassium-~adenotriphosphatase
PCR = polymerase chain reaction
RNA = ribonucleic acid

alveolar fluid, as in cases of hydrostatic pulmonary edema
and acute lung injury, the amount of alveolar edema fluid
increases and oxygen exchange deteriorates across the al-
veolar epithelial barrier.” The mechanisms responsible for
alveolar fluid clearance have been studied in the past 2
decades.” Alveolar epithelial type 1 and 11 cells drive Na®
from the alveolar spaces through the apical epithelial
sodium channel (ENaC) and basolateral sodium—potas-
sium-adenotriphosphatase (Na,K-ATPase).” lon gradi-
ents generated with transported ions drive fluid out of the
alveolar spaces.' Inasmuch as stimulation of B-adrenergic re-
ceptors augmented the rate of alveolar fluid clearance and
accelerated the resolution of pulmonary edema,™ some Bs-
adrenergic agonists have been considered to be an effective
medicine for patients with pulmonary edema.”

The impairment of pulmonary blood flow sometimes
occurs in patients with pulmonary edema and acute re-
spiratory distress syndrome; therefore, the effect of pul-
monary perfusion on alveolar fluid clearance has been
studied in in vivo and ex vivo models. Acute pulmonary
ischemia did not affect alveolar fluid clearance in
sheep.™ Although the rate of alveolar fluid clearance is
impaired in the isolated lungs than as in vivo lungs,'
alveolar fluid clearance continued in the isolated lungs
without any pulmonary perfusion in several species in-
cluding human lungs.”"™" "' Interestingly, B-adrenergic
agonists increase alveolar fluid clearance in these ex vivo
and in vivo lungs.'” However. the duration of pulmonary
ischemia was no longer than 8 hours in those studies.
Chronic pulmonary artery occlusion occurs in several
circumstances in clinical practice. For example, pulmo-
nary artery obstruction can occur as a result of anasto-
motic stenosis, kinking, or extrinsic compression in a
recipient of lung transplantation. Branches of the pulmo-
nary artery are often obstructed by the invasion of lung
cancer. Postoperative pulmonary thromboembolism ob-
structs the stem and branches of pulmonary arteries. It is
uncertain whether chronic pulmonary artery occlusion
affects the rate of alveolar fluid clearance.

The first objective in the current study was to determine
whether chronic pulmonary artery occlusion affected lung

water volume and alveolar fluid clearance. Inasmuch as
alveolar fluid clearance increased in the rat lungs with
chronic pulmonary artery occlusion, the second objective
was (o determine the mechanism responsible for the in-
crease in alveolar fluid clearance. The third objective was to
determine whether a ,-adrenergic agonist increased alve-
olar fluid clearance in the rat lungs with chronic pulmonary
artery occlusion.

Materials and Methods

Propranolol (a nonselective B-adrenergic antagonist) and terbutal-
ine (a B-adrenergic agonist) were obtained from Sigma Chemical
Company {St Louis, Mo). RNA probes (a;-, Bi-Na,K-ATPase, «-,
B-, v-ENaC, B,-adrenoreceptor) and antibodies («,-, B;- Na.K-
ATPase) were obtained from Applied Biosystems (Foster. Calif).

General Protocol
This study was approved by the Committee on Animal Experi-
ments at Kanazawa Medical University. Specific pathogen-free
male Sprague~Dawley rats (250-300 g, Japan SLC lInc,
Hamamatsu, Japan) received humane care in compliance with
guidelines from the University Committee on Animal Resources.
Rats were anesthetized with intraperitoneal injection of pentobar-
bital sodium (50 mg/kg). The rats were orally intubated with Surflo
Teflon 1V catheters (18G: Terumo, Tokyo, Japan). placed in the
right lateral decubitus position, and ventilated with an animal
respirator (Harvard Apparatus, Dover, Mass) with 100% oxygen at
a peak airway pressure of 7 cm H,O combined with a positive
end-expiratory pressure of 2 cm H,O. The tidal volume and
respiratory rate were 2.0 mL and 70 cycles/min, respectively. Body
temperature was maintained at 37°C % 1°C. Through the fourth
intercostal space, a left thoracotomy was performed. The apex of
the left lung was pressed with a cotton pad gently toward the
diaphragm, and the left pulmonary artery was separated from the
feft main bronchus gently and then ligated with a 3-0 silk suture.
The lung was inflated and the thoracotomy incision was closed.
After the operation, the rats were awakened from the anesthesia
and allowed free access to rat chow and water ad libitum for 14
days. After left pulmonary artery occlusion for 14 days, alveolar
fluid clearance was measured in the isolated rat lungs.'~" In brief,
rats were anesthetized with intraperitoneal injection of pentobur-
bital sodium (50 mg/kg) and exsanguinated via the abdominal
aorta. Blood samples were obtained for the measurement of plasma
catecholamine levels. The trachea, bilateral lungs, and hewrt were
excised en bloc through a median sternotomy. lIsotonic saline
solution (37°C) containing 5% bovine albumin was instilled sep-
arately into the left lung (6 ml/kg) and right lung (8 mL/kg).
Because the right hung is larger than the left lung, a larger volume
of albumin solution was instilled into the right hungs. Neither
instilled volume (ranging from 6-8 ml./kg) nor oxygen concen-
tration used to inflate Tungs had an effect on alveolar fluid clear-
ance.' """ The lungs were placed in a humid incubator at 37°C and
inflated with 100% oxvgen at an airway pressure of 7 cm HyO over
I hour. Alveolar fluid was aspirated from the right lung and then
from the left lung separately 1 hour after instillation. Protein
concentrations in the instilled and aspired alveolar fluid samples
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were measured with the pyrogallol red protemn dye-binding
method.

Specific Protocel

Group 1. The effect of left pulmonary artery occlusion on
lung water volume. Lung water volume was estimated by the
ratio of lung water to dry lung weight. The lung water/dry lung
weight ratio was measured in rats with left pulmonary artery
occlusion for 14 days (n = 6). As a control, the lung water/dry
lung weight ratio was measured in rats that underwent left thora-
cotomy without left pulmonary artery occlusion 14 days before the
measurement (n = 4).

Group 2. The effect of left pulmonary artery occlusion on
alveolar fluid clearance. Alveolar fluid cleavance was measured
in rats with left pulmonary artery occlusion for 14 days (n = 7). As
a sham control, alveolar fluid clearance was measured in rats that
underwent left thoracotomy without left pulmonary artery occlu-
sion 14 days before the measurement (n = 4).

Group 3. The effects of propranolol and terbutaline on alveolar
fluid clearance in rats with left pulmonary artery occlusion. Tnas-
much as alveolar fluid clearance increased in the left lungs in rats
with pulmonary artery occlusion, we determined whether endog-
enous catecholamine played a role in the increase in alveolar fluid
clearance. To inhibit the effect of endogenous catecholamine, we
instilled an isotonic 5% albumin solution containing propranolol
(10™* mol/L) separately into the right and left lungs from rats that
underwent left pulmonary artery occlusion for 14 days (n = 4).
Because propranolo] did not inhibit the increase in alveolar fluid
clearance in rats with pulmonary artery occlusion for 14 days, we
determined whether chronic pulmonary artery occlusion preserved
the effect of terbutaline, a By-adrenergic agonist, on alveolar fluid
clearance. An isotonic 5% albumin solution containing terbutaline
(1079 mol/L) was instilled separately into the right and left lungs
from rats that underwent left pulmonary artery occlusion for 14
days {n = 5). As a control, an isotonic 5% albumin solution was
instilled into the individual Jungs from rats that underwent sham
left thoracotomy without left pulmonary artery occlusion 14 days
before the measurement (n = 4),

Group 4. Real-time polymerase chain reaction and Western
blot analysis. Because chronic pulmonary artery occlusion in-
creased alveolar fluid clearance, we determined the mechanisms
responsible for the increase in alveolar fluid clearance. First, we
measured the expression levels of ENaC mRNA, Na,K-ATPase
mRNA, and B-adrenoreceptor mRNA by real-time polymerase
chain reaction (RT-PCR) (5 rats with left pulmonary artery occlu-
sion, 4 sham rats without pulmonary artery occlusion). Second,
since the expression of ¢ ;- Na,K-ATPase mRNA increased,
we measured the Na,K-ATPase protein levels by Western blot
analysis (2 rats with pulmonary artery occlusion, 2 sham rats
without pulmonary artery occlusion, and 2 control rats without
thoracotomy).

Measurements

Lung water voluwme. Left and right lungs were excised sepa-
rately and weighed immediately for the measurement of wet lung
weight. Thereafter, the lungs were dried in an oven (65°C) for 4
days for the meuasurement of dry lung weight. The lung water
(LW)/dry lung (DL) weight ratio was calculated as follows'™:

Cardiopulmonary Suppert and Physiology

LW/DL = (Wet lung weight - Dry lung weight)s Dry lung weight
(1)

Alveolar fliid clearance. Alveolar fluid clearance was esti-
mated by the progressive increase of the albumin concentration in
the alveolur spaces.” ™ ™" Alveolar fluid clearance (AFC) was
calculated as follows:

AFC = ([V, - V7V > 100 (2)
where V represents the instilled volume of the albumin selution (i)
and final volume of wveolar fluid (f).

V= (V, % P)/Py ?3)

where P represents the concentration of albumin in the instilled
solution (i) and in the final alveolar fluid ().

Plasina catecholamine. Catecholamine (epinephrine, norepi-
nephrine, and dopamine) levels in plasma were measured as re-
ported in prior studies.'”

Real-time quantitative PCR. After left pulmonary artery oc-
clusion for 14 days, rats were exsanguinated under anesthesia with
pentobarbital sodium. The distal lung tissue samples were freshly
frozen in liquid nitrogen and stored at —80°C. Total RNA was
extracted from the Jung tissue with RNA isolative reagent (Isogen;
Wako, Osaka, Japan) according to the manufacturer’s manual.
¢DNA was synthesized from 35 pg of total RNA in the DNA engine
(PTC-200; MJ Research, Watertown, Mass). Then 3.5 ul.cDNA
was performed with a 1-step RT-PCR reagent (TagMan; Applied
Biosystems) in a final volume of 20 pL containing I pl. TagMan
probes, diethylpyrocarbonute water 5.5 pl., and TagMan universal
PCR muaster mixture 10 pl. at 50°C 2 minutes, 95°C for 10
minutes, 95°C for 135 seconds, and 60°C for 1 minute, totally 40
cycles in sequence detection system (ABI PRISM 7700; Applied
Biosystems). Oligonucleotide primers and TagMan probes of a-,
B-, v-ENaC, a-, B,-Na K-ATPase. B.-adreneoreceptor, and glyc-
eraldehyde-3-phosphate  dehydrogenase (GAPDH) genes were
purchased from Assays-On Demand Gene Expression Products
(Applied Biosystems). We picked the sample with lowest Ci
value* in all of samples as the standard sample. The standard curve
was made of the degressive concentration of standard samples at
5-fold. Gene expression levels, quantified by the standard curve
method according to the manufacturer’s instructions and standard-
ized with the expression levels of GAPDH gene, were used to
analyze the relative amount of target mRNA expressions.

Western blot analysis. Proteins were extracted from the lung
tissues with a lysis buffer containing 50 mmol/l. Tris-HCI (pH
7.6), 10% glycerol, 5 mmol/l. magnesium acetate, 0.2 mmol/L.
ethylenediamine tetraacetic acid, 1 mmol/L. phenylmethylsulfonyl
fluoride, and 1% sodium dodecylsulfate. Protein extract was quan-
tified by the Bradford method (Bio-Rad. Hercules, Calif) and 20
pe of the extracted protein was applied to electrophoresis with a
15% polyacrylamide gel and then transferred to a nitrocellulose
membrane (Atoh, Tokyo. Japan). After blocking with 5% nonfat
milk, 0.05% Tween-20 in Tris-buffered saline, the nitrocellulose
membrane was reacted with anti-c,- and B,-Na K-ATPase mono-
clonal antibodies (1:2000) overnight at 4°C. Blots were washed

*The number of cyeles at which fluorescence goes over the cutoff value.
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and incubated with peroxidase-lubeled rabbit anti-mouse antibod-
ies (1:2000) for | hour at roont temperature. After incubation. blots
were washed 3 times with blocking solution with 0.05% Tween-20
in Tris-buffered saline. The membranes were incubated with
chemiluminescence Juminol reagent (Supersignal; Pierce, Rock-
ford, 111} and immunoreactive bands were visualized and photo-
graphed digitally by ATTO Light-Capture (AE-6971; ATTO Cor-
poration. Tokyo. Japan).

Moiphologic examination. The hung were fixed by injection
of 10% formalin solution through the trachea at a pressure of 20
cm H,O and immersed in 10% formalin solution. A 3-mm thick
section was obtained from the center of the each piece of both
lungs. These sections were embedded in paraffin and then sec-
tioned serially at 5 um and stained with hematoxylin and eosin. All
sections were coded randomly. Microscopic fields using magnifi-
cations of X100 and X200 were examined in each section.

Statistics

Data are summarized as the mean and standard error (mean + SE).
The data were analyzed by a 1-way analysis of variance with the
Student-Newman—Keuls post hoc test (GraphPad Prism 4; Graph-
Pad Software Inc, San Diego, Calif).

Results

Left Pulmonary Artery Occlusion Increased Lung
Water Volume and Alveolar Fluid Clearance ‘
The lung water/dry lung weight ratio was 10% greater in the
left lungs with left pulmonary artery occlusion (4.32 + 0.10
g/g: P < .05) than in the right lungs in the same rats (4.00 *
0.03 g/g) and in left lungs in sham rats without pulmonary
artery occlusion (3.90 = 0.03 g/g) (Figure 1, A). In sham
rats, there was no difference between the lung water/dry
lung weight ratios in the left lungs and in the right lungs.
Alveolar fluid clearance significantly increased in the left
lungs in rats with left pulmonary artery occlusion (13.6% =+
1.0%; P < .05) than in the right lungs in the same rats
(9.6% * 0.5%) and in the left lungs in sham rats without
pulmonary artery occlusion (8.6% = 0.5%) (Figure |, B). In
sham rats, there was no difference between alveolar fluid
clearance in the left lungs and that in the right lungs.
RT-PCR revealed that the expression level of a,-Na,K-
ATPase mRNA (Figuré I, ), but not B,-Na,K-ATPase
mRNA (Figure 1, D), increased in the left lungs in rats with
pulmonary arterial occlusion. Thoracotomies in sham rats
did not change the expression levels of a;- and B;-Na,K-
ATPase mRNA. Western blotting revealed that the «;-
Na,K-ATPase subunit protein level increased in the left
~ lungs in rats with pulmonary artery occlusion (Figure 1, F),
whereas a statistical analysis was impossible because of
small number of samples. However, the $,-Na,K-ATPase
subunit protein level did not change in the left lungs in rats
with pulmonary artery occlusion. Neither a thoracotomy nor
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Figure 1. The effect of pulmonary artery occlusion on lung water
volume (A), alveolar fluid clearance (B), on Na,K-ATPase mRNA
(C and D),and protein levels (E). Left pulmonary artery occlusion
increased both the lung water/dry lung weight ratio (A) and
alveolar fluid clearance (percent of instilled volume over 1 hour,
B) in the left lungs, but not in the right lungs, in rats with left
pulmenary artery occlusion. RT-PCR demonstrated that left pul-
monary artery occlusion increased the «,-NaK-ATPase mRNA
levels (C), but not B,-Na,K-ATPase mRNA levels (D), in the left
lungs in rats with left pulmonary artery occlusion. The protein
levels of «,-Na,K-ATPase, but not 8,-Na K-ATPase, increased in
the left lung in rats with pulmonary artery occlusion (occlusion,
n = 2) compared with the left lungs in sham contrel (control, n =
2) (E). *P <.05 vs sham control and right lungs in rats with
pulmenary artery occlusion. TP <.01 vs values of Na,K-ATPase
mRNA over GAPDH mRNA in the right lungs in rats with left
pulmonary artery occlusion and in sham rats without pulmonary
artery occlusion. Means * standard errors. GAPDH, Glyceralde-
hyde-3-phosphate dehydrogenase.

pulmonary artery occlusion changed the expression levels
of a-, B-, and y-ENaC mRNA.

The Effects of Propranolol and Terbutaline on
Alveolar Fluid Clearance in Rats With Left
Pulmonary Artery Occlusion

Propranolol (10™* mol/L) did not change alveolar fluid
clearance in bilateral lungs in rats with left pulmonary artery
occlusion (Figure 2, A). Terbutaline (lo° mol/L) increased
alveolar fluid clearance in the right lungs in rats with pul-
monary artery occlusion. However, terbutaline did not in-
crease alveolar fluid clearance in the left lungs in rats with
left pulmonary artery occlusion. Plasma catecholamine lev-
els 14 days after surgery were not different from the normal
values."* The expression levels of a B,-adrenergic receptor
mRNA decreased in the left lung in rats with pulmonary
artery occlusion (Figure 2. B).
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Figure 2. The effects of terbutaline and propranclol on alveolar
fluid clearance in rats with left pulmenary artery acclusion (A).
Terbutaline {10~° mol/L) increased alveolar fluid clearance in the
right lungs, but not in the left lungs, in rats with left pulmonary
artery. scclusion. Propranolol {107° mel/L) had no effect on alve-
olar fluid clearance in both lungs in rats with left pulmonary
artery occlusion. *P <.05 vs the rates of alveslar fluid clearance
in the right lungs in rats with pulmonary artery occlusion. None,
No treatment of propranolol or terbutaline. The effect of pulmo-
nary artery occlusion on f,-adrencceptor mRNA fevel (B). RT-
PCR demanstrated that the level of f3,-adrenoceptor mRNA over
GAPDH mRNA decreased in the left lungs in rats with left pul-
monary artery ocelusion. *P < .05 vs the mRNA levels in the right
fungs in rats with left pulmonary artery occlusion and in bilateral
lungs in control rats. Means * standard errors. GAPDH, Glycer-
aldehyde-3-phosphate dehydrogenase; RT-PCR, real-time poly-
merase chain reaction; mRNA, messenger ribonucleic acid.

Morphologic Examination

The formation of edema fluid was absent in the right lungs
in rats with left pulmonary artery occlusion and in the
bilateral lungs in sham rats (Figure 3, A). Although the
formation of edema fluid was absent in the alveolar spaces,
perivascular cuffing was present in the left lungs in rats with
pulmonary artery occlusion for 14 days (Figure 3, B and C).
Pulmonary infarction and thrombus formation were absent
in the lungs with pulmonary artery occlusion

Discussion
In this study, we found that pulmonary artery occlusion for
14 days increased lung water volume by 10% and also
alveolar fluid clearance by 40%. Although a-, -, y-ENaC
mRNA and 3,-Na,K-ATPase mRNA levels did not increase
in the lungs in rats with pulmonary artery occlusion, mRNA
and protein levels of a-Na,K-ATPase increased. We also
found that pulmonary artery occlusion for 14 days abolished
the effect of a B,-adrenergic agonist on alveolar fluid
clearance.

Inasmuch as pulmonary artery occlusion decreases the
hydrostatic force in the Starling equation.' we hypothesized
that lung water volume would decrease in the rat lungs

without pulmonary perfusion. However, lung water volume
measured by a gravimetric method increased. There may be
two explanations for the increase in lung water volume
because perivascular cuffing was present around the ligated
pulmonary artery. First, because lung interstitial fluid drains
primarily through the pathway via pulmonary circulation,”
the decease in pulmonary blood flow impaired the clearance
capacity of interstitial {luid and resulted in the increase in
lung water volume. Second. whereas lung lymph flow also
plays a role in the drainage of interstitial lung fluid and the
rate of lung lymph fow is impaired in lungs without pul-
monary perfusion,”” it is also likely that decreased lung
lymph flow impaired the drainage capacity and resulted in
the increase in lung water volume. Because there was no
fluid accumulation around bronchi, it is unlikely that bron-
chial circulation played an important role in the increase in
lung water volume. .

An amiloride-sensitive sodium channel and basolateral
Na,K-ATPase play a primary role in alveolar fluid clear-
ance.'® We determined whether pulmonary arterial occlu-
sion changed the expression of the sodium channel “and
Na,K-ATPase. First, since the sodium channel consists of
three homologous subunits: a-, 8-, and y-EN aC."” we mea-
sured the mRNA levels of three subunits and found that
RT-PCR did not reveal a significant change in the mRNA
levels. Second, although the overexpression of B,-NaK-
ATPase increased alveolar fluid clearance,'® we found that
pulmonary arterial occlusion did not change the expression
of B,-Na,K-ATPase. In this study, because pulmonary ar-
tery occlusion increased both mRNA and protein expres-
sions of a;-Na,K-ATPase, it is likely that a;-Na,K-ATPase
played a role in the increase in alveolar fluid clearance.
Although we did not measure the activity of Na K-ATPase,
our data are supported by a report that the overexpression of
o,-Na.K-ATPase by catecholamine correlated with the in-
crease in the of Na,K-ATPase act‘ivity.”)

Endogenous catecholamines,”””" exogenous B,-adrenergic
agonists,” and the overexpression of B,-adrenoceptors™ in-
creased alveolar fluid clearance. Therefore, we determined
whether the mechanism mediated by a B-adrenoceptor played
a role in the increase in alveolar fluid clearance in the lungs
with pulmonary artery occlusion. First, because the endoge-
nous catecholamine levels in plasma did not increase in rats
with pulmonary artery occlusion, it is unlikely that the increase
in plasma catecholamine was responsible for the increase in
alveolar fluid clearance. Second, although it was reported that
propranolol inhibited the effect of endogenous catecholamine
on alveolar fluid clearance in rats with shock,™ propranolol did
not inhibit the increase in alveolar fluid clearance in this study.
Third, although there was a possibility that terbutaline, a potent
B,-adrenergic agonist, did pot stimulate alveolar fluid clear-
ance because of a plateau of alveolar fluid clearance, it is
unlikely because the increased alveolar fluid clearance in this
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Figure 3. Merphologic examination of the lungs in rats with pulmonary artery occlusion for 14 days. Periarterial
cuffing was absent in the right lungs (A) but present in the left lungs (B, x100, €, X200} in rats without pulmenary
perfusion. Arrows, Perivascular cuffing.

study was smaller than the plateau of alveolar fluid clearance. '
Finally, because the expression of B,-adrenoceptor mRNA
decreased, the decreased expression may be associated with
the impaired effect of terbutaline. The impaired function of
B-adrenoceptors has been indicated in hemorrhagic shock,”’
hyperoxic lung injury,”™ and ventilator-induced tung injury.
However, it is uncertain whether the impaired function of
B-adrenoceptors is due to downregulation of B-adrenoceptor,
the defect of receptor signaling, or some combination of im-
paired alveolar epithelial function.”>

There are several limitations in this study. First, the
role of bronchial circulation and lymph flow that may
play an important role in lung fluid balance was not
determined. Second, the activity of Na,K-ATPase was
not determined and the number of lungs used for protein
analysis is small. Third, the protein level, trafticking, and
signaling of B-adrenoceptors were not determined.

In clinical relevance in thoracic surgery, the results of
this study indicate that a treatment increasing alveolar fluid
clearance should be considered to eliminate alveolar edema
fluid in the lung with pulmonary artery occlusion. In addi-
tion, it is unlikely that a B,-adrenergic agonist is a useful
agent for resolution of pulmonary edema in the lung without
pulmonary blood flow.

In conclusion, chronic pulmonary artery occlusion in-
creases alveolar fluid clearance via the overexpression of
o -Na,K-ATPase in rats.
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Japanese encephalitis virus RNA synthesis in vivo and in vitro

Tsutomu Takegami

Abstraet: In order to investigate the mechanism of Japanese encephalitis virus (JEV) RNA replication,
viral RNA syntheses in vivo and in vitro were analyzed. First, an appearance of viral specific RNA in
JEV-infected cells was examined by northern blot analysis. Minus RNA-probe recognized a negative
strand of JEV-specific RNA synthesized in JEV-infected cells as early as 6 hrs post infection (p.i.). Full
length genomic 428 positive RNAs were detected in the cells at 12 hrs p.i. Relative amounts of the 42 S
positive RNA was much larger in the membrane fraction than the supernatant fraction of JEV-infected
cells. To investigate the mechanism of RNA synthesis, it is important to establish the in vitro system of
RNA synthesis. It was found that JEV specific positive RNAs were efficiently synthesized in vitro in the
crude membrane and nuclear fractions prepared from the JEV-infected cells. The analyses by SDS-PAGE
and immunofluorescence assay indicated that nonstructural proteins NS3 and NS5, considered to be RNA
helicase, protease and RNA polymerase, respectively, were membrane associated proteins, even though
they were hydrophilic proteins. Maybe other NS proteins, including NS4a and 4b, are responsible to the
membrane association, because of the hydrophobicity. The data that monospecific antisera against NS3
and NS5 inhibited in virro RNA synthesis indicate that those proteins strongly contributed for viral RNA

synthesis in the JEV-infected cells.

Key Words : Japanese encephalitis virus, RNA replication, in vitro system

Introduction

Japanese encephalitis (JE) is an acute viral
infection of the central nervous system in humans,
with an estimation of 50,000 cases of encephalitis and
10,000 death annually in the world (1-3). Japanese
encephalitis virus (JEV) is the leading cause of viral
encephalitis in Asia. Even though recently JE cases in
Japan are less than 10 in each year, still JE viruses
circulate in wide area including Ishikawa (4). The
genome of JEV, a member of the Flaviviridae, is a
single-stranded, positive sense RNA ca [1kb in length
which has no poly A at the 3’untranslated region
(UTR) (5). Several process of JEV-RNA synthesis in
the infected cells is unknown, although some studies
related to this problem have been reported (6-8).
Generally, it is thought that a negative stranded RNA
must be synthesized in the early stage of JEV
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reproduction in cells, similarly to the early events of
other positive RNA virus infections. The negative
strand copied from positive genomic RNA leads to the
formation of double-stranded replicative form (RF),
which may have recycling role as a template (6). In
order to examine the early events during JEV-RNA
replication, it is essential to detect and distinguish the
negative and positive strand.

The entire nucleotide sequence of JEV genomic
RNA has been determined (9-11). It is suggested that
JEV genomic RNA has a specific secondary structure at
the 3* end, and this structure plays a significant role in
the RNA replication of JEV and other flaviviruses (5-
6,11-12). Sequencing data indicate that the genome
organization of several flaviviruses is very similar to
each other, though not identical (6), and suggest that
these viruses have common features in their mechanism
of RNA replication. The functions of nonstructural
proteins including NS3 and NS5 in the replication
complex (RC) is gradually clarified but not enough.
Here we report the feature of JEV-RNA synthesis in
JEV-infected cells and in vitro system using membrane
fraction derived from JEV-infected cells.
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Materials and Methods

Cells, Viruses and RNA:

Mosquito cells C6/36 and Vero cells were cultured
in the medium MEM containing 5-10% fetal bovine
serum. Those cells were infected with JEV, JaGArO1
or Nakayama strains. Culture fluids were taken at
proper time post-infection (p.i.) and subjected to the
virus titration. Virus titer was estimated by plaque
forming using cenfluent monolayer of BHK cells, as
previously described (13). JEV virion were prepared
from culture fluids by ultra-centrifugation method
using discontinuous density gradient containing 10-
40% sucrose. Viral RNA was extracted from virions
with SDS-phenol/chroloform and precipitated with
ethanol. To prepare RNA from JEV-infected cells,
cells were washed with phosphate buffered saline
(PBS) and harvested by the addition of 50 mM Tris
buffer (pH7.5) containing 0.5% SDS and 1 mM
EDTA.

Preparation of cell extracts

To obtain subcellular fractions, infected cells were
dissolved in Tris buffer (pH7.5) containing 1.5 mM
MgCl, and 10 mM KCI, and disrupted by 20 strokes
in a Dounce homogenizer. Cellular homogenates were
subjected to successive centrifugations, i.e. 500 x g
for 10 min and then 10,000 x g for 30 min (7). The
resulting pellets, nuclear and membrane fractions,
were resuspended in 50 mM Tris buffer (pHS.0)
containing 1.5 mM MgCl, and 50 mM KCl, and used
for in vitro assay reactions.

Procedure of hybridization including Northern blot

Plasmid pJBI11 has JEV cDNA sequences
corresponding to the 3" end of JEV genomic RNA (9).
DNA fragment at nucleotides 9183 to 10883 was
prepared from pJB11; and inserted into pSPT18 and
pSPT19; and then constructed new plasmids pJT18V
and pJT19V (8). Each plasmid was then digested with
restriction enzymes to prepare fragments. RNA
probes were prepared through the RNA synthesis
reaction carried out in the presence of T7 RNA
polymerase (Toyobo, Tokyo) and « -“P-UTP. The
JT18V and JT19V probes could detect intracellular
viral specific negative-sense RNA and positive-sense
JEV-RNA including virion RNA, respectively.

For northern blot analysis, sample RNAs were
denatured at 50°C for 60 min in the presence of | M
glyoxal and 50% DMSO and then were
electrophoresed on 1% agarose gel in 10 mM
phosphate buffer (pH7.0) which was recirculated
continuously. Molecular weight standards were 23S
(3.3 kb) and 16S (1.7 kb) E. coli rRNAs. RNAs were
transferred to a nylon membrane (Pall, USA) with 20
x SSC (1xSSC:0.15M NaCl and 0.015M sodium
citrate) and baked. The baked nylon membrane was

treated with prehybridization buffer and then
hybridized with *P labeled RNA probe at 42°C for 16
hr. After hybridization, the nylon membrane was
washed repeatedly with 2 x §SSC containing 0.1%
SDS. Slot hybridization was performed as similar
protocol as described above. The dried filters were
exposed to Fuji RX films.

In vitro assay of RNA synthesis.

In vitro RNA synthesis was carried out in 30 x|
reaction mixture containing 50 mM HEPES (pHS.0),
3.5 mM MgCl12, 50 mM KCI, 5 mM DTT, 10y g/ml
actinomycin-D (Act-D), 0.7% NP40, 0.5 mM each of
ATP, CTP and GTP, 10 Ci «-"P-UTP and
subcellular fractions (ca 5« g protein). After an
incubation at 30°C for 60 min, 12021 of 0.5% SDS
solution was added, followed quickly by 150« 1 of
phenol. The RNAs in aqueous phase were precipitated
with ethanol. To detect in vitro RNA product, 1%
native agarose gels were used. Electrophoresis was
carried out in TBE buffer ( 90 mM Tris-borate (pH
8.0) and 2 mM EDTA). To identify ds- and ss-RNA,
RNAs were treated with 2M LiCl and fractionated by
a centrifugation after the overnight-incubation. In
ultra-centrifugation using 15-30% sucrose density
gradient, ultra-centrifuge (Beckman) was used. The
dried gels were exposed to Fuji RX films.

Labeling of protein with *S methionine

In a long labeling experiment, cells were pretreated
with 1 g/ml Act-D. After 4-hr pretreatment, cells
were infected with JEV and added with 5z Ci/ml of
S-methionine (Met), and then cultured for further 24
hr and harvested. Subcellular fractions were prepared
by centrifugation and subjected to SDS-10%
polyacrylamide gel electrophoresis (SDS-PAGE) (7).
The gels were exposed to X ray films.

Indirect immunofluorescence antibody assay (IFA)

For the IFA, JEV-infected Vero cells were fixed
with acetone and incubated with specific antisera, as
previously described (14). The specific antisera
including anti-E, anti-NS3 and anti-NS5 were
prepared from rabbits which were immunized with
JEV proteins purified by the method using SDS-
PAGE (14-15). After incubation with FITC
conjugated goat anti-rabbit I1gG, the cells were
observed by a fluorescence microscope.

Results

Viral RNA in JEV-infected cells

JEV specific RNA in the infected cells was
detected by hybridization using RNA probes. In order
to examine the size of JEV-specific in the infected
cells, RNA samples were subjected to glyoxal gel
electrophoresis. The JTI9V probe could detect
positive-sense JEV-RNA including virion RNA, while
the proves JT18V recognized only intracellular viral
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specific negative-sense RNA. Since 2 kinds of
genome sized RNA (425S) were detected in the
hybridization with **P-plus (JT19V) and *P-minus
probes (JT18V), we used both probes to examine viral

Virus yield Viral RNA
(PFU/m))
10 {% of Max.)
’&".&' ey N 100
428() o,
100 K
“
*, - 50
10 ) ",
L)
425(%) *
@/ ) g&
10
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24 48trs 24 48hrs
Cuiture period Culture period

Fig. 1. Virus reproduction and appearance of JEV-specific RNAs in the
infected cells. ,
(Left) JEV growth in C6/36 cells. Cells were infected with 10 m.o.i. of
JEV and virus titers were assayed by plaque forming method.
(Right) RNAs were prepared from JEV-infected C6/36 cells at different
times after. virus infection. After glyoxal gel electrophoresis, RNA
samples were transferred to nylon membrane and hybridized first with
plus, ®P-JT19V and second with minus probes, *P-JT18V. The amount
of 425 VRNA were estimated and relative amounts are shown.

n m s v

nm s v
JaGAr01

Nakayama

Fig. 3. Localization of viral proteins in JEV-infected cells.

Takegami

RNAs in the infected cells (Fig.1). By using the minus
probes, it was elucidated that the negative stranded
viral RNA (42S) was synthesized in the early stage of
infection. As shown in Fig. 1B, the amounts of

Fig. 2. Northern blot analysis of JEV-specific RNAs from the infected
cells. -
RNAs were extracted from virions or from the subcellular fractions of
JEV-infected cells (48 hr p.i.) and electrophoresed using glyoxal gel, as
described in the text. Lane V, JEV-vRNA. Lanes show RNAs from
supernatant (lanes 1,4), crude membrane (lanes 2,5) and nuclear
fractions (lanes 3, 6), respectively. After the transfer, hybridization was
carried out by using RNA probes as described in the legend to Fig.1.
Lanes V, 1-3 hybridized with JT19V. Lanes 4-6, JT18V.

B
(NS5)

A: JEV-infected cells labeled with *S-Met for 2hr were disrupted and fractionated into subcellular fractions including nuclear (lanes 1, 5), crude
membrane (lanes 2, 6) and supernatant fractions (lanes 3, 7) by the centrifugation. Here we used 2 kinds of JEV strains for analysis. Lanes 4 and 8

indicate the partially purified JEV virion.
B: Indirect immunofluorescence assay (IFA) of JEV-infected cells.

Feature of JEV-proteins NS5, NS3 and E were shown in panels 1, 2 and 3. Panel 4 indicates IFA using preimmune rabbit sera.
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negative stranded viral RNA reached a maximum
level around 12 hr p.i. and then decreased.
Appearance of the positive RNA (42S), however, was
delayed, and it was obviously detected as 12 hr p.i.

Fig. 4. Electrophoretic analysis of RNA products synthesized in vitro.

and then increased in amounts gradually. The
accumulation of 42 S (+) RNA was similar to that of
the virus growth curve assayed by plaque forming
methods, as shown in Figl.

7

304 5 87 % 8 101112131

428

238
168

A: RNA synthesis in vitro using the crude membrane fraction were carried out in the absence (lane 1) or presence (lane 2) of NP40, and then P RNA
products were analyzed on the solubility in 2M LiCl. Lanes 3 and 5 were insoluble, and lanes 4 and 6 were soluble fractions.

B: P RNA products were fractionated by the centrifugation using 15-30% sucrose density gradient.

C: E.coli ribosomal RNA was used as size marker in the fractionation by the ultra-centrifugation. 42S genomic RNAs were fractionated in the same
fraction as E. coli rRNA by the ultra-centrifugation, since they formed duplex.

Product in vitro

= Product in vitro

1 2 1 2

Fig. 5. Northern blot analysis of P RNA in vitro products.
To determine polarity of “P RNA in vitro products, slot hybridization
method was carried out. In the hybridization, both RNA fragments,
JT18V (lane 1) and JT19V (lane 2) unlabeled were reacted with “P-
RNA in vitro products used as probe. RNA fragment in upper side of
figure contains 2 times higher than that of bottom.

Fig. 6. Effect of antisera, anti- NS3 and -NS5 on in vitro RNA synthesis.
Preincubation of the crude membrane fraction and antisera was carried
out prior to the addition of « -*P-UTP. The procedure for in vitro
reaction was the same as described in the text. Lane 1 (control);
Products in vitro by treatment with preimmune sera at dilution 1:5.
Lanes 2-3; treatment with anti-NS5 at dilution of 1:5 and 1:10,
respectively. Lane 4; treatment with anti-NS3 at dilution of 1:5.

- 156 -



Localization of JEV-specific RNA in the infected

cells.

To examine the localization of JEV-specific RNA
in the cells, RNAs prepared from each of the
subcellular fractions were subjected to Northern blot
analysis. Fig. 2 shows the data of the hybridization
using JTI8V (right) and 19V (left) probes,
respectively. In this experiment, the same sample
filter was used and hybridized with both plus and
minus probes. The 42S (+) RNA was abundantly in
the crude membrane fraction (Fig. 2, lane 2). On the
other hand, the amounts of the 42 S (-) RNA in the
membrane fraction was almost same as those in the
supernatant fraction (Fig.2, lanes 4 and 5). A large
amount of small RNAs was observed in plus and
minus hybridization shown in Fig. 2. Positive small
10S RNA was now clarified to contain the fragment at
3’ end of genomic RNA (16) ( data not shown).

Distribution of JEV-specific proteins in infected

cells

To clarify the function of viral proteins, it is
important to know the distribution of proteins in the
cells. Fig.3A indicates the localization of viral
proteins of 2 kinds of JEV strains. (Nakayama and
JaGAr01) labeled with *S-Met. Most of viral proteins
were detected in nuclear and membrane fractions
(Fig.3A, lanes 1, 2, 5 and 6): This nuclear fraction
means not only nucleus but also nuclear membrane
associated fraction. RNA dependent RNA polymerase
(replicase) (NS5, 100KDa) and RNA helicase (NS3,
70KDa) were detected in the nuclear and membrane
fractions. IFA indicated that both NS5 and NS3 were
localized perinuclear fraction (Fig.3). NS5 appears to
form some kinds of aggregates at the perinuclear site
of the infected cells, as shown in Fig.3B; panel [. NS3
also indicated the similar aggregates (Fig.3B, panel
2), which was different from the case of the
distribution of E protein (Fig.3B, panel 3). E proteins
were dispersed in the cytoplasm.

Viral RNA synthesis in vitro

In order to investigate viral RNNA synthesis, it is
useful to develop in vitro reaction system. By using
crude membrane fractions from JEV-infected cells, we
developed viral RNA synthesis system in vitro. As
shown in Fig. 4, RNA products were clearly detected
in cell-free fraction from JEV-infected cells at 48 hr
p-i. In the presence of 0.7% NP-40 (Fig.4A, lane 2),
larger quantities of RNA were synthesized. Next,
RNA products were analyzed on solubility in LiCl, to
identify ds- or ss-RNA. In the presence of 2M LiCl,
most of RNA products were in the LiCl-soluble
fraction (lanes 4 and 6), meaning dsRNA. By the
ultra-centrifugation using sucrose density gradient 15-
30%, products were fractionated at the position about
208 (Fig:4B and 4C). These indicate that in vitro

Takegami

RNA products are mainly of ds-RNA, may be
replication form (RF). Next, in order to identify
whether RNA product 1s positive RNA or negative,
hybridization method using same probes JT18V
(Fig.5, lane 1) and 19V (lane 2) was performed. Only
JT19V probe could hybridized with “P-products in
vitro, meaning that the products are positive strand
(Fig.5). ;

Viral proteins influencing in vitro reaction of

RNA synthesis

Viral proteins NS3 and NS5 are thought as
helicase and RNA-dependent RNA polymerase,
respectively and the important members of replication
complex. In order to know the functions of NS3 and
NS5 in viral RNA synthesis, we examined the effect
of antisera, anti-NS3 and anti-NS5 on RNA synthesis
in vitro. In the presence of antisera, anti-NS3 and anti-
NS5, RNA synthesis level in vitro was decreased
(Fig.6). The inhibitory effect of anti-NS3 on RNA
syntheis was much more remarkable (Fig.6, lane 4).
This was confirmed by repeated experiments.

Discussion

As deseribed in the result, JEV-RNAs in the
infected cells were clearly detected by the
hybridization using the specific probes. The data
indicated that the negative stranded JEV-RNA was
synthesized before 6hr p.i. It is reasonable that the
negative stranded RNA appears earlier than the
positive stranded RNA during JEV infection. The
facts that the positive JEV-RNAs (428) were
accumulated in the membrane fraction in the infected
cells and it differed from the distribution of the
negative RNAs suggest that the positive RNAs are
continuously synthesized at the membrane, maybe
endoplasmic reticulum (ER) and outer nuclear
membrane during viral replication, as reported else
about flavivirus replication (6). This fact seems to be
related with the data of JEV-RNA synthesis in vitro
that the membrane fractions have a high activity of
RNA (mainly positive-stranded) synthesis (Fig.4).

Although several reports have been published
describing flavivirus RNA synthesis, the mechanism
of RNA synthesis is not yet fully understood (6-
7,8,14). Here we described the in vitro RNA synthesis
using the crude membrane fraction. The data
indicated that RNAs produced in vitro were JEV
specific, ds-RNA including positive strand labeled
with *P. This in vitrro RNA synthesis system,
however, includes endogenous RNA template, so that
most of the RNA polymerase reaction is probably a
chain elongation. It is not obvious that the initiation
occurs during the in vitro reaction (17).

The amounts of in vitro RNA products in the
presence of non-ionic detergents such as NP40 and
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Triton X 100 increased, and clear bands were detected
in the agarose gel. It is thought that RNA synthesized
in vitro formed duplex structure like replication
intermediate (RI) or replication form (RF) under the
native condition (6-7,18-19). Actually in vitro
synthesized poliovirus RF (19) migrated slower than
did genomic ssRNA in the native agarose gel. Most of
products synthesized here, in the presence of NP40
seem to be RF, which migrates to the similar site with
ssSRNA (42S) in 1% native gel. The data that in vitro
synthesized RNAs were in the LiCl-soluble fraction
and fractionated at the similar site to rRNA of E. coli
in the centrifugation also indicate that most of
products are of dsRNA. The result that the clear band
was observed in the agarose gel (Fig.4) is explainable
as follows; It is likely that during the incubation in the
presence of NP40, RI was degraded by some
endogenous RNase and only RF was accumulated,
since in the absence of NP40 some larger bands
including RI were detected (Fig.4A).

It should be noted that the in vitro JEV-RNA
synthetic activity was high in the crude membrane
fraction including outer nuclear membrane. The study
on West Nile virus RNA synthesis also showed that
outer nuclear membrane contained RNA dependent
RNA polymerase (20). Here, *S-labeling and
immunofluorescence experiments indicated so much
N53 and NS5 proteins were accumulated in the crude
nuclear and membrane fraction (Fig.3). It is obvious
that NS3 is strongly associated with the nuclear and
membrane fractions, although sequence data suggest
that NS3 is hydrophilic and not a transmembrane
protein (21). This phenomenon seems to be due to the
function of hydrophobic and transmembrane protein
NS54a/b (22). NS4 may work as an anchor for NS3.
Actually we could see the NS4 band in the crude
nuclear and membrane fractions as shown in the result
(Fig.3A). Now it is well known that NS3 has protease
activity at amino terminal region, and ATPase and
RNA helicase in other region (21,23). Recently it has
been reported that flavivirus (HCV) NS3 influences
IFN pathway (24). Putative viral replication proteins
NS3 and also NS5 actually work together in RNA
replication (25), because anti-NS3 and anti-NS5 could
inhibit RNA synthesis in vitro (Fig.6).

As previously described, even though recently JE
cases in Japan are less than 10 in each year, still JE
viruses circulate in wide area of Japan (4). In addition,
it was found that recently isolated viruses including
Ishikawa strains belonged to genotype 1 which differs
from previous JEV strains (genotype III) (4,26). Now
we need to be careful about the change in the
pathogenesity of new genotype JEV. It is also
necessary to develop new drug against JEV infection
(27). To develop new drugs, it is important to

elucidate the mechanism of virus reproduction
including RNA replication.

Taken together the results here indicate that the
membrane fractions have high activity for viral RNA
synthesis, and contain a large amount of NS3, NS5
and other NS proteins which make the replication
complex in the infected cells. In addition, we reported
the sensitive probes for the detection of JEV specific
RNAs. To know the mechanism of JEV-RNA
synthesis, further study will be essential.
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Abstract Rho guanine nucleotide dissociation inhib-
itors (RhoGDlIs) regulate the activity of Rho family
GTPases. RhoGDIf (LyGDI/GDID4/RhoGDI2) has
two caspase cleavage sites after Aspl9 and Asp55. The
resulting cleavage products, AN(1-19)RhoGDIf and
AN(1-55)RhoGDIf, are expressed in cells under con-
ditions that activate caspases. AN(1-19)RhoGDIg,
which can inhibit GDP dissociation, is implicated in the
process of apoptosis, whereas the physiological roles
for AN(1-55)RhoGDIp, which lacks the ability to in-
hibit GDP dissociation, are largely unknown. To
explore the roles of AN(1-55)RhoGDIp, we examined
the phenotypes of v-src-transformed metastatic
fibroblasts transfected with plasmids for expressing
AN(1-55)RhoGDIp. Although the expression of
AN(1-55)RhoGDI had no effect on the rate of growth
in vitro, it suppressed experimental metastasis and
decreased the rate of growth in vivo. In addition,
AN(1-55)RhoGDIs-expressing cells had enhanced
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adhesion to fibronectin, laminin, and collagens but
reduced retention in the lung after intravenous injec-
tion. Also, the expression of AN(1-55)RhoGDIf pro-
moted anoikis without affecting the levels of activated
Racl or Cdc42. Furthermore, AN(1-55)RhoGDIf did
not affect the expression or phosphorylation of focal
adhesion kinase, p44/p42 mitogen-activated protein
kinases, or Aktl before or after induction of anoikis.
Thus, AN(1-55)RhoGDIp appears to promote anoikis
by undefined mechanisms, thereby suppressing metas-
tasis in v-src-transformed fibroblasts.
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Abbreviations

BSA Bovine serum albumin

EMEM Eagle’s minimum essential medium

ECM Extracellular matrix

FAK Focal adhesion kinase

FBS Fetal bovine serum

HBSS Hanks’ balanced salt solution

MAPK Mitogen-activated protein kinase

PAK1 p21/Cdcd2/Racl-activated kinase 1

PBS Phosphate-buffered saline

RhoGDI Rho guanine nucleotide dissociation
inhibitor

RhoGEF Rho guanine nucleotide exchange factor

SDS Sodium dodecy! sulfate

Introduction

Rho family GTPases function as molecular switches
and play crucial roles in signaling pathways controlling
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cytoskeletal organization, cell polarity, gene tran-
scription, cell cycle progression, microtubule dynamics,
and vesicular transport [1]. Rho guanine nucleotide
dissociation inhibitors (RhoGDIs) maintain Rho fam-
ily GTPases in an inactive state in the cytosol and
shuttle them between the cytosol and effector sites [2—
4]. RhoGDIp (LyGDI/GDID4/RhoGDI2) is abun-
dantly expressed in hematopoietic cells [5], however
non-hematopoietic cells, such as keratinocytes, fibro-
blasts, amnion cells, lung cancer cells, and colon cancer
cells also express RhoGDIg [6, 7).

RhoGDI g is cleaved by caspases at least at two
sites, specifically, C-terminal to Aspl9 and Asp55 [8].
A cleavage product produced by caspase-3, AN(1-
19)RhoGDIg, is generated during apoptosis induced
by ionizing radiation [9], anti-Fas antibody [10], anti-
IgM antibody [11], tumor necrosis factor-o [12],
staurosporine [13], or taxol [14]. In addition, during
apoptosis induced by ionizing radiation in thymic cells
[9], drug treatment in myelocytic leukemia cells [13],
and anti-Fas antibody in Jurkat T cells [15], AN(1-
19)RhoGDIf translocates to the nucleus, suggesting
that it participates in apoptotic signaling. Another
cleavage product, AN(1-55) RhoGDIg, is found in
inflammatory leukocytes and may contribute to the
activation of Rho family GTPases because it lacks the
ability to inhibit GDP dissociation [8]. Interestingly,
AN(1-55)RhoGDIf has been reported to be constitu-
tively expressed in normal polymorphonuclear
neutrophils [12]. These observations suggest that
AN(1-55)RhoGDIf has a specific although currently
unknown physiological role.

We previously isolated a gene capable of a confer-
ring a metastatic phenotype to non-metastatic cancer
cells from human tumors [16]. This gene encodes
AC(166-201)RhoGD1p, a form of RhoGDIf lacking
the C-terminal 36 amino acids [7]. In addition, full-
length wild-type RhoGDI is thought to play a role in
cancer progression [17-20] and has been reported to
suppress metastasis in human cancer [21]. These
observations collectively indicate that RhoGDIf is
important in signaling pathways leading to a metastatic
phenotype.

In this report, we investigated the physiological
function of AN(1-55)RhoGD]1f to help clarify the roles
of RhoGDIf in cancer metastasis. We found that
expression of AN(1-55)RhoGDIf suppresses metasta-
sis by promoting detachment-induced apoptosis
(anoikis) in v-src-transformed fibroblasts. The N-ter-
minal flexible domain of RhoGDIs has also been
shown to be important in the regulation of Rho
GTPases [22-28]. RhoGDIs lacking this N-terminal
regulatory region bind with much lower affinity to and
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do not inhibit the function of Rho GTPases in vitro [8,
23, 28]. Thus, our finding that AN(1-55)RhoGDIf re-
presses metastasis suggests that RhoGDIp has a func-
tion other than the inhibition of Rho GTPase signaling.
Finally, we discuss the possible use of RhoGDIs lack-
ing the N-terminal regulatory region to elucidate the
cellular functions of RhoGDlIs.

Materials and methods
Cells and culture

BALB/c 3T3 A31-1-1 cells were established by Kaku-
naga and Crow [29] and show different cancer pheno-
types when transformed by src and ras oncogenes [30].
The 1-1src cell line, derived by transforming A31-1-1
with v-src, is tumorigenic and highly metastatic [30].
These cells were cultured in Eagle’s minimum essential
medium (EMEM) supplemented with 10% fetal bo-
vine serum (FBS) and were maintained at 37 °C in a
humidified atmosphere of 5% CO, in air.

Antibodies

Anti-RhoGDIS, anti-focal adhesion kinase (FAK), and
anti-pY925-FAK antibodies were purchased from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA). Anti-a-tubulin (clone B-5-1-2) was purchased
from Sigma-Aldrich (St Louis, MO, USA). Anti-
pY397-FAK (clone 18), anti-Racl (clone 102), anti-
Cdcd42 (clone 44), and anti-Bcl-2 (clone 7) antibodies
were purchased from BD Biosciences (San Jose, CA,
USA). Anti-p44/p42 mitogen-activated protein kinase
(MAPK), anti-phospho-p44/pd2 MAPK (Thr202/
Tyr204) (clone E10), anti-Aktl, and anti-phospho-
Aktl (Serd73) (clone 193H12) antibodies were pur-
chased from Cell Signaling Technology Inc. (Danvers,
MA, USA). Anti-Xpress antibody was purchased from
Invitrogen (Carlsbad, CA, USA). Peroxidase-conju-
gated anti-mouse IgG and anti-rabbit IgG antibodies
were purchased from DakoCytomation (Glostrup,
Denmark). Peroxidase-conjugated anti-goat IgG
(414161) was purchased from Nichirei Corporation
(Tokyo, Japan). A rhodamine-conjugated secondary
antibody was purchased from Chemicon (Temecula,
CA, USA).

Immunoblotting
Samples were lysed with Laemmli buffer, resolved by

sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis, and transferred to immobilon-P membranes
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(Millipore, Billerica, MA, USA). The membranes were
then probed with a primary antibody, followed by a
peroxidase-conjugated secondary antibody. Immuno-
reactive proteins were visualized using ECL or ECL
Plus reagents (Amersham Biosciences, Little Chalfont,
UK).

Plasmids and transfection

To construct expression vectors for full-length Rho-
GDIf and AN(1-55)RhoGDIp, the entire and trun-
cated sequences were amplified by PCR using the
SW480 ¢cDNA library, which was constructed by “‘lone-
linker’-generated PCR-based cDNA construction
methods [7]. The products were then subcloned into
hygromycin-resistant pEF/hygl [31] and designated
pEF/hygl-RhoGDIf and pEF/hygl-AN(1-55)Rho-
GDIp, respectively. Xpress-tagged pcDNA3.1 expres-
sion vector for the AN(1-55)RhoGDIf was generated
and designated pcDNA3.1-AN(1-55)RhoGDIS. Cells
were transfected with plasmids using LipofectA-
MINE™ plus or Lipofectamine 2000 (Invitrogen). To
obtain stable cell lines, hygromycin-resistant cells were
isolated in medium containing 800 U/ml hygromycin
(Wako Pure Chemical, Osaka, Japan).

Animals

Five-week-old male BALB/c nude mice and 6-week-
old male BALB/c normal mice were obtained from
Japan SLC Inc. (Shizuoka, Japan) and were main-
tained under specific pathogen-free conditions.
Experiments were performed in accordance with
guidelines of The Committee on Experimental Ani-
mals in Kanazawa Medical University. Mice were used
for experiments at 7 weeks of age.

Assay of metastasis and tumor growth in vivo

The cells were harvested by brief trypsinization, after
which they were washed once with medium containing
10% FBS and twice with Hanks’ balanced salt solution
(HBSS). Cells were suspended in 0.2 m! of HBSS and
injected into the lateral tail veins of BALB/c nude
mice. Three weeks later, the mice were sacrificed and
the number of lung tumor nodules was counted after
insufflation with 15% India ink [32]. To assay tumori-
genicity, cells were suspended in 0.1 ml of HBSS and
subcutaneously injected to BALB/c nude mice.
Palpable tumors were measured with a caliper,
and the tumor weight was estimated as described
previously [33].

In vitro transformation assay

In vitro transformation was assayed using a method
similar to a previous report [34]. Briefly, exponentially
growing cells (5,000 cells) were seeded onto six-well
plates in 2.0 ml of culture medium containing 10%
FBS. After 24 h, the cells were cotransfected with a
AN(1-35)RhoGDIp expression vector and pcDsrc
(v-Src expression plasmid) [35] using Lipofectamine
2000. Cells were cultured for 12 days with a medium
change every 3 days, fixed with ethanol, and stained
with Giemsa solution. Morphological transformation
was determined under a dissecting microscope
according to previously described criteria [36].

Assay of retention of tumor cells in the lung

The retention of tumor cells in the lung was measured
as previously described [37]. Briefly, the cells were
labeled with 4 pM PKH26 (Zynaxis Cell Science Inc.,
Malvern, PA, USA), and 5 x 10° of labeled cells were
injected intravenously into BALB/c normal mice.
After 24 h, the mice were killed, and PKH26 was
extracted from their lungs. The fluorescence intensity
of PKH26 was measured with a fluorescence spectro-
photometer (MPF4, Hitachi Ltd, Tokyo, Japan; exci-
tation, 551 nm; emission, 567 nm). There was a linear
correlation between the fluorescence intensity and the
number of labeled cells between 2,000 and 400,000
cells. The retention of tumor cells in the lung was
determined by calculating the percentage of the total
injected fluorescence intensity that was found in the
lung extract. PKH26 labeling had a negligible effect on
metastatic capacity.

Assay of adhesion to extracellular matrix proteins

Ninety-six-well plates were filled with 100 pl/well of
fibronectin (20 pg/ml), laminin (20 pg/ml), collagen
type I (50 pg/ml), or collagen type IV (50 pg/ml) (Nitta
Gelatin, Osaka, Japan) and air-dried. The wells were
then incubated with 0.5% bovine serum albumin
(BSA) in phosphate-buffered saline (PBS) for 60 min,
after which 2 x 10* cells suspended in 0.1 ml of 0.5%
BSA in serum free-culture medium were added to each
well and allowed to attach for 90 min at 37°C. The
attached cells were counted by colorimetric assay using
a highly water-soluble formazan dye (WST-1) [38].

Induction of anoikis

Exponentially growing cells were harvested by
brief trypsinization and washed once with medium
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containing FBS and once with HBSS. Cells (1 x 10%) in
5 ml of serum-free EMEM were plated in 60-mm
bacteriological dishes (BD Biosciences, San Jose, CA,
USA) precoated overnight at 37 °C with 1% BSA to
avoid cell anchorage. Cells were cultured in suspension
for 6 or 8 h.

Annexin V staining

Cells were washed twice with PBS at 4 °C and stained
with an Annexin V-FITC Apoptosis Detection Kit |
(BD Biosciences, San Jose, CA, USA) according to the
manufacturer’s protocol and analyzed by flow cytom-
etry within 1 h. For double-staining with anti-Xpress
antibody, the cells stained with Annexin V-FITC were
fixed with 4% paraformaldehyde in PBS for 10 min at
room temperature, permeabilized with 0.1% Triton
X-100, and then stained with rhodamine-conjugated
secondary antibody.

Racl and Cdcd42 activation assay

Pull-down assays were performed using a Rac and
Cdc42 activation assay kit (Cytoskeleton Inc., Denver,
CO, USA) according to the manufacturer’s instruc-
tions. The cells were washed with PBS and lysed on the
dish in cell lysis buffer (2 mM phenylmethylsulphon-
ylfluoride, 10 pg/ml aprotinin, 10 pg/ml leupeptin,
10 mM MgCl,, 150 mM NaCl, 5% sucrose, 1.0% NP-
40, 25 mM Tris-HCl, pH 7.5). Racl-GTP and Cdc42-
GTP were pulled down using the p21 binding domain
(PBD) of p21/Cdc42/Racl-activated kinase 1 (PAK1).

Statistical analysis

Differences between values were analyzed using a two-
tailed Welch’s t-test.

Results

AN(1-55)RhoGDIp suppresses the metastatic
capacity of 1-1src cells

To examine the role of AN(1-55)RhoGDIf, we trans-
fected 1-1src cells with pEF/hygl-full-lRhoGDIf or
pEF/hygl AN(1-55)RhoGDIf and then selected cell
lines stably expressing the exogenously introduced
genes (Fig. 1a). These cells were intravenously injected
into nude mice, and the numbers of metastatic nodules
in the lungs were counted after 3 weeks. Fewer nodules
were formed in mice injected with clones expressing
AN(1-55)RhoGDIf than in mice injected with cells
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Fig. 1 Decrease of metastatic capacity in 1-Isrc cells stably
expressing AN(1-55)RhoGDIf. a The expression of introduced
genes in stable transfectants, Whole cell lysates from cells
expressing full-length RhoGDIf or AN{1-55)RhoGDIf were
examined by immunoblotting with an anti-RhoGDIf antibody.
b Macroscopic appearance of metastatic lungs. Nude mice were
injected intravenously with 4 x 10° cells. After 3 weeks, the mice
were sacrificed and the lungs were examined for metastases.
Metastatic nodules were not observed in organs other than the
lung. ¢ The number of lung tumor nodules in (b) was counted.
Values indicate means + S.E. of three to five mice. *P < 0.01 and
##P <« 0.0001 compared with the empty vector-transfected
control

expressing an empty vector (Fig. 1b, ¢). The levels of
AN(1-55)RhoGDIf expressed by the clones corre-
lated with the degree to which metastasis was
repressed (Fig. la). Expression of full-length Rho-
GDIp repressed metastasis, but it was not as potent as
AN(1-55)RhoGDIf (Fig. 1b, c).
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Fig. 2 Growth properties of cells expressing AN(1-55)Rho-
GDIf. a In vitro doubling times of clones stably expressing
AN(1-55)RhoGDIp. Values indicate means + S.D. of three
independent experiments. b The indicated numbers of cells were
subcutaneously injected into three nude mice per group. The
sizes of palpable tumors were measured with a caliper and used
to estimate the tumor weight. Values indicate means from three
mice. ¢ A31-1-1 cells were cotransfected with pcDsrc and either
empty vector or the AN(1-55)RhoGDIf expression vector. The
number of foci was counted 12 days after transfection. Values
indicate means + S.D. of three plates. *P < 0.005 compared with

Suppression of transformed phenotypes by AN
(1-55)RhoGDIp

To determine the mechanisms by which metastasis is
suppressed by AN(1-55)RhoGDIf, we first examined
the growth rate of the clones in vitro. We found that
the doubling time of clones expressing AN(1-55)Rho-
GDIp were not significantly different than cells trans-
fected with an empty vector (Fig. 2a). In contrast, after
subcutaneous inoculation of the cells into nude mice,
the in vivo growth rate of AN(1-55)RhoGDIg-
expressing clones was lower than that of cells trans-
fected with an empty vector (Fig. 2b). When mice were
inoculated with 2 x 10* or 1 x 10° cells, the tumor

the control cells cotransfected with pcDsrc and empty vector. d
Photographs of plates in (¢). e Whole cell lysates of empty
vector-transfected 1-Isrc cells and A31-1-1 cells were examined
by immunoblotting with antibodies to FAK phosphorylated at
Tyr925 (pY925-FAK), FAK phosphorylated at Tyr397 (pY397-
FAK), total FAK, and «-tubulin. A representative blot from two
independent experiments is shown. f Whole cell lysates of empty
vector-transfected 1-1src cells and AN(1-55)RhoGDIg-express-
ing cells were examined by immunoblotting with anti-pY925-
FAK, -pY397-FAK, -FAK, and -a-tubulin antibodies. A repre-
sentative blot from four independent experiments is shown

growth rate of AN(1-55)RhoGDIfS-expressing clones
was lower and the latency period longer than cells
transfected with an empty vector. Even when mice
were inoculated with 5 x 10° cells, clone D4, which had
the highest level of AN(1-55)RhoGDIf expression,
showed repressed in vivo growth and prolonged la-
tency. Furthermore, the level of AN(1-55)RhoGDIj
expression correlated with the extent to which the in
vivo growth rate was repressed (Figs. la, 2b).

We also examined the effects of AN(1-55)RhoGDIp
on transformed phenotypes in the in vitro transfor-
mation assay. The expression of AN(1-55)RhoGDIf
reduced the frequency of transformation of A31-1-1
cells by v-src (Fig. 2¢, d) but not by H-ras (data not
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Fig. 3 Decrease of the retention in the lung after intravenous
injection of AN(1-55)RhoGDIf-expressing cells. a Normal mice
were injected intravenously with 5 x 10° PKH26-labeled cells.
After 24 h, the mice were killed, PKH26 was extracted from
their lungs, and the fluorescence intensity of PKH26 was
measured. The retention of tumor cells in the lung was
determined by calculating the percentage of the injected

shown). The expression of AN(1-55)RhoGDIf alone

8

did not transform A31-1-1 cells. Thus, AN(1-55)Rho-"

GDIp did not influence the in vitro growth rate and did
not act as an oncogene.

To determine whether AN(1-55)RhoGDIf influ-
ences the activity of v-Src, we examined the extent of
FAK phosphorylation at Tyr925, which is specifically
phosphorylated by Src [39], and at Tyr397, which is
autophosphorylated by FAK [40]. Although the degree
of autophosphorylation (Tyr397) in 1-lsrc and un-
transformed parental A31-1-1 cells was similar, the
level of phosphorylation at Tyr925 was much higher in
1-1src cells than in the parental cells (Fig. 2e).
Expression of AN(1-55)RhoGDIg in 1-1src cells did
not influence the level of phosphorylation at either
Tyr925 or Tyr397 (Fig. 2f). These results indicate that
AN(1-55)RhoGDIg affects both in vivo tumorigenicity
in v-src-transformed cells and v-src-induced transfor-
mation in vitro without altering Src activity.

AN(1-55)RhoGDIf decreases the retention of
tumor cells in the lung

To examine which metastatic processes were affected
by AN(1-55)RhoGDIg, we next measured the reten-
tion of tumor cells in the lung. Cells were labeled with
a fluorescent marker, PKH26, and intravenously in-
jected into mice. The number of cells retained in the
lung was determined after 24 h 'by measuring the
fluorescence in lung extracts. We found that fewer
AN(1-55)RhoGDIf-expressing cells were retained in
the lung than cells transfected with the empty vector
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fluorescence intensity that was found in the lung extract. Values
indicate means x S.D. of four mice. *P < 0.01 compared with the
empty vector-transfected control. b Cells (2 x 10*) were added to
each well of a 96-well plate coated with the indicated ECM
proteins and allowed to attach for 90 min at 37°C. The number of
attached cells was determined using a colorimetric assay. Values
indicate means + S.D. of eight samples

(Fig. 3a). These observations indicate that AN(1-55)
RhoGDI influenced during an early step of metasta-
sis, either the attachment or survival of the cells in the
lung.

We therefore explored the ability of the cells to at-
tach to extracellular matrix (ECM) proteins, namely,
fibronectin, laminin, collagen type I, and collagen type
IV. We found that the AN(1-55)RhoGD]Ig-expressing
cells adhered more rapidly to these proteins than cells
transfected with an empty vector (Fig. 3b). Thus, the
repression of metastasis by AN(1-55)RhoGDIg is
likely due to a decrease in survival in the lung rather
than a decrease in ability to attach to the ECM.

Increase of sensitivity to anoikis in AN
(1-55)RhoGDIp-expressing cells

On the basis of these results, we speculated that the
decreased survival of AN(1-55)RhoGDIf-expressing
cells in the lung during metastasis is due to an
increased sensitivity to cell death. We therefore
measured the sensitivity of the clones to detachment-
induced apoptosis (anoikis). Anoikis is thought to
serve as a physiological barrier to metastasis, and
resistance to anoikis contributes to the malignancy of
cancer cells [41, 42]. To induce anoikis, we cultured the
cells as a single-cell suspension for 6-8 h, and mea-
sured the extent of apoptosis with an Annexin V assay.
Highly metastatic 1-1src cells showed a higher resis-
tance to anoikis than the parental normal A31-1-1

- cells (Fig. 4a). The resistance to anoikis observed in

1-1src cells was repressed by the expression of
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AN(1--55)RhoGDIg (Fig. 4a). This repression does not
appear to be due to inactivation of Src kinase because
AN(1-55)RhoGDIf had no effect on Src in AN
(1-55)RhoGDIg-expressing 1-1src cells (Fig. 2e, f).
Therefore, AN(1-55)RhoGDIg likely promotes anoikis
in 1-1src cells via pathways other than Src kinase
signaling. To further confirm this causal relationship
between anoikis sensitivity and expression of AN
(1-55)RhoGDIf, we transiently introduced Xpress-
tagged AN(1-55)RhoGDIf into 1-1src cells and mea-
sured the sensitivity to anoikis. The results clearly
showed that transient expression of AN(1-55)Rho-
GDIf enhanced cell death after the induction of
anoikis (Fig. 4b).

Evaluation of signaling pathways involved in the
promotion of anoikis by AN(1-55)RhoGDIf

To evaluate the signaling pathways participating in the
change in the sensitivity of 1-1src cells to anoikis, we
examined the expression levels of FAK, p44/p42-
MAPK, Aktl, and Bcl-2, proteins known to regulate
cell survival during anoikis [42, 43]. When attached the

(@)

Anoikis induced

Attached

Empty |

C3

substrate, the levels of these proteins were similar in
cells expressing empty control vector or AN(1-55)
RhoGDIf (Figs. 2f, 5a). Furthermore, the phosphory-
lation levels of FAK, p44/p42-MAPK, and Aktl were
similar in these cells (Figs. 2f, 5a). After the induction
of anoikis, in all cell lines, the level of FAK, p44/p42-
MAPK, Aktl, and Bcl-2 was unchanged, but the
phosphorylation of FAK on Tyr925, p44/p42-MAPK
on Thr202/Tyr204, and Aktl on Serd73 were clearly
reduced within 1 h (Fig. 5b). These changes in phos-
phorylation may participate in anoikis signaling, but
there was no difference between cells expressing the
empty vector and those expressing AN(1-55)Rho-
GDIg.

Finally, we examined the possibility that Rac or
Cdc42 participates in the enhancement of sensitivity
to anoikis by AN(1-55)RhoGDIf. Dominant-negative
mutants of Racl and Cdc42 induce anoikis in
fibroblast cells [44], and it is possible that the amount
of GTP-bound Racl and Cdc42 are reduced in AN
(1-55)RhoGDIg-expressing cells. Unexpectedly, the
amounts of GTP-bound Racl and Cdc42 were not
reduced by AN(1-55)RhoGDIf expression (Fig. Sc).
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Fig. 4 Increase of anoikis in AN(1-55)RhoGDIf-expressing
cells. a Cells (1x10%) in 5ml of serum-free EMEM were
plated in 60-mm bacteriological dishes precoated with 1% BSA
to induce anoikis. After 8 h, the cells were harvested, stained
with Annexin V-FITC, and analyzed by flow cytometry within
1 h. The percentage of apoptotic cells is shown in the figures. A
representative from four independent experiments is shown.

e ——— .
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Annexin V

Annexin V

b 1-1src cells were transfected with pcDNA3.1-AN(1-55)Rho-
GDIj. After 24 h, anoikis was induced for 6 h. The cells were
then stained with Annexin V-FITC, fixed with 4% paraformal-
dehyde, stained with anti-Xpress antibody followed by rhoda-
mine-conjugated secondary antibody, and analyzed by flow
cytometry. The percentage of apoptotic cells is shown in the
figures : « ~
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Therefore, AN(1-55)RhoGDIf functions in 1-Isrc
cells via pathways other than Src kinase, Racl, and
Cdced? signaling.

On the basis of these findings, we concluded that
AN(1-33)RhoGDIf represses metastasis by increasing
the sensitivity to anoikis through undefined mecha-
nisms in v-src-transformed fibroblast cells.

Discussion

Activation of Rho GTPase pathways stimulates cell
growth, cell motility, and invasion [45], and the active
form of Rho GTPases and Rho guanine nucleotide
exchange factors (RhoGEFs) are oncogenic [46-48].
Furthermore, the forced expression of RhoGDIp sup-
presses the malignancy of cancer cells [21]. Therefore,

it is- plausible - that - full-length  RhoGDIf inhibits
metastasis by down-regulating Rho GTPase signaling.
In addition, the N-terminal flexible domain of RhoG-
DIs have significant functions in the regulation of Rho
GTPases [22-28], and RhoGDIs lacking this domain
cannot inhibit GDP dissociation from Rho GTPases in
vitro [8, 23, 28]. In the current studies, we showed that
expression of AN(1-55)RhoGDIf} does not decrease
Racl or Cdcd42 activation in 1-1src cells. Therefore,
unlike full-length RhoGDI1f, the repression of metas-
tasis by AN(1-55)RhoGDIf is not due to the inhibition
of Rho GTPases, and molecules other than Rho family
proteins may be the intracellular targets of AN(1-55)
RhoGDIS.

AN(1-55)RhoGDIfj decreased the growth rate of
1-1src cells in nude mice, suppressed transformation of
A31-1-1 cells by v-src in vitro, and increased the
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Fig. 5 Effect of AN(1-55)RhoGDIf on the expression and
phosphorylation of signaling molecules regulating cell survival.
a Whole cell lysates of empty vector-transtected 1-1src cells and
AN(1-55)RhoGDIf-expressing cells in monolayer cultures
were examined by immunoblotting with anti-p44/p42 MAPK,
anti-p4d/pd2 MAPK phosphorylated at Thr202/Tyr204 (pT202/
pY204), anti-Aktl, anti-Akt] phosphorylated at Serd73 (pS473),
anti-Bcl-2, and anti-z-tubulin. A representative blot from two
independent experiments is shown. b After 1 and 6 h of the
induction of anoikis, cells were lysed and examined by immuno-
blotting with anti-FAK, anti-FAK phosphorylated at Tyr925

@ Springer

(pY925-FAK), anti-FAK phosphorylated at Tyr397 (pY397-
FAK), anti-p44/p42 MAPK, anti-p44/p42 MAPK phosphorylated
at Thr202/Tyr204 (pT202/pY204), anti-Aktl, anti-Akt]l phos-
phorylated at Serd73 (pS473), anti-Bcl-2, and anti-z-tubulin. A
representative blot from two independent experiments is shown.
¢ Activation levels of Racl and Cdc42 in AN(1-55)RhoGDIf-
expressing cells. Racl-GTP and Cdc42-GTP were pulled down
from cell lysate with GST-PBD. Bound proteins and whole cell
lysates were characterized by immunoblotting with anti-Racl and
anti-Cdc42 antibodies. A representative blot from two indepen-
dent experiments is shown
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sensitivity of 1-1Isrc cells to anoikis. These results sug-
gest that sensitivity to anoikis is an important biologi-
cal factor influencing tumorigenic growth during not
only growth of tumor xenografts in vivo but also
transformation-focus formation in vitro. Consistent
with this finding, anoikis has been previously suggested
to serve as a physiological barrier to metastasis [41, 42],
and resistance to anoikis is known to contribute to the
malignancy of both epithelial [49-51] and non-epithe-
lial cancers [52-54].

It seems contradictory that the increased adhesive-
ness to the ECM in vitro is associated with a higher
sensitivity to anoikis in AN(1-55)RhoGDIS-expressing
cells. This apparent contradiction could be due to the
difference in the time points between the two assays:
adhesiveness was measured after 90 min, whereas the
sensitivity to anoikis was measured after 6 or 8 h.
Specifically, AN(1-55)RhoGDIf-expressing cells at-
tached more rapidly to the ECM than control cells but
also died more quickly when maintained in suspension
for more than 90 min. Thus, signals occurring later
than 90 min after detachment appear to be important
for cell survival. Further studies are needed to deter-
mine the point at which the cells commit to anoikis.

Many intracellular signaling factors have been
implicated in anoikis of tumor cells [42, 55, 56], and
AN(1-55)RhoGDIfi may be a new candidate for an
endogenous factor regulating anoikis sensitivity during
cancer progression. Truncated proteins produced by
protein processing such as AN(I-55)RhoGDIfj are
generally difficult to detect in situ. Such a factor could
regulate tumor growth under specific conditions, for
example during the process of micrometastasis. We
detected a band at the size expected for mouse Rho-
GDIp cleaved at Asp54 (corresponding to Asp55 in
human RhoGDIp) within 1 h after the induction of
anoikis in A31-1-1 cells; however, Ac-YVAD-FMK
(an inhibitor of caspase-1) did not inhibit the produc-
tion of this band (unpublished data). These findings are
consistent with a previous report showing that Rho-
GDI1p is cleaved at Asp55 by caspase-1 in vitro but that
caspase-1 inhibitors do not block the cleavage at this
site in vivo [8]. Therefore, a caspase other than cas-
pase-1 seems to be responsible for the in vivo cleavage
at this site. Even if there is a cleavage product other
than AN(1-55)RhoGDIg, the deletion of this domain is
expected to cause a similar phenotype because the
N-terminal flexible domain is important for the regu-
latory function of RhoGDIp [22-28].

Racl, Cdc42 [44, 57], Src [58-60], FAK, p44/p42-
MAPK, Aktl, and Bcl-2 [42, 43] are known to regulate
cell survival during anoikis. The proteolytic removal of
the N-terminal 55 amino acids of RhoGDIf eliminates

its ability to inhibit Rho GTPases [8]. Consequently, as
proposed by Danley et al. [8], production of AN(1-55)
RhoGDIp should lead to increased activity of Rho
family GTPases. In the current studies, we found that
the expression of AN(1-55)RhoGDIg in 1-1src cells
does not induce the activation of Racl or Cdc42. We
also found that the levels of FAK, MAPK, Aktl, and
Bel-2 and the phosphorylation of FAK, MAPK, and
Aktl are similar in the empty vector control and AN
(1-55)RhoGDIg-expressing cells before and after the
induction of anoikis. Therefore, the increased sensi-
tivity to anoikis in AN(1-55)RhoGDIf-expressing cells
could not be attributed to the difference in the
expression or phosphorylation of these molecules.
Nevertheless, AN(1-55)RhoGDIf appears to play a
key role in determining the sensitivity to anoikis when
expressed in highly metastatic anoikis-resistant 1-1src
cells. Our findings suggest that undefined signaling
pathways mediate the ability of AN(1-55)RhoGDIf to
enhance the sensitivity to anoikis.

We have not yet tested the effect of AN(1-55)Rho-
GDIf on anoikis and metastasis in a range of
metastatic cancer cells, but we found that AN(1-55)
RhoGDIp suppresses transformation induced by v-src
but not by H-ras in BALB/c 3T3 A31-1-1 cells. Thus,
the effect of AN(1-55)RhoGDIf is likely to be v-src
specific. The deregulation of Src tyrosine kinase has
been implicated as a central factor in various human
cancers [61]. It is possible that human cancers with
abnormal Src tyrosine kinase activity are potential
targets of the effect of AN(1-55)RhoGDIp.

Rho guanine nucleotide dissociation inhibitors have
three known functions: inhibition of dissociation of
GDP from Rho proteins, inhibition of GTPase activity
of Rho proteins, and regulation of the localization of
Rho proteins [62-66]. AN(1-59)RhoGD]Io can associ-
ate with Cdc42, but the affinity of this interaction is
approximately 500-fold lower than that for full-length
RhoGDlo [23]. Therefore, the direct interaction of
AN(1-55)RhoGDIf with Rho family proteins is un-
likely. RhoGDIs also interact with other molecules,
including Ezrin Radixin Moesin proteins [3, 7, 67],
RhoGEFs [68], p75 neurotrophin receptor [69], and
PAK1 [70]. In addition, the C-terminus of RhoGDIf
and RhoGDI« can interact with Vav [68] and Radixin
[71], respectively. Recently, it has been proposed that
RhoGDI-associated multimolecular complexes are key
regulators of RhoGDI activity and function [66], and it
is possible that AN(1-55)RhoGD]Ip interacts with these
complexes. Further studies using RhoGDIs lacking the
N-terminal flexible region should help determine the
physiological significance of RhoGDIs and whether
they could be used to prevent metastasis.
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Abstract

Rho-guanine nucleotide dissociation inhibitor-B (RhoGDIB), a regulator for Rho GTPases, is implicated in cancer cell progression. We
reported that C-terminal truncated RhoGDIB (AC(166—201)-RhoGDIP) promoted metastasis through activating Racl signaling pathway in
ras-transformed fibroblast cells. To better understand the mechanism of Racl activation by AC(166—201)-RhoGDIf during metastasis,
the amount of GTP-bound Racl was measured as the activation level of Racl in cells expressing various mutant RhoGDIB with sequential
C-terminal deletions. Three C-terminal hydrophobic amino acid residues (Trp191, Leul93, and Ile195) supposed to interact with isoprenyl
groups of Racl, was indispensable for a proper regulation of Racl activation/inhibition. Deletion of this region led RhoGDIP to continuously
associate with GTP-bound Racl, provoking constitutive activation of Racl. Thus, impaired interaction of RhoGDIP with Racl isoprenyl groups

possibly makes RhoGDIB function as a positive regulator for Racl during metastasis.
© 2006 International Federation for Cell Biology. Published by Elsevier Ltd. All rights reserved.

Keywords: RhoGDI; Racl; Prenylation; Metastasis

1. Introduction

Rho GTPases play crucial roles in various cellular events,
such as cytoskeletal organization, cell polarity, gene transcrip-
tion, cell cycle- progression, microtubule dynamics, and
vesicular transport (Etienne-Manneville and Hall, 2002). We
had identified Rho-guanine nucleotide dissociation inhibitor-
B (RhoGDIB) lacking the C-terminal 36 amino acids
(AC(166—201)-RhoGDIB) as a metastasis-inducing gene
(Tatsuka et al., 1997; Ota et al., 2004). In several reports,
RhoGDIs are also implicated in the progression of cancer
cells, however their roles are still controversial. RhoGDIa
was upregulated in ovarian cancer (Jones et al., 2002), and

* Corresponding author. Tel.: +81 76 286 2211; fax: -+81.76 286 0521.
E-mail address: takahide @kanazawa-med.ac.jp (T. Ota).

breast cancer (Fritz et al., 2002). RhoGDIP was also upregu-
lated in ovarian cancer (Tapper et al., 2001) and in metastatic
fibrosarcoma cells generated by overexpression of autocrine
motility factor (Yanagawa et al., 2004). In contrast, downregu-
lation of RhoGDIux was reported in breast cancer (Jiang et al.,
2003) and expression of RhoGDIP was inversely correlated
with the invasive capacity in human bladder cancer cell lines
(Seraj et al., 2000). Furthermore, RhoGDIB was reported as
an invasion and metastasis suppressor gene (Gildea et al.,
2002). Although these observations collectively indicate that
RhoGDIs regulate the metastatic processes, their roles are
elusive. We reported earlier that the promotion of metastasis
by AC(166—201)-RhoGDIB was mediated by the activation
of Racl signaling pathway (Ota et al., 2004). In this study,
to better understand how RhoGDIp functions in the regulation
of metastasis, we examined which region of the 36 amino acid
sequence was important for affecting the Racl signaling

1065-6995/$ - see front matter © 2006 International Federation for Cell Biology. Published by Elsevier Ltd. All rights reserved.
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pathway. We found that the deletion of the C-terminal region
containing Trpl191, Leul93, and Ile195, hydrophobic residues
supposed to participate in the interaction with isoprenyl group
of Racl (Gosser et al., 1997; Hoffman et al., 2000; Grizot
et al., 2001), was critical for the promotion of Racl activation
and the association of AC-RhoGDIB with GTP-bound Rac].
Our results indicate that the destruction of the interaction of
RhoGDIB with isoprenyl group on Racl makes RhoGDIB
function as a positive regulator for Racl during metastasis.

2. Materials and methods

2.1. Cells and culture

The 1-1ras1000 cell line, derived from BALB/c 3T3 A31-1-1 cells
transfected with an activated c-Ha-ras oncogene (Tatsuka et al., 1996), was
used for assay. In this cell line, the expression of AC(166—201)-RhoGDIf
induces metastatic phenotype by activating Racl signaling pathways (Ota
et al, 2004). Cells were cultured in Eagle’s minimum essential medium
supplemented with 10% fetal bovine serum and were maintained at 37 °C in
a humidified atmosphere of 5% CO,; in air.

2.2. Plasmids and transfection

To construct expression vectors for wild type and C-terminal truncated
RhoGDIB, the entire and truncated sequences were amplified by PCR using
pcDNA3.1-LyGDI, which is an expression vector for wild type RhoGDIB
(Ot et al., 2004). The products were then subcloned into Xpress-tagged
pcDNA3.1 expression vector. Cells were transfected with plasmids using
Lipofect AMINE™ plus (Invitrogen, Carlsbad, CA).

2.3. Rac activation assay

Pull-down assays for measuring the Rac activation were performed using
Rac activation assay kits (Cytoskeleton Inc., Denver, CO) according to the

A

manufacturer’s instructions. The cells were washed with PBS and lysed on
the dish in cell lysis buffer. Rac1-GTP was pulled down using the GST tagged
PBD (p21 binding domain) of Pakl (p21/Cdc42/Raci-activated kinase 1)
protein beads.

2.4. Immunoblotting

Samples were lysed with Laemmli buffer, resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and transferred to Immobilon-P
membranes (Millipore, Billerica, MA). The membranes were then probed
with a primary antibody, followed by a peroxidase-conjugated secondary
antibody. Immunoreactive proteins were visualized using ECL Plus reagents
(Amersham Biosciences, Little Chalfont, UK). For densitometric analysis of
immunoblots the films were scanned and the intensity of the bands was
measured using the Imagel program (NIH, Bethesda, MD, USA), and the
Racl and Xpress-RhoGDIB values in PBD-bound fraction were normalized
with respect to those in total cell lysate.

2.5. Antibodies

Anti-Xpress, anti-o-tubulin (clone B-5-1-2), and anti-Racl (clone 102)
antibodies were purchased from Invitrogen (Carisbad, CA), Sigma-Aldrich
(St. Louis, MO), and BD Biosciences (San Jose, CA), respectively. Peroxi-
dase-conjugated anti-mouse IgG was purchased from DakoCytomation
(Glostrup, Denmark).

3. Results and discussion

We had reported that C-terminal truncated RhoGDIB
(AC(166—201)-RhoGDIB) promoted the metastasis by activat-
ing Racl signaling pathways in ras-transformed fibroblast
cells (1-1ras1000 cells) (Ota et al., 2004). In this report we
attempted to define which region within the 36 residues
deleted in AC(166—201)-RhoGDIP was important for Rac
signaling. Fig. 1A shows the amino acid sequences of

1 MTEKAPEPHVEEDDDDELDSKLNYKPPPOKSLKELQEMDKDDESLIKYRKTLLGDGPVVT

61 DPKAPNVVVTRETIRVCESAPGPITHDLTGDLEALKKETHVIRKEGSEFRFKIHFKVNRDIV

121 SGLKYVEHEYRTGVKDKATFMVGSYGPRPEEYEFLTPVEENFKGMLARGTFHNKSFFTD

181 DDKODHLSWEGNESHKKEWTE
B

Al71-201 [1 165 MLARG

A176-201 [ 1 165 MLARGTHHNK

2181-201 [1 165 MLARGTHHENKSFFTD
A186-201 [1 165 MLARGTHHNKSFFTDDDKQD

a191-201 [1

A196-201  [1

wWild type |1

165 MLARGTHHNKSFFTDDDKQDHLSWE
165 MLARGTHHNKSFFTDDDKQDHLSWEFNETE
165 MLARGTHHNKSFFTDDDKQDHLSWEGNBIEKKEWTE

170 180 190 200

Fig. 1. Amino acid sequences of human RhoGDIB. (A) Hydrophobic residues of RhoGDIp corresponding to the residues of RhoGDla that participate in the
interaction with isoprenyl groups of Rho GTPases (Gosser et al., 1997; Hoffman et al., 2000; Grizot et al.,, 2001) are indicated as black boxes. Residues
166—201, which are deleted in metastasis-inducing AC-RhoGDIB (Ota et al,, 2004), are underlined. (B) A schematic representation of sequential C-terminal
deleted RhoGDIB. Four hydrophobic residues in 166201 of RhoGDIp proposed to participate in the formation of isoprenyl-binding pocket are indicated as black

boxes.
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A
Xpress-RhoGDIB
Total o-tubutin
cell
lysate
Rac1
a-tubulin
Xpress-RhoGDIB
PBD-bound GST-PBD
fraction
Rac1
GST-PBD
B Normalized levels of RhoGDIp Normalized levels of

in PBD-bound fraction

1.0

0.6 4

total cell lysate (arbitrary units)
=
L

RhoGDIp in PBD-bound fraction / RhoGDIp in

GTP-bound Rac1
1.0

0.8 4

0.6

PBD-bound Rac1 / Total Rac1
(arbitrary units)

o
N

Fig. 2. Increase of GTP-bound Racl and association of AC-RhoGDI with GTP-bound Racl in cells expressing AC-RhoGDIB. (A) Cells were transfected with
Kpress-tagged pcDNA3.1 expression vectors of various AC-RhoGDIB. After 48 h cells were lysed and Rac1-GTP was pulled down using the GST tagged PBD
protein beads. Total cell lysate and PBD-bound fraction were immunoblotted with anti-Xpress antibody or-anti-Racl antibody. As a Joading control, «-tubulin was
stained in total cell lysate and GST-PBD was stained with Coomassie brilliant blue in PBD-bound fraction. When Xpress-RhoGDIB was overexpressed, an
unidentified band smaller than expected size was observed in total cell lysate. The amount of this smaller band was less than 5% of major band. (B) The blots
in Fig. 2A were analyzed by NIH Image] analysis software, and the values of Xpress-RhoGDIB and Racl in PBD-bound fractions were normalized to those values

in total cell lysate.

RhoGDIB. In the deleted region of AC(166—201)-RhoGDI,
four hydrophobic residues (Tyr172, Trpl91, Leul93, and
1le195) are supposed to participate in the formation of an iso-
prenyl-binding pocket involved in interaction with isoprenyl
groups of Racl (Gosser et al., 1997; Hoffman et al., 2000;
Grizot et al., 2001). We constructed Xpress-tagged pcDNA3.1

expression vectors of various length for AC-RhoGDIB with
residues sequentially deleted from C-terminus (Fig. 1B).
These expression vectors were transfected into the
I-1ras1000 cells and the amount of GTP-bound Racl were
determined by pull-down assay using GST tagged PBD
protein beads. Although the expression levels of introduced
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genes varied among transfectants (Fig. 2A), cells expressing
AC-RhoGDIB lacking the three C-terminal hydrophobic
amino acids Trp191, Leul93, and Ile195 (A171-201,
A176—201, A181-201, A186—201, and A191—-201) showed
higher levels of GTP-bound Racl than empty control cells
(Fig. 2A). Furthermore, AC-RhoGDIB was detected in
PBD-bound fraction, whereas wild type RhoGDIf was not
detected in PBD bound fraction despite its highest expression
level (Fig. 2A). When the amounts of AC-RhoGDIB in
PBD-bound fraction were normalized to those in total cell
lysate, AC(196—201)-RhoGDIf, which retains C-terminal
three hydrophobic amino acid residues, was detectible only
at trace level (Fig. 2B). These results further support our
previous observation that C-terminal truncated RhoGDIB
(AC(166—201)-RhoGDIB) induces metastasis by constitutive
activation of Racl and associates with GTP-bound Racl
(Ota et al., 2004).

Wild type RhoGDIB and AC(196—201)-RhoGDI, which
retain the three hydrophobic amino acid residues at the C-ter-
minal, could not increase the amount of GTP-bound Racl
and yielded hardly detectible levels in the PBD-bound fraction
(Fig. 2). These results clearly indicate that the absence of the
C-terminal hydrophobic amino acids Trp191, Leul93, and
1le195, which are supposed to interact with isoprenyl groups
of Rho GTPases, is crucial for AC-RhoGDIB to express its
phenotype. The isoprenyl group of Rho GTPase is not essential
for the binding of Rho GTPases to RhoGDI (Lian et al., 2000;
Faure and Dagher, 2001; Thapar et al., 2002). Indeed, we found
that AC-RhoGDI lacking an intact isoprenyl binding-pocket
could associate with GTP-bound Racl (Fig. 2). However, the
interaction of the isoprenyl groups of Rho GTPases with RhoG-
Dis are important for the proper intracellular localization and

functions of Rho GTPase (Hori et al., 1991; Regazzi et al.,
1992; Michaelson et al.,, 2001; Sun and Barbieri, 2004,
Wennerberg and Der, 2004). Therefore, RhoGDIB defective
in the isoprenyl binding pocket probably binds Racl, but is
expected to differ from wild type RhoGDI in the intracellular
localization and function. Previously, we had shown that
AC(166—201)-RhoGDIp anchored Racl at the membrane to
activate its effector molecules (Ota et al., 2004). In another
report, a mutant RhoGD]la, defective in extracting the isoprenyl
moiety of Cdc42 off the membrane through an isoprenyl-binding
pocket, forms a complex with Cdc42 and retains it on the
membrane (Sun and Barbieri, 2004). To explain the ability of
RhoGDlIu to release Cdc42 from membrane a two-step model
has been proposed (Nomanbhoy et al., 1999; Hoffman et al.,
2000). In this model, the N-terminal regulatory domain of
RhoGDlIa binds to Cdc42 on the membrane and subsequently
the C-terminal isoprenyl-binding pocket of RhoGDIa extracts
the membrane-buried isoprenyl moiety of Cdc42 from the
membrane. Furthermore, it has been reported that RhoGDIa
more efficiently interacted with GDP-bound Racl than with
GTP-bound Racl (Sasaki et al., 1993) and the conversion of
GTP-bound Racl to GDP-bound Racl was the rate-limiting
step in the dissociation from membrane (Moissoglu et al.,
2006). On the other hand, RhoGDIa can bind GTP-bound
Racl and can inhibit GTP hydrolysis by Racl. This interaction
is suggested to be a mechanism that maintains Rac1 in an active
form (Chuang et al., 1993). According to these findings, the
function of AC-RhoGDIB with the defective isoprenyl-binding
pocket in our experiment should act as depicted in Fig. 3. GTP-
bound Racl is converted to the GDP-bound form and then wild
type RhoGDIB binds GDP-bound Racl by an N-terminal
regulatory domain and, through extraction of the hydrophobic,

A

isopreny! moiety

Pi

C-terminal
domain

i) K
1 i B
N-terminal \
regulatory

Wild type RhoGDIp

domain
GDP

AC-RhoGDIB

Fig. 3. Schematic drawing of proposed function of AC-RhoGDIB. (A) GTP-bound Racl is converted to GDP-bound form and then the N-terminal regulatory
domain of wild type RhoGDIf binds GDP-bound Racl and the C-terminal isoprenyl-binding pocket of RhoGDIB extracts the membrane-buried isoprenyl moiety
of Racl from membrane, thereby releasing Racl from membrane. (B) AC-RhoGDIf binds GTP-bound Racl by the N-terminal regulatory domain, but can not
remove Racl from membrane due to the defect of the isoprenyl-binding pocket. Therefore, AC-RhoGDIP remains attached to GTP-bound Racl on membrane

and supports Racl activation of effectors.

- 175 -



- 96 T. Ota et al. | Cell Biology International 31 (2007) 92—96

membrane-buried isoprenyl moiety of Racl, removes
GDP-bound Racl from the membrane (Fig. 3A). On the other
hand, AC-RhoGDIf binds GTP-bound Rac1 by the N-terminal
regulatory domain but can not remove Racl from the
membrane due to the defective isoprenyl-binding pocket, there-
fore AC-RhoGDIf keeps GTP-bound Racl on the membrane
and supports Racl activation of the effectors (Fig. 3B).

The expression level of RhoGDIs is correlated to cancer
progression, both positively (Tapper et al., 2001; Fritz et al.,
2002; Jones et al., 2002; Yanagawa et al., 2004) and negatively
(Seraj et al., 2000; Gildea et al., 2002; Jiang et al., 2003).
RhoGDlIs are often thought to function as inhibitors, however,
we had shown that RhoGDI could positively regulate Racl
(Ota et al., 2004). Several other studies also suggest a positive
regulatory role for RhoGDIs (O’Sullivan et al., 1996; Tolias
et al., 1998). Our observations in this report suggest that the
interaction of RhoGDIf with the isoprenyl moiety of Racl
is a crucial determinant of the nature of regulatory functions
of RhoGDIB. The apparently opposite roles of RhoGDIs in
cancer progression may reflect different regulation mecha-
nisms of Rho GTPases by RhoGDIs mediated by interaction
of RhoGDIs with the isoprenyl moiety of Rho GTPases.
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Althoughresearched for many years, the prognostic value of tu-
mor angiogenesis reflected by microvessel density (MVD) is still
controversial, and there have been no previous reports regarding
the correlation with 1®F-FDG uptake in lung adenocarcinomas.
Therefore, in.the present study, we investigated the correlation
between MVD determined- with different endothelial cell anti-
bodies and: '8F-FDG uptake and compared the prognostic
impact of those factors in lung adenocarcinomas. Methods:
Forty-four patients with 45 lung adenocarcinomas underwent
18F-FDG PET before surgery. Consecutive paraffin-embedded
sections ‘obtained from each resected tumor-were iImmuno-
stained for CD31(a panendothelial cell marker), CD105 (a prolif-
eration-related endothelial cell marker), and CD34/«-SMA (for
double labeling of endothelial cells and mural cells). Four high-
power fields in the area with the highest MVD were selected for
analysis. Computer-assisted image analysis was used o assess
MVD. Resuits: MVD staining results for panendothelial cell
markers can be classified into-8 microvessel patterns: diffuse,
alveolar, and mixed. The highly ordered alveolarpatiernis believed
to represent preexisting alveolar vessels trapped in lung ade-
nocarcinomas and may have no significant meaning for the ag-
gressiveness of tumors. Preexisting alveolar cells also do not
contribute to '8F-FDG uptake: CD105 staining of MVD ({CD105~
MVD) showed a significantly. positive corrélation with ®F-FDG
uptake (P = .0.0001), whereas CD31 staining of MVD (CD31-
MVD) showed a marginally negative correlation with it (P =
0.057). Although CD105-MVD correlated negatively with progno-
sis, patients with low CD105-MVD, compared with those with
high or moderate CD105-MVD, had a much-better prognosis:in
both disease-free and overall survival analyses (P = 0.017 and
P = 0.013, respectively). Patients with low CD31-MVD had the
worst prognosis (P = 0.032 for disease-free survival analysis
and P = 0.179 for overall survival analysis). Conclusion: There
is no positive correlation between '8F-FDG uptake and MVD de-
termined with-panendothelial cell markers (CD31.and CD34);.in
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contrast, there is a marginally negative correlation between
them. MVD-determined with CD105, which is a proliferation-
related endothelial cell marker, reflects active angiogenesis, cor-
relates positively with '8F-FDG uptake, and is a better indicator of
prognosis in lung adenocarcinomas.

Key Words: PET: '8F-FDG; lung cancer; microvessel density;
prognosis

J Nucl Med 2006; 47:419-425

Lung caneer is the leading: reason for cancer-related
deaths in Japan and most Western countries: Surgery is the
main method of therapy and also can be combined with
radiotherapy and chemotherapy. However, the mortality of
lung cancer is still very high; the 5-y survival expectation is
only 70%-80%; even in the very early stages (7,2). Adenos
carcinomais ‘the most common histologic type of lung
cancer and accounts, to a great extent, for the increasing in-
cidence of lung cancer in recent years (3). The established
prognostic.criteria for patients. with non-small cell lung
¢arcinoma (NSCLC), such as pathologic stage; can serve as
a good indicator of a patient’s outcome; however, this
staging system does not determine accurately an individual
patient’s prognosis. Thercfore, there is an urgent need to
identify and validate new molecular markers and imaging
techniques to better identify patients at risk for recurrent
disease and metastatic disease, so that patients ' who might
benefit from adjuvant therapy after surgery can be selected.

Tumor angiogenesis is an essential requirement for the
development, progression, and metastasis of malignant
tumors (4). Immunohistochemical staining measurements
of angiogenesis with antibodies to factor -VII, CD31,
CD34, or CD105 can be used to determine microvessel
density (MVD), an important prognostic factor that is
independent of other known prognostic variables in several
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cancer types. (5), including lung cancer (6-/2). However,
whereas some reports have found that MVD is an important
prognostic factor in lung cancer (6,7,10,12), some reports
have failed to do so (8,9,17). Therefore, although MVD
estimation has promising prognostic prospects, a consensus
as to whether MVD is a prognostic marker in lung cancer
has yet to be reached.

8E-FDG PET has been applied in many kinds of tumors
and 1s regarded as a good imaging technique for predicting
prognosis: it some tumors (13,74), especially lung cancer
(15~79).-1n previous studies, it was demonstrated that '5F-
FDG uptakeris a significant prognostic factor in patients
with NSCLC or adenocarcinoma (/6,19)—and is even
better than pathologic stage (/6). Furthermore, some stud-
ies showed that there is a significant correlation between
BE.-FDG uptake and blood flow in breast cancer (20).
However, although tumor angiogenesis showed a correla-
tion with-blood flow, the 2 factors are still quite different
from each other. To date, there has been no report regarding
the correlation between MVD and '""E-EDG uptake in lung
adenocarcinoma. Therefore, in the present study, we inves:
tigated not-enly whether tumor angiogenesis reflected by
MVD determined with CD31 or CD105 is a good prog-
nostic factor but also whether there is any correlation
between MVD and '®F-FDG uptake in patients with lung
adenocarcinoma.

MATERIALS AND METHODS

Patients

Forty-four patients (20 men and 24 women; age range, 47-82 y;
mean age, 65 y) with 45 lung adenocarcinomas were included in
this study. Twelve patients had bronchioloalveolar carcinoma
(BAC), 12 had well-differentiated adenocarcinoma, 14 had mod-
erately differentiated adenocarcinoma, 5 had poorly differentiated
adenocarcinoma, and 1 had 2 types of cancer (moderately differ-
entiated adenocarcinoma and poorly differentiated adenocarci-
noma). All patients underwent a thoracotomy within 4 wk after
their BE-FDG PET study. No patient had received neoadjuvant
chemotherapy or radiotherapy before surgery. Final diagnoses
were established histologically - (via the sthoracotomy) in all
patients, and the pathologic stage of each tumor was recorded
with the TNM staging system. The sizes of the tumors were
determined from the resected specimens and ranged in diameter
from 1.2 to 5.5 cm. None of the patients had insulin-dependent
diabetes, and the serum glucose levels insall patients just before
BP.-EDG injection were less than 120 mg/dL. Informed consent
was obtained from all patients participating in this study.

18E.EDG PET Imaging

ISE-FDG PET was performed by use of-a PET camera (Head-
tome 1V Shimadzu) with a 10-cm axial field of view. The
Headtome IV has 4 detector rings with 768 bismuth germanate
crystals per ring. It uses direct and cross-plane coincidence
detection to generate 14 slices per bed position. For the thorax,
2 bed positions (28 slices at 6.5-mm intervals) were obtained.
Reconstructionin-a 128 x 128 matrix with a Hann filter (0.5
cutoff) yielded S:mm intrinsic resolution at the center. Transmis=
sion stans: were obtained in all subjects before ¥F-FDG admin-

istration for attenuation correction with a *®Ge ring source. x-Ray
fluoroscopy: was used to-ascertain the location of the pulmonary
nodule; and marks were made on the skin to aid in positioning the
patient ~for-the: transmission’ ‘scan“A ‘transmission scaf was
acquired for 10-20 min in each bed position, depending on the
specific radioactivity of the ring sources at the time of the study,
for at least 2 million counts per slice. During the transmission
scan, marks were made on the patient’s skin to aid in repositioning
for.the emission scan.. However, because of the limitation of the
available squipment, we could not perform respiratory gating to
avoid respiratory motion, - which may -affect the standardized
uptake value (SUV) 1o some degree. Blood (1 mL) was drawn
for'baseline blood glucose estimation; and the data were recorded,
Immediately after the transmission scan, "F-FDG was adminis:
tered intravenously. The ‘dverage: injected dose of PF-FDG was
185 MBq. Alter a 40-min -uptake period; the patient was repo-
sitioned in the scanner. An emission scan was acquired for 10 min
in cach bed position; the process took-a total of 20 min.

For semiquantitative analysis-of BE-FDG uptake, regions of
interest (ROIs) were manually defined on the transaxial tomo-
grams that showed the highest uptake to-be in the middle of the
tumor, The- ROIs placed on the lesions encompassed all pixels
within-lesions -that- had uptake: values of greater than 90%. the
maximum uptake in that slice; and the average count rate i each
ROI was calculated. In patients in whom no nodules were de-
tectable by PET, the ROIs were extrapolated from chest CT scans.
After correction for radioactive decay, we analyzed the ROIs by
computing the SUVs as follows: PET counts per pixel per second
times calibration factor per injected dose (MBq) per kilogram of
body weight, where the calibration factor was (MBg/mL)/(counts/
pixel/s).

Immunohistochemical Analysis

Immunohistochemical Analysis with «a Panendothelial Cell
Marker. Monoclonal antibody (mAb) JC70 (Dako), recognizing
panendothelial cell antigen CD31 (platelet/endothelial cell adhe-
sion molecule), was used for microvessel staining of S5-pm
paraffin-embedded sections. Sections were dewaxed, rehydrated,
and microwaved (3 times for 4 min each time) for antigen
retrieval. Endogenous peroxidase activity was blocked by incuba-
tionin 0.3% hydrogen peroxide in methanol. Nonspecific protein
binding was inhibited by treatment with 10% normal serum for 10
i at 37°C. The specimens then were incubated with mAb JC70
overnight at 4°C. The slides were premcubated and rinsed in
phosphate-buffered saline and then treated with the biotinylated
secondary antibody and peroxidase-conjugated streptavidin. The
final reaction product was revealed by exposure to 0.03%
diaminobenzidine, and the nuclei were counterstained with Mayer
hematoxylin. Asa negative control, appropriately difuted nonim-.
mine serd were applied instead of the primary antibody.

Imisnohistochemical - Analyvsis with. -a Proliferation-Related
Endothelial Cell: Marker CD105 was stained with mAb:SN6'h
€1:100;-Dakor(2 1) by use of -4 scnsitive. immunchistochemical
staining: system {CSA Systenm: Dakoy. All of the procedures were
performed in-accordance with the manufacturer’s protocol. Sec-

“ions were Tncubated with theanti-CD105 mADb diluted 1:160 for

I h at room temperature. Normal mouse IgG was used instead of
the primary antibody as a negative control. '
Donble-Labeling  Trmmumohistochemical Technique for-CD34
and o-SMA A “double-labeling immunohistochemical technique
with a specific double-labeling kit (Envision+ System; Dako) was
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used to simultaneously stain endothelial cells (CD34) and mural
cells (a-SMA) (22) to quantitatively assess the pericyte coverage
of microvessels. Peroxidase activity was blocked in deparaffinized
and rehydrated tissue sections, and the sections were trypsinized,
incubated with blocking serum, and then doubly stained for CD34
to label endothelial cells and for a-SMA to detect pericytes and
smooth muscle cell expression. For CD34 staining, sections were
incubated with a mouse mAb (clone BI-3C5, 1:50 dilution; Zymed)
overnight at 4°C. A biotinylated secondary antibody, streptavidin—
alkaline phosphatase complex, and diaminobenzidine as a substrate
were used to visualize binding of the CD34 antibody. For subse-
quent staining of a-SMA, sections were incubated with a mouse
anti-human o-SMA mAb (clone 1A4, 1:50 dilution; Sigma) for 2 h
at room temperature. The color was developed by 20 min of
incubation with new fuchsin solution.

Assessment of MVD

Assessment of MVD was performed by computer-assisted
image analysis as suggested previously but with some modifica-
tions (23,24). Vessels with a clearly defined lumen or well-defined
linear vessel shape but not single endothelial cells were considered
for microvessel assessment. The areas with the highest vascular-
ization were scanned and chosen at low power (x100), and 4
chosen %200 fields with the highest vascularization were recorded
with a digital camera. The captured images were 24 bit and had a
resolution of 2,272 x 1,704 pixels. Adobe Photoshop (version 6.0;
Adobe Systems Inc.) was used to outline microvessels and convert
the images into binary, black-and-white images; the converted
images were imported into the image analysis package NIH image
1.62 (http://rsb.info.nih.gov/nih-image/) to calculate the percent-
age of stained microvessel area corresponding to the total section
area. The average MVDs of the 4 selected areas were grouped into
3 grade categories. For CD31 staining of MVD (CD31-MVD), the
categories were as follows: low, 0%-4%; moderate, 4%—8%; and
high, >8%. For CDI105 staining of MVD (CD105-MVD), the
categories were as follows: low, 0%—0.8%; moderate, 0.8%—1.6%;
and high, >1.6%.

Statistical Methods

All data are reported as the mean = 1 SD. All statistical anal-
yses were performed with SPSS for Windows (version 12.0;
SPSS Inc.). The x-square test was used to compare the distribu-
tions of values across categoric variables. Differences between
continuous variables and dichotomous variables were tested by
1-way ANOVA. Overall and disease-free survival probabilities
were calculated with the Kaplan—Meier life table method. Differ-
ences between survival probabilities were analyzed by the log-
rank test. Probability values of less than 0.05 were considered
statistically significant.

RESULTS

Vascular Architecture in Lung Adenocarcinomas

On the basis of the immunohistochemical staining results
obtained with antibody against CD31, the vascular archi-
tecture in lung adenocarcinomas usually can be classified
into 3 kinds of patterns: diffuse, alveolar, and mixed. The
diffuse pattern is an angiogenic pattern. Normal lung archi-
tecture is replaced diffusely. Vessels and stroma are scattered
randomly throughout the tumor (Fig. 1A). The alveolar
pattern is a nonangiogenic pattern. Tumor cells fill up the

FIGURE 1. (A) Adenocarcinoma with diffuse pattern stained
by mAb to CD31. Normal structure was destroyed, and vessels
were randomly and diffusely distributed throughout tumor. (B)
Adenocarcinoma with alveolar pattern stained by mAb to CD31.
Vessels (arrows) in alveolar pattern area were in original
distribution; tumor cells filled up alveoli instead of destroying
them. (C) Normal alveoli. (D) Consecutive section of same tumor
as in B stained by mAb to CD105. Trapped vessels showed
negative staining (arrows).

alveoli, exploiting the existing alveolar vessels instead of
destroying them (Fig. 1B). The mixed pattern consists of
both diffuse and alveolar patterns.

Comparison Between CD34/a-SMA and CD105

For serial sections of lung adenocarcinomas, we com-
pared immunohistochemical staining by mAbs against
CD34 (Fig. 2A) and CD105 (Fig. 2B). For CD34 staining,
we used a double-labeling technique, staining CD34-
positive vessels and vascular pericytes simultaneously. Be-
cause the mAb against a-SMA is targeted specifically to
pericytes and smooth muscle cells (22), vessels with a-SMA
expression are mature vessels, and vessels without a-SMA
expression are newly formed immature vessels. The total
vessel number is usually much higher with CD34 staining
and lower with CD105 staining in the same sample;
however, as shown in Figure 2, CD34 staining was seen
for both mature and immature vessels, whereas CD105
staining was seen mainly for immature vessels. Staining by
a mADb against CD31 showed results similar to those for
CD34; both mature and immature vessels were stained in
the tumors.

Correlation Between MVD and Clinicopathologic
Parameters

Table 1 shows the results of a comparison of CD31-
MVD and CD105-MVD with clinicopathologic parameters.
CD31-MVD showed a correlation with patient age (P =
0.042), sex (P = 0.049), and histologic findings (P =
0.017), whereas CD105-MVD showed a.correlation with
stage (P = 0.004), tumor size (P = 0.031), and histologic
findings (P = 0.007). Our data showed that solitary BAC, a
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FIGU
ing and CD105 in serial sections. (A) Double labeling of CD34
(arrow) and a-SMA (arrowheads). Left vessel was immature
vessel showing staining only with CD34. Right vessel was
mature vessel showing staining with both CD34 and «-SMA. (B)
CD105 staining. Only left, immature vessel was positive for
CD105 (arrow). Right, mature vessel was negative for CD105
(double arrows).

subcategory of lung adenocarcinoma with a good prognosis
and an MVD that is different from those of other types of
adenocarcinoma, had moderate or high CD31-MVD and
CD34-MVD but low CD105-MVD.

Correlation Between MVD and '8F-FDG Uptake

Figure 3 shows the correlation of CD31-MVD and CD105-
MVD with '8F-FDG uptake. '8F-FDG uptake showed a mar-
ginally negative correlation with CD31-MVD (P = 0.057),
whereas it showed a significantly positive correlation with
CDI105-MVD (P < 0.0001).

Correlation Between MVD and Postoperative Prognosis

Using the Kaplan—Meier method, we analyzed the prog-
nostic impact of CD31-MVD and CD105-MVD in lung
adenocarcinomas (Fig. 4). Patients with moderate CD31-
MVD had the best disease-free and overall survival prob-
abilities, and patients with low CD31-MVD had the worst

prognosis (P = 0.032 for disease-free survival analysis and
P = 0.179 for overall analysis). CD105-MVD correlated
negatively with prognosis; patients with low CD105-MVD
had the best disease-free and overall survival probabilities
(P = 0.017 and P = 0.013, respectively).

Figures 5 and 6 show 2 representative cases in this study.

DISCUSSION

The present study demonstrated that there is no positive
correlation between '8F-FDG uptake and MVD determined
with panendothelial cell markers (CD31 and CD34); in
contrast, there is a marginally negative correlation between
them. Furthermore, MVD determined with CD105, which
is a proliferation-related endothelial cell marker, reflects
active angiogenesis, correlates positively with '3F-FDG
uptake, and is a better indicator of prognosis in lung
adenocarcinomas.

Angiogenesis is essential for neoplastic proliferation,
progression, invasion, and metastasis because solid tumors
cannot grow beyond 1-2 mm in diameter without angio-
genesis (25). MVD is assumed to reflect the intensity of
tumor angiogenesis; indeed, it has been established as a
good indicator of prognosis in several cancer types (5).
However, conflicting results on the prognostic impact of
MVD in lung cancer make it difficult to determine the
prognostic importance of tumor angiogenesis in lung can-
cer (6-12). Variations in survival results among studies
could be explained by the heterogeneity in methodologies
used to stain and count microvessels in tumors in addition
to variations in patient populations. Differences in reactiv-
ity between anti—endothelial cell antibodies used to high-
light intratumoral microvessels represent a major bias that
should be considered. Although antibodies to CD31 and

TABLE 1
Relationship of Clinicopathologic Parameters to MVD
CD31-MVD* CD105-MVD*
Parameter Low Moderate High P Low Moderate High P
Age 0.042 0.254
=65 10 9 3 11 5 6
>65 4 9 10 8 9
Sex 0.049 0.376
Male 10 5 6 6 6 9
Female 4 13 7 11 7 6
Stage 0.223 0.004
| 1 13 7 16 9 6
I, 1 3 2 5 0 3 7
Size 0.234 0.031
=3 cm 8 14 11 16 9 8
>3 cm 6 4 1 4 7
Histologic findings 0.017 0.007
BAC 0 8 4 9 2 1
Non-BAC 14 10 9 8 11 14

*Data are reported as number of tumors.

Non-BAC = well-differentiated adenocarcinoma, moderately differentiated adenocarcinoma, and poorly differentiated adenocarcinoma.
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FIGURE 3. (A) CD31-MVD showed negative correlation with '8F-FDG uptake (P = 0.057). (B) CD105-MVD showed significantly

positive correlation with 18F-FDG uptake (P < 0.0001).

CD34 are recommended as standard antibodies for assess-
ing MVD in solid tumors (26,27), the variations among
studies with these antibodies imply their limitations in lung
cancer.

Endothelium in healthy adults is considered quiescent
because the turnover of endothelial cells is very low (28).
However, endothelial cells of tumor-associated neovascu-
lature proliferate 20-2,000 times more rapidly than do
endothelial cells of normal tissues (29). CD105 (endoglin)
is a homodimeric cell membrane glycoprotein expressed on
endothelial cells and is thought to be a proliferation-
associated marker of endothelial cells (30,31). In fact, a
correlation has been found between levels of CDI105
expression and markers of cell proliferation (i.e., cyclin A
and Ki-67) in tumor endothelia (32), and some studies have
indicated that a greater intensity of staining for CD105 is
detectable in blood vessel endothelia within neoplastic
tissues than in those within normal tissues (3/,33). Consis-
tent with these findings, CD105 has been shown to repre-
sent an ideal marker for quantifying tumor angiogenesis
and to be an independent indicator of prognosis in some
tumors (34,35), including lung cancer (21).

In the present study, by comparing staining results for
CD105 and CD34/a-SMA in serial sections of lung ade-
nocarcinomas, we found that CD105 was expressed spe-
cifically in immature vessels but not in mature vessels. In
areas with an alveolar pattern, we could see clearly the
difference between CD31 expression and CD105 expres-
sion. The trapped vessels were in the same distribution as in
normal alveoli; however, these kinds of vessels were CD31
positive but CD105 negative. Taken together, these findings
indicated the following. First, there may be a different mech-
anism of tumor angiogenesis in lung adenocarcinomas—
involving tumor cells filling the alveolar spaces and
entrapping, but not destroying, the alveolar septa and

co-opting the preexisting blood vessels. Second, because
of the presence of the alveolar pattern, comparing the
proliferation-related endothelial cell marker CD105 with
panendothelial cell markers, such as factor VIII, CD31, and
CD34, may not reflect exactly the tumor-associated neo-
vasculature; this may be one of the explanations for the
conflicting results regarding MVD studies in lung cancer.
Third, although there is a marginally significant correlation
between CD31-MVD and prognosis, CD105-MVD has a
much more significant prognostic impact than does CD31-
MVD; therefore, CD105-MVD is a much better indicator of
prognosis in lung adenocarcinomas.

Furthermore, we also found that BAC usually has mod-
erate or high CD31-MVD and CD34-MVD but low CD105-
MVD. BAC, as a subcategory of lung adenocarcinoma, has
a fairly good prognosis for surgically treated patients. The
key pathologic feature of BAC is preservation of the
underlying architecture of the lung, with cylindric tumor
cells growing on the walls of preexisting alveoli. Therefore,
because CD31 and CD34 staining was seen for both mature
and immature vessels, it is reasonable to assume that the
moderate or high CD31-MVD and CD34-MVD involved
mainly preexisting vessels; serial sections stained with
CD105 further proved that those vessels were negative for
CD105. Although the pathophysiologic impact of preexist-
ing vessels for tumor progression is still unclear, it seems
that these kinds of vessels make no contribution to 3F-
FDG uptake in lung adenocarcinomas, because most soli-
tary BACs are almost negative in '3F-FDG PET (36), even
though these BACs have moderate or high CD31-MVD and
CD34-MVD.

Regarding the correlation between '®F-FDG uptake and
MVD in NSCLC, only 1 previous study mentioned a pos-
itive correlation between '8F-FDG uptake and CD34-MVD
(37). The present study is the first research concentrating
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on the correlation in lung adenocarcinomas. In contrast to
that previous study, our findings suggested that '8F-FDG
uptake shows a marginally negative correlation with
CD31-MVD but a significantly positive correlation with
CD105-MVD. However, the underlying mechanism of this

FIGURE 5. Moderately differentiated adenocarcinoma

(2.9
cm) with recurrence in 23 mo. (A) CT scan shows nodule in left
lung. (B) ®F-FDG PET shows intense uptake of '8F-FDG in
tumor (SUV = 5.76). (C) CD31 immunohistochemical analysis
shows high MVD. (D) CD105 immunohistochemical analysis
also shows high MVD.

difference is still unclear, and further study is warranted.
Although the prognostic impact of MVD in NSCLC is
complicated and further study is needed, a new treatment
for malignant tumors (antiangiogenic therapy) recently pro-
vided new hope for cancer therapy (38). Therefore, there is

e

3
b
foae k& A A

FIGURE 6. BAC (2.0 cm) without recurrence in 50 mo. (A) CT
scan shows nodule in right lung. (B) '8F-FDG PET shows
modest uptake of 8F-FDG in tumor (SUV = 1.32). (C) CD31
immunohistochemical analysis shows moderate MVD. (D)
CD105 immunohistochemical analysis shows low MVD.
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an urgent need for assessing pretreatment angiogenic status
and evaluating the response to this therapy in clinical
studies. In the present study, we found that "8F-FDG uptake
not only can reflect the angiogenic status in lung adeno-
carcinomas but also, and more importantly, can reflect
active angiogenesis in lung adenocarcinomas. These prop-
erties’ may have further applications in assessing and
monitoring antiangiogenic therapy in the near foture.

CONCLUSION

In contrast to CD31-MVD, CD105-MVD reflects. active
tumor angiogenesis and is a better indicator of prognosis in
patients with lung adenocarcinomas. '8F-FDG uptake cor-
related significantly with the active angiogenesis deter-
mined by CD105-MVD. This property may have applications
in assessing and monitoring antiangiogenic therapy.
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Abstract

Purpose. Noguchi and colleagues reported that the
growth pattern of small-sized adenocarcinoma was re-
lated to the vascular involvement and the prognosis of
the patient. Noguchi’s type A/B tumors had no lymph
node metastasis, rare vascular involvement, and an ex-
cellent prognosis, which meant that Noguchi's type A/B
tumors were preinvasive tumors of the peripheral type.
Although Noguchi’s classification was usually deter-
mined based on resected specimens, it would be useful
to make a decision about the therapeutic strategy if the
classification could be determined preoperatively based
on the fluorodéoxyglucose (FDG) uptake.

Methods. The FDG uptake in 61 pulmonary adenocar-
cinomas measuring 3cm or smaller in diameter was
compared with the mediastinal uptake and was classi-
fied into five grades. The relationship between the FDG
uptake and Noguchi’s classification (A to F) was
analyzed.

Results. The FDG uptake was significantly lower in
Noguchi’s type A/B tumors than in type C or in type D/
E/F. Eleven of 12 tumors (92%) with no increased or a
weak FDG uptake were classified as type A/B, whereas
32 of 33 tumors (97 %) with a strong or very strong FDG
uptake were classified as type C-F.

Conclusions. The FDG uptake is helpful for making an
accurate diagnosis of Noguchi’s classification preoper-
atively in patients with pulmonary adenocarcinoma.

Key words "*F-Fluorodeoxyglucose positron emission
tomography - Noguchi’s classification - Adenocarci-
noma - Lung cancer - Limited resection

Reprint requests to: M. Sagawa
Received: April 1, 2005 / Accepted: July 12, 2005

Introduction

Lung cancer is the leading cause of cancer death in
Japan as well as in the United States. Recently, thoracic
computed tomography (CT) screening for the detection
of carly lung cancer has been suggested as a possible
tool to decrease lung cancer mortality.'”” Using CT
screening, a number of small-sized pulmonary adeno-
carcinomas have thus been detected and treated, and
several characteristics of small-sized adenocarcinomas
have also been elucidated. Noguchi and colleagues
introduced a novel classification where small-sized
pulmonary adenocarcinomas were classified according
to their growth pattern. Noguchi’s classification was
strongly related with vascular involvement and the
prognosis of the patient.* In particular, Noguchi’s type
A/B tumors had characteristics with no lymph node
metastasis, rare vascular involvement, and an excellent
prognosis (5-year survival rate: 100%).* Although
Noguchi’s classification was usually determined with
resected specimens, it would be useful to decide the
therapeutic strategy if the classification could be deter-
mined preoperatively.

Positron emission tomography imaging with "F-
fluorodeoxyglucose (FDG PET) provides physiologic
and metabolic information of pulmonary nodules,
which cannot be provided by morphological examina-
tions such as CT.>7 To date, little is known concerning
the relationship between the FDG uptake and
Noguchi’s classification in small-sized primary pulmo-
nary adenocarcinomas, which we retrospectively ana-
lyzed in this study.

Patients and Methods
Positron emission tomography scanning was performed

with a PET camera, Headtome IV (Shimazu, Kyoto,
Japan) or Advance (GE Medical System, Milwaukee,
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WI, USA). Until March 2003, FDG PET was performed
in 110 patients with 118 primary lung cancers, which
were surgically resected at our university. Of them, 61
lesions of adenocarcinoma which pathologically mea-
sured 3cm or smaller in diameter were analyzed.

All of the patients studied fasted for 6 h before under-
going scanning. Blood (1ml) was drawn for baseline
blood glucose estimation, and the data were recorded.
Fluorodeoxyglucose was administered intravenously.
The average injection dose of FDG was 370 MBq. After
a 40-50-min uptake period, an emission scan was ac-
quired. Transmission scans were obtained in all subjects
for attenuation correction. Fluorodeoxyglucose accu-
mulation  within the primary lung cancer on the
attenuation- and decay-corrected images was graded
independently. A 5-point visual grading system (a
modified method of Vansteenkiste et al.¥) was used to
interpret the FDG uptake within the primary lesions
without any pathological information: no increased up-
take (similar to background), weak uptake (lower than
mediastinum), medium uptake (similar to mediasti-
num), strong uptake (higher than mediastinum), very
strong uptake (remarkably higher than mediastinum).

Histological typing was classified according to the
World Health Organization classification® without any
radiological information. The growth pattern of the
tumors was classified according to Noguchi’s classi-
fication* A, localized bronchiolo-alveolar carcinoma
(LBAC); B, LBAC with foci of collapse of alveolar
structure; C, LBAC with foci of active fibroblastic pro-
liferation; D, poorly differentiated adenocarcinoma; E,
tubular adenocarcinoma; and F, papillary adenocarci-
noma with compressive and destructive growth. Type
A/B/C tumors show a growth pattern involving replace-
ment of alveolar lining cells, whereas type D/E/F
tumors are nonreplacement-type adenocarcinomas. A
statistical analysis was performed using the Mann-
Whitney U-test.

Results

Table 1 shows the characteristics of the 61 lesions of the
56 patients. Figure 1 shows FDG PET findings of repre-
sentative cases. The FDG uptake of each tumor accord-
ing to Noguchi’s classification and the tumor size are
shown in Fig. 2.

Fifty-five of all the 61 adenocarcinomas (90%) had a
positive FDG uptake. According to the tumor size, all
16 adenocarcinomas measuring from 26 to 30mm in
diameter (100% ), 12 of 14 tumors measuring from 21 to
25mm in diameter (86%), all 17 tumors measuring from
16 to 20mm in diameter (100%), and 10 of 14 tumors
measuring from 1 to 15min in diameter (71%) had a
positive FDG uptake. In the adenocarcinomas measur-
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Table 1. Characteristics of the patients in this study

Factor n
Sex
Male 21
Female 35
Age
59 and below 19
60-69 i 16
70-79 18
80 and above 3
Histology
Bronchiolo-alveolar carcinoma 9
Well-differentiated adenocarcinoma 28
Moderately differentiated adenocarcinoma 21
Poorly differentiated adenocarcinoma 3
Noguchi’s classification
A 2
B 14
C 16
D 4
E 7
F 18
Maximum diameter
10mm or less 4
11-15mm 10
16-20mm 17
21-25mm 14
26-30mm 16
FDG uptake
0 6
1 6
2 16
3 17
4 16

FDG, fluorodeoxyglucose

ing from 1 to 15mm in diameter, 9 of 10 Noguchi’s type
C-F tumors had a positive FDG uptake (90% ), whereas
only 1 of 4 Noguchi’s type A/B tumors had (25%).

Although 11 of 16 type A/B tumors (69%) had a
positive FDG uptake, 10 of the 11 FDG-positive type A/
B tumors had a medium FDG uptake or weaker. On the
other hand, 15 of 16 type C tumors (94%) and 29 of 29
type D/E/F tumors (100%) had a positive FDG uptake,
and all of the FDG-positive type C-F tumors had a
medium FDG uptake or stronger. The FDG uptake was
lower in Noguchi’s type A/B tumors than in type C
tumors (P = 0.0002) or in type D/E/F tumors (P <
0.0001). The FDG uptake in type C tumors was not
statistically different from that in type D/E/F tumors
(P =0.104).

Table 2 shows the number of tumors according to
Noguchi’s classification and the FDG uptake. Eleven of
12 tumors with no FDG uptake or a weak one (92%)
were classified as Noguchi’s type A/B. On the other
hand, 32 of 33 tumors with strong or very strong FDG
uptake (97%) were classified as Noguchi’s type C, D, E,
or F.
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~ No | Medium| Very
increase strong

Weak | Strong

Fig. 1. ®F-Fluorodeoxyglucose positron
emission tomography findings in repre-
sentative cases

Tumor Size
Noguehl's classification 0-15mm | 16-20mm | 21-25mm | 26-30mm
Type A O &]
Type B
Type C
e Fig. 2. Relationships among the fluoro-
Type D deoxyglucose (FDG) uptake, Noguchi’s
Type E classification, and the tumor size. Most of
Noguchi’s type A/B tumors had a me-
Tvoe F dium FDG uptake or weaker, whereas
we most of Noguchi’s type C-F had a me-
) ) dium FDG uptake or stronger, regardless
Uptake of FDG: O Noincreased OWeak [ Medium @ Strong W Very strong of the size of the tumor

Discussion

Table 2. Number of tumors according to Noguchi’s classifica- .
Recently a number of small pulmonary adenocarcino-

tion and FDG uptake : ’ °
- P mas have been found due to advances in diagnostic
Noguchi’s classification . . . . .
radiology.'* Noguchi et al. published a classification
FDG uptake A B C D E F  ith which the aggressiveness of small adenocarcino-
No increased uptake 1 4 1 0 0 0 mas was evaluated.* In this study, we examined the
Weak uptake 1 5 0 0 0 0 relationship between FDG uptake and Noguchi’s classi-
Medium uptake 0 4 4 1 2 5 fication with resected small-sized adenocarcinomas.
Strong uptake 0 ) ) 1 2 4 Our results showed that 90% of adenocarcinomas
Very strong uptake 0 0 2 2 3 9

were FDG-positive even though the tumors measured
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3cm in size or smaller. According to the tumor size,
96% of the tumors measuring from 16 to 30 mm in diam-
eter had a positive FDG uptake, whereas the sensitivity
decreased to 71% in the tumors measuring 15mm or
smaller. However, 90% of type C-F tumors measuring
15mm or smaller in diameter still had a positive FDG
uptake. These results indicate that FDG PET is useful
for detecting type C-F small adenocarcinomas. On the
other hand, only 25% of type A/B tumors 15mm or
smaller in diameter were FDG-positive, thus indicating
that FDG PET could not detect type A/B small
adenocarcinoma.

A number of early adenocarcinomas detected by tho-
racic CT screening have raised a question as to whether
a lobectomy would be indispensable for such kinds of
tumor. A randomized trial concerning a limited resec-
tion for clinical TINOMO lung cancers revealed that a
limited resection is not recommended for patients with
clinical TINOMO diseases.!” However, Noguchi’s type
A/B tumor is not the same as usual TINOMO lung can-
cer because it has rare nodal and vascular involvement,*
and a limited resection might thus be sufficient for such
a tumor.!! Actually a clinical trial, where a wedge resec-
tion of the lung without nodal dissection would be per-
formed instead of a lobectomy with systematic nodal
dissection when the lung cancer was Noguchi’s type A/
B, is now being planned in Japan. Nevertheless, it is
sometimes difficult to accurately differentiate type A/B
from type C-F by transbronchial lung biopsy specimens
or intraoperative frozen sections, which thus remains a
great obstacle for conducting such a clinical trial.

Our results revealed that 92% of the pulmonary ad-
enocarcinomas 3cm or smaller in diameter with no in-
creased or weak FDG uptake were Noguchi’s type A/B
tumors, and 97% of the pulmonary adenocarcinomas
3cm or smaller in diagmeter with a strong or very strong
FDG uptake were Noguchi’s type C-F. Although the
negative predictive values were not so high, the positive
predictive values were considerably high. This means
that FDG PET may therefore help us to make an accu-
rate diagnosis of Noguchi’s classification pre- and intra-
operatively, and would also be useful for conducting a
clinical trial where a wedge resection of the lung would
be performed instead of a lobectomy for Noguchi’s type
A/B lung cancer.

In the present study there are some issues that remain
to be discussed. First, a five-point visual grading system
was used to interpret FDG uptake within the primary
lesions, and the standard uptake value (SUV)threshold
was not used. Vansteenkiste et al. reported that a visual
scale was as accurate as the use of an SUV threshold for
lymph nodes in the distinction between benign and
malignant nodes.® The SUV is affected by many factors,
including the partial volume effect, the method of draw-
ing regions of interest, the period between FDG admin-
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istration and the start of an emission scan, and whether
the image is attenuation-corrected or nonattenuation-
corrected.? Iterative reconstruction with segmented at-
tenuation correction resulted in a significantly lower
mean SUV and maximum SUV values compared to a
filtered back-projection with measured attenuation cor-
rection.!® Therefore, a visual scale was found to be more
adequate than the SUV threshold in this study.

Second, the results of this study did not describe the
sensitivity or positive predictive value of FDG PET to
differentiate malignant tumors from benign tumors,
which has already been reported by many investiga-
tors.'*17 This study focused on the positive predictive
value (probability) to differentiate Noguchi’s type A/B
from type C-F, which would be important for selecting
appropriate candidates for a limited resection. There-
fore, all of the patients in this study were lung cancer
patients.

Third, this study did not focus on the negative predic-
tive value or false-negative cases, such as type A/B
tumors with a medium FDG uptake. The standard sur-
gical procedure for lung cancer is a pulmonary lobec-
tomy with a systematic nodal dissection, because a
randomized trial revealed that the patients with clinical
TINOMO lung cancer who underwent a limited resec-
tion had a significantly worse prognosis than those who
underwent a pulmonary lobectomy.’® At present, the
important strategy in selecting candidates for a limited
resection should be not to reduce the number of
false-negative cases, but to reduce the number of false-
positive cases. Therefore, this study focused on the posi-
tive predictive value to differentiate type A/B from type
C-E.

Although the number of cases in this study was lim-
ited, the results were informative. FDG PET is useful
for detecting Noguchi’s type C-F small adenocarcino-
mas, but not type A/B small adenocarcinomas. FDG
PET may be helpful for achieving an accurate diagnosis
of Noguchi’s classification, thus enabling us to conduct a
clinical trail where a wedge resection would be per-
formed instead of a lobectomy for selected lung cancer
patients. Further studies will be required to clarify
whether a limited resection is actually beneficial for
such patients.
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Tumor Angiogenesis in Lung Adenocarcinomas:
Correlation with FDG Uptake and Prognosis

JianFei1 Guo

Abstract: PURPOSE

To investigate correlation of angiogenic factors (VEGF, Angiopoietin-2) expression and hypoxia
inducible factors (HIF-1«, HIF-2«) expression with FDG uptake and prognosis in lung adenocarcinomas.
MATERIALS AND METHODS

Forty-four patients with forty-five lung adenocarcinomas were performed FDG PET before surgery.
FDG-PET measurements were performed 40 minutes after intravenous injection of approximately 185
MBq FDG on a dedicated PET scanner. Consecutive paraffin-embedded sections obtained from each
resected tumor were immunostained for VEGF, Angipoietin-2, HIF-1«, HIF-2a and Glut-1, respectively.
The Kaplan-Meier survival method was used to calculate survival rates, and the log-rank test was used to
compare groups with respect to survival.

RESULTS

FDG uptake significantly correlated with VEGF (P=0.05) and Angiopoietin-2 (P=0.003) expression;
higher FDG uptake usually means higher VEGF and Angiopoietin-2 expression. While HIF-1«
expression had no significant correlation with FDG uptake, HIF-2« expression had a significant
correlation with FDG uptake (P=0.009) and Glut-1 expression (P=0.004). The patients with SUV<5
(P=0.00001), low VEGF (P=0.006), low Angiopoietin-2 (P=0.0002), low HIF-1« (P=0.04) or low HIF-2
a (P=0.0001) expression had a significantly better disease-free survival probabilities than the others.
CONCLUSION

Angiogenic factors (VEGF, Angiopoietin-2) expression and HIF-2« expression significantly correlated
with FDG uptake and prognosis in lung adenocarcinomas. This may have applications in assessing and

monitoring antiangiogenic therapy.

Key Words:

Introduction

Tumor growth and metastasis are critically
dependent on the tumor’s supply of blood vessels.
Many studies have demonstrated that angiogenesis is
stimulated by a variety of tumor-secreted angiogenic
factors and inhibited by angiogenic inhibitors(1).
Vascular endothelial growth factor (VEGF) is one of
the most potent endothelial cell-specific growth
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factors and can promote differentiation and
proliferation of endothelial cells and the formation of
immature vessels(2). VEGF overexpression has been
noted in human cancers of the brain, colon, breast,
and lung and is reported to correlate with an adverse
prognosis in these cancers, including non-small-cell
lung cancer (NSCLC)(3,4). Angiopoietin-2 (Ang-2)
has also recently been reported to have angiogenic
activity and is related to vascular remodelling and
sprouting, which occur in a complementary and
coordinated fashion during vascular development,
along with VEGF(5). The upregulated expression of
Ang-2 has been noted in some human malignant
tumors, including NSCLC(6).

Several factors have been identified as involved in
the regulation of VEGF, including signal-transduction
molecules, specific growth factors and cytokines, the
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Fig. 1. Correlation of VEGF and Ang-2 expression with FDG uptake in lung adenocarcinomas. (A) VEGF expression shows a significant correlation
with FDG uptake (P = 0.05). (B) Ang-2 expression also has a much more significant correlation with FDG uptake (P = 0.003). (SUV: standardized

uptake value)
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Fig. 2 . Kaplan-Meier analysis of disease-free survival according to FDG uptake (SUV>5 and SUV< or =5). (A) Analysis in the total patients shows that
SUV is a significant prognostic factor (P = 0.00001) in the patiens with lung adenocarcinoma. (B) Analysis in the patients with stage I disease (35

patients) shows that SUV is still a significant prognostic factor (P = 0.00005).
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most important of which may be hypoxia(7). Two of
the most important transcription factors mediating the
cellular response to hypoxia are hypoxia inducible
factor-1a (HIF-1«) and hypoxia inducible factor-2«
(HIF-2«a). These transactivate many target genes,
including glucose transporters (Gluts), glycolytic
enzymes, and VEGF(8). Overexpression of HIF-1a
and HIF-2« has been linked to upregulated
angiogenic factors expression and poor outcome in
some tumors, including NSCLC(9).

FDG PET imaging has been applied in many
kinds of tumors and regarded as a good imaging
modality for predicting prognosis in lung cancer(10-
12). In previous study(13), we have found that active
tumor angiogenesis reflected by CD105 microvessel
density (MVD) significantly correlated with FDG
uptake and prognosis in lung adenocarcinomas.
However, until now, there is no previous report
regarding the correlation between FDG uptake and
angiogenic factors expression in lung adenocarcinomas
and there is no reports regarding the correlation
between FDG uptake and HIF expression in lung
adenocarcinomas either. Therefore, the aims of this
study were to investigate (a) correlation of VEGF and
Ang-2 expression with FDG uptake in lung
adenocarcinomas; (b) correlation of HIF-1a and HIF-
2a expression with FDG uptake and Glut-1
expression; and (c) the prognostic value of those
angiogenic factors involved in this study.

Materials and Methods

Patients

Forty-four patients (20 men, 24 women; age
range, 47-82 y; mean age, 65 y) with forty-five lung
adenocarcinomas, who underwent complete resection
at Kanazawa Medical University from January, 1995,
- through December, 1999, were included in this study.
All patients underwent thoracotomy within 4 weeks
after their FDG PET study. Final diagnoses were
established histologically in all patients. Follow-up of

Table 1. Correlation of HIF-1« and HIF-2« expression with FDG
uptake and Glut-1 expression in lung adenocarcinomas.
FDG uptake Glut-1
SUV=<5 SUV>5 pValue Low High pValue

HIF-1a 0.42 0.30

Low 14 4 17 8

High 19 8 10 8
HIF-2«a 0.01 0.02

Low 20 2 17 6

High 13 10 8 18

SUV: standardized uptake value

Guo

the postoperative clinical course was conducted by
outpatient medical records and by inquiries by
telephone or letter. The sizes of the tumors were
determined from the resected specimens and ranged in
diameter from 1.2 to 5.5 cm. None of the patients had
insulin-dependent diabetes, and the serum glucose
levels in all patients just before FDG injection were
less than 120 mg / dl. Our institutional review board
approved our research study and did not require
patient informed consent for the retrospective study.
We did obtain written informed consent from all
patients for the PET examinations.

FDG PET Imaging

FDG PET was performed using a PET camera
(Headtome IV, Shimazu, Kyoto, Japan) with a 10-cm
axial field of view. The Headtome IV has 4 detector
rings with 768 bismuth germanate (BGO) crystals per
ring. It uses direct and crossplane coincidence
detection to generate 14 slices per bed position. For
the thorax, two-bed positions (28 slices at 6.5 mm
intervals) were obtained. Reconstruction in a 128 x
128 matrix using a Hann filter (0.5 cutoff) yielded 5-
mm intrinsic resolution at the center. Transmission
scans were obtained in all subjects before FDG
administration for attenuation correction by using a
germanium-68 ring source. X-ray fluoroscopy was
used to ascertain the location of the pulmonary
nodule, and marks were made on the skin to aid in
positioning the patient for the transmission scan. A
transmission scan was acquired for 10 to 20 minutes
in each bed position, depending on the specific
radioactivity of the ring sources at the time of the
study, for at least 2 million counts per slice. During
the transmission scan, marks were made on the
patient’s skin to aid in repositioning for the emission
scan. Blood (1 ml) was drawn for baseline blood
glucose estimation and the data was recorded.
Immediately after the transmission scan, FDG was
administered intravenously. The average injection
dose of FDG was 185 MBq. After a 40-minute
uptake period, the patient was repositioned in the
scanner. An emission scan was acquired at 10
minutes for each bed position, and the process took a
total of 20 minutes.

For semiquantitative analysis of the FDG uptake,
regions of interest (ROIs) were manually defined on
the transaxial tomograms that showed the lesion’s
highest uptake to be in the middle of the tumour. The
ROIs placed on the lesions encompassed all pixels
within that lesion which had uptake values of greater
than 90% of the maximum uptake in that slice, and
the average counted rate in each ROI was calculated.
In patients in whom no nodules were detectable by
PET, the ROI was extrapolated from chest CT scans.
After correction for radioactive decay, we analyzed

- 191 -



FDG PET and Angiogenesis in Lung Cancers

the ROIs by computing the standardized uptake
values (SUVs), PET counts / pixel / sec X calibration
factor / injected dose (MBq) / body weight, where the
calibration factor = (MBq / ml) / (counts / pixel / sec).
Immunohistochemical Staining

Consecutive 5-xm sections were cut from each
paraffin-embedded study block and were stained for
VEGF, Angipoietin-2, HIF-1a, HIF-2¢ and Glut-1
using the immunoperoxidase technique. Appropriate
positive and negative controls were included with each
set of stains. The primary antibodies used were a
mouse monoclonal antibody (clone VG1, Zymed) at a
1:100 dilution for VEGF, a goat monoclonal antibody
(clone C-19, Santa Cruz Biotechnology) at a 1:50

dilution for Angipoietin-2, a mouse monoclonal
antibody (clone ESEE122, Novus biologicals) at a
1:200 dilution for HIF-1a, a mouse monoclonal
antibody (clone EP190b, Novus biologicals) at a 1:500
dilution for HIF-2¢ and a mouse monoclonal antibody
(clone MYM, Chemicon International) at a 1:500
dilution for Glut-1. Sections were deparaffinized,
rehydrated and microwaving (4 min X 3) for antigen
retrieval was applied. They were further processed by
the addition of primary antibodies and rinses,
horseradish peroxidaseconjugated secondary antibody
and rinses, and color development with
diaminobenzidine tetrahydrochloride and the nuclei
were counterstained with Mayer’s hematoxylin.
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Fig. 3. Kaplan-Meier analysis of disease-free survival for VEGF (A), Ang-2 (B), HIF-1« (C) and HIF-2« (D) in the total patients.
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Fig. 4. A moderately differentiated adenocarcinoma with recurrence in 17 months. (A) FDG PET shows intense uptake of FDG in the tumor (SUV 6.94).
(B) CT scan shows a nodule in the left lung. VEGF (C), Ang-2 (D), HIF-1« (E), HIF-2a (F) and Glut-1 (G) immunohistochemistry demonstrate strong

expression.

Immunohistochemical interpretation

All immunohistochemical evaluation was
performed by two investigators without knowledge of
patient outcome. The VEGF and Ang-2 expression
was assessed according to the percentage of
immunoreactive cells, and the median level was
chosen as cut-off point to define low and high
expression(6,14).

HIF-1« and HIF-2a expression was both
cytoplasmic and nuclear. Cytoplasmic staining was
scored as absent, weak, moderate and strong. Nuclear
expression usually was accompanied with
moderate/strong cytoplasmic reactivity, pure nuclear
expression was more often noted in HIF-2« staining
than HIF-1a staining. Tumors were grouped as low
and high expression according to the intensity and
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extent of staining: low HIF expression, tumors
without nuclear reactivity and with absent or weak
cytoplasmic reactivity; high HIF expression, tumors
with a clear nuclear reactivity and/or with
moderate/strong cytoplasmic reactivity. This scoring
method is performed according to previous study with
some modifications(9).

Glut-1 staining was scored by combining both the
percentage of positive tumor cells and the staining
intensity, according to the previous study with some
modifications(15).

Statistical Methods

All data are shown as the mean = 1 standard
deviation. All statistical analyses were carried out
with the use of SPSS for Windows (version 12.0;
SPSS Inc, Chicago, IL, USA). Chi-square test was
used to compare the distribution of values across
categorical variables. Differences in continuous
variables between dichotomous variables were tested
using one-way analysis of variance (ANOVA).
Disease-free survival probability was calculated with
the Kaplan-Meier life table method. Differences
between survival probabilities were analyzed using
the log-rank test. Probability values of less than or
equal to 0.05 were considered statistically significant.

Results

Figure 1 shows the correlation of VEGF and Ang-
2 expression with FDG uptake. Campared with
VEGEF expression, Ang-2 expression has a much more
significant correlation with FDG uptake (P = 0.003).

As summarized in Table 1, Chi-squire analysis
shows that HIF-1« expression has no significant
correlation with FDG uptake and Glut-1 expression,
while HIF-2« expression has a significant correlation
with FDG uptake and Glut-1 expression (P = 0.009, P
=(.004) (Table 1).

Using Kaplan-Meier method, we analyzed the
prognostic impact of FDG uptake and angiogenic
factors invoved in this study. According to the
previous report(11), the patients were classified into
two groups of SUV>5 and SUV< or =5. Among all
of the factors investigated in this study, SUV is the
most significant prognostic factor in disease-free
survival analysis (P = 0.00001)(Fig. 2A). Even in
patients only with stage I disease (35 patients), SUV
still is a significantly prognostic factor (P =
0.00005)(Fig. 2B). Both of VEGF and Ang-2
expression are significantly prognostic factors in this
study (P = 0.006, P = 0.0002) (Fig. 3A, Fig. 3B). HIF
expression is also significant prognostic factor,
however, compared to HIF-1« expression (P = 0.04)
(Fig. 3C), HIF-2a expression is a much more
significantly prognostic factor (P = 0.0001) (Fig. 3D).
Figure 4 shows a representative case in this study. A

patient with a moderately differentiated adenocarcinoma
had a recurrence in 17 months. FDG PET shows
intense uptake of FDG in the tumor (SUV 6.94).
VEGF, Ang-2, HIF-1a¢ , HIF-2a¢ and Glut-1
immunohistochemistry demonstrate strong expression.

Discussion

The present study demonstrated that angiogenic
factors (VEGF, Ang-2) expression and HIF-2a«
expression significantly correlated with FDG uptake
and prognosis in lung adenocarcinomas.

Angiogenesis is required for tumor growth and
metastasis. The process of angiogenesis is stimulated
or inhibited by a variety of factors(1). VEGEF is one
of the most potent endothelium-specific angiogenic
factors, and its overexpression is reported to be
associated with high microvessel density, rapid tumor
progression, and poor prognosis in several human
cancers, including NSCLC(3,4). The recent discovery
of Ang-1 and Ang-2 has also provided novel and
important insights into the molecular mechanism of
blood vessel formation. Ang-1 and Ang-2 bind with
similar affinity to the endothelial cell tyrosine kinase
receptor Tie 2(16). Ang-1 leads to endothelial cell
stability, but Ang-2 antagonizes the stabilizing action
of Ang-1. Ang-2 results in destabilization of vessels

-and causes regression of newly formed vessels by

endothelial cell apoptosis, unless VEGF is present, in
which case the two collaborate to promote
angiogenesis(5). In Tanaka et al’s study(6), they
found that Ang-2 expression significantly correlated
with prognosis, as well as with aggressive
angiogenesis in NSCLC that was enhanced in the
presence of high VEGF expression. Our findings are
consistent with that report, and indicate that tumor
angiogenesis mediated by VEGF and Ang-2 can be
assessed by FDG uptake. Moreover, our findings also
confirm our previous study(13), in which we found
that tumor angiogenesis reflected by CD105-MVD is
a significant prognostic factor and significantly
correlate with FDG uptake in lung adenocarcinomas.
Taken together, these results indicate that FDG PET
imaging may be a good imaging modality to
noninvasively assess tumor angiogenesis in lung
adenocarcinomas.

To our knowledge, there was no previous report
regarding the correlation between FDG uptake and
tumor angiogenesis in lung adenocarcinomas. The
underlying mechanism of this correlation also remains
unclear. In one hand, in-vitro cell line study shows
that FDG uptake is significantly unregulated under
hypoxic condition(17), it is assumed that glucose
transporter protein (Glut-1) expression mediated by
hypoxia may be one of important time-limiting steps
for FDG uptake. The important role of Glut-1
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expression increasing FDG uptake in NSCLC are
already investigated in the previous study(18),
however, the relationship of hypoxia with FDG
uptake and Glut-1 expression in lung adenocarcinomas
is not determined yet. On the other hand, angiogenic
factors expression, for example, VEGF expression
can be significantly enhanced by hypoxia through
both transcriptional and post-transcriptional
mechanisms(7). Based on this complicated
connection, we can assume that hypoxia may be the
important linkage between tumor angiogenesis and
FDG uptake. In the present study, we investigated
two important transcription factors mediating the
cellular response to hypoxia, that is, HIF-1« and HIF-
2«. We found that although both of them are
regulated by hypoxia and have similar function, they
have different prognostic value and relationship with
FDG uptake. This result implies that they may play
different role in lung adenocarcinomas, in fact, some
previous reports indicated that HIF-1« and HIF-2«
did have different function in different tumors and
HIF-2«¢ may be more abundant in lung cancer(19,20).
Furthermore, we found that HIF expression is also a
significant prognostic factor in lung adenocarcinomas,
in addition to its important role in tumorigenesis,
targeting HIF pathway may also be important in the
treatment of lung cancer.

As a functional imaging modality, FDG PET has
been proved very useful tool for staging many kinds
of tumors, including NSCLC. FDG uptake is also
recognized as an important and independent
prognostic factor in some tumors including NSCLC.
Using FDG PET imaging to assess tumor
angiogenesis will be a good choice in face of the
forthcoming antiangiogenic therapy.

In summary, our results indicate that angiogenic
factors (VEGF, Ang-2) expression and HIF-2«
expression significantly correlated with FDG uptake
and prognosis in lung adenocarcinomas. This may
have applications in assessing antiangiogenic therapy
in the near future.
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KT -+ % AL B (95%15 11X i) pfi
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FDGHRMREE
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SRR 22 14 38.9 5.47(1.08-27.71) '
AT AR
HAERERETORTEEFOIHRTH L,
1.1 e g
" 1. BERERREOFDGRHE LB b £ UREER
N fifE 1 B0 5 SR OFDGHREE FREETH e FR TR
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201 SR & L C IR ¢ i BRI S 0,
£ 11 B C 1L BAARE S 72 ) OFDGH 58Ik 2 AL T
% o L Cigzﬁgj’"l ————— et ¥ % standardized uptake value (LLFSUV) 25% { HwH T
N 1 Bo L#L, SUVIEEHRIGER CMLHIOERE, FDGKS
;‘ | DOW|GETORME LB END, Lzh>T, KHFRET
']_ FERETORBEHHO -0 ITHENFF 2T >72, ThET
. D IR I FFAT & 52 RAFF R ORI 1E K & 2R
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JE NI R IR AR 12 B W CFDGERE L RED A 2ryE
HERLTH L OBERIHKRET S, FDGERESLESCRE
HEBEL, FPHREOHBEIRDO LN LFREINTVS
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FDG Uptake within the Primary Tumor, HRCT Findings and Serum Level of CEA as Predictors of
Recurrence in Patients with Surgically Resected Lung Adenocarcinoma Smaller than 3 cm.

Tomoko Takahashi

Department of Radiology, Kanazawa Medical University, Uchinada, Ishikawa 920-0293, Japan

Recently, small lung cancers have been frequently detected
by screening with low-dose computed tomography (CT)
examination. The candidates for limited resection are thought
to be a group of patients that have less invasive tumors and a
better prognosis. In addition, to improve prognosis, pre- and
post-operative therapy regimens have been studied in clinical
trials. The extent of ground-glass opacity (GGO) within the
tumor on high resolution CT (HRCT) findings correlates with
aggressiveness and prognosis in patients with lung
adenocarcinoma. Positron emission tomography (PET) with
*F-fluorodeoxyglucose (FDG), an in-vivo imaging method that
measures glucose metabolism, has been used to detect tumors
with increased glucose metabolism. FDG uptake within the
primary lesion is related to aggressiveness in patients with
lung adenocarcinoma. The aim of this study was to clarify the
prognostic importance for recurrence of FDG uptake, HRCT
findings and serum level of carcinoembryonic antigen (CEA)
in patients with lung adenocarcinoma.

Methods: The subjects were 75 patients with lung
adenocarcinoma smaller than 3 cm in largest diameter, who
underwent standard surgical procedures. Before surgery, FDG

Key Words:

PET, HRCT and serum level of CEA were examined. On
visual assessment, FDG uptakes within the primary lesions
were classified into two grades in comparison with the
mediastinal blood pool. The tumor contents were classified
into two groups according to the extent of the GGO assessed
by HRCT. In addition, CEA level was classified into two
groups (<20 ng/ml, >or=20 ng/ml).

Results: FDG uptake, GGO components and serum level of
CEA were significantly correlated with aggressiveness
(vascular invasion, lymphatic permeation and pleural
involvement) in univariate analyses. These were also
significant prognostic factors for poor outcome in the Kaplan-
Meier method (log rank test). Recurrence was not found in the
patients with GGO pattern (GGO>or=50%). Of the patients
with solid pattern (GGO<50%), FDG uptake and serum level
of CEA were significantly correlated with recurrence. The
degree of FDG uptake was found to be an independent
prognostic factor in multivariate analyses.

Conclusions: The combination of FDG uptake, HRCT
findings and serum level of CEA could be useful for
predicting the postoperative prognosis for recurrence.

lung adenocarcinoma, *F-FDG PET, GGO component, serum level of CEA, recurrence
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. WIFERREA BT VB 2RI LTI - @R MEEDFED A~DBEE- & Z DOFRIEIZBE 4 287

7e (WFged= C2005-3)

F—U—FK: 1) FETNVa—EEIHEFS. (honalcoholic steatohepatitis, NASH)
2) e (obesity)
3) misMmSiE (hyperlipidemia)
4) A —7 77 (auraptene)
5) TOP-GFP <=7 A (TOP-GFP mouse)

. BRZERERRE T KSR - RS - B % - BEEREY ORERSE D)

WA SR —RR - EEE - BhF - HEaSMHeRY: (GEass =)
FEF e - ST - BhEdR - IEPpRET: ORE 1)
B OBR - RBERKY - SnETTEAE - BdR - ERERE
W IR - R REE - REFEFBEESSRATTER: - GEET - TS mRELs

. WFFEH A

ARG IR S D BFORCK LOIEE R R SN KIFEOR D A ZARET 5 2 & HYE
PR IR HRE ST D, BRI AR IR OIRIEZ e RiE L Sh, Zhb T
A T AZA NVOZEAVITERSE OS2 A2 L H 725 LTV 5D, IEMOIRIEIZEE 53 5B a i
(NESBEHEEAR 1) 121X L 7T R0 PPAR v Fd> 5703, KIS ADERK T & L CIEHOE
B 5N IIEERRERE T & ORIRICHOWTONTIEZ LV, —F. FFigicis VT,
A AE D BRI K < b2 23, BERG. @ARILAED > D DIET L= — WERERYERTF 2
(NASH) OB TR S4L, mERICTFEL, fPE~SETT 5 & omE S o, s -
ERMEEE BT DN AORELILET 5 Z LITEEELZEZ bLD, AT, fif
WeEtAY (auraptene, nobiletin) (ZOWTC L7 F U ZRIEKBED T mE L 7 F U ILE
ZED db ~ 7 ACERIMIEZ£E D Min ~ 7 22 FWTC, KBRS AL ORFRD AT 5
ERHRZRETT 5, ZAUCK D, IR, KEG - IR AP 7= O FERE & kL4
1, HEEE AW E ORI ORI AR DR ABIEWE & U CORREMA RS,

5. W % &t

1) Azoxymethane (AOM) #%& db/db ~ & A RRGHIBEHAET VR & W=D AALFE T
EOBSE: L7 F L ZA RO db/db~ 7 A% VT HHGHISERS) Cib 5 auraptene
(2D AOM FH%E RAGHS A RTERIFZE DIERFTERIZ DWW TRRRT L7,

2) Min = 7 ZIEERIFRD ATT R D ILIRE & OBFEMEORE : Apc 5T
(R Z2 60 Min ~ 7 A KIGRFFWE CTh S dextran sodium sulfate (DSS) &4
5. U, KRIGH A OFASERE & PR RS & OB DUV TR L7z,

3) MBS L OVEARILAE & FRRARTOREM: A2 B 5N 9 5 72912, OLETF 7 v h &2 KHAfH
FE L, PIRACREOTREE, MUBEE, M= AT m—/U L HEARIAE, M AST, ALT
3 L ONETORREE 20 a5, RONT. EISILEH A WITISRET O34

L7270 B FEN 4% 5 L, FEN ORSIHIFIC )2 A IS SO TR E1T .
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6 FRIOEEHFITIL, KEBRELHFRD HivZen -7z, OLEFT BED M A = U i
I 1 28ERE DN LAARYD LEOT Of 25DfEE R LTc, ZORGEERHIC, 1 2
730 FEN O G2 BfE U7z, FEN 5% 2 48 £ T, 2R T v h&2EHZ L.
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Abstract

Although Apc™™ ™ mice are widely used for an animal model of human familial adenomatous polyposis (FAP), a majority of
intestinal polyps locate in the small intestine. We recently reported that numerous B-catenin-accumulated crypts (BCAC),
which are reliable precursor lesions for colonic adenocarcinoma, develop in the large bowel of aged Apc™™ ™ mice. In this
study, we determined the presence and location of BCAC in the large intestine of juvenile Apc™ ™+ mice (3 and 5 weeks of age).
Surprisingly, BCAC were noted in the colon of even ApcM‘-"/+ mice of both ages, and mainly located in the distal and middle
segments of the colon. Also, a few microadenomas were detected in ApcM™* mice of 5-week old. Our results may indicate

need of further investigation of the colorectal mucosa of Apc™™* mice for examining colorectal carcinogenesis using Apc™™ *

mice.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: B-Catenin-accumulated crypts; CS7BL/6J-Apc™™ ™ ; Juvenile mice

1. Introduction

Aberrant crypt foci (ACF) and BCAC are widely
used as markers for evaluating colorectal carcinogenic
risk in rodents [1,2] and humans [3]. ACF proposed by
Bird [1,2], are morphologically distinguished from
their surrounding crypts on colonic mucosa stained

* Corresponding author. Tel.: +81 76 286 2211x3611; fax: +81
76 286 6926.
E-mail address: takutt@kanazawa-med.ac.jp (T. Tanaka).

with methylene blue [1]. While they are considered as
putative precursor lesions for colonic adenocarcinoma
and frequently used for preclinical cancer chemopre-
vention studies [4,5], we have recently proposed that
B-catenin-accumulated crypts (BCAC) rather than
ACF are reliable precancerous lesions for colonic
adenocarcinoma [6—8].

Mutant mouse lineage being predisposed to
ApcMn'* s regarded as one of the models for
colorectal tumorigenesis [9]. Originally, this lineage
was established from an ethylnitrosourea-treated

0304-3835/$ - see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
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C57BL/6J male mouse, and its phenotype is a fully
penetrate autosomal dominant trait. The dominant
mutation is known to be located in Apc, the mouse
homologue of the human APC gene, resulting in
truncation of the gene product at amino acid 850 [10].
Although homozygous Apc™™Mi mice die as
embryos [11], Apc™™* mice develop multiple
intestinal tumors in the small intestine. However,
unlike in human familial adenomatous polyposis
(FAP), colonic neoplasms are rarely detected in the
large intestine. We previously documented that
numerous BCAC, which could be useful for detecting
the modifying effects of xenobiotics in colon
carcinogenesis in mice and rats [6,12], develop in
the colorectal mucosa of adult Apc™™ ™ mice aged
over 20 weeks [13]. The presence of spontaneous
ACEF [14] or dysplastic ACF (ACFyg,) [15] are also
known in Apc™™™ mice, but their frequency is low.

Since certain hit(s) on the BCAC may lead to
tumor development in Apc™' ™ mice [16], we, in the
present study, tured attention to the presence of
BCAC in the large bowel of juvenile Apc”™ ™ mice

and determined where BCAC develop.

2. Materials and methods
2.1. Animals

The mice were bred at our laboratory, from inbred
mice originally purchased from The Jackson Labora-
tory (Bar Harbor, ME). The Apc™™* pedigree was
maintained by mating Apc T/ females with z‘lpcMi”/Jr
males, and procedures to secure inbreeding were
followed. The Apc™™™ mice were identified by
allele-specific PCR on DNA isolated from tail. All
mice used for the experiment were maintained in the
well-controlled room with a high-efficiency particu-
late air (HEPA) filter, a 12 h lighting (7:00-19:00),
2542 °C room temperature, and 55+ 15% humidity.
Mice (5 mice/cage) were housed in polycarbonate
cages measuring W225XD338 XH140 mm (Japan
CLEA, Inc., Tokyo, Japan) with the floor covered
with a sheet of roll paper (Japan SLC). Water and diet
were given ad libitum. The mice were given a basal
diet, MF (Oriental Yeast Co., Ltd, Tokyo, Japan),
during gestation and until 5 weeks of age. We fully
complied with the ‘Guidelines Concerning

Experimental Animals’ issued by the Japanese
Association for Laboratory Animal Science and
exercised due consideration so as not to cause any
ethical problem.

2.2. Experimental procedure

A total of 54 mice were used in this study:
Ap™™+ mice of 3 weeks of age (7 females and 8
males) or 5 weeks of age (7 females and 6 males)) and
Ach“/+ mice of 3 weeks of age (8 females and 6
males) or 5 weeks of age (5 females and 7 males). The
Apc™™'™ mice were autopsied at 3-week and 5-week
of age respectively for measurement of the large
intestines as well as detection of ACF and BCAC in
the large intestinal mucosa. At sacrifice the large
bowels were removed, flushed with saline, fixed flat in
10% buffered formalin for 24 h at room temperature,
and then processed for histopathological evaluation
by routine procedures [17]. To identify aberrant
classical ACF [1], mucosal surface of the colons
were stained with methylene blue. In brief, fixed
colons were placed in 0.5% solution of methylene
blue in distilled water for 30 s. They were then placed
mucosal side up on a microscope slide and ACF were
counted under a light microscope at a magnification
of X40.

2.3. Tissue preparation

To identify intramucosal lesions ACF and BCAC,
colon was divided into three (distal, middle, and
proximal) segments and embedded in paraffin. A total
of 162 segments were examined by using an en face
preparation and 3-5-pm thick serial sections were
made [6,7]. For each case, two serial sections were
used to analyze the intramucosal lesions.

2.4. Histopathology and immunohistochemistry

Two serial sections were subjected to hematox-
ylin and eosin (H and E) staining for histopathology
and B-catenin immunohistochemistry for enumer-
ation of BCAC [12]. Immunohistochemistry for
B-catenin was performed on 4-pum-thick paraffin-
embedded sections from all segments of the colons,
using the labeled streptavidin-biotin method (LSAB
KIT; DAKO, Glostrup, Denmark) with microwave
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accentuation. The paraffin-embedded sections were
heated for 30 min at 65 °C, deparaffinized in xylene,
and rehydrated through graded alcohols at room
temperature. A 0.05 M Tris—HCI buffer (pH 7.6) was
used to prepare solutions and for washes between
various steps. Sections were treated for 40 min at
room temperature with 2% bovine serum albumin
and incubated overnight at 4 °C with a primary
antibody against B-catenin protein (diluted 1:1000,
Transduction Laboratories, Lexington, KY, USA).
Horseradish peroxidase activity was visualized by
treatment with H,O, and diaminobenzidine for
5 min. Negative control sections were immunos-
tained without the primary antibody. Immunoreac-
tivities were regarded as positive if the apparent
stainings were detected in cytoplasm and/or nuclei
for determining BCAC.

2.5. Statistical analysis

Data on the frequency of BCAC were analyzed by
two-way ANOVA, Bonferroni post hoc tests, and a
P <0.05 was considered significant.

3. Results

The classical ACF proposed by Bird [1] were not
observed in any mice examined, but BCAC (Fig. 1),
mostly less than 50 pm in diameter, were identified in
the colon of Apc™™ ™ mice of both sexes. There were
no BCAC in Apc ™/ mice of both sexes. As shown in
Table 1, the mean numbers of BCAC in 5 weeks old
APCM"/+ of both sexes were significantly greater than
those in 3 weeks old Apc™™ ™ mice of both sexes
(P<0.001). As for the distribution of BCAC, the
lesions mainly located in the distal and middle
segments with a few in the proximal part: 3 weeks
of age: distal vs. proximal parts, P<0.01 for females
and males, middle vs. proximal parts. P<0.01 for
females and P <0.001 for males; and 5 weeks of age:
distal vs. proximal parts, P<<0.001 for females and
P <0.001 for males, middle vs. proximal parts. P<
0.01 for females and P<0.001 for males). The mean
numbers of BCAC at the distal and middle parts in 5
weeks old Apc™™* of both sexes were also
significantly greater than those in 3 weeks
old Apc™™* mice of both sexes (the distal part:

Fig. 1. ABCAC (a, b) found in the middle segment of the colon of a ApcMi”H' female mouse aged 5 weeks and a microadenoma (c, d) observed

in the middle segment of the colon of a Apc™™*

male mouse aged 5 weeks. A BCAC is consisted of one crypt (a) and positive for 3-catenin

immunohistochemistry (b). A microadenoma compresses surrounding crypts (c) and shows positive reactivity for B-catenin the cytoplasm (d).
(a, ¢) H and E stain and (b, d) B-catenin immunohistochemistry. Original magnification, (a-d) X 100.
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Table 1

Numbers of BCAC in C57BL/6J-APCY"™+ and APC™'™ mice at 3 and 5 weeks of age

Weeks of Genotype  Sex No. of mice No. of BCAC per segment
age examined Total Distal Middle Proximal
(P<0.01) -
3 Apc*™*  Female 7 3.43+1.13° 1.7120.76 1.57£0.79 0.14+0.38
. " r- r - (P<0.01) —
Apc* Female g (P<O00L) o  (P<0.001) , (P<0.01) 0
(P<0.01)
Apc™™  Male 8 4.50+1.85 1.88+0.99 2.50+1.31 0.13£0.35
(P<0.001) -
Apc™ Male 6 0 0
(P<0.001) T
5 Apc™™  Female 7 9.86+2.34 4.71x0.76 4.71% Ll_.ES 0,431_*] 0.53
(P<0.001)
Apc®”  Female 5 (P<0.001) ¢ (P<0.001) 0 (P<0.05) 0
L L |—_—t— (P<0.001)
Apc*™  Male 6 9.67£2.66 4.83x1.17 4. 50+° 17 0. 33t0 52
7 (P<0 001)
Apct Male 7 0

*Mean SD.

Statistical analysis was done by two-way ANOVA, Bonferroni post hoe tests.

P <0.001 for males and females; and the middle part:
P<0.01 for females and P<0.05 for males). As
illustrated in 