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Kamikado, Chiaki, Toshishige Shibamoto, Minoru Hongo, and
Shozo Koyama. Effects of Hct and norepinephrine on segmental
vascular resistance distribution in isolated perfused rat livers. Am J
Physiol Heart Circ Physiol 286: H121-H130, 2004. First published
August 28, 2003; 10.1152/ajpheart.01136.2002.—We studied the ef-
fects of blood hematocrit (Hct), blood flow, or norepinephrine on
segmental vascular resistances in isolated portally perfused rat livers.
Total portal hepatic venous resistance (R) was assigned to the portal
(Rpy), sinusoidal (Rsinus), and hepatic venous (Ryy) resistances using
the portal occlusion (Pp,) and the hepatic venous occlusion (Phyo)
pressures that were obtained during occlusion of the respective line.
Four levels of Het (30%, 20%, 10%, and 0%) were studied. Ry
comprises 44% of Ry, 37% of Rinus, and 19% of Ry, in livers perfused
at 30% Hct and portal venous pressure of 9.1 cmH,O. As Hct
increased at a given blood flow, all three segmental vascular resis-
tances of Rpy, Rinus, and Ry, increased at flow >15 ml/min. As blood
flow increased at a given Hct, only Rginus increased without changes in
Rpy or Ry,. Norepinephrine increased predominantly Ry, and, to a
smaller extent, Rginus, but it did not affect Ry,,. Finally, we estimated
Ppo and Py from the double occlusion maneuver, which occluded
simultaneously both the portal and hepatic venous lines. The regres-
sion line analysis revealed that Py, and Pp,, were identical with those
measured by double occlusion. In conclusion, changes in blood Hct
affect all three segmental vascular resistances, whereas changes in
blood flow affect Rginus, but not R,y or Ryy. Norepinephrine increases
mainly presinusoidal resistance. Pp, and Pyy, can be obtained by the
double occlusion method in isolated perfused rat livers.

blood viscosity; hepatic circulation; hepatic vascular occlusion meth-
ods

LIVER AND LUNG circulation is analogous (19). Both the pulmo-
nary artery and the portal vein are unique in their ability to
carry large flows of venous blood under low hydrostatic pres-
sures. The pulmonary arterioles and the portal venules have a
similar anatomy (19). The vascular arrangement of the hepatic
units is analogous to that of the lung in that both lobules have
a central inflow (pulmonary artery and portal vein) and a
peripheral outflow (pulmonary vein and hepatic vein) (18). In
addition, embryologically, the tracheo-bronchial tree and the
biliary ductal system originate from the gut.

The longitudinal distribution of pulmonary vascular resis-
tance has been extensively studied using vascular occlusion
techniques, and the pulmonary vasculature can be represented
by a simple hydrodynamic model consisting of three segments
in series, each with a characteristic resistance and compliance
(10, 12). The middle segment, which contains the capillaries,

has relatively low resistance and high compliance, and the
other two segments have relatively low compliance and high
resistance. The pulmonary arterial and venous occlusion tech-
nique (9-11) allows partitioning of the pulmonary vasculature
into these three segments. Theoretically, if the flow is stopped
across one segment, the pressure gradient across that segments
becomes zero, and the total pressure gradient would decrease
accordingly. In other words, the rapid changes in pulmonary
arterial pressure and pulmonary venous pressure with inflow
and outflow occlusion, respectively, represent the pressure
drops across the arterial and venous relatively indistensible
vessels (10). The total arteriovenous pressure difference minus
the sum of these two pressure drops gives the pressure drop
across the vessels in the middle that are much more distensible.
Although hepatic circulation is analogous to pulmonary circu-
lation in several aspects, as described above, no investigations
have been performed to adopt this inflow and outflow occlu-
sion technique to partition the hepatic vasculature into the three
segments.

The responsiveness of the hepatic longitudinal vascular
segments differs depending on vasoactive agents (3, 23, 24).
The differences in the response of these vascular segments to
a variety of stimuli are, in part, due to the intrinsic vasomotor
properties of the blood vessels as well as their passive vis-
coelastic properties. In addition, the microrheological behavior
of blood may vary in the segments of the hepatic vasculature.
Blood apparent viscosity has been shown to change depending
on the different size vessels in the systemic circulation (13, 14).
As blood vessels decrease in diameter between 300 and 30 pm,
blood apparent viscosity decreases due to Fahraeus-Lindgvist
effect (1, 6). Hematocrit (Hct) is an important determinant of
blood viscosity and can affect resistance to blood flow in the
circulation (4, 17). In the liver, little is known about the effect
of changes in blood Hct on the longitudinal distribution of
vascular resistance. Thus we examined the effect of different
Hct on the longitudinal vascular resistance distribution in the
rat liver.

Norepinephrine constricts predominantly the presinusoidal
vessels over the postsinusoidal vessels of hepatic veins (3, 15,
22, 24). Maass-Moreno and Rothe (15), by using the double-
lumen catheter inserted through the caval wall into hepatic vein
in anesthetized dogs, reported that an infusion of norepineph-
rine caused a large increase in portal venous pressure but little
change in pressure gradient from the large hepatic vein to vena
cava. However, the side port of the catheter that was used to
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measure the hepatic venous pressure was far downstream from
the hepatic venules. Their subsequent study (22), which used
the micropuncture method, revealed that norepinephrine
caused significant increases in microhepatic venous (venule)
pressure and the resistance between the sinusoids and the vena
cava. However, a more detailed investigation on the constric-
tive site of norepinephrine has not been reported.

Recently, Hakim et al. (11) showed that the double occlusion
conducted in isolated perfused lungs can be analyzed to pro-
vide three segments without performing the single occlusion of
pulmonary arterial or venous occlusion independently. We
examined whether resistance of the three segments of portal-
hepatic venous vessels can be determined by one double
occlusion maneuver lasting 3 to 4 s in isolated perfused rat
livers. This approach has the advantage of being able to
partition the vasculature into three segments when the vascu-
lature is not in a steady state.

The first purpose of this study was to obtain the segmental
resistances of portal veins and middle and hepatic veins by
using both the portal (inflow) and hepatic venous (outflow)
occlusion techniques in isolated rat livers perfused via the
portal vein with the hepatic artery ligation. In the liver, the
highest compliant and most distensible segment of the middle
segment, which could be obtained by the present vascular
occlusion methods, corresponds to the sinusoidal bed, but not
the small portal and hepatic veins, because the sinusoids are the
locus of the high compliance in the liver (2, 8). This is based
on the evidence that the sinusoids comprise the majority of the
vasculature of the liver and that the vascular compliance of the
liver is ~10 times higher than that of the body as a whole (2).
Thus one of the most important purposes of the present study
is to measure the resistance of the middle segment of the
sinusoids. The second purpose was to describe the effects of
Hct and blood flow on the distribution of vascular resistance.
The third goal was to determine the effect of norepinephrine on
the vascular resistance distribution. The final purpose of the
present study was to determine whether one double occlusion
technique could provide portal or hepatic venous occlusion
pressure, either of which was obtained individually by occlu-
sion of the corresponding vessel.

MATERIALS AND METHODS

Isolated liver preparation. Twenty-nine male Sprague-Dawley rats
weighing 270-370 g [328 = 32 g (SD)] were anesthetized with
pentobarbital sodium (50 mg/kg iv) and mechanically ventilated with
room air. The experiments conducted in the present study were
approved by the Animal Research Committee of Shinshu University
School of Medicine. A catheter was placed in the right carotid artery.
After a laparotomy was performed, the hepatic artery was ligated.
Before the cannulation of the portal vein, the perfusion circuit was
filled with diluted blood of a donor rat, as described below. At 5 min
after the injection of 500 units of heparin into the carotid artery, the
portal vein was cannulated with a stainless cannula (1.3 mm ID, 2.1
mm OD) and then portal perfusion started. The rat was rapidly bled
through the carotid arterial catheter just before the portal cannulation.
After thoracotomy, the supradiaphragmatic portion of the inferior
vena cava (IVC) was cannulated with a stainless cannula (2.1 mm ID,
3.0 mm OD), and the IVC above the renal veins was ligated. The
perfused liver was then transferred to a weighing pan, which was
suspended from an electric balance (model LF-6, Murakami Koki;
Osaka, Japan), and the initial wet liver weight [8.8 = 1.1 g (SD)] was
recorded.

HEPATIC SEGMENTAL VASCULAR RESISTANCES IN RAT LIVER

The perfusing blood was obtained by exanguination of an intact
donor rat that was anesthetized and heparinized, and this blood was
diluted with 5% bovine serum albumin (Fraction V powder-A2153,
Sigma) in a Krebs solution composed of ( in mM) 118 NaCl, 5.9 KCl,
1.2 MgSOQq, 2.5 CaCly, 1.2 NaH,POy, 25.5 NaHCOs3, and 5.6 glucose
at the following Hct levels: 30% (n = 8), 20% (n = 7), 10% (n = 8),
and 0% (n = 6). The blood (50 ml) was recirculated at a constant flow
rate using a Masterflex pump through a heat exchanger and a bubble
trap in the portal line. The perfusing blood in the reservoir was
continuously bubbled with 95% 0,-5% CO- at 37°C. The portal (Pp,)
and hepatic venous (Pyy) pressures were continuously measured with
pressure transducers (Gould) attached to a sidearm placed just prox-
imal to the perfusion cannula. The zero reference was set to the level
of the hepatic hilus. The flow rate and height of the venous reservoir
could be adjusted independently to maintain Py, at 0 tol cmH,0, with
P,y a dependent variable. The perfusion flow rate (Q) was measured
with an electromagnetic flow meter (model MFV 1200, Nihon-
kohden), and the flow probe was positioned in the portal inflow line.
To occlude the portal or hepatic venous line instantaneously for
measurement of the portal occlusion pressure (Pp) or hepatic venous
occlusion pressure (Phvo), two solenoid valves were placed around the
perfusion tubes upstream from the P,y sidearm cannula and down-
stream from the Py, sidearm cannula. The hemodynamic variables
were continuously monitored and displayed on a thermal physiograph
(model 8K23, NEC Sanei; Tokyo, Japan).

Measurement of P, and Py, by single occlusion maneuver. When
a steady state of a constant Py, was reached, the single occlusion
maneuver of portal or venous occlusion was performed, and the
signals were sampled at 100 Hz and stored in a computer. Portal
occlusion was accomplished for 3 s by closing the solenoid valve set
in the portal line. Hepatic venous occlusion was accomplished for
1.5 s by closing the solenoid valve set in the hepatic venous line while
inflow continued. Portal and hepatic venous pressure tracings were
displayed and analyzed independently. An example of portal occlu-
sion was shown in Fig. 1A. A stretch of data on P, between 0.3 and
1.8 s after portal occlusion for 3 s was fitted to a single exponential
and extrapolated back to time O (instant of occlusion). This extrapo-
lated pressure was then used as P,,. An example of hepatic venous
occlusion tracing was shown in Fig. 1B, and a stretch of data (0.3—
1.0 s) on Py, was fitted to a straight line and extrapolated back to time
0 (instant of occlusion). This extrapolated pressure was used as Phyo.

Estimation of P, and P, from double occlusion. We estimated
Ppo and Puyo from the double occlusion tracing, as shown in Fig. 1C.
Double occlusion was accomplished for 3 s by closing both of the
inflow and outflow valves simultaneously. P,y during double occlu-
sion was analyzed to determine Py, in the same manner as the portal
occlusion maneuver. The stretch of Pp,, data between 0.3 and 1.8 s was
selected and fitted to a monoexponential. The fitted curve was extrap-
olated back to the time of occlusion, and the rime 0 pressure was
designated as the double occlusion-derived Ppo (Ppo-ao). Likewise,
data between 0.3 and 1.8 s on Py, tracing during double occlusion
were fitted to an exponential and extrapolated back to the time of
occlusion. This time 0 pressure was designated as the double occlu-
sion-derived Phyvo (Phvo-do)-

Experimental protocol. Hepatic hemodynamic parameters were
observed for at least 30 min after the start of perfusion until an
isogravimetric state (no weight gain or loss) was obtained by adjusting
flow rate and the height of the reservoir at a P, of 0 to 1 cmH,0, and
at a highest Q. After this baseline measurement, the flow rate was
increased or decreased by 5 ml/min ranging from 5 to 40 ml/min with
keeping Py, constant at 0 tol cmH>O. At each steady state of a given
flow rate, all three occlusion maneuvers of portal occlusion, hepatic
venous occlusion, and double occlusion were performed at a random
order. The flow rate was then returned to 25 ml/min for the 30% Hct
group, 30 ml/min for the 20% Hct group, 35 ml/min for the 10% Hct
group, and 40 ml/min for the 0% Hct group. After stabilization of
vascular pressures, the effect of two doses of norepinephrine on the
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vascular resistance distribution was studied. Norepinephrine (Sigma)
was infused continuously at the low dose of 1 pg/min into the portal
vein until Py, increased and stabilized. Under this steady state, portal,
hepatic venous, and double occlusions were performed. The effect of
the high dose of 10 pg/min was then examined in a similar manner.

Experiments in the present study were carried out in livers perfused
with blood of 30%, 20%, 10%, and 0% Hct. In each preparation, the
effect of only one fixed Hct was examined: the perfusate Hct was not
changed throughout the experimental period, once the perfusion
started at a given Hct. Blood flow rate was expressed as ml-min~'-10
g liver wt ™!, and the blood flow groups were assigned to eight groups
from 5 ml/min (2.5-7.5 ml'min~'-10 g liver wt™!) to 40 ml/min
(37.5-42.5 ml'min " '-10 g liver wt™') group.

For determination of hepatic segmental vascular resistances, the
total portal-hepatic venous (R,), and portal venous (Rpy), sinusoidal
(Rsinus), and hepatic venous (Ryy) resistances were calculated as
follows

R = (P, = Py)/Q (1)
Ry = (Pp, = Ppo)/Q (2)
Riinus = (Ppo = Piyo)/Q (3)
Ry = (Pyyo = Pp)/Q (4)

For calculation of these segmental vascular resistances, we adopted
the mean value of P, for 5 s before the initial vascular occlusion
maneuver as the Py in the equations. The Py, before the subsequent
occlusion maneuver did not differ by 0.2 cmH,O from the Py, of the
initial occlusion maneuver.

Statistics. All results are expressed as the means = SD, unless
mentioned otherwise. Comparisons of a given variable between the
groups were performed using analysis of variance, followed by
Bonferroni’s test. A P value <0.05 was considered significant. For the
correlation between Pp, and Ppo.ao Or between Puvo and Phyo-do,
least-square linear regression analysis was used. Statistical signifi-
cance of correlation of the linear regression was tested with analysis
of variance. A paired Student’s #-test was used to compare the mean
pressures obtained with the single occlusion method and the double
occlusion method.

Ppo-do=5.64 cmH,0

Phvo-do=2.90 cmH,0

050 05 1
Time after occlusion
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Fig. 1. A representative recording of portal venous
pressure (Ppy) and hepatic venous pressure (Phy) during
the portal (A), hepatic venous (B), and double occlusion
(C) in isolated rat liver perfused at 25 ml/min with
blood of 30% Hct. In A, a white line on the Py is the
fitting curve, which was calculated using P,y data of
0.3-1.8 s after portal occlusion, and this sampling time
was represented by a thick bar on the time scale axis.
The arrow indicates the portal occlusion pressure (Ppo)
of 5.58 cm. In B, the white line on the Py, is the fitting
line, which was calculated using P, data of 0.3-1.0 s
after hepatic venous occlusion, and this sampling time
was represented by a thick bar on the time scale axis.
The arrow indicates the hepatic venous occlusion pres-
sure (Ppyo) of 2.66 cmH0. In C, two white lines on the
Ppv and Py, are the fitting curves which were calculated
using Ppy and Py, data, respectively, of 0.3-1.8 s after
double occlusion occlusion, and this sampling time was
represented by a thick bar on the time scale axis. The
arrows indicate double occlusion-derived Ppo (Ppo-do)
of 5.64 cmH>O and double occlusion-derived Phyo
(Phvo-ao) of 2.90 cmH>0, respectively, and a thick bar
on the time scale axis (0.3-1.8 s) indicates the sampling
time for regression curves.

Ppv

Phv

1.5 2253

(sec)

RESULTS

Effects of blood flow rate on hepatic vascular pressures and
resistances. Figure 2, left, shows the mean data of hepatic
vascular pressures, including Py, and Py, obtained from anal-
ysis of tracings of portal occlusion and hepatic venous occlu-
sion, respectively, in different Het groups. For example, in the
Hct 30% and 15 ml/min group, where the livers were perfused
with blood of the highest Hct of 30% at 15.6 = 1.6
ml-min~'-10 g liver wt™', P,y was 9.1 = 1.4 cmH>O, which
was similar to the P, levels observed in in vivo rats (3), Ppo
5.3 = 1.1 cmH,0, Phyo 2.0 = 0.4 cmH,0, and Py, 0.4 = 0.11
c¢cmH,0. On the basis of these data, the calculated segmental
vascular resistances of Rpy, Rsinus, and Ry, were 0.251 = 0.044,
0.212 = 0.071, and 0.105 = 0.022 cmH,O'ml™ "*min-10 g
liver wt ™!, respectively, as shown in Fig. 2, left. This indicates
that R, comprises 44% of Ry, 37% of Rinus, and 19% Ryy in
livers perfused with blood of 30% Hct at the physiological
portal pressure.

Within each Hct group, when the flow rate increased at a
constant outflow pressure of Pp,, P,y and Pp,, increased,
whereas P, did not changed significantly, as shown in Fig. 2,
left. This results in the flow-dependent increases in both Ppy-
to-Ppo and Phyo-to-Phy gradients, and the flow-dependent de-
creases in the Ppo-to-Phyo gradients. On the basis of these
pressure gradient changes, Rsinus decreased, and either Ry, or
Ryy did not change when the blood flow increased within each
Hct group, as shown in the right panel of Fig. 2. Actually, Rsinus
at 30% Hct comprised 60 = 12% of R, in the minimal flow
group of 5 ml/min, 41 = 11% in 10 ml/min, 36 = 11% in 20
ml/min, 28 = 8% in 15 ml/min, and 25 £ 6% in 25 ml/min. An
interesting finding was that the sensitivity of the inflow pres-
sure of P,y to changes in flow rate was low: in the 30% Hct
groups, only a twofold increase in Py, from 6 to 12 cmH,0 was
observed as blood flow was increased fivefold from 5 to 25
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Fig. 2. Left, summary of Ppy, Ppo, Phvo, and hepatic venous pressure (Pn,) of isolated rat livers perfused with blood of 30%, 20%,
10%, and 0% Hct in the blood flow groups. Right, summary of segmental hepatic vascular resistances of portal venous (Rpv),
sinusoidal (Rsinus) and hepatic venous resistance (Rpny) of isolated rat livers perfused with blood of Hct 30%, 20%, 10%, and 0%
in the blood flow groups. Values are means = SD; P < 0.05 vs. 5 ml/min group; *P < 0.05 vs. 10 ml/min group; °P < 0.05 vs.
15 ml/min group; 9P < 0.05 vs. 20 ml/min group; °P < 0.05 vs. 25 ml/min group; and ‘P < 0.05 vs. 30 ml/min group.

ml/min. Representative recordings of hepatic vascular pres-
sures in various flow rates of a liver perfused with 30% Hct
were shown in Fig. 3. P, and Py, in this figure were not
recorded at same time, but recorded during portal occlusion
and during hepatic venous occlusion, respectively, and were
compositely shown in the same frame at each blood flow rate.

Effects of Hct on hepatic vascular pressures and resistances.
Figure 4 shows the hepatic vascular pressures (left panel) and
segmental vascular resistances (right panel), as a function of

perfusate Hct. At all blood flow rates studied, Ppy, Ppo, and Phy,
were significantly greater in 30% Hct groups than those in 20%
Hct groups. Thus increases in Het from 20% to 30% resulted in
significant increases in all three segmental resistances of Ry,
Rsinus, and Ry, at blood flow >15 ml/min. However, at the low
blood flow of 5 and 10 ml/min, only Rnes did not change
significantly whereas Ry, and Ry, significantly increased as Hct
increased from 20% to 30%. All three segmental vascular
resistances of any blood flow became significantly greater at
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Fig. 3. Representative recordings of an isolated liver perfused with blood of 30% hematocrit (Hct) at various flow rates. Ppy during
portal occlusion and the Py, during hepatic venous occlusion were successively recorded at separate times but were compositely
shown in the same frame at each blood flow rate. White lines indicate the fitting curves for Py and Py, after portal and hepatic
venous occlusion, respectively. The top and bottom arrows indicate Ppo and Phyo, respectively.

30% Hct than at 10% Hct and 0%. Figure 5 shows represen-
tative recordings of livers perfused with blood of different Het
at the same blood flow of 25 ml/min. P,, and Py, in this figure
were not recorded at same time but were compositely shown in
the same frame at each blood Hct, as shown in Fig. 3.

Effects of norepinephrine infusion on the hepatic vascular
resistance distribution at various Hct and flow rates. Figure 6
shows the summary of the hepatic segmental vascular resis-
tances in response to norepinephrine at the four levels of Hct.
Although the basal levels of segmental vascular resistances
differed depending on Hct, the trends of the response of
segmental vessels to norepinephrine were similar; Ry, did not
change significantly, whereas Ry and Rgjnus increased dose and
Hct dependently. Actually, an infusion of 1 pg/min norepi-
nephrine caused a 1.5- to 1.7-fold increase in Ry, and a 1.7- to
2.4-fold increase in Rginus and caused no significant changes in
Ry among any Hct groups studied. Furthermore, the higher
dose of 10 pg/min norepinephrine caused a 2.5-fold increase in
R,y and a 3.1- to 4.4-fold increase in Rjnus and again caused no
significant changes in Rp,.

Estimation of Pp, and Py, by the double occlusion maneu-
ver. Figure 1 shows a representative recording during portal
occlusion, hepatic venous occlusion, and double occlusion in
an isolated rat liver perfused with blood of 30% Hct at 25
ml/min. Py, and Phy, obtained via portal occlusion and hepatic
venous occlusion, respectively, were almost identical with the
pressures obtained by analysis of the tracings of Ppy and Py,
during the double occlusion maneuver. The agreement between
the two methods was tested using all data obtained from both
normal livers and livers with vasoconstriction induced by
norepinephrine, where Py, ranged from 2.25 to 36.58 cmH,O.
Actually 235 paired measurements of Phyo and Ppyo-ao, and 225
paired measurements of Py, and Ppo.qo were analyzed. The
agreement between these two methods was evaluated in two
different ways. First, the mean values of each pressure with the

two methods were compared using a simple Student’s #-test.
There were no significant differences between Py, and Ppo-do,
and between Ppyo and Phyo-qo under all conditions studied. The
agreement between the two methods was further tested by
using regression analysis. Regression line equations for Py,
versus Ppo-do, and for Ppyo versus Phyo.do are given in Fig. 7, A
and B, respectively. There were strong positive relationships
for Ppo and Ppo-do (r > 0.99). The slope for Py, (1.009 = 0.009,
P = 0.99) and the y-intercept (—0.021 = 0.042 cmH,O, P =
0.612), statistically, did not differ from the median slope and
zero, respectively. Likewise, concerning the regression lines
for Ppyo versus Ppyo.do, the slope for Py, (0.996 £ 0.013, P =
0.62) and the y-intercept (0.009 = 0.031 cmH,O, P = 0.775),
statistically, did not differ from the median slope and zero,
respectively (Fig. 7).

DISCUSSION

The present study determined the three segmental vascular
resistances of isolated portally perfused rat livers by using both
portal (inflow) and hepatic venous (outflow) occlusion tech-
niques. When outflow from the liver was suddenly occluded
while inflow continued at a constant rate, there was a virtually
instantaneous increase in outflow pressure of Py, after which
outflow pressure rose more gradually. This initial increase in
Pny was designated as Phyo. Inflow occlusion at a constant
outflow pressure caused a nearly instantaneous drop in inflow
pressure of P, followed by a more gradual decline. This
initial decreased Pp, was designated as Pp,. The sudden in-
crease in P,y on outflow occlusion and the sudden decrease in
P,y on inflow occlusion can be interpreted to result from
cessation of flow across resistances provided by relatively
noncompliant vessels on the hepatic venous and portal ends of
the vasculature, respectively, as observed in isolated lungs
(10). With the use of Py, and Ppyo, the total hepatic vascular
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Fig. 4. Left, summary of hepatic Ppy, Ppo, Phvo, and Phy pres-
sures of isolated rat livers perfused at various flow rates in the
different Het groups. Right, summary of segmental hepatic Rpv,
Rsinus, and Ryy resistances of isolated rat livers perfused at
various flow rates in the different Hct groups. Values are
means = SD; P < 0.05 vs. Het 30% group; ®P < 0.05 vs. Het
20% group; P < 0.05 vs. Het 10% group.

pressure gradient of Pp,-to-P,, was divided into three pressure
gradients of Ppy-t0-Ppo, Ppo-t0-Phyo, and Phye-to-Phy, which
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compartment of sinusoids (Rsinus), and the relatively less com-
pliant hepatic veins (Rpy).

One of the major findings of the present study was that Rp,
comprises 44% of R, and Rginus 37%, and R,y 19% in livers



HEPATIC SEGMENTAL VASCULAR RESISTANCES IN RAT LIVER

Het 30% Het 20%

10— 10~
6 9 9
£ 8~ 8
E 7- 7
~ _
2 61 Ppo=5.58 cmH,0 6]
= Ppo=3.50 cmH20
2 5 54
2
A 4+ 4

Phvo=2.66 cmH0

Phvo=1.91 cmH0

050051 152253

Time after occlusion
(sec)

050051 152253
Time after occlusion
(sec)

H127

Het 10% Het 0%

12+ 124
114 11+
10 10—
9 [
8 8~
7 7

6~ 64

Ppo=3.01 cmH20 5] Ppo=2.77 emH0

Phvo=1.86 cmH,O Phvo=1.85 cmH,0

050051 152253
Time after occlusion
(sec)

050051 152253
Time after occlusion
(sec)

Fig. 5. Representative recordings of P,y and Ppy in isolated livers perfused with blood of different Het at the same blood flow rate
of 25 ml/min. In each panel, P,y during portal occlusion and Py during hepatic venous occlusion were recorded successively at
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perfused with 30% Hct at physiological P,y of 9.1 cmH>O.
This finding indicates that almost one-half of R occurs in the
presinusoidal vessels, one-third in the hepatic sinusoids, and
only one-fifth of R in the postsinusoidal vessels in rat livers.
These results on hepatic vascular resistance distribution are
consistent with the findings from the hepatic micropuncture
study (3, 16). Bohlen et al. (3), by puncturing surface hepatic
venules (10-30 pwm diameter), into which two adjacent acini
drained, with servo-null micropipettes, reported that hepatic
venule pressure was 5.1 = 1.0 mmHg, and P, and vena caval
pressure averaged 8.0 = 1.4 and 3.4 = 0.9 mmHg, respec-
tively, indicating that the hepatic venule to vena caval pressure
gradient comprised as small as 37% of the total Pp,-to-vena
caval pressure gradient. Maass-Moreno and Rothe (16) dem-
onstrated much more definitively that the Pp,-to-portal venule
gradient comprises 53% of the total Pp,-to-Pn, gradient, the
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portal venule-to-hepatic venule gradient, which may corre-
spond to Rginus Of the present study, 25%, and the hepatic
venule-to-Py,, gradient, which may correspond to Ry, 22%.

Flow rates and hepatic segmental vascular resistances. It is
well known that an increase in blood flow decreases vascular
resistance in systemic circulation. The flow dependence of
vascular resistance was also observed in isolated perfused rat
livers of the present study. As shown in Fig. 3, when the flow
rate at any given Hct was increased at a constant Py, R;
decreased. This decrease in R, was ascribed exclusively to a
decrease in Rginys but not in Ryy or Rpy. The mechanism for this
decrease in Rgjnys may be mainly due to microvascular disten-
sion and recruitment.

An interesting finding was that the sensitivity of inflow
pressure of Py, to changes in flow rate is low: in the 30% Hct
groups, only a twofold increase in Ppy from 6 to 12 cmH>O was
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Fig. 6. Effects of norepinephrine on Ry, Rsinus, and Ry of isolated rat livers perfused with blood of 30%, 20%, 10%, and 0% Het.

Values are means + SD. *P < 0.05 vs. baseline.
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observed as the flow is increased fivefold from 5 to 25 ml/min.
This small increase in Py, hence R, in response to increased
blood flow is ascribed to minimal changes in the pressure
gradient of the sinusoids, that is Pp,-to-Ppy, gradient. This
indicates that hepatic sinusoids could accept more blood flow
without greatly elevating P, probably through sinusoidal dis-
tension and recruitment.

Hct changes and hepatic segmental vascular resistances. In
the present study, an increase in Hct from 0% to 30% resulted
in a significant increase in R,. This increase in R, seems to be
due to increases in all three segments of Rpy, Rinus, and Ry, as
shown in Fig. 4. However, as perfusate Hct increased from
20% to 30% at low flow rate of 5 and 10 ml/min, R, and Ry,
significantly increased, whereas Rginys did not change signifi-
cantly. This lack of change in Rgnus may be ascribed to the
Fahraeus effect, where Fahraeus and Lindqvist (6) first dem-
onstrated that, as tube diameter is reduced <300 wm, the
apparent viscosity of red blood cell suspensions decreases as a
result of an actual decrease in small tube Hct. In the systemic
microcirculation, in vivo studies indicate that the Hct starts
decreasing in vessels with diameters <70 pm and reaches a
value in the capillaries of <25% of the systemic Hct (14). If
this finding of the systemic circulation could be applied to the
hepatic circulation, the changes in the perfusate Hct, hence the
perfusate viscosity, would be so small in hepatic sinusoids due
to the Fahraeus effect, compared with the large portal and
hepatic veins, then the sinusoidal resistance may not change
significantly.

In contrast, at blood flow >15 ml/min, Rginus also increased
as perfusate Hct increased from 20% to 30%. This seems to be
contradictory to the Fahraeus effect. A possible explanation
may be related to an increase in sinusoidal Hct due to rapid
transcapillary fluid shifts, which could be caused by an in-
crease in blood flow, hence the microvascular pressures (2). At
a high blood flow rate, the microvascular pressures between
Pyo and Py, are high enough to cause enhanced transvascular
cell-free perfusate filtration at the sinusoids, whose endothe-
lium is not continuous and extremely leaky (8). During passage
of blood through the sinusoids at high sinusoidal pressure, the
apparent Hct might have increased due to enhanced transsinu-
soidal filtration. This possible increasing Hct effect might have
counteract the decreasing Hct effect of the Fahraeus effect,
resulting in an increase in Rginys at high flow rate. However, we
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did not measure the difference in Hct between inflow and
outflow blood. Further careful study is required in this respect.

Effect of norepinephrine on hepatic segmental vascular
resistances. The present study shows that norepinephrine in-
creased primarily Ry, and, to the lesser extent, Rginus, Whereas
it did not affect Ry,. The absence of vasoreactivity to norepi-
nephrine in the large hepatic veins is also reported in in vivo
rats. Bohlen et al. (3) showed that an infusion of norepineph-
rine 2.9 = 1.3 pg'min~ kg~ ! caused a significant increase in
P,y by 2.96 = 1.00 mmHg but no change in hepatic venule
pressure (—0.22 = 1.26 mmHg) with the decrease in portal
flow rate 88% of the control. This finding suggests that the
large hepatic veins distal to the hepatic venules do not respond
to norepinephrine, and this is consistent with the present study.
However, their subsequent study revealed that norepinephrine
caused significant increases in the hepatic venule pressure and
the resistance between the sinusoids and the vena cava in
rabbits (22). The discrepancy might be ascribed to the species
difference between rat and rabbit.

An interesting finding of the present study is that norepi-
nephrine increased significantly the sinusoidal resistance. This
suggests that norepinephrine causes sinusoidal constriction.
Reilly et al. (20) reported that the small but significant decrease
in sinusoidal diameter was observed when a-adrenergic recep-
tors were stimulated. Although sinusoids do not contain
smooth muscle cells, hepatic stellate cells, which are contrac-
tile and located around the sinusoidal endothelial cells, might
reduce the diameter of sinusoids if it could contract in response
to norepinephrine (25). However, there is no evidence that
norepinephrine or a-adrenergic agonist contracts stellate cells
(21). Zhang et al. (28), using intravital microscopy, measured
the diameter of sinusoids in isolated perfused rat livers. They
found no changes in sinusoidal hemodynamics in response to
phenylephrine, a-adrenergic agonist, although the portal pres-
sure increases. In addition, although activated stellate cells
clearly exhibit enhanced contractility, the degree of contractil-
ity of normal stellate cells remains controversial (5, 21).
Another possible mechanism for the norepinephrine-induced
increase in Rgnys may be due to contraction of vascular smooth
muscle. Anatomic studies show that in rat livers, presinusoidal
vessels of preterminal portal venules as small as 40 pum
diameter contain a significant amount of smooth muscle (5).

AJP-Heart Circ Physiol - VOL 286 « IANUARY 2004 « www.ajpheart.org

—11—



HEPATIC SEGMENTAL VASCULAR RESISTANCES IN RAT LIVER

Thus the middle segment in the present study might contain the
portal venules.

Estimation of P, and Pp,, by double occlusion maneuver.
We have shown that P,, and Ph,, obtained via the single-
occlusion technique of portal occlusion and hepatic venous
occlusion, respectively, were identical with Ppo.qo and Ppyo-do
that were obtained by the double occlusion maneuver. The
agreement between the two methods was verified in the wide
range of P,y from 2.25 to 36.58 cmH>O. There were strong
positive relationships between Pp, and Ppo-q0, and between Ppyo
and Pyyo-qo. More importantly, the slope and y-intercept of their
regression lines, statistically, did not differ from the median
slope and zero, respectively.

The shortcoming of portal occlusion and hepatic venous
occlusion techniques is that measurement should be done
during steady state to obtain the segmental vascular resistance
distribution because each technique cannot be done simulta-
neously. When two occlusions are being performed, it is
necessary to wait for the pressure to return to a steady value
before the next occlusion can be performed. This may cause
problems because vascular constriction is not always stable.
This problem is totally solved by one double occlusion tech-
nique. The double occlusion technique makes it possible to
measure Py, and Ppy, during an unsteady state, when hepatic
vascular pressures are changing in response to experimental
maneuvers such as a bolus injection of vasoactive substances.

Limitation of present study. There are limitations of the
current experiment. The first is related to the lack of hepatic
artery flow and a good source of oxygen, especially in the
groups with a Het of 0% and 10%. However, even in the
perfused livers with 0% Hct, perfusate Po, could attain as high
as 300 mmHg by bubbling the perfusate with 95% 0,-5% CO»,
as revealed by our previous study (26). Another criticism is
that the tying off of the hepatic artery could be influencing the
compliance and resistance characteristics of hepatic circula-
tion, especially the middle vascular segment. However, we do
not think that the ligation of hepatic artery influenced critically
determination of Py, and Ppyo. An anatomic study revealed that
the hepatic artery does not directly supply the sinusoids and
that its primary vascular beds are formed not in the parenchy-
mal but the stromal compartment, such as peribiliary vascular
plexus, portal tract interstitium, portal vein vasocasorum, he-
patic capsule, and central-sublobular-hepatic vaso vasorum (5).
The final confluence of the hepatic artery occurs at the first
third of the sinusoids and terminal portal venules (27). We
assume that the ligated hepatic artery should be collapsed with
closed ends because of absence of blood flow, and therefore
they could not influence the vascular resistance of the overall
portal to hepatic veins. The ligated hepatic arterial end might
serve as a capacitor of the sinusoids and possibly affect the
compliance of the sinusoids, only when the sinusoidal pressure
could exceed the pressure high enough to open this collapsed
flow-deficient blind sac. However, even if the compliance of
the sinusoids could increase, these might not affect measure-
ment of Pp, and Ppy, because these pressures are primarily
determined by the characteristics of the noncompliant portal
and hepatic venous segments, in which the hepatic artery does
not substantially terminate.

Finally, the vascular occlusion technique estimates micro-
vascular pressure in relationship to a point of high vascular
compliance (10). The boundary of the middle vascular segment

H129

could not be known anatomically in the present study. How-
ever, the literature about the microstructure of the liver and
Greenway and Lautt (8) showed that the sinusoids comprise the
majority of the vasculature of the liver and that sinusoids, not
the small portal and hepatic veins, are the locus of the high
compliance. Thus we believe that the compliant middle vas-
cular segment of the present study corresponds to the sinu-
soids. In contrast, the micropuncture technique provides a
direct measurement of vascular pressures within anatomically
defined vessels although it is limited to the measurement of the
surface vessels. In isolated lungs, micropuncture and occlusion
technique was applied in the same preparations. It is reported
that the inflow occlusion pressure or pulmonary arterial occlu-
sion pressure was slightly higher than the micropipette pressure
of 50-80 wm diameter arterioles and that the venous occlusion
pressure was slightly lower than the micropipette pressure of
20-50 wm diameter venules (7, 9). Further study is required in
which micropuncture and vascular occlusion techniques are
applied simultaneously in the same liver preparation to identify
the hepatic vessels corresponding to vascular occlusion pres-
sures.

In summary, we provided the hepatic vascular occlusion
methods in isolated perfused rat livers to measure Py, and Py,
which enabled us to assign the portal hepatic R, to the portal
Rpv,s Rinus, and Ryp,. It was demonstrated that R, comprises
44% of Ry, 37% Rsinus, and 19% Ry, in livers perfused at
physiological P,y and 30% Hct. We determined the effect of
changes in blood Hct or blood flow rate on segmental vascular
resistance distribution. As Hct increased at a given blood flow,
all three segmental vascular resistances of Rpy, Rsinus, and Rpy
increased at flow >15 ml/min. Because blood flow increased at
a given Hct, either Ry, or Ry, did not change, but only Riinus
decreased presumably due to distension or recruitment of
sinusoids. We also determined the preferential vasoconstrictive
site induced by norepinephrine. Norepinephrine increased pre-
dominantly R,y over Rginus, but it did not affect Rypy. Finally, we
demonstrated that Py, and Py, can be obtained by the double
occlusion method in isolated perfused rat livers.
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Ruan, Zonghai, Toshishige Shibamoto, Tomohiro Shimo,
Hideaki Tsuchida, Tomonobu Koizumi, and Matomo Nishio. NO,
but not CO, attenuates anaphylaxis-induced postsinusoidal contraction
and congestion in guinea pig liver. Am J Physiol Regul Integr Comp
Physiol 286: R94-R100, 2004. First published October 2, 2003; 10.1152/
ajpregu.00648.2002.—The pathophysiology of the hepatic vascular re-
sponse to anaphylaxis in guinea pig is not known. We studied effects of
anaphylaxis on hepatic vascular resistances and liver weight in isolated
perfused livers derived from guinea pigs sensitized with ovalbumin. We
also determined whether nitric oxide (NO) or carbon monoxide (CO)
modulates the hepatic anaphylaxis. The livers were perfused portally and
recirculatingly at constant flow with diluted blood. With the use of the
double-occlusion technique to estimate the hepatic sinusoidal pressure
(Pao), portal venous resistance (Rpy) and hepatic venous resistance (Rny)
were calculated. An antigen injection caused venoconstriction character-
ized by an increase in Ry, greater than Ry, and was accompanied by a
large liver weight gain. Pretreatment with the NO synthase inhibitor
NC-nitro-L-arginine methyl ester, but not the heme oxygenase inhibitor
zinc protoporphyrin IX, potentiated the antigen-induced venoconstriction
by increasing both Ry, and Ry, (2.2- and 1.2-fold increase, respectively).
In conclusion, anaphylaxis causes both pre- and postsinusoidal constric-
tion in isolated guinea pig livers. However, the increases in postsinusoidal
resistance and Py, cause hepatic congestion. Endogenously produced
NO, but not CO, modulates these responses.

hepatic circulation; antigen; double occlusion pressure; hepatic vas-
cular resistance

ANAPHYLAXIS IS AN immediate, type-1 hypersensitivity reaction
that occurs after exposure of sensitized organisms and tissues
to sensitizing antigen. The most common life-threatening fea-
ture of acute anaphylaxis is cardiovascular collapse and shock,
although there are other life-threatening effects, including
bronchospasm, angioedema, and pulmonary edema (24). Car-
diovascular manifestation includes a rapid and precipitous
decrease in systemic arterial pressure with a concomitant
decrease in cardiac output (5). Anaphylactic hypotension is
primarily caused by alterations in the systemic circulation that
influence blood flow to the heart because left ventricular
function is relatively well preserved during anaphylactic shock
(5). Peripheral circulatory collapse is ascribed to hypovolemia,
which results from a plasma volume loss. The latter could be
the result of vasodilation with the peripheral pooling in large-
capacity splanchnic venous beds and increased vascular per-
meability with a shift of intravascular fluid to the extravascular
space.

In canine experimental models of anaphylactic shock, con-
gestion of livers and the upstream splanchnic organs is impor-
tant in the pathogenesis of circulatory collapse. Actually,
eviscerated dogs did not develop anaphylactic shock (17).
Enjeti et al. (5) reported that the severity of the anaphylactic
shock could be decreased by occluding the descending aorta.
Canine anaphylactic hepatic congestion is caused by constric-
tion of postsinusoidal hepatic veins. Yamaguchi et al. (32),
using the vascular occlusion method in isolated perfused livers
derived from naturally sensitized dogs, demonstrated that se-
lective postsinusoidal constriction occurs during hepatic ana-
phylaxis induced by injection of the Ascaris suum antigen in
the perfusing blood. On the other hand, it has not been known
so far whether in other species than dogs anaphylactic reaction
causes constriction of postsinusoidal hepatic veins, resulting in
hepatic congestion and pooling of circulating blood.

Nitric oxide (NO) is important in regulating blood flow by
exerting vasodilatory actions in multiple vascular beds (19),
including the hepatic circulation (18). With respect to the
effects of NO on anaphylaxis, NO contributes to acute hypo-
tension of anaphylaxis (20). NO also modulates anaphylaxis-
induced changes in regional hemodynamics of coronary circu-
lation (27) and pulmonary circulation (23) by serving as an
endogenously released vasodilator. However, it has not been
known whether NO modulates the change in hepatic hemody-
namics during anaphylaxis.

In addition to NO, another endogenously generated gas,
carbon monoxide (CO), may also exert local vasodilatory
effects in the liver (6). It is reported that CO is continuously
generated in livers and thereby contributes to maintenance of
normal hepatic vascular tone (26). Moreover, CO is released in
the hepatic circulation in response to various stressful stimuli
(2, 3). However, there are no studies that determined the role of
CO in the hepatic anaphylaxis.

To clarify the anaphylactic disturbance of hepatic circula-
tion, we herein established anaphylactic models of isolated
portally perfused guinea pig livers, in which the sinusoidal
pressure was measured using the double-occlusion method (22,
32). The first purpose of the present study was to determine
effects of anaphylaxis on hepatic vascular resistance distribu-
tion and liver weight changes. The second purpose was to deter-
mine, using an NO synthase inhibitor [N®-nitro-L-arginine methyl
ester (L-NAME)] and a specific inhibitor of CO-generating en-
zyme heme oxygenase (HO) [zinc protoporphyrin IX (ZnPP)],
whether NO and/or CO modulates the hepatic anaphylaxis.
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NITRIC OXIDE AND HEPATIC VASCULAR ANAPHYLAXIS IN GUINEA PIG LIVER

MATERIALS AND METHODS

Sensitization

Twenty-five male Hartley guinea pigs weighing 351 = 31 (SD) g
were used in this study. The experiments conducted in the present
study were approved by the Animal Research Committee of Ka-
nazawa Medical University. Guinea pigs were actively sensitized by
the intraperitoneal 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). The
nonsensitized animals were injected with a mixture of complete
Freund’s adjuvant (0.5 ml) and physiological saline (0.5 ml) without
ovalbumin.

Isolated Liver Preparation

After sensitization (2 wk), the animals were anesthetized with
pentobarbital sodium (35 mg/kg ip) and mechanically ventilated with
room air. 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 (1.0 mm
ID, 1.3 mm OD). At 5 min after intra-arterial heparinization (500
U/kg), 8-9 ml blood were withdrawn manually 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 ID, 3.0 mm OD) for
portal perfusion. After thoracotomy, the supradiaphragmatic IVC was
cannulated through a right atrium incision with the same size stainless
cannula, and then portal perfusion was begun with the heparinized
autologous blood that was diluted with 5% bovine albumin (Sigma) in
Krebs solution (in mM: 118 NaCl, 5.9 KCI, 1.2 MgSO,, 2.5 CaCl,,
1.2 NaH,POy, 25.5 NaHCOs, and 5.6 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 and nonsensitized 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 (Q)
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%
0, and 5% CO.. The portal venous (Py,,) and the hepatic venous (Ppy)
pressures were measured using pressure transducers (TP-400T; Ni-
hon-Kohden) 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-occlu-
sion pressure (Pgo), two solenoid valves were placed in a position so
that each sidearm cannula was between the corresponding solenoid
valve and the liver. Portal Q 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 0.027 g, and the time between drops
was measured for determination of the bile flow rate (12). The hepatic
vascular pressures, Q, liver weight, and bile weight were monitored
continuously 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
determination of Pg,.

Experimental Protocol

Hepatic hemodynamic parameters were observed for at least 20
min after the start of perfusion until an isogravimetric state (no weight

R95
gain or loss) was obtained by adjusting the flow rate and the height of
the reservoir at a Py, of 0—1 cmH,0 and at a Q of 36 = 5 ml-min~'-10
¢ liver wt™!'. After the baseline measurements, the perfused livers
excised from the sensitized animals were randomly assigned to one of
the following three groups and that from the nonsensitized animals
into the nonsensitized group.

The L-NAME group (n = 6). Before the injection of ovalbumin,
L-NAME (100 pM) was administered in the reservoir. Ovalbumin
(0.1 mg) was injected in the reservoir at 10 min after injection of
L-NAME.

The ZnPP group (n = 6). Instead of L-NAME, ZnPP (10 uM) was
administered in the reservoir, and ovalbumin (0.1 mg) was injected at
10 min after injection of ZnPP.

The sensitized group (n = 7). Ovalbumin (0.1 mg) was injected in
the reservoir.

The nonsensitized group (n = 6). The livers were excised from the
nonsensitized animals. Ovalbumin (0.1 mg) was injected in the
Teservoir.

The hepatic sinusoidal pressure was measured by the double-
occlusion method (22, 32). 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 Pg,. Actually, P4, values were
obtained from the digitized data of Pp, and Py, using an original
program (LIVER software; Biomedical Science, Kanazawa, Japan). In
each experimental group, Py, was measured at baseline and 4-, 6-, 10-,
and then at 10-min intervals for 120 min after an injection of
ovalbumin.

The total portal-hepatic venous (R;), portal or presinusoidal (Rpv),
and hepatic venous or postsinusoidal (Rp,) resistances were calculated
as follows

Rl = (Pp\' - th)/Q (])
Rp\' = (va - Pdo)/Q (2)
th = (Pdo - Ph\«)/Q (3)

Statistics

All results are expressed as means = SD. ANOVA followed by
Bonferroni’s test was used to test for significant differences. Differ-
ences were considered as statistically significant at P values <0.05.

RESULTS

Effect of antigen injection on hepatic hemodynamic
variables, bile flow, and liver weight

The final wet liver weight measured immediately after ex-
periment was 12 = 2 g. The Pgy, at the baseline state of 25
perfused guinea pig livers was 3.5 = 0.3 cmH,0, with Pp,
7.3 = 0.4 cmH,0 and Py, 0.5 £ 0.3 cmH,O at Q 36 = 5
ml-min~'-10 g liver wt™!. The calculated R, was 0.19 = 0.03
cmH,O'ml ™ '*min~!+10 g liver wt™!. The segmental vascular
resistances of Ry, and Ry, were 0.11 = 0.02 and 0.09 = 0.02
cmH,Oml™'*min~'-10 g liver wt™!, respectively, and the
Rpy-to-Ry ratio was 0.44 £ 0.03. This indicates that 56% of the
R, of the isolated guinea pig livers exists in the portal venous
side, which is similar to rabbit livers (15, 22).

Figure 1 shows a representative example of the response to
ovalbumin. Within 1 min after antigen injection, venoconstric-
tion occurred, as reflected by an increase in Py,. Py, increased
from the baseline of 7.5 = 0.5 cmH,O to the peak of 22.6 =
2.1 cmH,O within 4—-6 min after antigen. At the same time, the
liver weight showed a gradual increase, reaching the peak of
24 + 0.8 g/10 g liver wt at 10 min, as shown in Fig. 2. The
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Fig. 1. Representative recording of the response to ovalbumin antigen of a guinea pig liver in the sensitized group (Sensitized; A)

and the NC-nitro-L-arginine methyl ester (L-NAME; B) group.

double-occlusion maneuver performed at 4 min after antigen
revealed a higher Py, than the baseline value. Py, increased
from a baseline value of 3.7 = 0.3 to 7.9 = 0.5 cmH,O at 4
min after antigen, followed by a gradual return to the prein-
jection value, as shown in Fig. 2. At the maximal venocon-
striction, the pressure gradient of Py, to Py, was significantly
increased from a baseline of 3.3 = 0.3 to 7.4 = 0.6 cmH-»O,
indicating an increase in Ry,. However, the increase in the
Ppy-to-Py, gradient from 3.8 # 0.3 to 14.8 = 2.1 cmH,O after
antigen was much greater than that in the P4,-to-Py,, gradient,
indicating a greater increase in R,y than Ry,,. Concomitant with
venoconstriction, bile flow decreased to 66 = 11% of the basal
flow rate, followed by a gradual recovery to 81 = 10% at the
end of the experimental period.

Figure 3 shows the time course of changes in R, Ry, and
Rpy after ovalbumin injection. R, increased in the same time
course as P, after antigen injection. R, increased threefold
from 0.21 + 0.05 to 0.63 * 0.10 cmH,O'ml™ "*min~'-10 g
liver wt™! at 4 min. After antigen injection, R, showed a
3.8-fold increase from the baseline of 0.11 = 0.02 to the peak
of 0.43 + 0.07 cmH,O-ml™ "»min~'-10 g liver wt ™!, whereas
Rpv showed only a 2.2-fold increase from 0.09 = 0.02 to the
peak of 0.21 = 0.04 cmH,O-ml~'*min~!-10 g liver wt™!. The
increase of Ry, was significantly greater than that of Rp,.

Effect of L-NAME and ZnPP on Basal Hepatic Circulation
and Hepatic Anaphylaxis

Table 1 shows the summary data of hemodynamic variables
at baseline and 10 min after administration of L.-NAME or
ZnPP. After injection of L-NAME, Py, but not Pg,, increased
significantly, resulting in a significant increase in Ry, but not
Rhy. Liver weight decreased only slightly but significantly after
L-NAME. These findings indicate that L.-NAME constricts
primarily presinusoidal vessels and that endogenous NO dilates
the portal veins rather than hepatic veins in basal states of

AJP-Regul Integr Comp Physiol « VOL

isolated blood-perfused guinea pig liver. In contrast, adminis-
tration of ZnPP, an inhibitor of HO, did not significantly
change P,,, suggesting that CO does not play a significant role
in the maintenance of the basal vascular tone of isolated
blood-perfused guinea pig livers.

Figure 1 shows a representative example of the response to
ovalbumin antigen after pretreatment with L-NAME. P, in-
creased markedly from the preantigen levels of 8.6 = 0.6 to the
peak of 40.7 £ 4.6 cmH,0 at 4-6 min after antigen. Py, also
significantly increased after antigen (4.1 = 0.4 vs. 9.5 = 0.7
cmH,O; preantigen vs. peak). The increase in the Ppy-to-Pgo
gradient was much larger than that in the Py,-to-Py, gradient,
suggesting that R, increased greater than Rp,. The liver
weight increased markedly, reaching the peak of 4.6 = 1.1
¢/10 g liver wt at 10 min (Fig. 2).

The peak levels of R, (1.15 + 0.15 cmH,O'ml™'*min~"-10
g liver wt™!) in the L-NAME group were 1.8-fold greater than
that in the sensitized group (0.64 = 0.09 cmH,O-ml !
min~ 10 g liver wt 1), as shown in Fig. 3. This indicates that
the L-NAME pretreatment enhanced the anaphylaxis-induced
increase in R(. Although the pretreatment with L-NAME sig-
nificantly augmented increases in both R,, and Ry, after
antigen, the increase in Ry (2.2-fold) predominated over that
in Rny (1.2-fold). The increases in Pg, after antigen were
highest in the L-NAME groups among all groups studied (Fig.
2), which is consistent with the significant enhancement of Ry,
after antigen. Liver weight gain in the L-NAME group was also
highest among the groups shown in Fig. 2. In contrast, the
ZnPP pretreatment did not affect the anaphylactic changes in
any variables studied.

The basal bile flow rate was 0.04 = 0.02 g-10 g liver
wt 'min~! (n 25). The bile flow in the ZnPP group
deceased to 65 = 6% of the preantigen levels transiently as
concurrent with venoconstriction, a finding similar to the
sensitized group. In the L-NAME group, the bile flow rate
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Fig. 2. Summary of the double-occlusion pressure (Pao; A) and liver weight
changes (B) after antigen injection. Data are means = SD. P < 0.05 vs.
baseline (*) and vs. the sensitized group (#).

decreased markedly to 59 * 15% of the preantigen levels
within 6 min after antigen.

DISCUSSION

The main findings of the present study are that the anaphy-
lactic reaction in isolated perfused guinea pig livers was
characterized by increases in both of pre- and postsinusoidal
resistances, accompanied by liver weight gain, and that L-
NAME, but not ZnPP, augmented this anaphylaxis-induced
venoconstriction and hepatic congestion.

It is well known that the hepatic vascular responses to
anaphylaxis of rats (7) and dogs (31, 32) are characterized by
constriction of the hepatic vessels. In dogs, anaphylactic con-
striction of the hepatic vessels is accompanied by severe
hepatic congestion resulting from vigorous postsinusoidal con-
traction (32). We herein showed that the hepatic anaphylaxis of
guinea pigs also causes venoconstriction and congestion. Fur-
thermore, the double vascular occlusion technique revealed

R97

that both pre- and postsinusoidal vessels contracted in response
to antigen, although the presinusoidal constriction was greater
in magnitude than the postsinusoidal constriction. The signif-
icant postsinusoidal constriction, as reflected by an increase in
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Fig. 3. Summary of total hepatic vascular (R; A), portal venous (Rpy; B), and
hepatic venous (Rnv; C) resistances after antigen injection. Data are means =+
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Table 1. Basal hemodynamic variables in isolated perfused guinea pig livers of all groups studied

NITRIC OXIDE AND HEPATIC VASCULAR ANAPHYLAXIS IN GUINEA PIG LIVER

L-NAME (n = 6) ZnPP (n = 6)
Nonsensitized Sensitized

Baseline (n = 6) Baseline (n = 7) Baseline After Baseline After
Ppy, cmH20 7.2%0.5 7.5%0.5 7.3%0.5 8.60.6* 7.3%£0.3 7.7%0.5
Phv, cmH,0 0.5+0.2 0.4+0.1 0.6%0.2 0.8%0.3 0.5%£0.2 0.60.3
Pao, cmH>O 3.3%£0.3 3.7£0.3 3.604 41204 3.4+0.2 3.6+0.3
Blood flow, ml'min~ 10 g liver ! 364 35+5 363 36*3 35*3 35+3
Ry, cmH>O'ml™ '*min~!+10 g liver™! 0.18%£0.04 0.21+0.05 0.19%0.02 0.23+0.03* 0.19+0.02 0.20%0.02
Rpv, cmH20ml™ '*min~ L10g liver™! 0.11%0.03 0.110.02 0.10%0.01 0.13+0.02%* 0.11+0.01 0.12£0.02
Rpy, cmH>O'ml ™ 'min~ 110 g liver ™! 0.08+0.02 0.10+0.02 0.09%0.01 0.10=0.01 0.08+0.01 0.08=0.01
Bile flow, g'min~'-10 g liver™! 0.03%=0.01 0.03£0.01 0.03%0.01 0.02%=0.01 0.03+0.01 0.02%0.01

Values are means * SD; n, no. of animals. L-NAME, N¢-nitro-L-arginine methyl ester; ZnPP, zinc protoporphyrin IX; Ppy, Phy, and Py, portal venous, hepatic
venous, and double-occlusion pressures, respectively; R, Rpy, and Ry, total, portal venous, and hepatic venous resistance, respectively. All data were obtained
before injection of ovalbumin. After data obtained 10 min after injection of L-NAME or ZnPP for the L-NAME or ZnPP groups, respectively. *P < 0.05 vs.

baseline for the L-NAME and ZnPP groups.

P40, may account for hepatic congestion, as evidenced by the
profound liver weight gain. These findings may indicate that
anaphylaxis-induced congestion of liver and upstream splanch-
nic organs could contribute to a decrease in circulating
blood volume and thereby to anaphylactic hypotension in
guinea pigs.

It has been shown that there is a species difference between
dog and guinea pig in hepatic vessels that constrict preferen-
tially during anaphylaxis; sensitized canine livers show selec-
tive postsinusoidal constriction (32), whereas sensitized guinea
pig livers show predominant presinusoidal constriction. The
mechanism by which such a species difference occurred is not
known. However, canine postsinusoidal hepatic veins contain
anatomically smooth muscle sphincters in hepatic sublobular
veins (4) that could vigorously contract in response to various
mediators of anaphylactic reaction, such as histamine (28),
thromboxane A, (28), and platelet-activating factor (PAF; see
Ref. 30). We speculate that receptors of these mediators might
be localized predominantly in hepatic sublobular veins, which
may account for anaphylaxis-induced selective postsinusoidal
venoconstriction in canine livers. In guinea pig livers, the
predominant presinusoidal constriction induced by anaphylaxis
may be caused by these substances. However, effects of these
vasoconstrictors on the segmental vascular resistances of
guinea pig livers have not been currently known. In addition,
the localization of smooth muscle sphincter is not known in
guinea pig livers. Further study is required to identify the
chemical mediators responsible for this hepatic anaphylactic
venoconstriction.

We studied the modulating effects of NO on basal hepatic
vascular tone in blood-perfused guinea pig livers. We found
that L-NAME increased basal levels of Ry, but not Ryy. This
finding indicates that endogenous basal production of NO may
cause dilatation of primarily the portal side of the guinea pig
hepatic vascular bed. These results contrast with the findings
on the isolated rat livers perfused with a blood-free solution, in
which inhibition of NO did not increase basal vascular tone
(25). This discrepancy may be attributed to a difference in the
mode of liver perfusion, especially the perfusate. We previ-
ously observed that L-NAME increased basal Py, in the blood-
perfused rat liver but not in blood-free perfused rat liver,
although both rat livers were otherwise perfused in the same
manner at a constant flow rate (unpublished observation). In
blood-free perfused livers (25), compared with the blood-

perfused livers, perfusate viscosity should be lower and
thereby vascular resistance lower, which might generate only
small shear stress and thus low levels of NO produced. This
might account for a negligible role of NO in maintenance of
basal vascular tone in blood-free perfused livers (25).

Synthesis of NO is stimulated during anaphylaxis (13).
Indeed, inhibition of NO synthesis aggravates anaphylactic
constriction of regional vasculature, such as coronary artery
(27) and pulmonary circulation (23). We herein showed that
NO inhibition pronounced hepatic anaphylactic venoconstric-
tion. The exact mechanism for an activation of NO synthesis
during hepatic anaphylaxis remains unclear. However, we
assume that both effects of chemical mediators and shear stress
could explain the increased NO production during hepatic
anaphylaxis in this study. Indeed, most mediators of anaphy-
laxis, such as histamine (11, 14), leukotrienes (21), thrombox-
ane A, (14), and PAF (8), all stimulate NO release from the
vascular endothelium. Another possibility is related to veno-
constriction-induced shear stress, which could generate NO
from endothelium (10). In this respect, Macedo and Lautt (16)
reported, using in situ cat liver administered norepinephrine,
that L-NAME potentiated venoconstriction only under constant
flow perfusion, where shear stress could increase, but not under
constant pressure perfusion, where shear stress could not in-
crease. In the present study, the hepatic perfusion flow was
held constant during venoconstriction, and thus shear stress
could have increased, resulting in increased NO release.

CO could serve as a vasodilator and is endogenously gen-
erated by hepatocytes via the constitutively expressed HO-2
(26). In the present study, inhibition of CO synthesis by ZnPP
did not significantly alter either the basal hepatic vascular
pressures or the anaphylactic hepatic venoconstriction, indicat-
ing that CO does not modulate hepatic circulation at basal
levels or during anaphylaxis in isolated blood-perfused guinea
pig livers. The former finding is not consistent with that on the
isolated rat livers perfused with a blood-free solution, in which
inhibition of CO increased basal vascular tone (25). No appar-
ent action of CO on basal hepatic vascular tone in the present
study might be attributed possibly to perfusate free Hb released
through hemolysis. It is reported that oxyhemoglobin, oxygen-
ated Hb, inhibits the action of CO (1, 9, 26, 29). The Masterflex
roller pump used in the present study should have caused
inevitable hemolysis, resulting in release of free Hb in the
perfusate. This free Hb might have trapped CO, resulting in
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prevention of the CO action. However, our preliminary study
revealed that the perfusate Hb concentration measured at 10
min after baseline measurement, when effects of ZnPP on basal
hepatic circulation were evaluated, was only 17.6 * 4.4 mg/dl
(2.6 = 0.6 pM, n = 7). Moreover, at 120 min after antigen, the
end of the experimental period, the perfusate Hb concentration
(61.9 £ 12.6 mg/dl; 9.1 = 1.9 uM) does not seem to reach the
levels enough to inhibit the CO action, because the biological
action of CO can be blocked by oxyhemoglobin at concentra-
tions of 25-100 wM (1, 9, 26, 29). However, exact concentra-
tions of Hb are not well known to exert inhibitory effects on
CO action in the perfused guinea pig livers. We cannot exclude
the possibility that hemolysis might affect the results of the
present study.

No substantial effects of CO on hepatic anaphylactic veno-
constriction contrast with recent reports that circulatory shock,
such as endotoxemia (3) and hemorrhagic shock (2), induced
HO-1 in the liver, which results in attenuation of the increased
hepatic vascular resistance. It seems likely that CO might not
modulate hepatic circulation if it could not be generated sub-
stantially by inducible HO-1 under stressful perturbations. In
the present study, we only observed an acute short phase of
anaphylaxis, in which HO-1 could not have been induced
because it takes more than several hours to induce HO-1 after
oxidative stress (2, 3).

In this study, liver weight gain was observed after antigen in
all groups except the nonsensitized group. This weight gain
might be caused by hepatic venoconstriction, as evidenced by
a significant increase in Ryy. This postsinusoidal contraction
could induce the upstream sinusoidal engorgement and in-
creased extravascular fluid filtration caused by an increase in
Pao, the sinusoidal hydrostatic pressure. In the L-NAME group,
P4o after antigen increased to the highest levels among all
groups, which indicates that the hepatic microvascular driving
pressure for extravascular filtration was also highest. This
assumption may account for the marked liver weight gain in
the L-NAME group.

We found that the bile flow transiently decreased during
hepatic anaphylaxis. The mechanism for this cholestasis is not
known from the present study. This cholestasis could be caused
by venoconstriction, which often causes the heterogeneous
perfusion, resulting in partial anoxia and finally cholestasis.
Actually reduced bile flow in the present study was dependent
on venoconstriction in that in the L-NAME group where the
antigen-induced increase in R, was greatest among groups
studied, the decrease in bile flow was also greatest. The direct
effect of chemical mediators released during anaphylaxis on
the bile-producing system might contribute to cholestasis in the
present study.

The limitation of the present study is related to the use of a
constant-flow portal perfusion with diluted, recirculating
blood. Hepatic arterial perfusion with normally oxygenated
blood would improve the metabolic milieu of the liver. With
perfusion at prevailing arterial pressures, the large increase in
R,y would markedly reduce total hepatic blood flow and
change the magnitude of the responses to NO. If the blood flow
had not been constant, the 46% increase in liver weight with
anaphylaxis and L-NAME would have been less. Another
shortcoming is related to the perfusate, which included a
foreign protein of bovine albumin for oncotic pressure control.
However, the bovine albumin is routinely used as perfusate for
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a variety of isolated perfused organ studies. We believe that it
might not substantially affect the results of the present study.

In summary, this study demonstrated that the hepatic vas-
cular anaphylaxis in guinea pig isolated perfused liver is
characterized by hepatic congestion caused by increases in
postsinusoidal resistance (Rpy) and the sinusoidal pressure
(Pao). The large increase in presinusoidal resistance (Rp,) is the
primary cause of splanchnic bed congestion that leads to the
serious reduction of circulating volume in anaphylactic shock.
Finally, blocking NO, but not CO, increases basal tone and
potentiates the anaphylaxis-induced hepatic congestion by act-
ing mainly on the postsinusoidal vessels of guinea pig livers.
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Abstract

Aim: Hepatic xenotransplantation from guinea-pig to rat has not been
established. This failure is partly ascribed to differences in hepatic vascular
characteristics between two species. However, the differences in hepatic
vascular resistance distribution and responses to vasoconstrictors are not
known. The present study was designed to determine basal levels of seg-
mental vascular resistances and the responses to histamine and noradrenaline
in isolated guinea-pig and rat livers.

Methods: The livers were haemoperfused (Hct 8.3%) via the portal vein at a
constant flow. The sinusoidal pressure was measured by the double occlusion
pressure, and was used to determine the pre- (R,.) and post-sinusoidal
(Rpost) resistances.

Results: There was no significant difference in basal total hepatic vascular
resistance (R,) between two species, whereas Ry, in rat (69% of R) was
significantly greater than that in guinea-pig (61% of R,). The responses to
noradrenaline were similar; Ry, increased in a greater magnitude than Ry,
and liver weight was reduced. However, the noradrenaline-induced increase
in R, was greater in rats than in guinea-pigs. In contrast, histamine increased
predominantly Ry, over Ry, and increased liver weight in guinea-pig,
while it affected no haemodynamic variables in rat.

Conclusion: There exist species differences in the hepatic vasculature
between rat and guinea-pig. Basal pre-sinusoidal resistance in rat is greater
than that in guinea-pig. Although noradrenaline predominantly contracts
pre-sinusoidal vessels in both species, histamine causes predominant post-
sinusoidal vasoconstriction in guinea-pig liver, while it has no vasoactive
effects on rat liver.

Keywords double occlusion pressure, guinea-pig, hepatic circulation, iso-
lated perfused liver, rat, sinusoidal pressure, species difference, xenotrans-
plantation.

Hepatic xenotransplantation from guinea-pig to rat was
not successfully performed as reflected by poor graft
reperfusion. One of the reasons for this failure could be
ascribed to the differences in the characteristics and
vasoreactivity of hepatic vessels between guinea-pigs
and rats (Delriviere et al. 1998). Delriviere et al. (1998)
proposed that the hypoperfusion might be related to

© 2004 Scandinavian Physiological Society

anatomical and physiological differences between these
two species, on the basis of the absence of hyperacute
rejection in the graft liver as examined morphologically.
They emphasized that guinea-pig portal vein branches
have muscular walls susceptible to spasm, and portal
blood flow is four times greater in guinea-pig than in rat
because the guinea-pig intestine is both longer (two
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times as long) and of greater diameter. However,
further detail investigation has not been reported on
the physiological differences in hepatic haemodynamics
such as vascular resistance, its distribution and vascular
responsiveness between guinea-pig and rat.

There are species differences in distribution of the
hepatic vascular resistance. In canine livers, the pre-
sinusoidal resistance comprises approximately 50% of
the total liver vascular resistance (Yamaguchi et al.
1994), while it comprises 59% in rabbit livers (Wang
et al. 1997b, Shibamoto et al. 1999), and more than
60% in rat livers (Bohlen et al. 1991, Ling et al. 2000).
However, the basal hepatic vascular resistance distri-
bution of guinea-pig liver is not known.

There are also species differences in the primary site
of hepatic vasoconstriction. We have recently shown,
using vascular occlusion methods for measurement of
the hepatic sinusoidal pressure (Yamaguchi et al. 1994,
Shibamoto et al. 1996), that the hepatic longitudinal
vascular responsiveness differs depending on vasocon-
strictive substances in isolated perfused canine livers
(Yamaguchi et al. 1994, Shibamoto et al. 1996, Uray-
ama et al. 1996, Wang et al. 1997a). Histamine (Shi-
bamoto et al. 1996, Urayama et al. 1996) and the
thromboxane A, analogue (Urayama et al. 1996) pre-
dominantly contract canine hepatic veins with resultant
hepatic congestion, whereas noradrenaline constricts
pre-sinusoidal vessels more vigorously than post-sinu-
soidal vessels with reduction of liver weight (Shibamoto
et al. 1996). However, acetylcholine (Shibamoto et al.
1996) and platelet-activating factor (Wang et al. 1997a)
constrict both of pre- and post-sinusoidal vessels in a
similar magnitude. In contrast, in rabbit livers, pre-
sinusoidal vessels predominantly contract in response to
endothelin-1 (Wang et al. 1997b), noradrenaline, his-
tamine and KCl (Shibamoto et al. 1999). However,
effects of vasoconstrictors have not been determined on
hepatic vascular resistance distribution in guinea-pig. In
addition, only a limited number of studies reported the
hepatic vascular responsiveness of rat liver (Bohlen
et al. 1991). Currently there is no systematic study on
the differences in the characteristics and vasoreactivity
of hepatic vessels between guinea-pig and rat.

Therefore, we herein determined the basal hepatic
vascular resistance distribution, and effects of histamine
and noradrenaline on segmental vascular resistances in
livers, which were isolated from weight-matched guinea-
pigs and rats, and were perfused in the same manner. The
reason for adopting these two substances as the vaso-
constrictors in the present study was that noradrenaline
(Bohlen et al. 1991, Shibamoto et al. 1996, Rothe &
Maass-Moreno 1998, 2000) and histamine (Mahfouz &
Geumei 1967, Lautt & Legare 1987, Shibamoto et al.
1996, Urayama et al. 1996, Rothe & Maass-Moreno
1998) predominantly constrict pre- and post-sinusoidal
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vessels, respectively, in canine and rabbit livers. In
addition, histamine could be released during liver
transplantation and thereby cause disturbance of hepatic
circulation (Lorenz et al. 1973, Hansen et al. 1988).

Methods

Isolated liver preparation

The study protocol was approved by the Animal
Research Committee of Kanazawa Medical University,
Uchinada, Japan. Thirteen male Hartley guinea-pigs
weighing 312 + 5 g (SE) and 16 male Sprague-Dawley
rats weighing 305 + 5 g were anaesthetized with pento-
barbital sodium (42 mg kg™!, i.v.) and mechanically
ventilated with room air. A polyethylene tube was placed
in the right carotid artery. After laparotomy, the bile duct
was cannulated with a polyethylene tube and the hepatic
artery was ligated. At § min after intraarterial heparini-
zation (500 U kg™!), 6-8 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 ID, 3.0 mm
OD for guinea-pig; 1.3 mm ID, 2.1 mm OD for rat) for
portal perfusion. After thoracotomy, the supradiaphrag-
matic IVC was cannulated through a right atrial incision
with the same size stainless cannula (2.1 mm ID, 3.0 mm
OD), then portal perfusion was begun with the hepar-
inized autologous blood diluted with 5% albumin-Krebs
buffer (Hct 8.3%). The liver was rapidly excised,
suspended from an electric balance and weighed.

The basic method for liver perfusion was described
previously (Shibamoto et al. 1999). The liver was
perfused at constant flow 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 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 perfused blood was oxygenated in the
reservoir by continuous bubbling with 95% O, and
5% CO,. The portal venous (P,,) and the hepatic
venous (Pyp,) pressures were measured using pressure
transducers with the reference points at the hepatic
hilus. To measure the double occlusion pressure (Pgo),
two solenoid valves were placed around the perfusion
tubes upstream from the P,, sidearm cannula and
downstream from the Py, sidearm cannula (Shibamoto
et al. 1999). Blood flow rate (Q) was measured with an
electromagnetic flow meter, the probe of which was
positioned in the inflow line. Bile was collected drop by
drop in a small tube suspended from the force transdu-
cer. The time between drops was measured for

© 2004 Scandinavian Physiological Society
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determination of the bile flow rate (Ling et al. 2000).
The hepatic vascular pressures, blood flow, liver weight
and bile flow were monitored continuously and dis-
played through a thermal physiograph.

Experimental protocol

The animals were randomly selected and used in terms
of rat or guinea-pig. Hepatic haemodynamic parameters
were observed for at least 20 min after start of
perfusion during which an isogravimetric (no liver
weight gain or loss) state was reached. After the
baseline measurements, the perfused livers were chal-
lenged with either of histamine or noradrenaline. In the
noradrenaline group (n = 7-12) 0.0068, 0.068, 0.68,
6.8 and 68 ug of noradrenaline (Bitartrate salt; Sigma,
St Louis, MO, USA) were injected as a bolus into the
portal line, and attained the final perfusate concentra-
tion of 0.001, 0.01, 0.1, 1 and 10 uM, respectively. In
the histamine group (n = 5-7), 0.4, 4.4, 44.4 and
444 pg of histamine (Sigma) was injected as a bolus into
the portal line, and attained the final perfusate concen-
tration of 0.1, 1, 10 and 100 um, respectively. In rat
livers, the high dose of 4 and 40 mg (the final
concentration of 1 and 10 mm, respectively) of hista-
mine were also injected. The volume of each agent
injected was adjusted to <1 mL. These drugs of
noradrenaline and histamine were given in random
order, and dose amounts were randomly assigned.

The hepatic sinusoidal pressure was measured by the
double occlusion method (Yamaguchi et al. 1994,
Shibamoto et al. 1999). Both the inflow and outflow
lines were simultaneously and instantaneously occluded
using the solenoid valves, after which P, and Py,
rapidly equilibrated to a similar or identical pressure,
which was Pg,. In each experimental group, P4, was
measured at baseline and 1, 2, 3, 6,10, 20 and 30 min
after an injection of each agent. When low doses of

agents were injected, P4, was determined only at
maximal vasoconstriction.

The total portal-hepatic venous (Ry), pre- (R) and
post-sinusoidal (Ro) resistances were calculated as

follows:
Rt = (va_th)/Q (l)
Rpre = (va - Pdo)/Q (2)
Rpost = (Pdo - th)/Q (3)
Statistics

All results are expressed as the mean + SEM. Compar-
isons were made using Student’s ¢-tests. A P-value <0.05
was considered significant.

Results

Comparison of basal haemodynamic variables

The initial wet liver weight was 10.2 + 0.4 g for
guinea-pigs and 8.4 + 0.1 g for rats. Table 1 shows
basal haemodynamic variables of isolated perfused rat
and guinea-pig livers. Basal P,, of 7.2 + 0.3 cmH,0
for guinea-pigs at O 35 + 1 mL min™' 10 g™ liver
weight was not significantly different from that of
7.3 £ 0.4 cmH,O for rat at the almost same Q of
36 £ 2 mL min~" 10 g™! liver weight, resulting in no
significant difference in basal R, between two species. In
contrast, basal Pg,, 3.0 £ 0.04 cmH,0, of guinea-pig
was significantly greater than that of rat, 2.4 +
0.12 cmH,0. As a result, the segmental vascular
resistance of R, Was significantly greater in guinea-
pig than in rat (0.076 &£ 0.004 vs. 0.061 +0.008
ecmH,0 mol™ min™" 10 g7! liver weight). This is
reflected by significantly greater values of the Roq-to-
R, ratio of guinea-pig, 0.39 + 0.02, than that of rat,

Table | Basal haemodynamic variables

of isolated perfused rat and guinea-pig

livers Number of animals

Rat Guinea-pig
16 13
Portal pressure (cmH,0O) 7.3 +£0.4 7.2 +£ 0.3
Hepatic venous pressure (cmH,0O) 0.3 £ 0.05 0.3 £0.04
Double occlusion pressure (cmH,O) 2.4 +0.12 3.0 + 0.04*
Portal flow rate (mL min™"' 10 g™') 36 +2 35+ 1
Total vascular resistance 0.194 + 0.015 0.196 £+ 0.012
(cmH,0 mL™! min™ 10 g™!)
Pre-sinusoidal resistance 0.133 £+ 0.012 0.120 + 0.009
(cmH,0 mL™ min~! 10 g7!)
Post-sinusoidal resistance 0.061 + 0.008 0.076 + 0.004*
(cmH,0 mL™ min™! 10 g7}
Rposeto-R; ratio 0.31 + 0.02 0.39 + 0.02*
Values are given as mean & SEM. *P < 0.05 vs. rat.
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0.31 + 0.02. The basal bile flow of guinea-pig
(0.038 =+ 0.004 g min~"!) was 2.7-fold greater than that
of rat (0.014 + 0.001 g min™").

Effects of noradrenaline and histamine on segmental
vascular resistances and liver weight

The guinea-pig and rat livers showed qualitatively the
same response to noradrenaline, as shown in Figures 1
and 2a. An injection of noradrenaline increased Ppy,
which peaked 1 min and then gradually returned to the
baseline levels within 40 min after injection. After
noradrenaline injection, the sinusoidal pressure of Py,
increased minimally but significantly, and the Ppy-to-Pg,
gradient increased in a greater magnitude than the

Noradrenaline

P4o-to-Py, gradient, a finding indicating that noradren-
aline increased predominantly R,. Figure 3 shows the
peak levels in Rpre, Rpos; Ry Rposto-R; ratio, weight
change and bile flow after injection of noradrenaline. R,
increased in a dose-dependent manner at 0.1-10 um,
reaching the maximum level of 288 + 11% of baseline
for rat and 245 £ 10% for guinea-pig at 10 um. The
increase in Ry, of rat was significantly greater than
that of guinea-pig at high concentrations. Ry also
increased significantly but in a less magnitude than R,
and therefore the Rpoq-to-R; ratio decreased dose-
dependently to the minimum values of 65 & 4% of
baseline for rat and 71 4 3% for guinea-pig at 10 um.
Immediately after noradrenaline injection, the liver
weight was decreased and then gradually returned to

Figure | A representative recording of
the response to noradrenaline at 1 um of a

rat liver.
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Figure 2 Representative recordings of
the responses to noradrenaline at 1 um (a)
and histamine at 100 um (b) of a guinea-
pig liver.
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Figure 3 The peak changes in the total (R,), pre- (Rp.) and post-sinusoidal (Rpost) resistances, the Rpos-to-R; ratio, bile flow and
liver weight change at 0.001-10 um of noradrenaline as expressed by percentage of the baseline in guinea-pig and rat livers. Values
are given as mean £ SEM. n = 5-7. *P < 0.05 vs. the baseline. *P < 0.05 vs. rat.

the baseline, as shown in Figures 1 and 2a. In both
species, the liver weight loss after injection of norad-
renaline at 1 and 10 um was approximately 1 g 10 g™
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liver weight. The bile flow rate decreased minimally but
significantly at a high concentration of 10 um norad-
renaline in both species.
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Histamine, in contrast to noradrenaline, caused quite
different response between guinea-pig and rat. Rat
livers showed no significant changes in hepatic haemo-
dynamic variables when histamine at concentration up
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to 10 mm was used. The data of rat livers
obtained 2 min after an injection of histamine (the final
concentrations of 0.1-100 um) were
Figure 4. In contrast, in guinea-pig livers, histamine at

shown in
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concentrations 1-100 um increased P, dose-depend-
ently with a substantial increase in Py,. Figure 2b shows
a response of a guinea-pig liver to histamine at 100 pmM,
in which Py, increased markedly in comparison with the
noradrenaline-treated liver (Fig. 2a). This increase in
P4, resulted in a greater increase in Rp,os than in Ry, as
shown in Figure 4. Actually, the R,o-to-R, ratio
significantly increased to 120 &+ 4% at 100 pm hista-
mine. After injection of histamine at 1 and 10 um, the
liver weight did not change significantly although
hepatic vasoconstriction definitely occurred. At the
maximum concentration of 100 um histamine, predom-
inant post-sinusoidal constriction caused hepatic con-
gestion as reflected by liver weight gain by
1.0 £ 0.3 g 10 g™" liver weight, as shown in Figure 2b.
Concomitant with hepatic vasoconstriction, bile flow
decreased transiently and slightly, but significantly, at
histamine 10 and 100 pm.

Discussion

We found two major functional differences in hepatic
vasculature between guinea-pig and rat. The first is that
basal pre-sinusoidal resistance was more predominant
in rat (69% of R;) than in guinea-pig (61%) although R
was almost the same. The second difference is related to
the response to histamine: histamine caused predomin-
ant post-sinusoidal constriction with liver weight gain
in guinea-pig, whereas it did not change hepatic
haemodynamic variables in rats. In contrast, noradren-
aline produced similar responses of predominant pre-
sinusoidal constriction with liver weight loss in both
species, although the magnitude of pre-sinusoidal con-
striction was greater in rat than in guinea-pig.

We have recently shown by measuring the sinusoidal
pressure using the triple vascular occlusion method
(Shibamoto et al. 1996) and the double occlusion
method (Yamaguchi et al. 1994) in isolated canine
livers, that Ry comprises approximately one-half of
R.. We subsequently demonstrated that 41% of R,
exists in post-sinusoidal vessels in isolated rabbit liver
(Wang et al. 1997b, Shibamoto et al. 1999). This is in
agreement with the study of Maass-Moreno & Rothe
(1997), who reported that in intact rabbit livers the
pressure gradient from the hepatic sinusoids averaged
41 + 15% of the total Py, to the abdominal vena caval
pressure gradient. In the present study, we for the first
time demonstrated that the basal hepatic vascular
resistance distribution of guinea-pig liver was similar
to that of rabbit livers in that R, comprises 39% of
R.. With respect to rat liver, the present study also
showed that Rpos comprised only 31% of R.. This
marked predominance of pre-sinusoidal resistance over
post-sinusoidal resistance was previously reported in
in vivo rat (Bohlen et al. 1991) and in isolated rat livers

© 2004 Scandinavian Physiological Society

perfused via both the portal vein and hepatic artery
(Ling et al. 2000).

There are species differences in the hepatic vascular
responsiveness. In dog livers, histamine predominantly
contracts the post-sinusoidal vessels (Mahfouz &
Geumei 1967, Lautt & Legare 1987, Shibamoto et al.
1996, Urayama et al. 1996), while noradrenaline pri-
marily contracts the pre-sinusoidal vessels rather than
the post-sinusoidal vessels (Bohlen et al. 1991, Shiba-
moto et al. 1996, Rothe & Maass-Moreno 1998).
However, in rabbit livers, histamine, noradrenaline
and endothelin-1 all selectively increases R, (Wang
et al. 1997b, Shibamoto et al. 1999). In the present
study, we found that the hepatic vascular responses of
guinea-pig to histamine and noradrenaline are similar to
those of dog: noradrenaline preferentially constricts the
pre-sinusoid, while histamine the post-sinusoid. The
difference in the vasoconstrictive site for histamine and
noradrenaline might be ascribed, at least in part, to
different distribution of functionally active receptors
between the pre-sinusoidal vessels and the hepatic veins.
In contrast, in the preset study, histamine did not
change P, in rat livers. This is consistent with the
findings of Noguchi & Plaa (1970), who reported that
an injection of histamine (1-200 ug) had almost no
effect on P, or flow rate of the isolated perfused SD rat
livers, whereas the i.v. injection of histamine (1 ug)
resulted in a drastic decrease in arterial blood pressure.
Indeed, histamine (up to 107* M) did not contract
isolated portal veins of male Wistar rats (Cohen &
Wiley 1977, Hogestatt et al. 1986). The absence of
vasoconstrictive response to histamine in rat liver may
be due to lack of functional histamine receptor in rat
hepatic vascular smooth muscles.

In the present study, the concentration of histamine
required to produce significant hepatic vasoconstriction
was 1 um. The responsiveness of guinea-pig hepatic
vessels to histamine seems to be weak in comparison
with that to noradrenaline, as the lower concentration
of 0.1 um noradrenaline can induce significant hepatic
vasoconstriction as shown in Figure 3. In addition,
100 um histamine increased R, only to 1.7-fold base-
line, whereas the 10 times lower concentration of 10 um
noradrenaline increased R, to 2.45-fold baseline. The
similar phenomenon was observed in isolated rabbit
livers (Shibamoto et al. 1999).

It is well known that noradrenaline causes a reduc-
tion in liver blood volume in cats (Greenway & Lautt
1972), dogs (Bennett et al. 1982, Shibamoto et al.
1996), and rabbits (Rothe & Maass-Moreno 1998,
Shibamoto et al. 1999). In addition, Rothe and col-
leagues, using the micropipette servo-null pressure
measurement technique, has recently demonstrated that
the increase in pre-sinusoidal resistance is greater than
that in the post-sinusoidal resistance in dogs (Bohlen

261

—97—



Different hepatic vascular response between guinea-pig and rat * T Shibamoto et al. Acta Physiol Scand 2004, 180, 255-263

et al. 1991), rats (Bohlen et al. 1991), and rabbits
(Rothe & Maass-Moreno 1998) during noradrenaline
infusion. We added new evidence that the similar
response to noradrenaline was observed in isolated
guinea-pig and rat livers.

In the present study, a decrease in weight accompan-
ied predominant pre-sinusoidal vessel constriction,
when noradrenaline was injected in either guinea-pig
or rat livers. The mechanism for this decrease in weight
cannot be currently clarified. A reduction in unstressed
volume of the hepatic venules or even sinusoids will
explain the reduction in volume induced by noradren-
aline (Greenway & Lautt 1989, Rothe 1993). Another
possibility may be related to possible heterogeneous
portal venule constriction. If there was heterogeneity 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 due to a
decrease in distending pressure of the sinusoids. Finally,
in contrast to the aforementioned passive changes in
liver volume, the possibility exists that there are
contractile elements in the walls of the hepatic sinusoids
that may be stimulated by noradrenaline and endothelin
(Kawada et al. 1993, Ito et al. 1996, Rothe & Maass-
Moreno 2000). Rothe & Maass-Moreno (2000) infused
noradrenaline into iz vivo rabbit, and found a decrease
in liver volume although P,, and hepatic venule
pressure increased. This is a clear proof of an active
response, and not a passive response to distending
pressure. In contrast, the significant weight gain was
observed in the isolated livers injected of the highest
dose of histamine in the present study. The liver weight
gain may be ascribed to an increase in hepatic
intravascular volume due to sufficient vasoconstriction
downstream from the compliant sinusoids. Increased
extravascular fluid filtration caused by an increase in
sinusoidal pressure, P4, may also contribute to this
weight gain (Bennett et al. 1982).

The present study provides the basic data on the
differences in hepatic vessels between guinea-pig and
rat, which might contribute to clarifying the mechanism
for failure of hepatic xenotransplantation from guinea-
pig to rat. Post-sinusoidal vessels of guinea-pig have
responsiveness to histamine, and their constriction
results in hepatic congestion. Actually, histamine could
be released during liver transplantation and thereby lead
to disturbance of liver transplantation (Lorenz et al.
1973, Hansen et al. 1988). We observe that other
vasoconstrictors such as platelet-activating factor also
cause guinea-pig post-sinusoidal constriction and con-
gestion (unpublished observation). This oedematogenic
property of transplanted guinea-pig liver might partly
account for hypoperfusion as seen during xenotrans-
plantation from guinea-pig to rat.
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Conclusion

By measuring the hepatic sinusoidal pressure with the
double occlusion method, we determined the basal
vascular resistance distribution and effects of histamine
and noradrenaline on the segmental vascular resistances
in isolated guinea-pig and rat livers perfused with
diluted blood in the same way. Although the basal R,
was found to be the same, the basal Ry, comprises 39
and 31% of R, in guinea-pig and rat livers, respectively.
Noradrenaline predominantly increased the pre-sinu-
soidal vascular resistance with liver weight loss in both
species. In contrast, histamine predominantly increased
the post-sinusoidal resistance with liver weight gain in
guinea-pig, but did not produce any significant changes
in hepatic haemodynamics in rat livers. These differ-
ences in hepatic vascular responsiveness might at least
in part lead to the difficulty of hepatic xenotransplan-
tation between these two species.

This work was supported by a Grant for Collaborative
Research from Kanazawa Medical University (C2003-1) and
a Grant-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Sciences and Technology of Japan
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Okubo, Shinji, Yujirou Tanabe, Kenji Takeda, Michihiko
Kitayama, Seiyu Kanemitsu, Rakesh C. Kukreja, and Noboru
Takekoshi. Ischemic preconditioning and morphine attenuate myo-
cardial apoptosis and infarction after ischemia-reperfusion in rabbits:
role of 8-opioid receptor. Am J Physiol Heart Circ Physiol 287:
H1786-H1791, 2004; 10.1152/ajpheart.01143.2003.—We examined
whether ischemic preconditioning (IPC) attenuates ischemia-
reperfusion injury, in part, by decreasing apoptosis and whether the
d-opioid receptor (DOR) plays a pivotal role in the regulation of
apoptosis. Rabbits were subjected to 30-min coronary artery occlusion
(CAO) and 180 min of reperfusion. IPC was elicited with four cycles
of 5-min ischemia and 10-min reperfusion before CAO. Morphine
(0.3 mg/kg iv) was given 15 min before CAO. Naloxone (Nal; 10
mg/kg iv) and naltrindole (Nti; 10 mg/kg iv), the respective nonse-
lective and selective DOR antagonists were given 10 min before either
morphine or IPC. Infarct size (%risk area) was reduced from 46 = 3.8
in control to 11.6 = 1.0 in IPC and 19.5 = 3.8 in the morphine group
(means = SE; P < 0.001 vs. control). Nal blocked the protective
effects of IPC and morphine, as shown by the increase in infarct size
to 38.6 = 7.2 and 44.5 £ 1.8, respectively. Similarly, Nti blocked IPC
and morphine-induced protection. The percentage of apoptotic cells
(revealed by terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling assay) decreased in IPC (3.6 £ 1.9) and morphine
groups (5.2 * 1.2) compared with control group (12.4 = 1.6; P <
0.001). Nti pretreatment increased apoptotic cells 11.2 = 2.2% in IPC
and 12.1 = 0.8% in morphine groups. Nal failed to block inhibition of
apoptosis in the IPC group (% of cells: 5.7 = 1.3 vs. 3.6 = 1.9 in IPC
alone; P > 0.05). These results were also confirmed by nucleosomal
DNA laddering pattern. We conclude that IPC reduces lethal injury, in
part, by decreasing apoptosis after ischemia-reperfusion and activa-
tion of the DOR may play a crucial role in IPC or morphine-induced
myocardial protection.

reperfusion injury

IT IS WELL KNOWN THAT APOPTOSIS plays an important role in the
myocyte cell death after heart failure as well as ischemia-
reperfusion (I/R). In vivo studies have demonstrated cardio-
myocyte apoptosis during postnatal maturation (19), spontane-
ous hypertension in rats (14), rapid ventricular pacing (22), and
microembolization-induced cardiac failure (35). Apoptosis has
been documented in ischemic rat myocardium beginning 2 h
after ischemia (18). In addition, extensive cardiomyocyte apop-
tosis was also observed in reperfused rabbit (12) and rat (3)
hearts as well as in myocardial autopsy tissue death from acute
myocardial infarction (17). Gottlieb et al. (12) and Fliss and
Gattinger (5) showed that cell death during ischemia is mainly

necrotic, whereas damage induced by reperfusion caused ad-
ditional cell death principally through apoptosis.

Previous studies (2, 24, 30) have shown that ischemic
preconditioning (IPC) markedly reduces necrosis in the heart.
IPC also decreases internucleosomal DNA fragmentation in rat
hearts in vivo, and there was a direct correlation between
myocardial infarct size and DNA fragmentation after IPC (29).
IPC has been shown to attenuate processing and activation of
caspase-1 and caspase-3, and cleavage of poly(ADP-ribose)
polymerase after prolonged ischemia and reperfusion in the
heart (28). IPC is primarily mediated by activation of several
triggers, including free radicals, adenosine, catecholamines,
and bradykinin (reviewed in Ref. 26). In addition, studies from
Gross’s laboratory (13) have shown that opioids play an
important role in IPC against myocardial infarction. The non-
selective and selective opioid receptor antagonists, naloxone
(Nal) and naltrindole (Nti), respectively, have been shown to
completely block the infarct-limiting effect of IPC in rats (31),
rabbits (21), and pigs (34). Similarly, the nonpeptide opioid
agonist morphine mimicked IPC in the rat heart (32), which
was abrogated by Nal, suggesting the role of opioid receptors
in cardioprotection. Because opioid receptor signaling has been
identified as the integral components of the cardioprotective
effect of IPC (13), we hypothesized that this pathway may also
regulate apoptosis during IPC. Accordingly, the major goal of
this study was to show whether the inhibition of apoptosis and
necrosis after IPC is mediated by activation of the &-opioid
receptor. A second goal was to show whether pharmacological
preconditioning achieved by infusion of morphine also induces
anti-apoptotic effect through d-opioid receptor in the rabbit
heart after I/R.

MATERIALS AND METHODS

All procedures were performed in conformance with the Guide for
the Care and Use of Laboratory Animals (NIH Publication No. 85-23,
Revised 1985).

Experimental groups and protocol. Ninety-two male New Zealand
White rabbits (2.5-3.2 kg body wt) were used in this study. All rabbits
underwent 30-min coronary artery occlusion (CAO) and 180 min of
I/R, as shown in Fig. 1. The animals were randomized into the
following eight groups: 7) control (n = 12), in which no treatment was
given; 2) Nal control (n = 10), in which rabbits were treated with a
nonspecific blocker of opioid receptor Nal (10 mg/kg iv) 10 min
before I/R; 3) Nti control (n = 10), where rabbits were treated with a
selective blocker of the 8-opioid receptor Nti (10 mg/kg iv) 10 min
before I/R; 4) the preconditioning group (IPC; n = 12), where the IPC
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Control
Nal
NTI
iPC
Fig. 1. Experimental protocol showing ischemic precondi-
Mor tioning (IPC), ischemia-reperfusion, and treatment sched-
ules of morphine (Mor) and other inhibitors of opioid
Mor receptors. Nal, naloxone; Nti, naltrindole.
NAL-IPC
NAL
NTI-IPC
NTI
NTH+Mor 30 min. 3 hrs Reperfusion 1
Mor occlusion Infarct Size
Apoptosis

NTI

protocol consisted of four 5-min occlusions, each separated by 10-min
reperfusion; 5) morphine (Mor, 0.3 mg/kg, n = 12) was injected at a
dose of 0.3 mg/kg iv 15 min before sustained ischemia; 6) Nal+IPC
(n = 12), where rabbits were treated with Nal (10 mg/kg iv) 10 min
before IPC protocol (see group 4); 7) Nti+IPC (n = 12), where
animals were given Nti (10 mg/kg iv) 10 min before IPC; and §)
Nti+Mor (n = 12). Nti (10 mg/kg iv) was given 10 min before
morphine, which was injected (0.3 mg/kg iv) 15 min before sustained
ischemia. In each group, four rabbits were used for evaluation of
apoptosis.

Surgical preparation and measurement of infarct size. The rabbit
model of the I/R protocol has been described previously (25, 27).
After the animals were anesthetized with ketamine HCI (35 mg/kg)
and xylazine (5 mg/kg), a left thoracotomy was performed to expose
the heart. Myocardial ischemia was induced by occlusion of coronary
artery, followed by reperfusion. At the end of each experiment, the
coronary artery was reoccluded and 50% Unisperse blue dye solution
was injected into the right jugular vein until the eyes turned blue. This
was done to distinguish between perfused and nonperfused (risk area)
regions of the myocardium. The animal was then euthanized and the
heart was removed. The heart slices were incubated at room temper-
ature for 20 min in 1% solution of triphenyltetrazolium chloride. After
being stained, the infarct area (triphenyltetrazolium chloride negative)
and risk area (area nonstained by Unisperse blue) were determined by
computer morphometry with the use of Bioquant imaging software
and the percentage of infarcted and risk areas were calculated.

Measurement of hemodynamics. The hemodynamic measurements
included heart rate and mean arterial pressures. The rate-pressure
product was determined as the product of the heart rate and peak
arterial pressure. These parameters were continuously measured
throughout the duration of the experimental protocol (Table 1).

In situ identification of nuclear DNA fragmentation. Four rabbits
from each group were euthanized, and tissues were sampled from the
ischemic area of the left ventricle. ApoAlert DNA fragmentation
assay kit (Clontech) was used, which detects apoptosis-induced nu-
clear DNA fragmentation via a fluorescence assay. The assay is based
on terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-
end labeling (TUNEL). After deparaffinization, the tissue sections
were stained according to the manufacturer’s instructions and nuclear
DNA fragmentation was visualized. Apoptotic cells exhibited strong
nuclear green fluorescence with a standard fluorescence filter set
(520 = 20 nm). All cells stained with propidium iodide exhibited
strong red cytoplasmic fluorescence when viewed at >620 nm. The
percentage of TUNEL-positive cardiomyocyte nuclei was determined
using an eyepiece grid (X200 magnification). Five microscopic fields
per section were selected from within the ischemic region. In each
field, cells were counted and the percentage of apoptotic cardiomyo-
cytes was calculated.

Genomic DNA extraction and agarose gel electrophoresis. For
determination of genomic DNA fragmentation, hearts were rapidly re-
moved after I/R and tissue samples from the ischemic region were
homogenized. DNAs were isolated by lysis in digestion buffer (75 mM
NaCl, 25 mM EDTA, 10 mM Tris, pH 8.0, 1% SDS, and 0.4 mg/ml
freshly added proteinase K). After overnight digestion, DNAs were
phenol/chloroform extracted, precipitated, spooled onto glass rods, dried,
and dissolved in 10 mM Tris and 1 mM EDTA, pH 8.0, and quantified
with the use of a spectrophotometer. For determination of DNA frag-
mentation, we used ApoAlert LM-PCR Ladder assay kit (Clontech)
according to a previously described method (36). Briefly, 6 pg genomic
DNA was mixed with 1 nmol 24 base pairs (bp) and 1 nmol 12-bp
unphosphorylated oligonucleotides, annealed, and ligated. Ligations were
stored at —20°C until PCR was performed. PCR reactions used ~150-ng
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Table 1. Hemodynamic data

OPIOID RECEPTOR AND APOPTOSIS

30 min After 3 h After
Group Baseline Occlusion At Reperfusion Reperfusion Reperfusion
Heart rate, beats/min
Control 1769 179=6 176 =6 174=12 17011
Nal 1678 160£8 1567 167£8 160=5
Nti 170£8 174x9 167+5 174x7 172£5
IPC 1829 188+9 178+6 1728 1735
Mor 18810 1857 187+7 1873 180%11
Nal-PC 172=11 181=8 1865 18214 175*9
Nti-PC 1768 1869 1898 185=11 18210
Nti-Mor 172+13 17610 179+11 173=15 16811
Mean blood pressure, mmHg
Control 99=7 8910 91£8 87+ 5% 84+ 7%
Nal 101£8 95£5 93*11 96=10 93 5%
Nti 1088 977 94=8 946 90=11*
IPC 94+11 87+12 91+12 86+11 85+9%
Mor 95=7 97+9 90+8 92*5 86+£5*
Nal-PC 98+ 10 92+9 96+9 907 88 £8*
Nti-PC 95+9 945 95%7 89=7 86=7
Nti-Mor 90+10 93+6 946 91%5 868
Rate pressure product, mmHg-ml ™'+ min-1,000 g~
Control 17.4=0.8 159209 16.0=0.7 15.1£0.7% 14.32£0.8%
Nal 169*+1.5 152+1.2 14.5+0.5 16.0=1.9 149+1.2%
Nti 18.3*1.9 169x1.1 15.7%+0.5 16.3+1.4% 15.5£0.9*
IPC 17.121.3 16.4=1.1 16.2+0.8 14.8£0.9* 14.7x0.7*
Mor 179*1.5 17.9%£0.8 16.8£2.1 17.2%0.6 15.5E1.1%
Nal-PC 16.9*=1.4 16.7£1.2 17.9*1.6 16.4=1.3 15.1+1.4%
Nti-PC 16.7%0.9 17.5£0.7 179*1.3 16.5*0.5 15.60.6*
Nti-Mor 155%1.8 16.4+1.0 16.8+0.9 157x1.2 14.4+0.9%

Values are means = SE. Nal, naloxone; Nti, naltrindole; IPC, ischemic preconditioning (PC); Mor, morphine. *P << 0.05 vs. baseline.

ligated DNA and used the 24-bp oligonucleotide as a primer. Samples
were amplified for 25 cycles of PCR, and PCR products were analyzed
by electrophoresis on 3% agarose gel (16).

Exclusion criteria. Animals were excluded from the study due to
the following reasons: /) CAO did not produce adequate ischemia (the
area at risk was <20% of the left ventricle); 2) intractable ventricular
fibrillation occurred during ischemia and/or reperfusion; and 3) the
animal died during the surgical procedure, so the protocol was not
completed.

Statistical analysis. Values are expressed as means = SE. The
statistical significance was determined by ANOVA with repeated
measurements. If a significant F value was found, Scheffé’s test for
multiple comparisons was used to identify differences among groups.
Comparisons of means were made by using the Student’s r-test for
unpaired values. Statistical differences were considered significant if
the P value was <0.05.

RESULTS

Infarct size. The risk areas ranged from 50% to 56% with no
significant differences between all the groups (Fig. 2A; P >
0.05). These data suggest that changes in the size of infarcts
observed between various groups in our experiments were not
related to the percentage of area of the left ventricle occluded
by our technique. Infarct size (expressed as a percentage of risk
area) was 11.6 £ 1.0 in the IPC group and 19.5 = 3.8 in the
morphine-treated group, both of which were significantly
lower compared with the infarct size of 46 * 3.8 in the control
group (P < 0.001, means = SE; Fig. 2B). This reduction in
infarct size by IPC was abolished by pretreatment with the
nonselective opioid receptor antagonist Nal (38.6 = 7.2%) and
the 8-opioid-specific antagonist Nti (44.5 = 1.8%). The in-
farct-limiting effect of morphine was also abolished by pre-
treatment with Nti (Nti+Mor: 49.3 = 1.7% vs. 19.5 = 3.8%

for morphine; P < 0.001). Treatment of control rabbits with
Nti or Nal had infarct size of 41.5 = 3.6% and 42 = 4.5%,
respectively, which were not different compared with the
infarct size in the untreated control group (P > 0.05).
Cardiomyocyte apoptosis. Figure 3A shows representative
TUNEL-positive cardiomyocyte nuclei at X200 and X 1,000

M control :Mor
:Nal :Nal-PC

A INTI 1 :NTI-PC
75 | [Tapc B .NTI-Mor
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Fig. 2. Bar diagram showing risk area of the left ventricle (%LV; A) and
infarct size (%risk area; B) for groups 1-8. See MATERIALS AND METHODS for
a description of treatment groups. Results are means = SE in 67 rabbits in
each group (*P < 0.001).
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magnifications. Quantitative analysis of DNA fragmentation
was performed by using the TUNEL method at the single-cell
level. The mean percentage of TUNEL-positive cardiomyocyte
nuclei was 3.6 = 1.9 in the IPC group, 5.2 = 1.2 in the
morphine group, which was significantly <12.4 = 1.6, 12.9 =
2.5, and 10.5 = 1.9 of apoptotic cardiomyocytes in the control,
Nal, and Nti-treated I/R hearts, respectively (P < 0.001; Fig.
3B). Nti pretreatment significantly increased TUNEL-positive
cardiomyocytes in the IPC group (11.2 £ 2.2%) as well as the
morphine-preconditioned group (12.1 = 0.8%). Curiously, Nal
failed to block the antiapoptotic effect of IPC, as shown by the
percentage of apoptotic cells, which were 5.7 = 1.3 in the
Nal+1IPC group and 5.2 = 1.2 in the Nal+Mor-treated groups
compared with the untreated control as well as Nal- and
Nti-treated controls.

Genomic DNA fragmentation. For detection and qualitative
evaluation of DNA fragmentation, we examined genomic
DNA extracted from ischemic hearts that produced a typical
“ladder” pattern. As shown in Fig. 4, ischemic left ventricular
regions obtained from control, Nti-, and Nal-treated controls,
Nti-pretreated IPC, and morphine groups subjected to I/R
showed a typical DNA electrophoretic laddering pattern char-
acterized by mononucleosomal and oligonucleosomal DNA
fragmentation. However, DNA fragmentation (laddering pat-
tern) was not observed in the tissue samples from animals in
the IPC and Nal-treated preconditioned (IPC) as well as mor-

A
x200 x1,000
B | :Control :Mor
‘Nal B :Nai-Pc
NTI ] :nTi-pe
Clapc B NTI-Mor
o T
> 1
£ 10- % o

Fig. 3. A: light photomicrographs of heart sections from control group of
rabbits subjected to 30 min of ischemia and 3 h of reperfusion. The bright
green dots (indicated by arrows) correspond to a representative terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling
(TUNEL)-positive (fluorescent) nucleus. B: percentage of TUNEL-positive
cells in heart cells. Data shown are means = SE of four independent
experiments quantified from five fields. The treatment groups and abbrevia-
tions are described in detail in MATERIALS AND METHODS. *P < 0.001.
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Fig. 4. Ligation-mediated PCR analysis of DNA from the ischemic zone.
Genomic DNAs were prepared from various experimental groups, mixed with
unphosphorylated oligonucleotides, annealed, and ligated. The DNA samples
were amplified and PCR products were analyzed by electrophoresis on 3%
agarose gel. The data shown are representative of 5 separate experiments. M,
marker lane. The treatment abbreviations are same as in the experimental
protocol and described in detail in MATERIALS AND METHODS.

phine-preconditioned rabbits showing protection from apopto-
Sis.

Systemic hemodynamics. Heart rate, mean arterial blood
pressure, and rate pressure product are shown in Table 1.
Except as indicated, no significant differences in the baseline
levels of these parameters were observed between each group.
In addition, heart rate and mean arterial pressure remained
reasonably stable throughout the reperfusion period, although
these parameters decreased gradually at most of the data points
in all the groups. Mean values were not significantly different
between the groups at any time point for all the groups.

DISCUSSION

The major findings of this study are summarized as follows.
First, the infarct-limiting effect of IPC and morphine is signif-
icantly blocked by Nal and Nti, the nonselective and selective
d-opioid inhibitor antagonists, respectively. Second, both TPC
and morphine caused a significant decrease in the TUNEL-
positive cardiomyocytes, inhibited the fragmentation of
genomic DNA in the ischemic zone, and reduced infarct size
compared with the control hearts. Third, Nti treatment before
IPC and morphine reversed the anti-apoptotic and infarct-
limiting effect of IPC and morphine. On the other hand, Nal
failed to block the antiapoptotic effect of IPC as well as
morphine. Both Nal and Nti had no effect on infarct size or
apoptosis in the control rabbits subjected to I/R. The hemody-
namics remained largely unchanged among the groups during
the I/R protocol. For the first time, our results show an
impressive anti-apoptotic effect of IPC, which is selectively
mediated by 8-opioid receptor in the intact rabbit heart.

Many previous studies (12, 18) support the evidence that
apoptosis may be the predominant form of ischemia-related
cell death in the heart. Also, it has been shown that internu-
cleosomal DNA fragmentation is restricted in the infarcted area
after prolonged I/R in rat hearts in vivo. Both DNA fragmen-
tation and infarct size were significantly decreased after pro-
longed ischemia and reperfusion in the preconditioned rat
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hearts in vivo (29). Moreover, a direct correlation between
myocardial infarct size and internucleosomal DNA fragmenta-
tions was reported (29). Consistent with these studies, our data
also showed significant reduction of apoptotic cardiomyoctes
after TPC in the ischemic zone, which was correlated with
reduction of infarct size in the heart. An interesting observation
in these studies is that selective 8-opioid receptor antagonist
completely abolished the anti-apoptotic protection of IPC,
suggesting an important role of this receptor in preventing cell
death. Moreover, nonpeptide opioid, morphine also mimicked
the cardioprotective effect of IPC, both in terms of infarct size
reduction and attenuation of apoptosis. Morphine is considered
a classic p-opioid receptor agonist, although there is evidence
that it also has important effects on the 8- and k-opioid
receptors and that cross-talk between w- and d-receptors can
occur (4). The observation that morphine-mediated inhibition
of apoptosis was also abolished by pretreatment with Nti
further confirms the role of d-opioid receptor in protecting
against cardiomyocyte death. Interestingly, whereas Nal abol-
ished the infarct-limiting effect of IPC, the drug failed to block
anti-apoptotic effect of IPC or morphine. The reason for these
discordant results remains unclear, but it is possible that Nal
could selectively block the necrotic rather than the antiapop-
totic pathway of acute IPC in the rabbit heart. Alternatively,
perhaps different opioid receptors have opposing effects on
apoptosis, thus blocking both by Nal may result in no signif-
icant effect.

Several previous studies by Gross and co-workers (see Ref.
13 for review) suggest the role of opioids in early IPC. These
investigators demonstrated that the nonselective opioid recep-
tor antagonist Nal completely antagonized the ability of IPC to
reduce infarct size, whether administered before IPC stimulus
or after the IPC stimulus just before the index ischemia.
Subsequent studies by Gross’s group showed that selective &-1
antagonist 7-benzylidenenaltrexone blocked IPC-mediated
protection in a dose-dependent fashion (33). Conversely, the
selective d-1 opioid receptor agonist TAN-67 produced a
potent cardioprotective effect in chick embryonic myocytes,
which was blocked by 7-benzylidenenaltrexone (15). In the
present study, the dose of Nal or Nti (10 mg/kg) used in this
study was higher compared with the one used in other studies
used to block preconditioning (31, 32). However, none of these
doses of the drugs had a significant effect on myocardial infarct
size or apoptosis (in terms of TUNEL-positive nuclei or DNA
fragmentation) compared with the nontreated control animals.

In the present study, we assessed apoptosis after a relatively
short period of reperfusion (i.e., 3 h) by TUNEL and DNA
fragmentation, which are known to measure the later stages of
cell death. It has been reported (38) that the extent of necrosis
peaks at 24 h of reperfusion, and remains constant thereafter.
On the other hand, the appearance of apoptotic cells in the
perinecrotic area progressively increases up to 72 h, suggesting
that necrosis and apoptosis occur simultaneously during reper-
fusion, with a rapidly developing necrotic cell death during the
early phase of reperfusion, followed by a slower appearance of
apoptosis during the late phase of reperfusion. The number of
apoptotic cells in the perinecrotic myocardium progressively
increases during the extended period of reperfusion, which
suggests the role of apoptosis in the development of infarction
(39). Considering the reported delayed preconditioning effect
of opioids (6), it would not be surprising if morphine or IPC

OPIOID RECEPTOR AND APOPTOSIS

also delay the extent of apoptosis in the survival animal
models. This is an interesting question, which warrants inves-
tigations in the future.

It has been reported that the protective effect of opioids
involves selective activation of signaling pathways, including
PKC-8 (10), non-Src-dependent tyrosine kinase and ERK-1/2
(8, 9, 11). There are studies (7) that suggest the &-1-opioid
receptor reduced infarct size through the opening of mitochon-
drial ATP-sensitive K" channels, the proposed effectors of
IPC. Moreover, the pharmacological opening of mitochondrial
ATP-sensitive K™ channels by diazoxide has been shown to
preserve mitochondrial integrity and suppress the markers of
apoptosis (1). It remains to be seen whether a similar signaling
pathway also follows the 8-opioid receptor-mediated antiapop-
totic effect of morphine and IPC. A recent study (20) showed
that morphine protected against the death of primary rat neo-
natal astrocytes by nitric oxide and peroxynitrite. Pretreatment
of astrocytes with phosphatidylinositol 3-kinase (PI3-kinase)
inhibitors, including wortmannin and LY-294002, abrogated
the effect of morphine on nitric oxide-induced cell death,
indicating that the effects of morphine were, in part, mediated
by PI3-kinase. It is possible that activation of 8-opioid receptor
stimulation by IPC or morphine potentially activate the PI3-
kinase pathway that may ultimately be responsible for the
antiapoptotic effect of this receptor. There is currently no data
in support of this contention, although the role of PI3-kinase in
the acute phase of IPC against lethal ischemia-reperfusion
injury has been well documented by recent published studies
(23, 37).

In summary, our results provide the first direct evidence that
both TPC and morphine attenuate cardiomycyte apoptosis
through the activation of §-opioid receptors. These observa-
tions raise the interesting possibility that novel agonists of
d-opioid receptors may be clinically useful in preventing cell
death during I/R injury and heart failure and could potentially
be used for treatment directed at these lethal disorders.
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Abstract We investigated the effects of angiotensin II
(Ang II) on the sustained outward current (/) and action
potential of rat ventricular myocytes using the whole-cell
patch-clamp technique. Ang II at 30 nM~3 uM inhibited
Igs with an ICsy of 240 nM, a Hill coefficient of 1.0 and
maximum inhibition of 19.4%. Ang Il-mediated inhibition
of I,s was voltage independent, was due to a decrease in
the K current and was abolished by the Ang II type-I
(AT,) receptor blocker, valsartan. The protein kinase C
(PKC) inhibitors PKC19-36 or calphostin C, abolished
Ang Il-mediated inhibition of /g In contrast, pretreat-
ment with the protein kinase A (PKA) inhibitor PKA6-22
(100 uM) significantly enhanced the suppression of Iy, by
1 pM Ang II: (33.7£5.1% vs. control 17.1+2.3%). These
results indicate that Ang II inhibits /y,s via the AT,
receptor and activation of PKC. Ang II significantly
prolonged action potential duration (APD) when the
control APD was lengthened by a Ca®" channel activator,
BAY K&8644. In myocytes with a relatively long APD,
Ang II may prolong APD by inhibiting /.

Keywords Angiotensin II - Sustained outward current -
Angiotensin II type-1 receptor - Protein kinase C - Rat
ventricular myocyte

Introduction

Although angiotensin II (Ang II) plays important physi-
ological roles in vasoconstriction, aldosterone secretion,
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cell proliferation and regulation of water-electrolyte bal-
ance and blood pressure, it can also exert pathophysiolo-
gical effects: previous studies have suggested that Ang II
is involved in the development of various cardiovascular
diseases such as hypertension, cardiac hypertrophy [4, 31],
arteriosclerosis [8, 12] and arrhythmias. The arrhythmo-
genic effects of Ang II have been suggested by the
following studies. First, Ang II enhances noradrenaline
release and induces reperfusion arrhythmias under isch-
aemic conditions [30]. Second, direct activation of Ang II
type-1 (AT)) receptor signalling decreases the conduction
velocity in the ventricle of transgenic mice over-expres-
sing AT, receptors [22] and third, ventricular arrhythmias
occur far more frequently in wild-type than in AT,
receptor knockout mice in ischaemia-reperfusion injury
models [20]. Furthermore, several reports have shown
therapeutic or preventive effects of angiotensin converting
enzyme inhibitor (ACEI) and AT; receptor blockers
(ARB) on ventricular arrhythmias [2, 24], supporting the
arrthythmogenic effects of Ang II on the human ventricle.
The ionic and subcellular mechanisms of the arrhythmo-
genic actions of Ang II are, however, unclear.

A possible ionic mechanism underlying cardiac ar-
rthythmias is modulation of voltage-gated K channel
currents, which largely determine the action potential
duration (APD) in mammalian cardiac myocytes [41]. K"
channel dysfunctions may lead to ventricular arrhythmias
such as torsades de pointes and ventricular fibrillation in
acquired or inherited long-QT syndromes [42]. Ang II
reportedly inhibits the slowly-activating delayed-rectifier
K" current (Ixs), while enhancing the rapidly-activating
delayed-rectifier K™ current (f,) [11, 46]. In human atrial
myocytes, however, the sustained outwards current (Iy),
rather than Iy or Ik,, plays an important role in regulating
APD [34]. The arrhythmogenic actions of Ang II may be,
at least in part, attributable to the modulation of Iy,
although how Ang II modulates /g, is not known. In this
study, therefore, we investigated the effects of Ang II on
Iy, as well as on APD, in isolated rat ventricular
myocytes using the whole-cell patch-clamp technique.



Ang II exerts the physiological and pathophysiological
effects on ionic channels via the AT (AT; and AT,)
receptors, which belong to the G protein-coupled receptor
superfamily and involve two classical signal transduction
mechanisms, activation of phospholipase A,, C and D via
Gq proteins and inhibition of adenylate cyclase via G
proteins [15]. Ang II may regulate the function of ion
channels including cardiac K channels by modulating
protein kinases such as PKA and PKC [21, 36, 44]. We
also determined, therefore, whether AT (AT; and AT»)
receptors and protein kinases are involved in the modu-
lation of /i, by Ang II. Our results indicate that Ang II
inhibits /g, via ATy receptors and activation of PKC.

Materials and methods
Isolation of rat ventricular myocytes

Single ventricular myocytes were isolated from male Wistar rats
(150-200 g). The animals were anaesthetized with pentobarbitone
sodium (40 mg kg™' i.p.), the thoracic cavity opened and the heart
excised quickly and suspended on a Langendorff perfusion appa-
ratus. The isolated heart was perfused for 4 min with normal Tyrode
solution, for 8 min with Ca**-free Tyrode solution and then for
12 min with the Ca®"-free Tyrode solution containing collagenase
(50 U ml™', Yakult, Tokyo, Japan). These procedures were
performed at a constant perfusion rate (4 ml min ') and at 37°C.
Finally, the heart was perfused for 8 min with a Kraftbrithe (KB)
medium. Myocytes were dispersed by mechanical agitation and the
isolated cells kept in KB medium at 4°C for at least 2 h before use in
experiments.

Electrophysiological recordings

Myocytes were transferred to a small chamber (volume 0.2 ml) on
the stage of an inverted microscope (Diaphot 300, Nikon, Tokyo,
Japan). The chamber was perfused continuously at 1.5 ml min_! and
maintained at 37°C. We used only Ca”'-tolerant rod-shaped cells
with clear cross-striations and lacking any visible blebs on their
surfaces. Currents were recorded using the whole-cell patch clamp
technique [19]. All recordings were performed with an EPC-9
amplifier (Heka, Lambrecht, Germany) controlled by the manufac-
turer’s software (Pulse, Heka) on a Power Macintosh G4 computer
(Apple Computer, Cupertino, Calif., USA). Currents were filtered at
10 kHz. Patch electrodes were made of thin-walled glass capillaries
(Kimax-51, Kimble, Vineland, N.J., USA) using a vertical puller
(pp-83, Narishige, Tokyo, Japan). The pipette resistance was
1.5~2 M(2, and the seal resistance was >10 G{).

First, we used ramp pulses ranging from —120 to +60 mV (18 mV
s to estimate the effects of Ang II on both inward and outward
currents. In rat ventricular myocytes there are three distinct outward
K" currents activated by depolarization [37]: the rapidly activating
and rapidly inactivating current (/,,) sensitive to 4-aminopyridine (4-
AP), the rapidly activating and slowly inactivating current (/)
sensitive to tetracthylammonium (TEA) and the rapidly activating,
non-inactivating current (/). In the present study, we focused on
L. To isolate /g, we used step pulses from a holding potential of
=20 mV at which [, and I, as well as the fast Na~ current, are
almost completely inactivated [6, 23]. Test pulses ranging from —30
to +50 mV (in 10-mV increments) were applied for 200 ms at a
frequency of 0.2 Hz. The amplitude of /;,s was determined at the end
of the 200-ms test pulses and normalized to the cell capacitance.
Current data were accepted only when the series resistance had been
stable throughout current recording. The series resistances just
before the control and at the end of the recording were 5.3+0.3 and
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5.4+0.3 MY, respectively (n=60). The voltage error due to the series
resistances was estimated to be less than 5 mV, because the current
amplitudes were usually less than 2 nA and the series resistance was
compensated to 60-70%.

To examine the effects of Ang II on APD, we also recorded rat
ventricular action potentials in the current-clamp mode. Action
potentials were evoked by 6-ms stimuli (1 nA, 0.2 Hz). BAY K8644
(1 uM) was superfused before applications of Ang II to prolong the
control APD and produce a plateau (phase 2) during which Z, can
be activated in rat ventricular action potentials.

Solutions and chemicals

The normal Tyrode solution used to isolate ventricular myocytes
comprised (in mM): 135 NaCl, 4.0 KCl, 1.0 MgCl,, 1.8 CaCl,, 0.33
NaH,PO,, 10 glucose and 10 HEPES; PH was adjusted to 7.4 with
NaOH. For whole-cell recordings of K" currents, we added 0.1 pM
CdCl, to the Tyrode solution to suppress L-type Ca®" currents. The
internal solution in the patch electrode contained (mM) 20 KCI, 110
K-aspartate, 1 MgCl,, 1 CaCl,, 10 EGTA, 10 HEPES, 5 K,ATP and
0.2 Na,GTP; pH was adjusted to 7.2 with KOH (pCa 7.78). For
experiments with K -free solutions, we substituted Cs™ or Na* for
K" in the external and internal solutions: CsCl for KCl, Cs-aspartate
for K-aspartate and Na,ATP for K,ATP. The KB medium contained
(mM) 90 KOH, 20 taurine, 70 glutamic acid, 10 glucose, 10
KH,PO,4, 30 KCI1, 1 MgCl,, 10 HEPES and 0.5 EGTA; pH was
adjusted to 7.3 with KOH. Ang II, PD 123,319, calphostin C, PKC
fragment 19-36 (PKC19-36) and PKA fragment 622 (PKA6-22)
were purchased from Sigma (St. Louis. Mo., USA). BAY K8644
was purchased from Wako (Osaka, Japan). Valsartan was a gift from
Novartis (Tokyo, Japan).

Data analysis (curve fitting)

The concentration dependence of the Ang II-mediated block of Iy,
was fitted with a Hill equation:

B max

By = —F2%
BREEEC)

M

where By is the percentage block of Iy, at an Ang II concentration
of X, with B, being the maximal attainable block and ICs, and n
the half-maximum inhibitory concentration of Ang II and the Hill
coefficient, respectively. Curves were fitted using a non-linear, least-
squares method.

Statistical analyses

Data are expressed as means=SEM. The significance of differences
between means was established using Student’s z-test, paired or
unpaired as required. Differences were considered significant when
P<0.05.

Results
Ang II inhibits 7,

Figure 1A shows the effects of Ang II on inward and
outward currents recorded during ramp pulses from —120
to +60 mV. Ang II (1 pM) reduced the outward currents at
potentials positive to about —30 mV; no significant
changes were observed in the inward current over
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Fig. 1A, B Effects of angio- A +60mV Current (nA)
tensin II (Ang II) on membrane 15 -
currents in rat ventricular myo- -40mV
cytes. A Inward and outward 40mV Control
currents recorded with a ramp ]
pulse from —90 to +60 mV -120mV 1.0
(18 mV s~ ") before (Control) 30 - > Ang 11
and 10 min after (Ang II) s s 7s
beginning the application of 05
1 uM Ang II. The ramp pulse
protocol is shown in the inset. B
Outward currents in response to
200-ms test pulses ranging from | I | 0 | |
=30 to +50 mV (in 10-mV -90 -60 -30 30 60
increments) were recorded at Potential (mV)
0.2 Hz before (Control) and at -0.5
10 min after (4ng II) the appli-
cation of 1 uM Ang II. The
horizontal broken lines indicate 1o
zero current. The step pulse -
protocol is shown in the inset
B +50mV
-20mV
-30mV
e
200ms
Control Ang I
{\MMWWWM.W
W InA
i 100ms
1100
potentials ranging from —120 mV to the reversal potential. 1M Ang 11
Figure 1B shows the effects of Ang II on the g, family
recorded with step-pulse depolarizations to test potentials 1000 ARG
of —30~+50 mV in 10-mV increments. At all test %Sm
potentials, 1 uM Ang II inhibited /s with a mean 2 900 (&)
reduction of 17.1+2.3% (n=7) at +50 mV. & i % %
)
, o ™ 800
Time course of Ang II inhibition of /g,
Figure 2 shows the time course of ;s modulation by 1 uM 700 -
Ang II. Control currents (before Ang II application) were
recorded for 10~15 min after the formation of the whole-
cell patch configuration; Ang II was applied only when 600 . ! . .
amplitude of Iy reached a steady state, i.e. when run 0 10 20 30 40
down of Isys Was not apparent. The suppr.ess@on of Lgs Time (min)
reached maximum at 5~10 min from the beginning of Ang . '
IT exposure and was reversed partially by washout of Ang Fig. 2 Time course of the sustained outward current (/gs)

11, although not completely reversed within 20 min.

suppression during the application of 1 pM Ang II and recovery
after the removal of Ang II. Depolarizing step pulses to +50 mV
from a holding potential of =20 mV were applied for 200 ms every
30s
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Fig. 3A, B Voltage dependence of Ang II inhibition of /y,s. A The
amplitude of /g, in the absence (open circles) and presence (closed
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Fig. 4 Concentration dependence of Ang II inhibition of /. The
percentage inhibition of I induced by 30 nM~3 uM Ang II is
plotted against the concentrations of Ang II. The data for each
concentration of Ang II were obtained from different cells. Means
+SEM; n (cells) in parentheses
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Voltage dependence of Ang II inhibition of g

To test whether the Ang II-induced block of I is voltage
dependent, the percentage inhibition of Iy, by 1 uM Ang
II was determined for individual test pulses. As shown in
Fig. 3, the degrees of the suppression of /g, were nearly
identical at all the test potentials. Thus, Ang II inhibited
Iy,s voltage independently, indicating that Ang II’s inhi-
bition of /g is not due to a positive shift in the voltage-
dependent activation of Iy, but mainly to a decrease in the
maximum attainable conductance at positive potentials. In
the following experiments, the Ang II-induced changes in
Iys were determined at +50 mV.

Concentration dependence of Ang II inhibition of Iy

We further tested the concentration dependence of the Ang
II inhibition of /g (at +50 mV). As shown in Fig. 4,
30 nM~3 uM Ang II inhibited 7 concentration
dependently. Ang II at the lowest concentration tested
(10 nM) did not affect Iy, so that 30 nM was considered
the threshold for significant suppression; the ICs,, Hill
coefficient and B, calculated with Eq. 1 were 240 nM,
1.0 and 19.4%, respectively. The percentage inhibition by
Ang II at 30, 100, 300, 1,000 and 3,000 nM was 2.940.5,
5.6+0.6, 10.0+£2.9, 17.1+2.3 and 17.342.5%, respectively.
We used 1 uM Ang II in the following experiments to
obtain nearly the maximum effect on /.

Ang 11 inhibits K™ current components of /g

Although the sustained outward currents of rat ventricular
myocytes recorded with the method as used in this study
are mainly K" channel currents, they also include other
background currents (/,,4) [37], e.g. electrogenic exchanger
currents, non-specific cation channel currents, anion
channel currents and leak currents due to the relatively
low seal resistance. Thus, the block of I s observed in this
study may reflect the block of /,,, rather than K" currents.
To determine whether the Ang II inhibition of /g is due to
the inhibition of K" current components, therefore, we
examined the effects of Ang Il on outward currents after
replacing external and internal K™ by Cs” or Na* (Fig. 5).
The outward currents recorded in K'-free solutions were
much smaller than those in normal (K'-rich) solutions.
Under K'-free conditions, 1 pM Ang II did not reduce the
outward currents recorded during ramp pulses or the
sustained component evoked by step pulses: the sustained
outward currents measured at the end of step pulses in the
absence and presence of 1 uM Ang II were nearly identical
(3.0£0.4 and 3.0+0.3 pA pF ', respectively, n=5). In
contrast, I uM Ang II significantly reduced /4, from 11.3
+1.0 to 9.4+0.8 pA pF_l (n=7) under normal (K -rich)
conditions. These results suggest that the observed Ang II-
mediated inhibition of Iy is due to inhibition of the K"
current component.
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Fig. 5A—C Effects of Ang II on Iy, under K'-free conditions. A, B
The effects of 1 uM Ang II on outward currents recorded during
ramp pulses (A) or step pulses to +50 mV (B) were tested with
external and internal K being replaced by Cs® or Na’. The
horizontal line in B indicates zero current. C Summary of the
amplitude of the sustained outward components (at +50 mV)
measured before and during apphcatlons of 1 uM Ang II with the
normal Tyrode (K'-rich) or K'-free solution. Means+=SEM; n in
parentheses

Ang Il inhibits /g, via AT, receptors

Figure 6 shows the effects of Ang II receptor blockers on
the Ang II inhibition of Iy Pretreatment with the AT,
receptor blocker valsartan (Val, 1 uM) prevented the Ang
Il-induced block of Iy, whereas pretreatment with the
AT, receptor blocker PD123,319 (PD, 1 pM) did not. As
summarized in Fig. 7, the percentage inhibition of /4 by
1 uM Ang II was 17.142.3 (n=7) with no blocker, —0.8
+1.8 (n=5) in the presence of 1 uM Val and 13.9+1.2 (n=5)
in the presence of 1 uM PD. These results indicate that
Ang 1II inhibits Iy via the AT; receptor. Val and PD
themselves had no significant effects on Iy

Subcellular mechanisms of /i, modulation by Ang II

Ion channel functions are modulated via phosphorylation
of the channel protein [27]. In the present study, therefore,
we focused on the roles of the protein kinases in the
modulation of Iy, by Ang II. To determine whether PKA
and PKC are involved in the Ang II inhibition of Iy, we
examined the antagonizing effects of PKA or PKC
inhibitors on the Ang II inhibition of /s (Fig. 8). Ang
II did not decrease Iy, in the presence of the PKC
inhibitors PKC19-36 (20 uM) or calphostin C (200 nM):
the percentage changes in I, were +4.6+1.8 (n=5) and
+1.6+1.4 (n=5), respectively. In contrast, Ang Il strongly
decreased I, in the presence of a PKA inhibitor, PKA6—
22 (100 pM): the percentage change in g,s was —33.7+5.1
(n=5), which was significantly greater than the —17.1+2.3
(n=7) in the absence of the inhibitor. The protein kinase
inhibitors themselves appeared not to exert a significant
effect on I, because the amplitude of [, did not
significantly change during pretreatments with the in-
hibitors (before exposure to Ang II).

Fig. 6A, B Effects of Ang 1l A ) Val Val + Ang Il
receptor blockers on the Ang II Current (nA ) [MANIA s ]

inhibition of Zy,. The AT, re- B VA

ceptor blocker valsartan (Val, \ [ AN N i

1 uM, A) or the AT, receptor 05 -

blocker PD123,319 (PD, 1 uM, Val+ Ang I [Ty

B) was perfused for 10 min //—\—mﬂ

before application of 1 tM Ang , T T 1 W

IL. Pulse protocols for current 90f 60 30 0 2 Y M

recordings as in Fig. 1. The o] OV L e

horizontal lines indicate zero
current

1.0 -

Current (nA )

B 1.0 7
PD
0.57
/f'“w PD+ Ang I
[ T T
90 -60 300
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Fig. 7 Summary of Ang Il-mediated inhibition of Iy in the
absence and presence of the AT, receptor blockers valsartan and the
AT, blocker PD123,319. Means=SEM; n in parentheses

Effects of Ang Il on APD

To determine whether Ang II prolongs APD in the rat
ventricle, we also examined the effects of 1 pM Ang II on
APD in rat ventricular myocytes. Application of 1 pM
Ang I did not significantly change APD (Fig. 9, left). This
may have been due to the unique action potential
waveform, i.e. the exceptionally short APD (lack of the
plateau phase during which /s could be activated), in rat
ventricular myocytes probably due to the high density of
I, [43, 35]. Suppression of Iy, by =17% may not
influence such a short APD. Therefore, we used the Ca>"
channel agonist BAY K8644 to prolong the control APD
and create a plateau phase; 1 uM BAY K8644 prolonged
the control APDgy by =250%. In the presence of BAY

A
PKC inhibitor

Ang Il
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K8644, 1 uM Ang II reversibly prolonged APDy, by
~20% (Fig. 9, right). Pretreatment with the AT, receptor
blocker (Val) or PKC inhibitors abolished this effect of
Ang II on APD (data not shown).

Discussion

In the present study, we investigated the effects of Ang II
on /I, in isolated rat ventricular myocytes using the
whole-cell patch-clamp technique. The results clearly
show that Ang II inhibits /s via the AT, receptor and
activation of PKC. In the following, we will discuss the
pathophysiological significance of the Ang II inhibition of
Iy, as well as the limitations and perspectives of our
study.

Isolation of /g, in rat ventricular myocytes

There are two distinct, depolarization-activated K"
currents, I, and the delayed-rectifier K* current, in rat
ventricular myocytes [3]. The delayed-rectifier K current
may be divided into two components, 7 and Iy [37]. To
isolate /y,s, we followed the procedures of Casis et al. [6],
as mentioned in Materials and methods. Because /,, and /i
are almost completely inactivated at a holding potential of
—20 mV, the outward currents measured in this study
reflect only the Iy, component. Himmel et al. [23]
investigated the effects of some pharmacological agents on
L5t 4-AP at 0.1~1 mM only slightly reduced /,; TEA at
1~10 mM reduced I concentration dependently with
10 mM TEA inhibiting /., by 30%. The pharmacological
responses of the sustained outward currents recorded in
this study were very similar (data not shown). Therefore,
we believe that the sustained outward current measured in
our experiments is identical to the [y in the previous
reports. As already mentioned, /g, recorded in this study is
a combination of various currents including K currents

B P=0.008

40 4

b PrC 19-36 Control o
S —— § 30
a no inhibitor H
Control Ane I .
£ 5 201
< E
Ang IT ¢ CALC Control E
=
0
| s
mA} 77777777777 - PKA inhibitor Control 0
100ms f\““‘””‘ \
d PKA 6-22 I —— ‘
Ang II 10 ™ (5) () (5)

Fig. 8A, B Effects of protein kinase (PK) inhibitors on Ang II-
mediated inhibition of Ij,;. A Representative currents recorded with
the pipette solution containing no inhibitor (a), 20 pM PKC19-36
(b), 200 nM calphostin C (CAL C, ¢), or 100 pM PKA6-22 (d). The

no inhibitor  PKC 19-36 CALC  PKA 6-22

currents were elicited by the test pulses of +50 mV just before and at
5 min after application of I uM Ang II. The horizontal lines indicate
zero current. B Summary of experiments as in A. Means+SEM; n in
the parentheses

—41—
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Fig. 9 Effects of Ang Il on BAY K 8644 (-)
APD in the absence or presence
of BAY K8644. Lefi: lack of
effect of a 10-min exposure to
1 uM Ang II on action potential
duration to 90% repolarization
(APDgy). Right: prolongation of

APDg, by 1 uM Ang II after 20 \

; : 2+
min pretreatment with the Ca omV.

BAY K 8644 (+)

Control

/

channel agonist BAY K8644
(1 uM) and partial reversal after

washout of Ang II Control

|

Ang II (10 min)

OmV

50ms E/

Ang II (10 min)

S0mV Wash (20 min)

and I,. Thus, further characterization of /s using specific
blockers for each current component would be required for
identification of the ion channels responsible for the /.

Mechanisms of Ang II modulation of
(involvement of protein kinases)

This study showed that Ang II modulates /5,5 via the AT,
receptor. The AT receptor fulfils its major physiological
functions through the G/, protein that activates phos-
pholipase C-f3, leading to phosphoinositide hydrolysis,
stimulation of IPs/calcium signalling and activation of
PKC [17]. The PKC activator, 1,2-dioctanoyl-rac-glycerol,
attenuates the outward current /i (consisting of /s and
partially inactivated /) in rat ventricular myocytes [38].
Our data demonstrating antagonism between PKC in-
hibitors and Ang II-mediated inhibition of [, are
compatible with these reports, suggesting the involvement
of PKC activation in the /g, block by Ang II (see Fig. 8).
On the other hand, Ang II receptors in the rat myocardial
sarcolemma are reportedly coupled negatively to adenylate
cyclase via G protein [1]. Because activation of PKA is
known to inhibit /g [37], Ang Il may enhance Iy, by
inhibiting PKA. In our study, Ang II slightly (but not
significantly) enhanced I, in the presence of the PKC
inhibitors and strongly decreased /g in the presence of the
PKA inhibitor (see Fig. 8). These results suggest that Ang
II may enhance [y, by inhibiting PKA. Further experi-
ments will be required to clarify how Ang Il modulates
via inhibition of PKA.

The inhibitory effect of Ang II on Iy, observed in this
study was relatively small. Since the Ang ll-induced
increase of L-type Ca®" channel current (Icar) 1s much
greater in perforated-patch recordings than in the conven-
tional ruptured-patch recording [25] the relatively small
effect of Ang II on Iy might have been due to cell
dialysis. We therefore explored the Ang II effect on g5 in
amphotericin B-perforated patches. In contrast to [25],
however, Ang Il-mediated inhibition of [, was not
greater in perforated-patch recordings (data not shown).
This inconsistency may be due, at least in part, to the
difference in the subcellular mechanisms of channel

modulation: PKC does not contribute to the Ang II-
induced activation of I,y [25], whereas Ang II inhibits
I, by activating PKC.

In this study, we investigated only the “acute” effect of
Ang 11 on Iy Ang II reportedly causes ‘“chronic”
suppression of the steady-state outward current I
(comprising Ig,s and partially inactivated Iy), as well as
I, in rat ventricular myocytes under pathological
conditions (e.g. diabetes, hypothyroidism) by activating
PKC and attenuating the synthesis of the K™ channel
proteins, which may be one of the mechanisms of cardiac
arrthythmias [39, 40]. Thus, the acute and chronic actions
of Ang II possibly cause a marked decrease in /g, and lead
to arrhythmias by preventing repolarization under patho-
logical conditions.

Effects of Ang II and /4 inhibition on APD

Whilst it is likely that the Iy, suppression by Ang II
contributes to prolongation of APD in ventricular myo-
cytes, this remains to be clarified. Studies have suggested
that the decrease in /g or /g is, at least in part, responsible
for the prolongation of APD in the rat ventricle: e.g.
endothelin-1 may prolong APD via inhibition of /g, [26].
In addition, APD prolongation in the diabetic [7] or
cirrhotic rat [45] is concomitant with decreases in /g, and
I, respectively. Nevertheless, there is no evidence that
Ang II prolongs APD in rat ventricular myocytes. Indeed,
Ang II at 1 nM shortens APD in muscle trabeculae of rat
right ventricles [14] and 1 pM Ang II has no effect on
ventricular or atrial action potentials in the rat [10]. In our
study, however, 1 uM Ang II significantly prolonged
APDg of rat ventricular myocytes after APD had been
lengthened by BAY K&8644, while not changing APD in
the absence of BAY K8644 (Fig. 9). This finding may
reflect Ang Il-mediated prolongation of APD by the
suppression of Iy, when the control action potential
exhibits a relatively long APD with a plateau phase (phase
2) during which /g, can be activated, as in human
myocytes. A 15% inhibition of the sustained outward
current significantly lengthens APD in human atrial
myocytes [34]. Because the APD (phase 2) of human



cardiac myocytes is longer in the ventricle than in the
atrium [9], a small degree of inhibition of sustained
outward currents may significantly lengthen APD in
human ventricular myocytes in which the contribution of
sustained currents to repolarization could be relatively
large. Nevertheless, there are no data on the effect of Ang
IT on the human ventricular action potential and future
experiments should address the possibility of human
ventricular myocytes with longer APD exhibiting high
sensitivity to the action of Ang II

It should be noted that Ang II-mediated modulation of
other ionic currents must be taken into account when the
effects of Ang II on APD are considered: in human
myocytes, inhibition of /i, by Ang II (e.g. [11, 46]) may
enhance APD (phase 2) prolongation in combination with
I, suppression; whilst concomitant inhibition of inward
currents such as /¢, (e.g. [18]) may offset the lengthening
effect of Iy,s suppression on APD. Further experiments
examining Ang Il modulation of each current component
and simulation studies using mathematical models will be
required to clarify how Ang II modulates APD in human
ventricular myocytes and whether inhibition of the
sustained outward currents is involved in the arrhythmo-
genicity of Ang II in the human heart.

Relevant concentration of Ang II

The Ang II concentrations of 30 nM~3 uM used in the
present study and the ICs, for blockade of /g, of 240 nM
are much higher than the normal plasma concentrations
(=100 pM in rats [33]). At plasma concentrations much
lower than 30 nM, therefore, Ang Il would not affect /g4
in the rat ventricle. However, the Ang II concentration
may be much higher in the tissue than in the plasma. The
circulating renin-angiotensin system (RAS) has been
thought to be the primary endocrine system designed for
the general mediation of the effects of renin on the
angiotensin production in plasma. Recent evidence, how-
ever, suggests that Ang II is mainly produced in peripheral
tissues [5]. All the components of RAS have been detected
in the heart [29], indicating that the heart is not only a
target but also a site of endocrine or paracrine Ang II
formation. Direct measurements of Ang II levels in the
dog heart using the microdialysis technique have shown
that the Ang II concentration under control conditions is
>100-fold higher in the interstitial fluid space of the
ventricular muscle (6,053£647 pM) than in aortic (21
+38 pM) or coronary sinus (15+41 pM) plasma (all n=06)
[13]. Moreover, in clinical studies measuring the aorta-
coronary sinus concentration gradients of Ang II, cardiac
Ang Il generation increased with progression of heart
failure [32]. Under pathological conditions in which Ang
II may cause arrhythmias, therefore, the Ang II concen-
tration in ventricular tissues may well exceed the 30 nM at
which Ang II inhibits /g, significantly. Further investiga-
tions will be required to determine how the Ang II
concentration increases in human cardiac tissues under
pathological conditions.
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Limitations and perspectives of our study

We have shown that the /s suppression observed in this
study is not due to a positive shift in the activation curve
but due to the decrease in the maximum conductance.
However, we could not clarify the kinetic mechanisms
underlying the decrease in the maximum conductance of
Iy, induced probably via the phosphorylation of the
channel protein by PKC. Single-channel recordings as
well as molecular identification of Iy, although impos-
sible at present, will be needed for further clarification of
the kinetic mechanisms of the [, inhibition by Ang IL
One of our goals is to determine whether Ang II leads to
cardiac arrhythmias by modulating Iy or other K"
currents in human ventricular or atrial myocytes. In
human atrial myocytes, the ultrarapid delayed-rectifier
K" current (/g referred to as Iy in [34]) which is
kinetically similar to /g, in rat ventricular myocytes but
much more sensitive to 4-AP has been recorded [16].
However, there is little information on the sustained
component of outward K" currents in human ventricular
myocytes, although small, sustained outward currents
similar to [, but insensitive to 4-AP, like I, in the rat
ventricle, have been recorded [28]. Thus, we can not
conclude that the effects of Ang Il on sustained outward
currents in human myocytes are essentially the same as
those on /g, in the rat ventricle. Molecular identification
and biophysical or pharmacological characterizations of
the sustained outward currents in the human ventricle, as
well as [ in the rat ventricle, remain to be performed.
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Abstract

Lipid mediators, thromboxane A, (TxA;,) and platelet-activating factor (PAF), are potent vaso-
constrictors, and have been implicated as mediators of liver diseases, such as ischemic-reperfusion
injury. We determined the effects of a TxA, analogue (U-46619) and PAF on the vascular resis-
tance distribution and liver weight (wt) in isolated guinea pig livers perfused with blood via the
portal vein. The sinusoidal pressure was measured by the double occlusion pressure (Pg,), and
was used to determine the pre- (Ry.) and post-sinusoidal (Ry.) resistances. U-46619 and PAF
concentration-dependently increased the hepatic total vascular resistance (R,). The minimum con-
centration at which significant vasoconstriction occurs was 0.001 uM for PAF and 0.1 uM for
U-46619. Moreover, the concentration of U-46619 required to increase R, to the same magnitude
is 100 times higher than PAF. Thus, the responsiveness to PAF was greater than that to U-46619.
Both agents increased predominantly Ry, over Ry, U-46619 caused a sustained liver weight loss.
In contrast, PAF also caused liver weight loss at lower concentrations, but it produced liver weight
gain at higher concentrations (2.5 & 0.3 per 10g liver weight at 1 WM PAF), which was caused
by substantial post-sinusoidal constriction and increased Pg,. In conclusion, both TxA, and PAF
contract predominantly the pre-sinusoidal veins. TxA, causes liver weight loss, while PAF at high

Abbreviations: IVC, inferior vena cava; PAF, platelet-activating factor; Ry, pre-sinusoidal resistance; Rpost,
post-sinusoidal resistance; Ry, total portal-hepatic vencus resistance; Ppy, portal venous pressure; Py, hepatic
venous pressure; Pg,, double occlusion pressure; Q, portal blood flow rate; wt, liver weight; LT, leukotriene;
TxAj, thromboxane A;
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concentrations increases liver weight due to substantial post-sinusoidal constriction in isolated guinea
pig livers.
© 2004 Elsevier Inc. All rights reserved.

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

1. Introduction

Both platelet-activating factor (PAF) and thromboxane Ay (TxA;) are lipid mediators
with potent vasoactive actions, and are released by a variety of cells, including platelets,
neutrophils, macrophages (e.g. Kupffer cells), monocytes, lymphocytes, endothelial, and
smooth muscle cells, in response to various stimuli [1,2]. Either substance is implicated
as a mediator of various types of liver diseases, such as endotoxin liver injury [3-5],
ischemia-reperfusion liver injury [6-9], and hepatic resection [8—10]. The microcircula-
tion of the hepatic sinusoid plays a crucial role in the integrity of liver function [11]. PAF
and TxA, may influence the sinusoidal circulation, as a result of its vasoconstrictive ac-
tion. Indeed, an infusion of the TxA, analogue into the isolated perfused rat liver increases
portal vein pressure, indicative of constriction of the hepatic vasculature [12,13]. PAF also
causes an increase in the portal vein pressure in in vivo animals [14,15] and isolated per-
fused livers [16,17]. More recently, we have reported by measuring the sinusoidal pressure
using the hepatic vascular occlusion methods in isolated blood-perfused canine livers that
the TxA, analogue predominantly contracts the post-sinusoidal veins [18], while PAF con-
tracts similarly both the pre- and post-sinusoidal veins [19]. However, there might be species
differences in the primary site of hepatic vasoconstriction, and the effects of these lipid me-
diators on the hepatic vessels of guinea pigs are not known. Therefore, we examined using
the hepatic vascular occlusion methods the effects of PAF and a TxA, mimetic of U-46619,
on hepatic vascular resistance distribution and liver weight (wt) in isolated perfused guinea
pig livers.

2. Materials and methods

Twenty-five male Hartley guinea pigs weighing 351 +31 (S.D.) g were used in this study.
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 (35 mgkg~!, i.p.) and me-
chanically ventilated with room air. The methods for the isolated perfused guinea pig liver
preparation were previously described [20]. In brief, 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 o.d.).
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At 5min after intra-arterial heparinization (500 Ukg™!), 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
(2.1mm i.d., 3.0 mm o.d.) for portal perfusion. After thoracotomy, the supradiaphragmatic
IVC was cannulated 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 MgSOy, 2.5 mM CaCl,, 1.2 mM
NaH;POy, 25.5 mM NaHCOs3, and 5.6 mM glucose) at He, 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 liver was perfused recirculatingly at a constant flow rate 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 in the
reservoir was oxygenated by bubbling with 95% O and 5% CO,. The portal venous (Ppy)
and the hepatic venous (Pyy ) pressures were measured using pressure transducers (TP-400T,
Nihon-Kohden) attached by sidearm to the appropriate cannulas with the reference points at
the hepatic hilus. To occlude inflow and outflow perfusion lines simultaneously for measure-
ment of the double occlusion pressure (Pgo), two solenoid valves were placed in 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), 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 0.027 g and the time between drops was measured for determination
of the bile flow rate [21]. 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). 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 Pgo.

2.2. 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 flow rate and the height of the reservoir at a Ppy of 7.6 £ 1.1, a Ppy of 0-1 cmH;0, and
ata Q of 42.5 + 6.0mlmin~! per 10 g wt. After the baseline measurements, the perfused
livers were divided into the following two groups of the PAF and U-46619 groups. A
stock solution of PAF (Sigma) and U-46619 were made by dissolving 1 mg PAF or 100 p.g
U-46619, respectively, in 1 ml 99.5% ethanol, and stored at —20°C. To determine the
concentration dependence, PAF or U-46619 was administered as a bolus into the reservoir
to gain the final concentration of 0.001-1 wM. The effect of U-46619 was further examined
at a high concentration of 3 pM. At least 10 min was allowed for stabilization of each
variable between doses.

The hepatic sinusoidal pressure was measured by the double occlusion method [22,23].
Both the inflow and outflow lines were simultaneously and instantaneously occluded for
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10s using the solenoid valves, after which P,y and Py rapidly equilibrated to a similar or
identical pressure, which was Pq,. Actually, Py, values were obtained from the digitized
data of P,y and Ppy using an original program (LIVER software, Biomedical Science,
Kanazawa, Japan). In each experimental group, Py, was measured at baseline and 2, 4, 6,
and 10 min after injection of PAF or U-46619, and then at a 10-min interval up to 60 min.

The total portal-hepatic venous (Ry), pre-sinusoidal (Rpre), and post-sinusoidal (Rpost)
resistances were calculated as follows:

Py, — Py

Rz=¥ (1)
(va_Pdo)

Rpre = ———— 2

P 0 @)
Po"‘Pv

Rpost:(LQ_h) 3)

2.3. Statistics

All results are expressed as the means & S.D. ANOVA followed by Bonferroni’s test
was used to test for significant differences. Differences were considered as statistically
significant at P values less than 0.05.

3. Results
3.1. Effect of PAF on hepatic hemodynamic variables, liver weight, and bile flow

Fig. 1 shows arepresentative example of variables after an injection of PAF. Soon after an
injection of PAF at 0.1 wM, vasoconstriction occurred, as evidenced by an increase in Ppy.
P,y increased from the baseline of 7.74:0.8 cmH;O to the peak of 34.04-7.8 cmH,O within
2—4 min after PAF injection. Py, and blood flow did not change because of the constant
flow rate perfusion. The double occlusion maneuver performed at 4 min after PAF revealed
that Py, increased from the baseline value of 3.4 +0.2 cmH;0 to 8.2 4 1.1 cmH;O. At this
maximal vasoconstriction, the pressure gradient of Py,-to-Ppy, was significantly increased
from the baseline of 3.0 = 0.2 cmH0 to 7.9 £ 1.0 cmH,O, indicating an increase in Rpost.
However, the increase in the Ppy-to-Py, gradient from4.4£1.0 cmH;0 t025.846.8 cmH,0
was much greater than that in the Pyo-to-Ppy gradient, indicating a greater increase in Rpre
than Rpos. Concomitant with hepatic vasoconstriction, the liver weight showed a biphasic
response of the initial decrease followed by a gradual increase, reaching the peak of 2.1+£0.9
per 10 g wt at 20 min. Bile flow decreased to 51 = 16% of the baseline at 10 min, followed
by a gradual recovery to 89 = 13% at the end of the experimental period.

Table 1 shows the basal hemodynamic variables. Fig. 2 shows the peak levels in Ry,
Rposts Rt, Rpost/R; ratio, wt change, and bile flow after injections of PAF (closed column).
At concentrations higher than 0.001 uM, apparent venoconstriction was observed. R; and
Rpre showed concentration-dependent increases with peak levels of 5.1-fold the baseline
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Fig. 1. A representative recording of the response to PAF at 0.1 pM of a guinea pig liver.

(0.21 + 0.03cmH,0 mI~! min~! per 10 g wt versus 1.06 + 0.32 cmH;O mI~! min~! per
10 g wt; baseline versus peak) and 6.9-fold the baseline (0.13 4 0.01 cmH,O mI~! min~!
per 10 g wt versus 0.88 & 0.28 cmH,O ml1~! min~! per 10 g wt; baseline versus peak), re-
spectively, at the maximum concentration of 1 wM PAF. In contrast, Rpost also increased
but reached maximum levels at the submaximum concentration of 0.1 uM PAF. Actu-

Table 1
Basal hemodynamic variables of isolated perfused guinea pig livers in the PAF and U-46619 groups

PAF U-46619
Number of animals 21 20
Portal pressure (cmH,0) 79+ 1.1 74+1.0
Hepatic venous pressure (cmH;0) 0.46 + 0.28 0.32 +£0.26
Double occlusion pressure (cmH,0) 34+05 32405
Blood flow rate (ml~! min~! per 10 g) 45+5 40+6
Total vascular resistance (cmH,0 ml~! min~! per 10 g) 0.17 £0.03 018 + 0.04
Pre-sinusoidal resistance (cmH,O ml~! min~! per 10 g) 0.10 4 0.02 0.114+0.03
Post-sinusoidal resistance (cmH,O mI~! min~! per 10 g) 0.07 £ 0.01 0.08 +0.02
Rpost/Ry ratio 0.42 +0.05 0.42 £ 0.06

Values are given as means + S.D.
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Fig. 2. The peak changes in the total (Ry), pre- (Rpre), and post-sinusoidal (Rpog) resistances, the Rpost/Ry ratio, bile
flow and liver weight change at 0.001-3 wM of PAF (closed column) and U-46619 (open column) as expressed
by percentage of the baseline in guinea pig livers. Values are given as means &= S.D., n = 5-7. * P < 0.05 vs. the
baseline. # P < 0.05 vs. PAF. The “nd” indicates that effects of 3 wuM PAF was not examined.

ally the peak Rpos at 0.1 wM PAF was not significantly different from that at 1 uM PAF,
which was 2.3-fold the baseline (0.08 £ 0.02 cmH,O mI~! min~! per 10 g wt versus 0.19 +
0.04 cmH,0 mI~! min~! per 10g wt; baseline versus peak). Thus, the Ryos/R; ratio de-
creased concentration-dependently as shown in Fig. 2. Rpyre and Ry recovered to the
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baseline level at 50 min in the 0.001 and 0.01 uM PAF groups, but did not return to the
baseline levels in 0.1 and 1 M PAF groups.

Liver weight decreased and gradually returned to the baseline after PAF at concentrations
of 0.001-0.01 uM. At PAF concentrations higher than 0.1 pM, the liver weight showed a
biphasic change characterized by an initial decrease followed by increase, as shown in
Fig. 1. In response to 1 wM PAF, liver weight increased to the peak of 2.5+ 0.3 per 10 g wt
at 30 min. There are no significant differences in peak liver weight levels between the 0.1
and 1 uM PAF groups.

3.2. Effects of U-46619 on hepatic hemodynamic variables, liver weight, and bile flow

Fig. 3 shows a representative example of variables after an injection of U-46619. Ppy
increased from the baseline of 7.5+1.2cmH;0 to the peak of 20.1 £ 2.4 cmH>O within
2—4 min after an injection of U-46619 at the maximal concentration of 3 pM. However, the
liver weight decreased, reaching the nadir of —1.1 £ 0.6 per 10 g wt at 2—4 min, followed
by a gradual return to the baseline level within 30 min. Py, increased from the baseline of
3.2 £0.6cmH,0 to 5.5 + 0.9cmH,0 at 2 min, which was small as compared with the
response to PAF. At the maximal vasoconstriction, the increase in Ppy-to-Pg, gradient from
4.3+1.1cmH;0 to 14.64 1.8 cmH;0 was much greater than that in the Pgo-to-Pyy gradient
from the baseline of 2.7 £ 0.6 cmH,0 to 5.0 & 0.9 cmH,O, indicating a greater increase
in Rpre than Ryt in response to U-46619. Bile flow also decreased to 90.8 & 10.5% of the
baseline at 2 min, followed by a gradual recovery to 98.4 + 6.2% at 6 min.
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Fig. 3. Representative recordings of the responses to U-46619 at 3 uM of a guinea pig liver.
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Fig. 2 shows the peak levels in Rpre, Rpost, R, Rpost-to-Ry ratio, wt change, and bile flow
after injections of U-46619 (open column). At concentration ranging 0.1-3 uM, U-46619
causes concentration-dependent increases in Ry and Ryre. In contrast, U-46619 increased
Rpost, but there are no significant differences in peak Rpog; at 0.1-3 pM U-46619. Similar to
PAF, the increase in Rpre was greater than that in Ry after U-46619; Rpre increased to 3.4
times the baseline, while R},ost increased to only 1.8 times the baseline in response to 3 M
U-46619. This predominant pre-sinusoidal constriction over post-sinusoidal constriction
was reflected by a progressive decrease in Rpost/R; ratio, as shown in Fig. 2. Fig. 2 also
shows that the concentration required to increase R; to the same magnitude is 100 times
higher in U-46619 than in PAF. At the comparable R; levels between PAF and U-46619,
the corresponding Ryost in U-46619 groups was smaller than that in PAF groups, indicating
that U-46619 more preferentially contracts the pre-sinusoids than PAF. Ry, Ryre, and Rypost
recovered almost to the baseline levels within 30 min after U-46619.

Liver weight showed a significant decrease from the baseline, but no significant differ-
ences among individual concentrations of U-46619 groups. Bile flow decreased slightly in
response to U-46619.

4. Discussion

The present study has shown that both PAF and U-46619 contract predominantly the
pre-sinusoidal veins over the post-sinusoidal veins in isolated perfused guinea pig livers.
U-46619 causes liver weight loss, while PAF at high concentrations increases liver weight
due to substantial post-sinusoidal constriction.

We have recently reported using the same isolated guinea pig liver preparation that hep-
atic anaphylaxis induced by ovalbumin antigens causes marked venoconstriction and liver
weight gain, which could account for the portal hypertension and hepatic congestion asso-
ciated with anaphylactic shock [20]. Anaphylactic reaction is accompanied by an increased
release of vasoactive substances, such as histamine [24,25], PAF [24], and TxA, [24,26].
The hepatic responses to high concentrations of PAF in the present study, characterized by
substantial post-sinusoidal constriction and liver weight gain, may be compatible with the
previous finding of hepatic vascular anaphylaxis in guinea pigs [20]. In contrast, either his-
tamine or TxA, does not seem to be main mediators responsible for the guinea pig hepatic
anaphylaxis, because the post-sinusoidal response to histamine was short-lasting [27], and
that to TxA, was weak with resultant liver weight loss, but not weight gain, as shown in
the present study.

PAF may contribute to various types of liver injury, at least in part, through post-sinusoidal
constriction in dogs [8,19] and guinea pigs. PAF-induced hepatic venoconstriction may
cause outflow block of the sinusoids and increase the sinusoidal pressure, resulting in in-
creased transvascular fluid exudation into the interstitium and water accumulation, which
in turn could compress mechanically the sinusoids. These latter two mechanisms may
induce poor perfusion and decreased oxygen delivery to hepatocytes and eventually hy-
poxia in the sinusoids and therefore may account for the roles of PAF in the liver in-
jury. In contrast to PAF, TxA; itself do not seem to have edematogenic actions in guinea
pig because of its weak post-sinusoidal contractility. However, in dogs, TxAj could in-
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duce hepatic congestion and hence contribute to liver injury due to vigorous contrac-
tion of the post-sinusoids [9,18]. Thus, it is important to take account of the species
differences when the roles of these lipid mediators are evaluated in the pathogenesis of
the liver injury.

Hepatic vascular responsiveness to various vasoactive substances differs depending on
the vascular segments and the animal species. Histamine causes marked constriction of the
hepatic veinin dogs [28,29] and guinea pigs [27], while it does not constrict hepatic vessels of
cats [30] and rats [27]. In contrast, norepinephrine contracts preferentially the pre-sinusoidal
vessels similarly in dog [31,32], rat[31,32], rabbit [23,31,33], and guinea pig [27]. Although
PAF and TxA; increased the portal venous pressure in rat livers [12,13,19], there are only
a limited number of investigations that determined the changes in the hepatic longitudinal
vascular resistance distribution in response to PAF or TxA,. We previously reported using
canine isolated blood-perfused livers that TxA; constricts predominantly the hepatic vein
[18], while PAF constricts both portal veins and hepatic veins similarly [19]. We herein
demonstrated that both PAF and TxA; contract predominantly pre-sinusoidal veins over
post-sinusoidal veins in isolated perfused guinea pig livers, although the post-sinusoidal
venoconstrictive action of TxAj was weaker than that of PAF.

The mechanism whereby PAF or U-46619 constricts predominantly the pre-sinusoids
over the post-sinusoids in guinea pig is not known. One possibility may be related to platelet
and neutrophil aggregation because either PAF or TxA; can activate these cells resulting
in intravascular aggregation [1,2,34]. The aggregation of neutrophils and platelets may
obliterate 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 [35] but also to
cause platelet dysfunction [36]. Thus, even if platelet or leukocyte aggregation had occurred,
they might have played a minor role in the vascular resistance change in the present study.
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 [37]. Hepatic stellate cells are highly contractile in response to
PAF and TxA [38]. PAF and TxA; could contract sinusoidal hepatic stellate cells directly,
resulting in increased sinusoidal resistance, which might represent increased pre-sinusoidal
resistance. However, Zhang et al. [39] recently reported that sinusoidal constriction induced
by hepatic stellate cells is not responsible for an increase in the portal pressure, when
endothelin-1 was infused into isolated rat livers. Moreover, Ekataksin and Kaneda [40] and
McCuskey et al. [41] formulated anatomical arguments against the vasomotor activity of
intact stellate cells. Thus, further investigation may be required for this possibility. Finally,
amore plausible explanation may be that functional PAF and TxA receptors are distributed
abundantly in the smooth muscle cells of the guinea pig pre-sinusoidal vein as compared
with those of the post-sinusoidal vein. The finding that PAF at high concentrations increased
substantially the post-sinusoidal resistance as compared with U-46619 might suggest that the
post-sinusoidal smooth muscle cells contain a large number of PAF receptors but a relatively
small number of TxA; receptors, although PAF receptors might distribute more abundantly
in pre-sinusoids than in post-sinusoids. However, there is no direct evidence of the presence
of nonhomogenous distribution of PAF or TxA; receptors in guinea pig hepatic vessels.
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We believe that the hepatic vasoconstrictive response to PAF and U-46619 in the present
study was due to the direct effects of these substances, because the vasoconstriction
occurred immediately after injection of either PAF or U-46619 without a latent period
which might have been required for activation, release or synthesis of the other vasocon-
strictors. However, we cannot rule out a possibility of the modulation of an endogenous
hepatic vasoconstrictor that could be released by U-46619 or PAF. In organs other than
livers, some of the vasoconstrictive effects of TxA; seem to be mediated by the induction
of leukotriene (LT) C4 and LTDy4 [42], and endothelins [43]. PAF is also able to activate the
hepatic intravascular macrophages of Kupffer cells, with resultant release of the cyclooxy-
genase metabolites [44]. Actually, functionally active PAF receptors are demonstrated on
the Kupffer cells [45].

In the present study, U-46619 and PAF at low concentrations cause liver weight loss.
However, liver weight increased in response to PAF at concentrations higher than 0.1 pM.
The decrease in liver weight after U-46619 and PAF at low concentrations may be produced
by pre-sinusoidal constriction which may have prevented the entrance of blood into the liver
capillaries, resulting in weight loss. The liver weight gain after PAF at high concentrations
may be caused by substantial post-sinusoidal constriction and an increase in Pg,, both of
which would lead to hepatic congestion, and enhanced extravascular fluid filtration and
interstitial water accumulation.

Pgo, which is the determinant of transvascular fluid movement and hepatic congestion,
was increased concomitant with the weight gain at high concentrations of PAF, while the
liver whose Py, was not so much increased showed a liver weight loss due to pre-sinusoidal
constriction. This finding suggests that the magnitude of increased Py, represents the liver
weight change. Fig. 4 shows the relationship between the peak Py, and liver weight change
in the PAF and U-46619 groups. There was a significant correlation between the Py, and
wt (wt = 0.81, Pyo = 4.98, r = 0.882, P < 0.0001). This finding indicated that the
wt change was strongly associated with the Py, increase. The isolated perfused liver with
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Fig. 4. Relationship between peak Py, values and liver weight (wt) changes after injections of U-46619 (open
circle, n = 20) and PAF (closed circle, n = 22). Equations of linear lines are given in the text.
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pre-sinusoidal venoconstriction does not show liver weight gain until post-sinusoidal vessels
contract enough to elevate Py, higher than approximately 8 cmH,O.

In conclusion, PAF as well as a TxA, analogue, U-46619, contract predominantly the
pre-sinusoidal veins over the post-sinusoidal veins. The post-sinusoidal venoconstrictive
action of TxA, was weaker than that of PAF. TxA, causes liver weight loss, while PAF at
high concentrations increases liver weight due to substantial post-sinusoidal constriction
and increased Py, in isolated guinea pig livers.
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Abstract. Uridine 5'-triphosphate (UTP) increases chloride secretion followed by fluid
movement into the proximal airspaces. However, little is known about whether UTP affects fluid
movement in the distal airspaces. We studied the effect of UTP on basal and stimulated alveolar
fluid clearance in the isolated rat lungs. Isosmotic 5% albumin solution was instilled into the
alveolar spaces of isolated rat lungs, which were then inflated with 100% oxygen at an airway
pressure of 7cmH,O. Alveolar fluid clearance was measured by the progressive increase in
albumin concentrations over 1 h. Although UTP (10~ —10° M) did not increase alveolar fluid
clearance, UTP (107~ 107 M) and isoproterenol (10~° M), a f-adrenergic agonist, increased
alveolar fluid clearance by 40% and 120% of the basal values, respectively. A combined
treatment of UTP (107* M, 10~ M) and isoproterenol increased alveolar fluid clearance by 280%
of the basal value. The effects of UTP in the presence and absence of isoproterenol were
abolished by blockers of a P2 purinoceptor and chloride channels. These results indicate that

UTP stimulates alveolar fluid clearance in the distal airspaces of rat lungs.

Keywords: [-adrenergic agonist, purinoceptor, chloride channel, alveolar epithelium

Introduction

The mechanisms responsible for alveolar fluid
clearance have been studied over the past two decades
(1). The initial step in alveolar fluid clearance is to move
alveolar sodium ions through apical sodium channels
and basolateral Na'-K" ATPase on the alveolar epithelia
(2, 3). Osmotic gradients created by these transported
ions drive alveolar fluid from the alveolar spaces (4)
and may result in the resolution of alveolar edema (5).

p-Adrenergic agonists stimulate alveolar fluid
clearance in the normal and pathological lungs (1). The
prevailing idea was that activation of adrenergic-
receptors increases the open probability of sodium
channels, leading to an increase in apical membrane
sodium permeability and an increase in sodium and
fluid uptake from the alveolar space (6). Recent studies
indicated that the effect of f-adrenergic agonists was
primarily mediated by chloride ion transport (7). A
series of complementary approaches using wild-type
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and cystic fibrosis AF508 mice, as well as in the isolated
human lungs, defined the role of CI” transport in fluid
clearance in the distal airspaces of intact mouse and
human lungs (8). However, little is known about the
identity and role of chloride channels in alveolar fluid
clearance (9).

Extracellular uridine 5'-triphosphate (UTP) is an
agonist of the P2Y, receptor that is found in type Il
alveolar epithelial cells (10—12). UTP has several
effects on the proximal airway epithelia. For example,
UTP was effective in vivo chloride secretagogues in the
nasal epithelia of patients with cystic fibrosis (CF) (13).
UTP inhibited sodium transport in non-CF and CF
airways in human upper airway epithelial cells (14).
Luminal UTP stimulates CI” secretion by a Ca®'-inde-
pendent mechanism and inhibits Na™ absorption by a
Ca®'-dependent mechanism in intact distal bronchi
isolated from porcine lungs (15). Therefore it was
expected that UTP might increase chloride secretion in
combination with the decrease in sodium absorption
and then resulted in the accumulation of fluid in the
airways (13). If UTP has these effects in the distal
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airspaces, UTP would inhibit alveolar fluid clearance
and deteriorate the resolution of alveolar edema.

Therefore, our first objective was to determine if
UTP has effect on basal alveolar fluid clearance in the
isolated rat lungs. Our second objective was to deter-
mine if UTP has effect on isoproterenol, a S-adrenergic
agonist, to stimulate alveolar fluid clearance in the
isolated rat lungs. Our third objective was to determine
the mechanisms responsible for the effects of UTP on
basal alveolar fluid clearance and isoproterenol to
stimulate alveolar fluid clearance.

Materials and Methods

Materials

UTP was obtained from Kirin Co., Ltd. (Tokyo).
Glibenclamide (a blocker of cystic fibrosis trans-
membrane conductance regulator CFTR), isoproterenol
(a p-adrenergic agonist), 5-nitro-2-(3-phenylpropyl-
amino) benzoate (NPPB, a non-selective chloride channel
antagonist), propranolol (a f-adrenergic antagonist), and
suramin (a non-selective P2 purinergic antagonist) were
obtained from Sigma (St. Louis, MO, USA).

Experimental protocol

All rats received humane care and this study was
approved by the Committee for Animal Experiments at
Kanazawa Medical University. Alveolar fluid clearance
was measured in the isolated rat lungs in the absence of
pulmonary perfusion or ventilation (16, 17). Briefly,
male Sprague-Dawley rats (200-250g; Japan SLC,
Inc., Hamamatsu) were anesthetized with intraperitoneal
pentobarbital sodium (50 mg/kg). An endotracheal tube
was inserted through a tracheostomy. The rats were
exsanguinated via the abdominal aorta and the trachea,
bilateral lungs, and heart were excised en bloc through a
median sternotomy. Warmed isotonic saline solution
(7 ml/kg, 37°C) containing 5% bovine albumin was
instilled into both lungs, followed by 4 ml oxygen to
deliver all the instilled fluid into the alveolar spaces.
The lungs were placed in a humid incubator at 37°C
and inflated with 100% oxygen at an airway pressure
of 7cmH,0. Alveolar fluid was aspirated 1h after
instillation.

Effect of UTP on basal alveolar fluid clearance: To
determine if UTP changed basal alveolar fluid clearance,
albumin solution containing UTP (10" M, n=4; 10* M,
n=4;10"M,n=4;10°M,n=4;10°M,n=6; 10* M,
n=6; 10°M, n=6) was instilled into the alveolar
spaces of isolated rat lungs. Since UTP increased basal
alveolar fluid clearance, we examined if the effect of
UTP on basal alveolar fluid clearance was mediated
via a P2 purinoceptor or chloride channels. Suramin

(10° M, n=4), NPPB (10 M, n = 4), or glibenclamide
(10°M, n=4) was added to albumin solution in the
presence of UTP (10* M) and instilled into the distal
airspaces of rat lungs. As a control, albumin solution
was instilled into the alveolar spaces of isolated rat
lungs (n=16). In addition, we examined if basal
alveolar fluid clearance was mediated via a P2Y,
purinoceptor or chloride channels. Suramin (107 M,
n=4), NPPB (10*M, n=4), or glibenclamide (107 M,
n=4) was added to albumin solution and instilled into
the alveolar spaces of rat lungs. Samples of alveolar
fluid were collected 1 h after instillation.

Effect of UTP on alveolar fluid clearance in the
presence of isoproterenol: We previously reported that
107 isoproterenol increased alveolar fluid clearance
in the isolated rat lungs and ICI-118,551, a selective
fr-adrenergic antagonist, inhibited the effect of iso-
proterenol to stimulate alveolar fluid clearance (18).
Therefore, we determined if UTP changed the effect of
isoproterenol to stimulate alveolar fluid clearance.
Albumin solution containing isoproterenol (107 M)
and UTP (107 M, n=4; 10°M, n=4; 10°M, n=6;
10°M, n=6; 10°M, n=12) was instilled into the
alveolar spaces of isolated rat lungs. As a control,
albumin solution containing isoproterenol (107> M,
n = 12) was instilled into the alveolar spaces of isolated
rat lungs. Samples of alveolar fluid were collected 1 h
after instillation.

Effect of suramin, NPPB, glibenclamide, and pro-
pranolol on alveolar fluid clearance in the presence
of isoproterenol: We examined if the effect of iso-
proterenol on alveolar fluid clearance was mediated
through a P2Y, purinoceptor and chloride channels.
Suramin (10° M, n=4), NPPB (10*M, n=4), or
glibenclamide (10° M, n=4) was added to albumin
solution in the presence of isoproterenol (107° M) and
instilled into the distal airspaces of rat lungs. In addition,
to examine if the effect of isoproterenol was mediated
through B-adrenoceptors, propranolol (10~* M) was added
to albumin solution in the presence of isoproterenol
(10° M) and instilled into the distal airspaces of rat
lungs (n=4). Samples of alveolar fluid were collected
1 h after instillation.

Mechanisms responsible for the effect of UTP to
enhance alveolar fluid clearance in the presence of
isoproterenol: Since UTP enhanced the effect of UTP
to simulate alveolar fluid clearance, we examined if
the effect of UTP on isoproterenol to stimulate alveolar
fluid clearance was mediated via a P2Y, purinoceptor,
a non-selective chloride channel, or CFTR. Suramin
(10° M, n=4), NPPB (10* M, n=4), or glibenclamide
(10°M, n=4) was added to albumin solution in the
presence of UTP (10 M) and isoproterenol (1075 M),
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and instilled into the distal airspaces of rat lungs.
Samples of alveolar fluid were collected 1 h after instil-
lation.

Measurements

Alveolar fluid clearance: The protein concentrations
in the instilled and aspirated solutions were measured
by the pyrogallol red protein dye-binding method (SRL,
Inc., Tokyo). Alveolar fluid clearance was estimated by
the progressive increase in the concentration of albumin
(16, 17). Alveolar fluid clearance (AFC) was calculated
as follows:

AFC =[(Vi—Vf)/ Vi] x 100
where V is the volume of the instilled albumin solution
(i) and the final alveolar fluid (f).

Vf=(VixPi)/Pf
where P is the concentration of protein in the instilled
albumin solution (i) and the final alveolar fluid (f).
The term alveolar does not imply that all reabsorption
occurs across the alveolar epithelial cells because the
distal bronchial epithelia can also transport sodium.

Osmolality: Osmolality in albumin solution was
measured by a freezing point depression method using
an osmometer (Fiske One-Ten Osmometer; Fiske Asso-
ciates, Norwood, MA, USA).

Statistics

Data are summarized as the mean and standard
deviation. The data were analyzed by a one-way analysis
of variance (ANOVA) with the Student-Newman-Keuls
post hoc test when multiple comparisons were needed.
Differences with a P value of <0.05 were regarded as
significant.

Results

An addition of 10° M UTP to albumin solution did
not change osmolality levels (296 + 4 mOsm/kgH,O in
the solution containing 10~ M UTP and 295 + 2 mOsm
/kgH,0 in the control solution).

Basal alveolar fluid clearance was 6.9 £2.2% of the
instilled volume in the isolated rat lungs. UTP (107 —
10 M) increased alveolar fluid clearance to approxi-
mately 1.4-fold the basal value, although UTP (10~ —
10°° M) did not (Fig. 1). Suramin, NPPB, and glibencl-
amide did not change basal alveolar fluid clearance
(Fig. 2). However, these agents abolished the effect of
UTP to stimulate basal alveolar fluid clearance.

Isoproterenol (10° M) increased alveolar fluid clear-
ance to 2.2-fold the basal value (Fig. 3). An additional
treatment of UTP ranging from 107 to 10~ M increased
alveolar fluid clearance in a dose-dependent fashion.
A combined treatment of UTP (10*M, 107 M) and

Alveolar fluid
clearance
(%)
154

Control 109 108 107 106 105 104 103
UTP (M)

Fig. 1. Dose-dependent effect of UTP on basal alveolar fluid
clearance. *P<0.05 vs control value.

Alveolar fluid
clearance
(%)

15

*

Control Suramin  NPPB Glib UTP uTp uTP uTP
(10-3M) (104 M) (103M) (104 M) (104 M) (104 M) (104 M)
+ + +
Suramin  NPPB Glib
(103M) (104 M) (103M)

Fig. 2. Mechanisms responsible for the effect of UTP to stimulate
basal alveolar fluid clearance. *P<0.05 vs control value. **P<0.05
vs value in the presence of UTP. Glib: glibenclamide.

isoproterenol increased alveolar fluid clearance to 3.8-
fold basal value.

Suramin, NPPB, and glibenclamide had no effect on
isoproterenol to stimulate alveolar fluid clearance
(Fig. 4). Propranolol abolished the effect of iso-
proterenol to stimulate alveolar fluid clearance.

Suramin, NPPB, and glibenclamide inhibited the
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Alveolar fluid
clearance
(%)
40—

*k

Control Iso Iso Iso Iso Iso Iso
(105M) (105M) (105M) (105M) (105M) (105 M)
+ + + + +

uTP uTP uTP uTP uTP
(107 M) (106M) (105M) (104M) (103 M)

Fig. 3. Dose-dependent effect of UTP on isoproterenol to stimu-
late alveolar fluid clearance. *P<0.05 vs control value. **P<0.05 vs
value in the presence of isoproterenol. Iso: isoproterenol.

Alveolar fluid
clearance
(%)
30 4
20 | *
* * *
-
10 .
O -
Control Iso Iso Iso Iso Iso
(105M)  (105M)  (105M)  (105M) (105 M)
+ + + +
Suramin NPPB Glib Prop

(103 M) (104 M) (103 M) (104 M)

Fig. 4. Effect of suramin, NPPB, glibenclamide, and propranolol
on isoproterenol to stimulate alveolar fluid clearance. *P<0.05 vs
control value. **P<0.05 vs value in the presence of isoproterenol.
Iso: isoproterenol, Glib: glibenclamide, Prop: propranolol.

effect of UTP to stimulate alveolar fluid clearance in
the presence of isoproterenol (Fig. 5).

Alveolar fluid
clearance
(%)

30

*

Iso Iso Iso Iso Iso
(105 M) (105 M) (105 M) (105 M) (105 M)
+ + + +
UTP uTpP uTpP uTpP
(104 M) (104 M) (104 M) (104 M)
+ + +
Suramin NPPB Glib

(103 M) (104 M) (103 M)

Fig. 5. Mechanisms responsible for the effect of UTP to stimulate
alveolar fluid clearance. *P<0.05 vs value in the presence of
isoproterenol. **P<0.05 vs value in the presence of isoproterenol
and UTP. Iso: isoproterenol, Glib: glibenclamide.

Discussion

UTP increased basal alveolar fluid clearance and also
enhanced the effect of isoproterenol to stimulate alveolar
fluid clearance in rat lungs. To determine the mecha-
nisms responsible for these findings, we tested three
hypotheses. First, we tested whether the effect of UTP
was mediated via a P2 purinoceptor. Suramin, a non-
selective P2 purinoceptor antagonist, was administered
in combination with UTP and/or isoproterenol.
Although suramin had no effect on isoproterenol to
stimulate alveolar fluid clearance, suramin abolished
the effect of UTP in the presence and absence of iso-
proterenol. Therefore, the effect of UTP was mediated
via a P2 purinoceptor. Second, we tested if the effect of
UTP to stimulate alveolar fluid clearance was mediated
via chloride channels. The results revealed that NPPB
did not inhibit either basal alveolar fluid clearance or
the effect of isoproterenol on alveolar fluid clearance,
but inhibited the effect of UTP to stimulate basal
alveolar fluid clearance. In addition, NPPB abolished
the effect of UTP on isoproterenol to stimulate alveolar
fluid clearance. NPPB is a potent inhibitor of chloride
channels, but a non-selective inhibitor (7). Therefore,
we tested the effect of glibenclamide that is a more
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specific inhibitor of chloride ion transport via CFTR
(8). Glibenclamide had the similar effects as NPPB.
Therefore, it is likely that the effect of UTP was
mediated via a glibenclamide-sensitive chloride channel.

Previously it was reported that there was a cumulative
effect of keratinocyte growth factor and S-adrenergic
agonist on alveolar fluid clearance (19). In contrast,
when alveolar fluid clearance was increased by cate-
cholamine-independent mechanisms, an additive effect
with B-adrenergic therapy was not achieved (20). In
the present study, there was a cumulative effect of UTP
and isoproterenol in alveolar fluid clearance. NPPB
abolished the effect of UTP on isoproterenol to stimulate
alveolar fluid clearance. In addition, glibenclamide, a
selective blocker of CFTR abolished the effect of UTP
on isoproterenol to stimulate alveolar fluid clearance.
Therefore, it is likely that chloride channels play a role
in the cumulative effect of UTP in the presence of
isoproterenol.

The effect of UTP on alveolar epithelial cells may be
different from that on bronchial epithelial cells. In
bronchial airways, the increase of intracellular Ca*
stimulate chloride secretion into the luminal side in
the bronchus (21). Epinephrine, a S-adrenergic agonist,
increased bronchial cell membrane permeability to
chloride and probably stimulated a specific chloride
pump (22). S-Agonists stimulate chloride ion secretion
in canine airway epithelial cells, suggesting that /-
agonists increase water secretion into the airways (23).
In contrast, in distal airways, chloride movement via
CFTR plays an important role in isoproterenol- and
terbutaline-stimulated alveolar fluid clearance (8). An
adrenergic stimulation of transepithelial sodium absorp-
tion across the alveolar epithelium occurs indirectly by
activation of apical chloride channels, resulting in
hyperpolarization and an increased driving force for
sodium uptake through amiloride-sensitive sodium
channels (6). These reports support our results.

The results in this study are inconsistent with the
previous findings from other laboratories First,
glibenclamide did not inhibit the effect of isoproterenol
in this study. However, glibenclamide inhibited the
effect of isoproterenol and terbutaline in mice and
human lungs, respectively (8). Since the rate of alveolar
fluid clearance in rat was lower than that in mouse, it is
possible that the low rate of alveolar fluid clearance
has contributed to the absence of the effect of glibencl-
amide on alveolar fluid clearance in the presence of
isoproterenol. In the human lung study, the lungs were
exposed to severe hypothermia and thereafter rewarmed
before the measurements (8). Therefore, the difference
in experimental preparation might have induced the
discrepancy between the effects of glibenclamide in the

rat and human lungs. Second, Davis et al. reported that
UTP decreased alveolar fluid clearance in mice (24).
Although it is unclear how the difference was induced,
their results seem to be consistent with the effect of UTP
on the proximal airways. Further studies are needed to
clarify whether there is a species difference in the effect
of UTP on alveolar fluid clearance and in the effect of
glibenclamide on alveolar fluid clearance in the presence
of pB-adrenergic agonist. Especially, the effect of UTP
on alveolar fluid clearance should be examined in the
human lungs.

Was the effect of UTP taking place in the proximal
airways? First, the instilled albumin solution was
delivered into the distal airways by the following injec-
tion of 4 ml of oxygen. Second, Evans blue dye bound
with albumin revealed that the instilled solution was
delivered into the distal airspaces in the rat lungs (16).
In addition, protein concentration in liquid aspirated
with a catheter wedged from the distal air spaces is a
good reflection of alveolar fluid protein concentration
(25). Third, if the instilled solution remained in the
proximal airways, UTP should decrease alveolar fluid
clearance, because luminal UTP stimulated CI™ secretion
and inhibits Na" absorption from porcine lungs (15).
However, the results were the opposite. Therefore, it
is unlikely that the effect of UTP took place in the
proximal airways.

In summary, UTP increased basic alveolar fluid clear-
ance and enhanced the effect of isoproterenol to stimu-
late alveolar fluid clearance in isolated rat lungs. The
effect of UTP was inhibited with a blocker of P2
purinoceptor and by blockers of chloride channels.
These results indicate that UTP increases net alveolar
fluid clearance in the distal air spaces.
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Effects of « -, 31-, 32-, 33- Adrenergic Agonists on Alveolar Fluid

Clearance in Isolated Rat Lungs

Xiu Gu ", Makoto Sugita ", Motoyasu Sagawa ", Maki Sakuda”,
Kazuhiro Osanai”, Hirohisa Toga” and Tsutomu Sakuma "

Abstract: Objective The objective of this study was to determine if «i-, 31-, 5»- and, js-adrenergic
agonists stimulated alveolar fluid clearance in the isolated rat lungs and to determine the mechanism
responsible for their effects. Methods Isotonic 5% albumin solutions containing different
pharmacological agents were instilled into the distal airways in the isolated rat lungs. The lungs were
inflated with 100% oxygen at 7cm H,O and placed in a humid incubator at 37 C. Alveolar fluid
clearance was estimated by the progressive increase in the albumin concentration over 1 hour after
instillation. Results Basal alveolar fluid clearance was 6.9 &= 2.2%/h of instilled volume. Phenylephrine
(an a-adrenergic agonist) increased alveolar fluid clearance by 109%. Prazosin (a selective «-
adrenergic antagonist) and ICI-118551 (a j3,-adrenergic antagonist) significantly inhibited the increase in
alveolar fluid clearance caused by phenylephrine, whereas yohimbine (an a,-adrenergic antagonist) did
not. Denopamine (a [3;-adrenergic agonist), terbutaline (a 3,-adrenergic agonist), and BRL-37344 (a 35-
adrenergic agonist) increased alveolar fluid clearance. Atenolol (a /3;-adrenergic antagonist) abolished
the effect of denopamine, but did not inhibit the effects of terbutaline and BRL-37344. ICI-118551
abolished the effect of terbutaline and BRL-37344, and also inhibited the effects of denopamine in part.
SR-59230A (a j3s-adrenergic antagonist) inhibited the effects of BRL.-37344 and terbutaline in part, but
did not change the effect of denopamine. Conclusions These results indicate that phenylephrine,
denopamine, terbutaline and BRL-37344 are potent stimulators of alveolar fluid clearance in the rat lungs.
The increase in alveolar fluid clearance caused by phenylephrine can be mediated via «-adrenoceptors.
The effects of denopamine and terbutaline are mediated via [3;-and [3,-adrenoceptors, respectively. The

effects of BRL-37344 may be mediated via /3,-adrenoceptors.

Key words : alveolar epithelium, adrenoceptor, pulmonary edema, acute lung injury

Introduction

Alveolar fluid clearance, an important function of
the alveolar epithelium, plays an important role in
recovery from pulmonary edema. The basic
mechanisms that drive the removal of edema fluid
from the distal airspaces of the lung have been
established over the past two decades(1). There is a
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close relationship between the alveolar fluid clearance
capacity and resolution of pulmonary edema(2). An
impairment of alveolar fluid clearance may
predispose a patient to a critical condition due to
pulmonary edema(3). Experimental studies have
shown that intact alveolar epithelial fluid transport
function is critical for resolution of pulmonary edema
and acute lung injury(3-5). In addition, the increase
in alveolar fluid clearance can accelerate the
resolution of pulmonary edema fluid(6-11).
Therefore, the study to elucidate the mechanisms
responsible for alveolar fluid clearance has clinical
importance in the treatment of pulmonary edema. We
previously reported that [3,-and f3>-adrenergic
agonists increased alveolar fluid clearance(12,13).
However, it is uncertain if an «- or a [3:-adrenergic
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agonist increases alveolar fluid clearance. In addition,
there is no study in which all «-, 3;-, [2-and [33-
adrenergic agonists were used under the same
experimental preparation. Therefore, the objectives
of this study were to determine if -, 3i-, [3.-and [33-
adrenergic agonists stimulated alveolar fluid clearance
in the isolated rat lungs and to determine the
mechanism responsible for the effects of adrenergic
agonists.

Materials and Methods

Materials

Denopamine (a ,-adrenergic agonist) was
obtained from Tanabe Pharmaceutical Co., Ltd.
(Tokyo, Japan). Phenylephrine (an «;-adrenergic
agonist), prazosin (an «-adrenergic antagonist),
yohimbine (an a»-adrenergic antagonist), terbutaline
(a S»-adrenergic agonist), BRIL.-37344 (a /3;-adrenergic
agonist), atenolol (a j3i-adrenergic antagonist), ICI-
118551 (a [3.-adrenergic antagonist), and SR-59230A
(a [#3-adrenergic antagonist) were obtained from
Sigma (St Louis, MO, USA).
Experimental Protocol

All rats received humane care and this study was
approved by the Committee for Animal Experiments
at Kanazawa Medical University. Alveolar fluid
clearance was measured in the isolated rat lungs in the
absence of pulmonary perfusion or ventilation.
Briefly, male Sprague-Dawley rats (285 = 25g,
n=171, Japan SLC, Inc., Hamamatsu, Japan) were
anesthetized with intraperitioneal pentobarbital
sodium (50mg/kg). An endotracheal tube was
inserted through a tracheostomy. The rats were
exsanguinated via the abdominal aorta. The trachea,
lungs and heart were isolated en bloc to measure
alveolar fluid clearance. Isotonic saline solution (2ml,
37 C) containing 5% bovine albumin was instilled
into the both lungs, followed by 4ml oxygen to
deliver all the instilled solution into the alveolar
spaces. The lungs were placed in a humid incubator
at 37 C and inflated with 100% oxygen at an airway
pressure of 7cm H,O. Alveolar fluid was aspirated
after 1 hour of incubation.
Effects of a-and /7-adrenergic antagonists on basal
alveolar fluid clearance

The effects of a-and -adrenergic antagonists on
basal alveolar fluid clearance were determined.
Isotonic 5% albumin solutions containing prazosin
(10*M, n=4), yohimbine (10*M, n=4), atenolol (10
M, n=4), ICI-118551 (10*M, n=4), or SR-59230A
(10*M, n=4) were instilled into the rat lungs.
Effects of phenylephrine on alveolar fluid clearance

First, dose-dependent effects of phenylephrine on
alveolar fluid clearance were determined. Isotonic
5% albumin solutions containing phenylephrine (107
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M. n=4; 10°M, n=4; 10"M, n=4; 10°M, n=4; 10°M,
n=4) were instilled into the rat lungs. As control,
isotonic 5% albumin solutions in the absence of
phenylephrine were instilled into the rat lungs (n=6).
Second, to determine the mechanism responsible for
the increase in alveolar fluid clearance in the presence
of phenylephrine, yohimbine (10*M, n=4), prazosin
(10*M, n=6), or ICI-118551 (10"M, n=6) was added
to the albumin solutions containing 10°M phenylephrine
and instilled into the isolated rat lungs.
Effects of denopamine on alveolar fluid clearance

We determined if denopamine increased alveolar
fluid clearance in the rat lungs. Isotonic 5% albumin
solutions containing denopamine (107M) were
instilled into the rat lungs (n=4). To determine if the
effect of denopamine was mediated via -, 3,-, or [33-
adrenoceptors, atenolol (10*M, n=4), ICI-118551 (10"
M, n=7), or SR-59230A (10™*M, n=4) was added to
isotonic 5% albumin solution containing denopamine
(10°M) and instilled into the rat lungs.
Effects of terbutaline on alveolar fluid clearance

We determined if terbutaline increased alveolar
fluid clearance in the rat lungs. Isotonic 5% albumin
solutions containing terbutaline (10°M) were instilled
into the rat lungs (n=4). To determine if the effect of
terbutaline was mediated via -, 3i-, [3»-, or 1’3’3—
adrenoceptors, prazosin (10'4M, n=4), atenolol (10™M,
n=8), ICI-118551 (10*M, n=4), or SR-59230A (10"*M,
n=4) was added to isotonic 5% albumin solution
containing terbutaline (10°M) and instilled into the rat
lungs.
Effects of a combined treatment of denopamine and
terbutaline on alveolar fluid clearance

To determine if both 3;-and j3,-adrenoceptors
were simultaneously stimulated by a combined
treatment of ;-and [,-adrenergic agonists, isotonic
5% albumin solutions containing denopamine (10°M)
and terbutaline (10°M) were instilled into the rat
lungs (n=4). We determined if selective -adrenergic
antagonists inhibited the effect of a combined
treatment of denopamine and terbutaline on alveolar
fluid clearance. Atenolol (10*M, n=4), ICI-118551
(10"M, n=4), SR-59230A (10™*M, n=4), or atenolol
(10*M) in combination with ICI-118551 (10*M, n=4)
was added to isotonic 5% albumin solution containing
denopamine (10°M) and terbutaline (10°M) and
instilled into the rat lungs.
Effects of BRL-37344 on alveolar fluid clearance

We determined if BRIL-37344 increased alveolar
fluid clearance in the rat lungs. First, dose-response
effects of BRL-37344 on alveolar fluid clearance
were determined. Isotonic 5% albumin solutions
containing BRL-37344 (10*M, n=4; 10°M, n=4; 10°
M, n=4; 10"M, n=4; 10°M, n=4; 10°M, n=4) were
instilled into the rat lungs. Second, to determine if the
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effect of BRL-37344 was mediated via 3,-, 32-, 0or 33-
adrenoceptors, atenolol (10*M, n=4), ICI-118551 (10"
M, n=6), or SR-59230A (10*M, n=8) was added to
isotonic 5% albumin solution containing BRIL.-37344
(10°M) and instilled into the rat lungs. In addition,
we determined if a combined treatment of ICI-118551
and SR-59230A abolished the effect of BRL-37344 to
stimulate alveolar fluid clearance. Both ICI-118551
(10*M) and SR-59230A (10*M) were added to
isotonic 5% albumin solution containing BRL-37344
(10°M) and instilled into the rat lungs (n=4).

Alveolar fluid clearance

Albumin concentration was measured with the
pyrogallol red protein dye-binding method (SRL Inc.,
Tokyo, Japan), and the alveolar fluid clearance (AFC)
was calculated by the change of albumin concentration
(13).

AFC=[(Vi-VI)/Vi] X 100, Vf=Vi X Pi/Pf.

V means the volume of the instilled albumin
solution (i) and the final alveolar fluid (f). P means
the concentration of protein in the instilled albumin
solution (1) and the final alveolar fluid (f).

The term alveolar does not imply that all
reabsorption occurs across the alveolar epithelial cells
because the distal bronchial epithelia can also
transport sodium.

Statistics

Data are summarized as the mean and standard
deviation. The data were analyzed by a one-way
analysis of variance (ANOVA) with the Student-
Newman-Keuls post-hoc test. Differences with a p
value of<0.05 were regarded as significant.

Results

Basal alveolar fluid clearance was 6.9 =2.2% of
instilled volume (Figure 1). Prazosin, atenolol, ICI-
118551, and SR-59230A did not change basal
alveolar fluid clearance. However, yohimbine
increased basal alveolar clearance.

Although 10°M phenylephrine did not increase
alveolar fluid clearance, 10°M ~10°M phenylephrine
did (Figure 2).

Prazosin and ICI-118551 significantly inhibited
the increase in alveolar fluid clearance caused by
phenylephrine (Figure 3). However, yohimbine did
not change alveolar fluid clearance in the presence of
phenylephrine.

Denopamine increased alveolar fluid clearance
(Figure 4). Atenolol abolished the effect of
denopamine to stimulate alveolar fluid clearance.
ICI-118551 inhibited the effect of denopamine to
stimulate alveolar fluid clearance in part. SR-59230A
did not change the effect of denopamine.

Terbutaline increased alveolar fluid clearance
(Figure 5). ICI-118551 abolished the effect of
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Figure 1. Effects of a-and j-adrenregic antagonists on basal alveolar
fluid clearance. *p<0.001 vs control. AFC: alveolar fluid clearance.
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Figure 2. Effects of phenylephrine on alveolar fluid clearance. *p<0.001
vs control. AFC: alveolar fluid clearance.
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Figure 3. Effects of a-and [%>-antagonists on phenylephrine to simulate
alveolar fluid clearance. *p<0.001 vs control. **p<0.001 vs

phenylephrine. AFC: alveolar fluid clearance.
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Figure 4. Effects of denopamine on alveolar fluid clearance. *p<0.001

vs control. **¥p<0.001 vs denopamine. 1p<0.001 vs control and
denopamine. AFC: alveolar fluid clearance.
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Figure 5. Effects of terbutaline on alveolar fluid clearance. *p<0.001 vs
control. *#p<0.001 vs terbutaline. §p<0.001 vs control and p<0.01
vs terbutaline. AFC: alveolar fluid clearance.
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Figure 6. Effects of a combined treatment of denopamine and terbutaline
on alveolar fluid clearance. *p<0.001 vs control. **p<0.001 vs
control and p<0.01 vs denopamine+terbutaline. Tp<0.001 vs
denopamine+terbutaline and denopamine+terbutaline+ICI-118551.
AFC: alveolar fluid clearance.
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Figure 7. Dose-dependent effects of BRL-37344 on alveolar fluid
clearance. *p<0.001 vs control. AFC: alveolar fluid clearance.
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Figure 8. Effects of s-adrenergic antagonists on BRL-37344 to stimulate
alveolar fluid clearance. *p<0.001 vs control. **p<0.001 vs control
and BRL-37344. 1 p<0.001 vs BRL-37344 and BRL-37344+SR-

59230A. AFC: alveolar fluid clearance.

terbutaline to stimulate alveolar fluid clearance.
Atenolol and prazosin did not change the effect of
terbutaline. However, SR-59230A inhibited the effect
of terbutaline in part.

A combined treatment of denopamine and
terbutaline increased alveolar fluid clearance (Figure
6). Atenolol and SR-59230A did not change the
effect of the combined treatment of denopamine and
terbutaline. However, ICI-118551 inhibited the effect
of the combined treatment of denopamine and
terbutaline in part. A combined treatment of atenolol
and ICI-118551 completely inhibited the effect of a
combined treatment of denopamine and terbutaline.

— 67—
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BRIL-37344 increased alveolar fluid clearance in a
dose-dependent manner (Figure 7). Although~10"M
BRL-37344 did not increase alveolar fluid clearance,
107~M BRL-37344 did and 10°M exerted the
maximum effects. SR-59230A inhibited the effects of
BRIL-37344 to stimulate alveolar fluid clearance in
part (Figure 8). Atenolol did not change the effect of
BRL-37344. However, ICI-118551 abolished the
effects of BRL-37344 to stimulate alveolar fluid
cléarance. A combined treatment of ICI-118551 and
SR-59230A also abolished the effect of BRL-37344.

Discussion

The major finding of this study is that «-and j3-
adrenergic agonists are potent stimulators of alveolar
fluid clearance in the isolated rat lungs.

The first objective in this study was to determine
if an « -adrenergic agonist, phenylephrine, increased
alveolar fluid clearance. We found that phenylephrine
increased alveolar fluid clearance. The effect was
inhibited by «,-and j3,-adrenergic antagonists.
Recently, it was reported that norepinephrine, a
dominant a-adrenergic agonist, increased alveolar
fluid clearance(14). Since «;-and «»,-adrenoceptors
are present on alveolar type II epithelial cells(15), and
an «-blocker, prazosin, inhibited the effect of
phenylephrine, the effect of phenylephrine may be
mediated via «-adrenoceptor.

Interestingly the effect of phenylephrine was
inhibited by ICI-118551, a /%>-adrenergic antagonist.
Since prazosin did not inhibit the effect of terbutaline,
it is unlikely that prazosin played a role as a [3,-
adrenergic antagonist. Therefore, it is likely that ICI-
118551 had an effect as an «-adrenergic antagonist.
The result is consistent with the results in the perfused
rat lungs(14).

The second objective was to determine the effect
of three [7-adrenergic agonists on alveolar fluid
clearance. We found that all 3-agonists were potent
stimulators of alveolar fluid clearance in the isolated
rat lungs.

Atenolol, a j3;-aderenergic antagonist, abolished
the effect of denopamine, but did not inhibit the effect
of terbutaline. ICI-118551 abolished the effect of
terbutaline, and also inhibited the effect of
denopamine in part. In addition, ICI-118551 inhibited
the effect of a combined treatment of denopamine and
terbutaline in part, and a combined treatment of
atenolol and ICI-118551 abolished the effect of a
combined treatment of denopamine and terbutaline on
alveolar fluid clearance. Therefore, it is likely that
atenolol played a role as a selective [3;-adrenergic
antagonist, and ICI-118551 played a role as a
predominant [3>-adrenergic antagonist and a role as a
[i-adrenergic antagonist in part. Terbutaline mainly

stimulated /3-adrenoceptors and also stimulated 3;-
adrenoceptors in part. The effects of denopamine and
terbutaline are consistent with the results from our
laboratory and other laboratories(12,16-19).

BRL-37344 increased alveolar fluid clearance.
SR-59230A did not abolish the effect of BRI.-37344,
but inhibited the effect in part. Then, we examined
the effect of ICI-118551 on BRL-37344 to stimulate
alveolar fluid clearance, and found that ICI-118551
abolished the effect of BRL-37344. In addition, a
combined treatment of ICI-118551 and SR-59230A
had the inhibitory effect similar to ICI-118551 alone.
Therefore, we determined if SR-59230A had effects
as a [31-or 3»-adrenergic antagonist on alveolar fluid
clearance and found that SR-59230A had the
inhibitory effect as a 3,-adrenergic antagonist in part.
There may be three explanations accounting for the
results of BRL-37344. First, the effect of BRLL-37344
on alveolar fluid clearance was mediated via /3»-
adrenoceptors. The inhibitory effect of ICI-118551
supports the effect mediated via >-adrenoceptors.
Second, the effect of BRLL-37344 on alveolar fluid
clearance was mediated via [33-adrenoceptors, not via
[»-adrenoceptors. If ICI-118551 had the effect as a
[Bi-adrenergic antagonist, this hypothesis was
accounted by the results. However, it is still
uncertain. Third, the effect of BRLL-37344 on alveolar
fluid clearance was mediated via [3,-and 3 3-
adrenoceptors. Since SR-59230A did not abolish the
effect of BRL-37344, this hypothesis remains to be
elucidated. Further studies are needed to determine
the mechanisms responsible for the effect of BRL-
37344 on alveolar fluid clearance.

Yohimbine, an «»-adrenergic antagonist, increased
basal alveolar fluid clearance. The increase in
alveolar fluid clearance in the presence of yohimbine
is consistent with the movement of sodium from the
alveolar spaces(14). However, the mechanism for the
increase is uncertain.

In summary, phenylephrine, denopamine,
terbutaline and BRL-37344 are potent stimulators of
alveolar fluid clearance in the rat lungs. The effect of
phenylephrine is mediated via «-adrenoceptors. The
effects of denopamine and terbutaline are mediated
via 31-and [%>-adrenoceptors, respectively. The effect
of BRL-37344 may be mediated via >-adrenoceptors.

This study was supported by Grant for Project
Research from High-Technology Center of Kanazawa
Medical University (H2003-7, H2004-7), Grant for
Collaborative Research from Kanazawa Medical
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ANAPHYLACTIC HEPATIC VENOCONSTRICTION IS
ATTENUATED BY NITRIC OXIDE RELEASED VIA SHEAR
STRESS-DEPENDENT AND -INDEPENDENT MECHANISMS IN
GUINEA PIG
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Keishi Kubo’

*Department of Physiology, Kanazawa Medical University, Uchinada and "First Department of Medicine,
Shinshu University School of Medicine, Matsumoto, Japan

SUMMARY

1. The role of shear stress in nitric oxide (NO)-mediated
attenuation of anaphylactic venoconstriction was studied using
an isolated ovalbumin-sensitized guinea pig liver.

2. Guinea pigs were actively sensitized by a subcutaneous
injection of 1 mg ovalbumin. Two weeks after sensitization, the
livers were perfused with diluted blood under constant flow or
constant perfusion pressure. The constant flow could result in
increased shear stress during constriction, while the constant
perfusion pressure could prevent changes in shear stress. Using
the double occlusion technique to estimate the hepatic
sinusoidal pressure, pre- and postsinusoidal constriction was
evaluated. Hepatic anaphylaxis was induced by an injection of
ovalbumin (4 pg) into the perfusate, the volume of which was
40 mL.

3. Under either constant flow or pressure, anaphylaxis
caused venoconstriction of predominantly presinusoids over
postsinusoids, although anaphylactic venoconstriction under
constant pressure was significantly greater than that under
constant flow. When shear stress was held constant by main-
taining constant perfusion pressure, a NO synthase inhibitor,
N@“-nitro-L-arginine methyl ester (L-NAME, 100 pmol/L),
potentiated similarly both pre- and postsinusoidal constriction
induced by anaphylaxis. This suggests that hepatic anaphylaxis
shear stress-independently generates NO, resulting in dilata-
tion of both pre- and postsinusoidal vessels in a similar magni-
tude. In contrast, when shear stress was allowed to rise under
constant flow, anaphylactic presinusoidal constriction was
preferentially potentiated by L-NAME.

4. Hepatic anaphylaxis can increase NO production in a
shear stress-independent manner and dilates similarly both
pre- and postsinusoids, while NO produced in a shear stress-
dependent manner attenuates predominantly venoconstriction
of the presinusoids where shear stress is preferentially
increased.
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INTRODUCTION

Nitric oxide (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 and then regulates the vascular system.!> The
modulation of peripheral resistance by NO has been shown to be a
result of relaxation of the vascular smooth muscle. We have
recently shown that hepatic anaphylactic venoconstriction is
characterized by predominant presinusoidal constriction over
postsinusoidal constriction and that NO attenuates preferentially
constriction of these constricted extensively presinusoidal vessels,
where increased shear stress could have augmented markedly
contracted presinusoidal vessels in isolated guinea pig liver
perfused at a constant flow.> We assume that increased shear stress
at the presinusoids with strong constriction may account for the
vulnerability of the presinusoids to NO; anaphylaxis causes NO
release from endothelium of the same presinusoidal vessel, leading
to relaxation of the adjacent presinusoidal vascular smooth muscle
cells in a paracrine manner. However, it is expected that anaphy-
lactic reaction per se can release NO from endothelial cells via the
shear stress-independent mechanism through humoral substances;
most mediators of anaphylaxis, such as histamine,*> leukotrienes,’
thromboxane (Tx) A,® and platelet-activating factor (PAF),” stimu-
late NO release from the vascular endothelium.

However, it is not known whether NO could be substantially
released via a shear stress-independent mechanism in the liver
vasculature exposed to anaphylaxis and could modulate anaphy-
lactic hepatic venoconstriction. If so, it remains unknown which
segment of the hepatic vessels is affected by NO released shear
stress-independently.

Macedo and Lautt recently showed that if vasoconstriction is
induced in a situation where blood flow is allowed to decline and
perfusion pressure is not elevated, shear stress does not increase.®
In contrast, if flow is held steady, shear stress increases at the site
of the constriction and leads to NO release.® Thus, to achieve the
above-mentioned objectives, hepatic anaphylaxis was examined
with isolated guinea pig livers, that were perfused under constant
flow or constant pressure to obtain situations with or without shear
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stress, respectively, in the presence of a NO synthase inhibitor,
N¢-nitro-L-arginine methyl ester (L-NAME) or D-NAME, an
inactive enantiomer of L-NAME. The hepatic vasoconstrictive site
was determined by measuring the sinusoidal pressure using the
vascular occlusion methods.>!0

METHODS

Twenty-four male Hartley guinea pigs weighing 346 = 17 g (SD) were
used in the current study. The present experiments were approved by the
Animal Research Committee of Kanazawa Medical University. Guinea pigs
were actively sensitized by a 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) dissolved in
physiological saline (0.5 mL). Two weeks after sensitization, the perfusion
experiment was performed.

Isolated liver preparation

The animals were anaesthetized with pentobarbital sodium (35 mg/kg, i.p.)
and mechanically ventilated with room air. The basic methods for isolated
perfused liver was described elsewhere.**!0 In brief, 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 a small
polyethylene tube. At 5 min after intra-arterial 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 (2.1 mm internal
diameter, 3.0 mm outer diameter) for portal perfusion. After thoracotomy,
for the outflow line, the supradiaphragmatic IVC was cannulated 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 ((in mmol) NaCl 118; KCl 5.9; MgSO, 1.2;
CaCl, 2.5; NaH,POy4 1.2; NaHCOs3 25.5; glucose 5.6) at haematocrit of 8%.
The liver was rapidly excised, suspended from an isometric transducer
(TB-652T, Nihon-Kohden, Tokyo, Japan) and weighed continuously
throughout the experimental period.

The liver was perfused recirculatingly at a constant flow rate or a constant
pressure via the portal vein. For the constant flow perfusion, the circulating
blood was pumped using a variable speed pump (Master-flex; Cole Parmer,
Chicago, IL, USA) from the outflow reservoir through a heat exchanger
(37°C) and a windkessel chamber to trap air bubbles as well as to buffer
pressure fluctuations generated by the pump.® The flow rate and the height
of the outflow reservoir could be adjusted at any desired levels of portal
venous pressure (Ppv) and hepatic venous pressure (Phv). For the constant
pressure perfusion, the blood was pumped from the outflow reservoir
through a heat exchanger (37°C) into the inflow reservoir, from which the
blood flows gravimetrically into the portal cannula. An overflow tube was
connected to the inflow and outflow reservoirs to maintain a constant portal
perfusion pressure. The height of each reservoir could be adjusted
independently to maintain Ppv and Phv at any desired level.!

In livers perfused either under constant flow or under constant pressure,
the recirculating blood volume was 40 mL. The perfused blood in the
outflow reservoir was oxygenated by bubbling with 95% O, and 5% CO..
Portal venous pressure and Phv were measured using pressure transducers
(TP-400T, Nihon-Kohden) attached by a 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 (Pdo), two solenoid valves were placed in 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) 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
0.027 g and the time between drops was measured for determination of the
bile flow rate.? 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). Outputs were also
digitized 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 Pdo.

Experimental protocols

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. Then, the livers perfused either under constant flow or under
constant pressure were further divided into the following two groups of the
D-NAME and L-NAME groups, in which L-NAME (100 pmol/L: Sigma)
and D-NAME (100 pmol/L: Sigma) was administered into the reservoir,
respectively. Thus, any livers studied were pretreated with either L-NAME
or D-NAME. Ovalbumin 4 pg was injected into the reservoir at 10 min after
injection of L-NAME or D-NAME. This dose of 4 pg ovalbumin was
smaller than that of our previous study (0.1 mg ovalbumin).? The reason for
adopting this smaller dose was that ovalbumin more than 4 wg caused
strong anaphylactic venoconstriction, resulting in cessation of perfusion
flow under constant pressure.

The hepatic sinusoidal pressure was measured by the double occlusion
method.”!” Both the inflow and outflow lines were simultaneously and
instantaneously occluded for 10 s 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). In each group, Pdo was measured at the baseline, just
prior to an injection of antigen and 4 and 6 min after antigen and then at a
10 min interval for 60 min. However, all comparisons were made during the
peak of the constrictor response.

The total portal-hepatic venous resistance (Rt), presinusoidal resistance
(Rpre) and postsinusoidal resistance (Rpost) were calculated as follows:

Rt = (Ppv — Phv)/Q [1]
Rpre = (Ppv — Pdo)/Q [2]
Rpost = (Pdo —Phv)/Q [3]

Statistics

All results are expressed as the means = SD. Analysis of variance followed
by Bonferroni's test was used to test for significant differences. Differences
were considered as statistically significant at P-values less than 0.05.

RESULTS
The effect of L-NAME on basal hepatic circulation

After injection of L-NAME into the blood of constant flow-
perfused liver, Ppv increased significantly from 7.4 = 0.2 to
8.3 = 0.5 cm H20. In constant pressure-perfused livers, L-NAME
injection caused a decrease in blood flow from 45 %6 to
39 = 7 mL/min per 10 g liver. However, D-NAME injection did not
cause any changes in haemodynamic variables in either constant
flow- or constant pressure-perfused liver. These findings indicate
that endogenous NO dilates the hepatic vessels in basal states of
isolated guinea pig livers perfused at a constant flow or constant
pressure and that L-NAME (100 wmol/L) inhibits NO synthase in
the present isolated blood-perfused guinea pig livers.

Constant flow perfusion study

Figure 1a shows a representative example of the response to an
injection of 4 pg ovalbumin of a D-NAME-pretreated liver
perfused at a constant flow. Within 1 min after an injection of
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ovalbumin, venoconstriction occurred as evidenced by an increase
in Ppv. Portal venous pressure reached peak levels of 14.8 =
1.7 cm H>O from the baseline of 7.3 £ 0.4 cm H,0, as shown in
Table 1. The Ppv-to-Phv gradient, the determinant of Rt, increased
2.1 times the baseline, indicating that Rt increased by the same
degree, as shown in Fig. 2. The double occlusion manoeuvre
performed at 4 min after antigen administration revealed the
sinusoidal pressure of Pdo higher than that of the baseline. The
Pdo-to-Phv gradient increased from the baseline of 2.9 = 0.3 to
4.4 = 0.6 cm H,O, indicating an increase in Rpost. However, the
increase in the Ppv-to-Pdo gradient (3.9 = 0.4 vs 9.8 = 1.3, base-
line vs peak) was greater than that in the Pdo-to-Phv gradient,
indicating a greater increase in Rpre than Rpost. The liver weight
did not show any significant changes after antigen. Concomitant
with venoconstriction, bile flow slightly decreased to 74% of the
baseline.

The L-NAME pretreatment augmented the antigen-induced
increase in Ppv by 7.2 cm H>O, as compared with the D-NAME
group (Table 1). Thus, the peak Rt levels in the L-NAME group
was greater by 1.7-fold than that in the D-NAME group. However,
L-NAME did not affect postantigen Pdo, as compared with the
D-NAME groups. This indicates that L-NAME augmented peak
Rpre (0.36 = 0.12 vs 0.21 = 0.04 cmH>O/mL/min per 10 g liver
weight; L-NAME vs b-NAME group), but not Rpost (0.09 = 0.02
vs 0.09 = 0.02 cmH,O/mL/min per 10 g liver; L-NAME vs D-
NAME group). This is reflected by significant greater values of
postantigen Rpre/Rt ratio in the L-NAME group than the D-NAME
group, as shown in Fig. 2.
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Constant pressure perfusion study

Figure 1b shows a representative example of the response to 4 g
ovalbumin of the D-NAME-pretreated liver perfused under constant
pressure. Under constant pressure perfusion, venoconstriction was
detected by a decrease in portal blood flow. Actually, the blood flow
decreased from the baseline of 47 * 6 to the nadir, 18 = 4 mL/min
per 10 g liver weight at 4 min after antigen injection. Although the
height of the inflow reservoir was held constant, Ppv increased only
slightly in response to antigen. The Phv was decreased as a result
of a decrease in blood flow. Thus, the anaphylactic venoconstriction
caused an increase in Rt by 3.5-fold at the baseline level after
antigen administration, as shown in Fig. 3. The Pdo at 4 min was
slightly decreased from the baseline value. Accordingly, the
increase in Ppv-to-Pdo gradient was greater than that in the Pdo-to-
Phv gradient, indicating a greater increase in Rpre than Rpost, the
findings consistent with the result obtained from the constant flow-
perfused livers, as described above. Concomitants with a decrease
in blood flow, the liver weight decreased by 1.9 = 0.8 g/10 g. The
bile flow was also decreased to 62% of baseline after antigen
administration.

Under constant pressure perfusion, L-NAME also augmented
anaphylactic venoconstriction, as evidenced by a greater decrease
in blood flow in the L-NAME group than that in the D-NAME group
(Table 1). The peak Rt levels in the L-NAME group were greater by
1.9-fold than that in the D-NAME, as shown in Fig. 3. However,
there are no significant differences in peak levels of Ppv, Pdo, or
Phv after antigen between the L-NAME and D-NAME groups.
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Fig. 1 Representative recordings of the response to the antigen, ovalbumin 4 g under a constant flow perfusion (a) and a constant pressure perfusion (b).
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Table 1 Baseline and peak values of haemodynamic variables after an injection of antigen in isolated guinea pig livers

Constant pressure

Constant flow

L-NAME

D-NAME

L-NAME

D-NAME

(n=06)

(n=06)

(n=06)

(n=106)

Groups

Peak Baseline Peak Baseline Peak Baseline Peak

Baseline

8.9 = 0.2%
-0.4 = 0.3*

22.0 = 6.2

Number of animals

9.5 £ 0.4%*
-0.5 = 0.2%

0.4

8.2

7.6 0.1
03+02

+0.5
04 +

14.8 £ 1.7*
0.5+0.2

7304

0.5

(¢cmH-0)
(cmH»0)
(cmH»0)

Ppv
Phv
Pdo

0402

34x03

39+7
0.027 = 0.006

0402

0.2

0.2

2.3+ 0.5%

24 +0.1%

0.2

5.0 = 0.8*

+0.2

4.9 = 0.6*

34+02

49 =5
0.038 = 0.011

11+ 3%
0.013 + 0.003**

18 =+ 4%
0.021 = 0.005*

47
0.034 *+ 0.006

47
0.037 = 0.008

49 £5
0.028 = 0.010*

(ml/min/10 g)

(g/min)

Blood flow
Bile flow

0.021 %= 0.008*

Values are means * SD. Ppv, portal vein pressure; Phv, hepatic venous pressure; Pdo, double occlusion pressure. *P < 0.05 versus baseline. *P < 0.05 versus the corresponding b-NAME group.
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Accordingly, the peak levels in both Rpre and Rpost were
significantly and similarly greater in the L-NAME than that in the
D-NAME group (1.9- and 1.8-fold). This is reflected by no signifi-
cant differences in postantigen Rpre/Rt ratio between these two
groups. This indicates that L-NAME augmented similarly in
magnitude the antigen-induced increase in Rpre and Rpost.

DISCUSSION

The present study shows that NO synthesis inhibition augmented
anaphylactic venoconstriction in isolated guinea pig livers perfused
either under constant pressure or constant flow. These findings
indicate that hepatic anaphylaxis can release NO not only via the
shear stress-dependent mechanism (under constant flow perfusion)
but also via the shear stress-independent mechanism (under
constant pressure perfusion). Furthermore, NO released in the
shear stress-independent manner dilates both pre- and post-
sinusoidal vessels similarly. In contrast, NO released in the shear
stress-dependent manner attenuates predominantly venocon-
striction of the presinusoids where shear stress is preferentially
increased.

Hepatic venoconstriction that occurs under constant pressure
perfusion does not necessarily accompany NO release. Actually, in
the in vivo cat experiment, L-NAME, an inhibitor of NO synthesis,
did not augment noradrenaline-induced hepatic venoconstriction
under constant pressure, but it did under constant flow.!" The same
findings were also observed in perfused rat livers.!> Thus, the
finding of the present study that L-NAME potentiates anaphylactic
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Fig. 2 The baseline (closed columns) and peak levels (open columns) of
the pre (Rpre) and postsinusoidal (Rpost) resistances, the total hepatic
vascular resistance (Rt) and the Rpre-to-Rt ratio under constant flow
perfusion after an injection of the antigen in the D-NAME and L-NAME
groups. Values are given as mean = SD. n=7. *P < 0.05 versus the
baseline. *P < 0.05 versus the D-NAME group.
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hepatic venoconstriction under constant pressure perfusion is
interesting and contrasts with the more physiological venocon-
striction induced by noradrenaline, a mediator released tonically
from the sympathetic nerve endings.

The methodological basis of the present study to explore the
roles of shear stress in the perfused livers was derived from the
assumption proposed by Macedo and Lautt.® In isolated perfused
vessels, the relationship between the wall shear stress () and blood
flow (Q), internal radius (r) and blood viscosity (n) is given as
follows: 7= (m + 2) nQ/(mr?).13

The value of m depends on the flow condition; with laminar flow,
m=2 and with turbulent flow m >2. The value of m in our
preparation was assumed to remain constant during the experi-
ments. Under constant flow when Q remains constant, anaphylactic
venoconstriction causes a decrease in r, thereby an increase in shear
stress. If turbulence did increase at the constricted site, shear stress
would further increase. When anaphylactic vasoconstriction was
induced under constant pressure perfusion, flow was reduced such
that the ratio of flow to the radius of the vessels was maintained
constant, as defined by this cubic relationship. Therefore, the wall
shear stress should be maintained constant throughout this
experiment, if perfusion pressure is held constant.®

The mechanism why NO was released during hepatic anaphy-
laxis in a shear stress-independent fashion, i.e. under constant
pressure perfusion, may be ascribed to humoral substances released
by anaphylactic reaction per se. We assume that the chemical
mediators such as PAF, TxA», histamine, leukotriene and serotonin
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Fig. 3 The baseline (closed columns) and peak levels (open columns) of
the pre (Rpre) and postsinusoidal (Rpost) resistances, the total hepatic vas-
cular resistance (Rt) and the Rpre-to-Rt ratio under constant pressure perfu-
sion after an injection of the antigen in the D-NAME and L-NAME groups.
Values are given as mean = SD. n=7. *P < 0.05 versus the baseline.
#P < 0.05 versus the D-NAME group.

might act on the corresponding receptor of the endothelium,
resulting in the subsequent activation of endothlial nitric oxide
synthase and production of NO. Actually it is reported that most
mediators of anaphylaxis, such as histamine,* leukotrienes,’
TxA;> and PAF all stimulate NO release from the vascular
endothelium.

One of the most interesting findings of the present study is that
the amplitude of the L-NAME-induced potentiation of anaphylactic
venoconstriction is similar for presinusoids and postsinusoids. This
may suggest that NO was generated from both pre- and post-
sinusoids. The exact mechanism for this NO release at pre- and
postsinusoids is not known. Hepatic interstitial mast cells might
release the above-mentioned mediators, which then diffuse along
all of the hepatic vessels and bind endothelial receptors, causing
endothelial release of NO, which then relaxes the adjacent smooth
muscle cells, with resultant relaxation of pre- and postsinusoidal
vessels. However, the morphological study revealed that livers from
normal guinea pigs contained substantial numbers of alcian blue
positive mast cells distributed mainly in the connective tissue of
portal tracts.'* However, although local and systemic anaphylaxis
has been presumed to be caused predominantly, if not exclusively,
through the activation of mast cells, other cell types, such as
macrophages and lymphocytes, also release certain inflammatory
mediators upon stimulation with specific antigens.'>!'7 In the livers,
there are a large number of intravascular resident macrophages,
called Kupffer cells. The mediators released intravascularly from
these Kupffer cells might have diffused and reacted with endo-
thelium of the pre- and post sinusoids. Further studies are required
in this respect.

Under constant flow perfusion, the anaphylactic venocon-
striction of the presinusoids was exclusively augmented by a NO
synthase inhibitor of L-NAME. This result is consistent with our
previous results’ in that L-NAME pretreatment augmented the
anaphylaxis-induced increase in Rpre by 120%, while it did
increase in Rpost only by 20% in constant flow perfused guinea pig
livers challenged with the higher dose of antigen (0.1 mg). These
findings suggest that NO might be released during anaphylaxis
selectively in presinusoidal vessels of constant flow perfused livers.
The mechanism for this selective vulnerability of presinusoids to
NO may be considered as follows; as shown in the constant flow
D-NAME group, anaphylaxis constricted predominantly presinu-
soidal vessels, where elevated shear stress increased NO release
from the same presinusoidal endothelium, leading to relaxation of
the adjacent presinusoidal vascular smooth muscle cells in a
paracrine manner.

N@-Nitro-L-arginine methyl ester augmented anaphylactic veno-
constriction in guinea pig livers perfused either at the constant flow
(shear stress elevated) or at the constant pressure (shear stress not
elevated). Nitric oxide released in a shear stress-independent man-
ner attenuates hepatic venoconstriction of both pre- and postsinu-
soids similarly, while NO produced in a shear stress-dependent
manner attenuates predominantly venoconstriction of the presinu-
soids where shear stress is preferentially increased.
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Abstract

Background: Although aerosolized B-adrenergic ago-
nists have been used as a therapy for the resolution of
pulmonary edema, the mechanisms of catecholamine
clearance from the alveolar spaces of the lung are not
well known. Objective: To determine whether catechol-
amine clearance from the alveolar spaces is correlated
with the fluid transport capacity of the lung. Methods:
Albumin solution containing epinephrine (10-7 M) or nor-
epinephrine (10-7 M) was instilled into the alveolar
spaces of isolated rat and human lungs. Alveolar fluid
clearance rate was estimated by the progressive in-
crease in the albumin concentration over 1 h. Catechol-
amine clearance rate was estimated by the changes in
catecholamine concentration and alveolar fluid volume
over 1 h. Results: The norepinephrine clearance rate was
faster than the epinephrine clearance rate in the rat and
human lungs. In the rat lungs, amiloride (a sodium chan-
nel blocker) caused a greater decrease in alveolar fluid
clearance and epinephrine clearance rate than proprano-
lol (a nonselective B-adrenergic antagonist). Although

propranolol and phentolamine (an a-adrenergic antago-
nist), and 5-(N-ethyl-N-isoprophyl)amiloride (a Na*/H*
antiport blocker) changed neither the alveolar fluid clear-
ance nor the norepinephrine clearance rate, amiloride
and benzamil (a sodium channel blocker) decreased both
clearance rates. As in the rat lungs, amiloride decreased
alveolar fluid and norepinephrine clearance rates in the
human lungs. Conclusion: These results indicate that the
catecholamine clearance rate from the alveolar spaces is
correlated with alveolar fluid clearance in rat and human
lungs.

Copyright © 2005 S. Karger AG, Basel

Introduction

The mechanism responsible for ion and fluid transport
across the alveolar epithelia has been studied over two
decades. The initial step in alveolar fluid clearance is the
absorption of alveolar sodium ions through apical sodium
channels into the alveolar epithelial cells, and then the
exchange of sodium and potassium ions through baso-
lateral Na*-K+ ATPase [1-3]. Amiloride is a potent block-
er of sodium channels on the apical membrane of alveolar
epithelial cells and has been shown to impair the rate of
alveolar fluid clearance [2, 4]. In contrast, B-adrenergic
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agonists stimulate alveolar fluid clearance under normal
and pathological conditions in mice [5], rats [6-9], dogs
[10, 11] and sheep [12, 13]. We have reported that terbu-
taline and salmeterol, two selective Py-adrenergic ago-
nists, increase alveolar fluid clearance in isolated human
lungs [14-17]. In addition, exogenous catecholamine (epi-
nephrine or norepinephrine) increase alveolar fluid clear-
ance in sheep [12], guinea pig [18], and rat [19]. There-
fore, B-adrenergic agonists have been considered as thera-
peutic agents for accelerating the resolution of pulmonary
edema [3, 20].

Another important function of the alveolar epithelial
barrier is that it provides a large surface area for the trans-
fer of instilled materials to the circulation [21-24]. There-
fore, catecholamines have been administered into the air-
spaces with the goal of delivering them into the pulmo-
nary circulation and heart in patients requiring cardiopul-
monary resuscitation [25]. Since the effect of a 3-adrener-
gic agonist therapy on alveolar fluid clearance depends on
its concentration in the alveolar fluid [9, 16], rapid clear-
ance from the alveolar space could diminish its efficacy.
Indeed, amiloride concentrations of 10-4—10-3 A are nec-
essary in vivo to inhibit alveolar fluid clearance because
of its rapid clearance rate from the alveolar spaces [26]. In
rabbit lung preparations in which saline solution contain-
ing 10-3 M amiloride was instilled, approximately 23% of
the initial amiloride was cleared from the alveolar spaces
over 1 h [27]. However, little is known regarding the
mechanism responsible for the clearance of -adrenergic
agonists from the distal airspaces.

Therefore, our first objective was to determine the
clearance rates of catecholamines (epinephrine and nor-
epinephrine) in isolated rat lungs. Our second objective
was to determine whether a- and B-adrenergic antagonists
changed the catecholamine clearance rate. Our third ob-
jective was to determine whether sodium channel block-
ers changed the catecholamine clearance rate. Our final
objective was to determine the catecholamine clearance
rate in the isolated human lungs.

Methods

Materials

Amiloride, benzamil, epinephrine, 5-(N-ethyl-N-isoprophyl)ami-
loride, norepinephrine, phentolamine, and propranolol were ob-
tained from Sigma (St. Louis, Mo., USA).

Experimental Protocol
All rats received humane care and this study was approved by the
Committee for Animal Experiments at Kanazawa Medical Universi-
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ty. Alveolar fluid clearance was measured in the isolated rat lungs in
the absence of pulmonary perfusion or ventilation [9, 16, 28, 29].
Briefly, male Sprague-Dawley rats (200-250 g, Japan SLC, Inc.,
Hamamatsu, Japan) were anesthetized with intraperitoneal pento-
barbital sodium (50 mg/kg). An endotracheal tube was inserted
through a tracheostomy. The rats were exsanguinated via the abdom-
inal aorta and the trachea, bilateral lungs, and heart were excised en
bloc through a median sternotomy. Warmed physiological saline
solution (7 ml/kg, 37°C) containing 5% bovine albumin was instilled
into both lungs, followed by 4 ml oxygen to deliver all the instilled
fluid into the alveolar spaces. The lungs were placed in a humid incu-
bator at 37°C and inflated with 100% oxygen at an airway pressure
of 7 cm H,0. Alveolar fluid was aspirated 1 h after instillation.

Catecholamine Clearance Rate in Isolated Rat Lungs

To determine the catecholamine clearance rate under basal con-
ditions, albumin solution containing epinephrine (10-7 A/, n = 8) or
norepinephrine (10-7 M, n = 8) was instilled into the alveolar spaces
of isolated rat lungs. As a control, albumin solution in the absence of
any catecholamine was instilled into the alveolar spaces of isolated
rat lungs (n = 8).

Effects of Propranolol and Amiloride on the Epinephrine

Clearance Rate in Isolated Rat Lungs

To determine if epinephrine clearance was mediated via $-adren-
ergic receptors, propranolol (105 M), a B-adrenergic antagonist, was
added to an albumin solution containing epinephrine (107 M) and
instilled into the alveolar spaces of isolated rat lungs (n = 4). In addi-
tion, to determine whether epinephrine clearance was mediated via
amiloride-sensitive sodium channels, amiloride (10-3 A/) was added
to albumin solution containing epinephrine (10-7 M) and instilled
into the alveolar spaces of isolated rat lungs (n = 4).

Effects of Adrenergic Antagonists and Sodium Channel Blockers

on the Norepinephrine Clearance Rate in Isolated Rat Lungs

Since the norepinephrine clearance rate was faster than the epi-
nephrine clearance rate, we determined the effect of adrenergic
antagonists and sodium channel blockers on the faster norepineph-
rine clearance rate in rat lungs. Phentolamine (10-3 M, n = 4), an
a-adrenergic antagonist, or propranolol (10-3 M, n = 4) was added to
albumin solution containing norepinephrine (10-7 M) and instilled
into the alveolar spaces of rat lungs. In addition, amiloride (10-3 M,
n = 6) or benzamil (10-3 M, n = 6), a sodium channel blocker, or
5-(N-ethyl-N-isoprophyl)amiloride (EIPA, 10-3 M, n = 4), an
Na*/H* antiport blocker, was added to albumin solution containing
norepinephrine (10-7 M) and instilled into the alveolar spaces of iso-
lated rat lungs.

Effects of Initial Norepinephrine Concentration on the

Norepinephrine Clearance Rate in Isolated Rat Lungs

To determine whether the norepinephrine clearance rate was
dependent on the instilled concentration of norepinephrine, an albu-
min solution containing a higher concentration of norepinephrine
(10-5 M) was instilled into the alveolar spaces of isolated rat lungs
(n=15).

Catecholamine Clearance Rate in Isolated Human Lungs

This study was approved by the Human Research Committee in
Kanazawa Medical University. Human lungs were obtained from
patients who underwent pulmonary resections for bronchogenic car-
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cinoma. Informed consent was given by each patient before the oper-
ation. There were no fibrous or emphysematous lesions as assessed
by preoperative chest radiographs and computed tomograms. Nor
were any macroscopic emphysematous changes found when the
lungs were removed from the thorax. The pulmonary function tests
before the operation were normal (vital capacity: 93 £ 8% of the
predicted value, forced expiratory volume in 1 s: 82 = 11% of forced
vital capacity). The surgical procedure was described previously [ 14—
16]. The segmental bronchus was occluded by a 10-french balloon
catheter immediately after removal of the lung. We chose the
occluded segment that was located furthest away from the tumor. A
warmed physiological saline solution (45 ml, 37°C) containing 5%
bovine albumin and catecholamine (10-7 M epinephrine; n = 4, or
10-7 M norepinephrine; n = 4) was instilled into the distal airspaces
through the catheter. To determine the effect of amiloride on the nor-
epinephrine clearance rate, a warmed physiological saline solution
containing 5% bovine albumin and norepinephrine (10-7 M) and
amiloride (10-3 M) was instilled into the distal airspaces (n = 4).
After instillation, the lungs were inflated with 100% oxygen at an
airway pressure of 7 cm H,O. Alveolar fluid was aspirated 1 h after
instillation. Aspirated alveolar fluid (1-2 ml) was centrifuged at
3,000 rpm for 10 min, and supernatant was obtained for the mea-
surement of the protein and catecholamine concentrations.

Metabolism of Catecholamine in the Alveolar Spaces

To determine whether exogenous norepinephrine and epineph-
rine were metabolized in the alveolar spaces, we measured vanillyl-
mandelic acid (VMA), a catecholamine metabolite, in plasma, final
alveolar fluid, and flushing fluid of pulmonary vasculature from rats
with instillation of 5% albumin solution containing epinephrine
(1077 M, n = 4), instillation of 5% albumin solution containing nor-
epinephrine (10-7 M, n = 4), or instillation of 5% albumin solution
alone (n = 4). After anesthesia and tracheostomy, heparin sodium
(3,000 units/kg) was intravenously injected and arterial blood was
obtained 60 s after heparinization. Then, the rats were exsanguinated
and the lungs were used for the measurement of alveolar fluid clear-
ance for 1 h. After the measurement of alveolar fluid clearance, the
pulmonary vasculature was flushed with a warmed 0.9% saline solu-
tion (10 ml) through a catheter placed in the trunk of the pulmonary
artery. Samples of flushing fluid were collected from the left atrium.
VMA levels were measured by high-performance liquid chromato-
graphy (SRL, Inc., Tokyo, Japan).

Measurements

Alveolar Fluid Clearance. The protein concentrations in instilled
and aspirated solutions were measured by a spectrophotometer at a
wavelength of 280 nm (BioSpec-1600, Shimadzu, Kyoto, Japan).
Alveolar fluid clearance was estimated by measuring the progressive
increase in the concentration of albumin [9, 16, 28, 29]. Alveolar
fluid clearance (AFC) was calculated as follows:

AFC = [(V; - Vp)/Vi] x 100 (1)

where V is the volume of the instilled albumin solution (i) and the
final alveolar fluid (f).

Vi=(V; x P)/P¢ (2)

where P is the concentration of protein in the instilled albumin solu-
tion (i) and the final alveolar fluid (f).

Catecholamine Clearance from Alveolar
Spaces

The term ‘alveolar’ does not imply that all reabsorption occurs
across the alveolar epithelium because the distal bronchial epithelia
can also transport sodium and fluid [28].

Catecholamine Concentration. The samples of fluid were stored
at —80°C until analysis. Catecholamine concentrations in the in-
stilled and aspirated albumin solutions were determined by high-per-
formance liquid chromatography with a trihydroxyindole reaction
[19, 29]. The catecholamine clearance rate from the alveolar spaces
was calculated as the quantity of absorbed catecholamine divided by
the quantity of instilled catecholamine:

Clearance rate = (C; x V = C¢ x Vp/C; x V) 3)

where C is the concentration of catecholamine in the instilled albu-
min solution (i) and the final alveolar fluid (f).

Statistics

Data are summarized as the mean and standard deviation. The
data were analyzed by a one-way analysis of variance (ANOVA) with
the Student-Newman-Keuls post hoc test when multiple compari-
sons were needed (Prism 4, GraphPad Software, Inc., San Diego,
Calif., USA). When comparisons were made between two experi-
mental groups, an unpaired Student’s t test was used. Differences
with p < 0.05 were regarded as significant.

Results

Epinephrine (10-7 M) increased alveolar fluid clear-
ance by 38% in the rat lungs. However, norepinephrine
(10-7 M) did not change alveolar fluid clearance (fig. 1).
The norepinephrine clearance rate (89 =+ 5%/h) was
greater than the epinephrine clearance rate (51 £ 5%/h).
In the control rat lungs, neither epinephrine nor norepi-
nephrine was identified in the samples of alveolar fluid
1 h after instillation.

Propranolol abolished the increase in alveolar fluid
clearance induced by epinephrine and decreased the epi-
nephrine clearance rate in the rat lungs (fig. 2). Proprano-
lol plus amiloride further decreased both alveolar fluid
clearance and the epinephrine clearance rate.

Neither propranolol nor phentolamine changed alveo-
lar fluid clearance and the norepinephrine clearance rate
in the rat lungs (fig. 3). Amiloride and benzamil decreased
both alveolar fluid clearance and the norepinephrine
clearance rate. However, EIPA neither changed the alveo-
lar fluid clearance nor the norepinephrine clearance rate.

A higher concentration (10-3 M) of norepinephrine
increased alveolar fluid clearance (fig. 4). However, the
higher concentration did not change the norepinephrine
clearance rate. The quantity of norepinephrine that was
removed from the alveolar spaces depended on the initial
concentration of norepinephrine in the alveolar spaces.
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In the human lungs, epinephrine increased alveolar
fluid clearance, whereas norepinephrine did not (fig. 5).
As in rat lungs, the norepinephrine clearance rate (69 %
14%/h) was faster than the epinephrine clearance rate (28
£ 9%/h). Amiloride decreased alveolar fluid clearance
and the norepinephrine clearance rate.

The volume of flushing fluid collected from the left
atrium was 9.4 = 0.4 ml and there was no difference
among the volumes from control rat lungs, epinephrine-
instilled and norepinephrine-instilled rat lungs. The VMA
levels in plasma were not different among the groups
(10.3 = 1.4 ng/ml in the control lungs, 10.2 = 1.8 ng/ml
in the epinephrine-instilled, and 11.0 £ 2.0 ng/ml in the
norepinephrine-instilled lungs). The VMA levels in final
alveolar fluid and flushing fluid were below the detection
levels (< 1.0 ng/ml).
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Discussion

Several experimental preparations have been used to
measure ion and fluid transport from the alveolar spaces
[30]. We have developed an isolated lung preparation in
which fluid clearance across the alveolar epithelial barrier
was measured in the absence of perfusion and ventilation
[9, 14-16, 28, 29]. Therefore, the catecholamine clearance
rate from the alveolar spaces was examined in the isolated
rat lungs in the absence of pulmonary perfusion and venti-
lation.

Clearance of catecholamines from the alveolar spaces
may proceed via two major pathways: a transcellular and
a paracellular pathway. Several findings in this study indi-
cate that catecholamine clearance occurred primarily by
diffusion through a paracellular pathway. First, the rate of
catecholamine clearance was much higher than the rate of
alveolar fluid clearance that is driven by an active sodium
transport mechanism [30]. The fast catecholamine clear-
ance in the isolated lungs was consistent with the epineph-
rine clearance rate in anesthetized dogs [31]. Second, a-
and B-adrenergic antagonists did not impair the norepi-
nephrine clearance rate. If catecholamine clearance was
mediated through adrenergic receptors, the adrenergic
antagonists should have impaired the catecholamine
clearance rate as the antagonists inhibited the stimulating
effect of terbutaline on alveolar fluid clearance [14].
Third, the quantity of norepinephrine that was removed
from the alveolar spaces depended on the initial norepi-
nephrine concentration in the alveolar spaces. The results
are consistent with the report that the paracellular path-
way has the characteristics of a dose-dependent move-
ment [32]. These observations suggest that norepineph-
rine clearance is driven by diffusion through a paracellu-
lar pathway.

This study was carried out in the isolated rat lungs in
the absence of perfusion and ventilation. This preparation
eliminates the confounding effect of increased transvascu-
lar fluid and protein flux that may occur in injured lungs
and permits independent assessment of the permeability
and transport properties of the alveolar epithelium [30].
However, it has been known that stretching of alveolar
epithelial cells can have a profound effect of on surfactant
secretion [33], releasing growth factors [34], and the activ-
ity of extracellular signal-regulated kinase [35]. These
effects may alter the ion transport capacity of alveolar epi-
thelial cells [36]. In our previous study, alveolar fluid
clearance was smaller in nonperfused and nonventilated
rat lungs than in rat lungs in vivo [16]. Therefore, it is
probable that catecholamine clearance might be smaller
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in this study than in the in vivo study. Further studies are
necessary to determine the effect of ventilation or pulmo-
nary perfusion on catecholamine clearance from the al-
veolar spaces.

Amiloride has been used as a potent blocker of sodium
transport and net alveolar fluid clearance [2]. The effect of
amiloride on alveolar fluid clearance in the rat and
human lungs in this study was consistent with our prior
results [14, 15]. In addition, benzamil abolished alveolar
fluid clearance. These results were consistent with the
results that amiloride and benzamil are potent blockers of
sodium transport in cultured type II alveolar epithelial
cells [37, 38].

To determine if catecholamine clearance was corre-
lated with alveolar fluid clearance, we tested the effect of
amiloride, benzamil, and EIPA on the norepinephrine
clearance rate. Although amiloride and benzamil inhibit-
ed both alveolar fluid clearance and the norepinephrine
clearance rate, EIPA did not inhibit either of them. Since
amiloride-sensitive sodium channels play an important
role in active ion and fluid transport across the alveolar
epithelial cells [3, 4], it is likely that amiloride-sensitive
sodium channels also play an important role in catechol-
amine clearance from the alveolar spaces of rat lungs.
There are reports indicating that amiloride inhibits the
clearance of substances through a paracellular pathway.
In the perfused fluid-filled rat lungs, amiloride reduced
the permeability rate of mannitol, a trace of paracellular
transport from the alveolar spaces [1, 39]. In addition,
amiloride inhibited both active sodium transport and
mannitol permeability in the presence of these stimulato-
ry agents [32]. Similar effects of amiloride with and with-
out isoproterenol were reported in the study performed on
cultured Clara cell epithelium from rabbit [40]. There-
fore, catecholamine clearance is correlated with alveolar
fluid clearance in isolated rat and human lungs.

To answer the question whether catecholamine moved
into the alveolar space and affected the final catechol-
amine concentration in the alveolar fluid, we measured
the catecholamine concentration in the final alveolar fluid
of control rat lungs. Since no catecholamine was identi-
fied in the final alveolar fluid, it is unlikely that endoge-
nous catecholamines moved into the alveolar spaces and
affected the clearance rate of catecholamine.

We also investigated whether exogenous norepineph-
rine and epinephrine were metabolized in the alveolar
spaces. VMA, a catecholamine metabolite, was measured
in final alveolar fluid and flushing fluid of the pulmonary
vasculature from rat lungs instilled with epinephrine and
norepinephrine and found to be below the detection level
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in both fluids. Therefore, it is unlikely that exogenous nor-
epinephrine and epinephrine were metabolized in the
alveolar spaces during the 1-hour experiment.

It is unclear why epinephrine and norepinephrine are
cleared at different rates from the distal airspaces. Several
characteristics, e.g., molecular size, radius, electric
charges, may affect the absorption rates of substances
[22]. The molecular sizes of epinephrine and norepineph-
rine are similar, but epinephrine has a methyl group and a
hydroxyl group. Further studies are needed to determine
the mechanisms responsible for the difference between
the clearance rates of epinephrine and norepinephrine.

Summary and Conclusions
The rate of norepinephrine clearance from the alveolar

spaces was faster than that of epinephrine clearance in rat
and human lungs. Amiloride and benzamil decreased

both alveolar fluid clearance and the norepinephrine
clearance rate, whereas EIPA did not. These results indi-
cate that the catecholamine clearance rate is correlated
with alveolar fluid clearance in rat and human lungs.
Since sodium channel blockers impair catecholamine
clearance from the alveolar spaces, sodium channel may
play a role in the mechanism responsible for catechol-
amine clearance from the alveolar spaces.

Acknowledgments

This study was supported by Grants for Project Research from
High-Technology Center of Kanazawa Medical University (H2002-
7, H2003-7), Grant for Collaborative Research from Kanazawa
Medical University (C2003-1), and Grant-In-Aid for Scientific Re-
search from the MEXT, Japan (No 14571287).

References
I Saumon G, Basset G: Electrolyte and fluid 9 Sakuma T, Tuchihara C, Ishigaki M, Osanai K, 16 Sakuma T, Folkesson HG, Suzuki S, Okaniwa

transport across the mature alveolar epithe- Nambu Y, Toga H, Takahashi K, Ohya N, G, Fujimura S, Matthay MA: Beta-adrenergic

lium. J Appl Physiol 1993;74:1-15. Kurihara T, Matthay MA: Denopamine, a agonist stimulated alveolar fluid clearance in
2 Matalon S, Benos DJ, Jackson RM: Biophysi- beta(1)-adrenergic agonist, increases alveolar ex vivo human and rat lungs. Am J Respir Crit

cal and molecular properties of amiloride- fluid clearance in ex vivo rat and guinea pig Care Med 1997;155:506-512.

inhibitable Na* channels in alveolar epithelial lungs. J Appl Physiol 2001;90:10-16. 17 Ware LB, Fang X, Wang Y, Sakuma T, Hall

cells. Am J Physiol 1996;271:L1-1.22. 10 Berthiaume Y, Broaddus VC, Gropper MA, TS, Matthay MA: Selected contribution: Mech-
3 Matthay MA, Folkesson HG, Clerici C: Lung Tanita T, Matthay MA: Alveolar liquid and anisms that may stimulate the resolution of

epithelial fluid transport and the resolution of protein clearance from normal dog lungs. J alveolar edema in the transplanted human

pulmonary edema. Physiol Rev 2002;82:569~ Appl Physiol 1988;65:585-593. lung. J Appl Physiol 2002;93:1869-1874.

600. 11 Grimme JD, Lane SM, Maron MB: Alveolar 18 Norlin A, Finley N, Abedinpour P, Folkesson
4 Matalon S, O’Brodovich H: Sodium channels liquid clearance in multiple nonperfused ca- HG: Alveolar liquid clearance in the anesthe-

in alveolar epithelial cells: Molecular character- nine lung lobes. J Appl Physiol 1997;82:348- tized ventilated guinea pig. Am J Physiol 1998;

ization, biophysical properties, and physiologi- 353. 274:1.235-1.243.

cal significance. Annu Rev Physiol 1999;61: 12 Berthiaume Y, Staub NC, Matthay MA: Beta- 19 Sakuma T, Hida M, Nambu Y, Osanai K, Toga

627-661. adrenergic agonists increase lung liquid clear- H, Takahashi K, Ohya N, Inoue M, Watanabe
5 Fang X, Fukuda N, Barbry P, Sartori C, Verk- ance in anesthetized sheep. J Clin Invest 1987; Y: Effects of hypoxia on alveolar fluid trans-

man AS, Matthay MA: Novel role for CFTR in 79:335-343. port capacity in rat lungs. J Appl Physiol 2001;

fluid absorption from the distal airspaces of the 13 Campbell AR, Folkesson HG, Berthiaume Y, 91:1766-1774.

lung. J Gen Physiol 2002;119:199-207. Gutkowska J, Suzuki S, Matthay MA: Alveolar 20 Crandall ED, Matthay MA: Alveolar epithelial
6 Crandall ED, Heming TA, Palombo RL, Good- epithelial fluid clearance persists in the pres- transport. Basic science to clinical medicine.

man BE: Effects of terbutaline on sodium ence of moderate left atrial hypertension in Am J Respir Crit Care Med 2001;163:1021-

transport in isolated perfused rat lung. J Appl sheep. J Appl Physiol 1999:86:139-151. 1029.

Physiol 1986;60:289-294. 14 Sakuma T, Okaniwa G, Nakada T, Nishimura ~ 21 Berg MM, Kim KJ, Lubman RL, Crandall ED:
7 Jayr C, Garat C, Meignan M, Pittet JF, Zelter T, Fujimura S, Matthay MA: Alveolar fluid Hydrophilic solute transport across rat alveolar

M, Matthay MA: Alveolar liquid and protein clearance in the resected human lung. Am J epithelium. J Appl Physiol 1989;66:2320-

clearance in anesthetized ventilated rats. J Respir Crit Care Med 1994;150:305-310. 2327.

Appl Physiol 1994:76:2636-2642. 15 Sakuma T, Suzuki S, Usuda K, Handa M, 22 Folkesson HG, Matthay MA, Westrom BR,
8 Saldias F, Lecuona E, Friedman E, Barnard Okaniwa G, Nakada T, Fujimura S, Matthay Kim KJ, Karlsson BW, Hastings RH: Alveolar

ML, Ridge KM, Sznajder JI: Modulation of MA: Preservation of alveolar epithelial fluid epithelial clearance of protein. J Appl Physiol

lung liquid clearance by isoproterenol in rat transport mechanisms in rewarmed human 1996;80:1431-1445.

lungs. Am J Physiol 1998;274:1.694-L701. lung after severe hypothermia. J Appl Physiol ~ 23 Hastings RH, Grady M, Sakuma T, Matthay

Catecholamine Clearance from Alveolar
Spaces

1996:80:1681-1686.

MA: Clearance of different-sized proteins from
the alveolar space in humans and rabbits. J
Appl Physiol 1992;73:1310-1316.

Respiration 2005;72:189-196

—82—

195



24

25

26

27

28

29

Kim KJ, Borok Z, Crandall ED: A useful in
vitro model for transport studies of alveolar
epithelial barrier. Pharm Res 2001;18:253-
255.

American Heart Association: Section 6: Phar-
macological II: Agents to optimize cardiac out-
put and blood pressure. Circulation 2000;
102(suppl I):1-129-1-135.

Norlin A, Lu LN, Guggino SE, Matthay MA,
Folkesson HG: Contribution of amiloride-in-
sensitive pathways to alveolar fluid clearance
in adult rats. J Appl Physiol 2001;90:1489—
1496.

Nielsen VG, Duvall MD, Baird MS, Matalon S:
cAMP activation of chloride and fluid secre-
tion across the rabbit alveolar epithelium. Am J
Physiol 1998;275:L1127-L1133.

Sakuma T, Tsukano C, Ishigaki M, Nambu Y,
Osanai K, Toga H, Takahashi K, Ohya N,
Kurihara T, Nishio M, Matthay MA: Lung
deflation impairs alveolar epithelial fluid trans-
port in ischemic rabbit and rat lungs. Trans-
plantation 2000;69:1785-1793.

Sakuma T, Sagawa M, Hida M, Nambu Y,
Osanai K, Toga H, Takahashi K, Ohya N, Mat-
thay MA: Time-dependent effect of pneumon-
ectomy on alveolar epithelial fluid clearance in
rat lungs. J Thorac Cardiovasc Surg 2002;124:
668-674.

30

31

32

33

34

Matthay MA, Folkesson HG, Verkman AS:
Salt and water transport across alveolar and
distal airway epithelia in the adult lung. Am J
Physiol 1996;270:L.487-1503.

Naganobu K, Hasebe Y, Uchiyama Y, Hagio
M, Ogawa H: A comparison of distilled water
and normal saline as diluents for endobron-
chial administration of epinephrine in the dog.
Anesth Analg 2000;91:317-321.

Saumon G, Martet G: Effect of metabolic in-
hibitors on Na* transport in isolated perfused
rat lungs. Am J Respir Cell Mol Biol 1993;9:
157-165.

Wirtz HR, Dobbs LG: Calcium mobilization
and exocytosis after one mechanical stretch of
lung epithelial cells. Science 1990;250:1266—
1269.

Tschumperlin DJ, Dai G, Maly IV, Kikuchi T,
Laiho LH, McVittie AK, Haley KIJ, Lilly CM,
So PT, Lauffenburger DA, Kamm RD, Drazen
JM: Mechanotransduction through growth-fac-
tor shedding into the extracellular space. Na-
ture 2004;429:83-86.

196

Respiration 2005;72:189-196

35

36

37

39

40

Correa-Meyer E, Pesce L, Guerrero C, Sznajder
JI: Cyclic stretch activates ERK1/2 via G pro-
teins and EGFR in alveolar epithelial cells. Am
J Physiol Lung Cell Mol Physiol 2002;282:
L883-1.891.

Kemp PJ, Borok Z, Kim KJ, Lubman RL,
Danto SI, Crandall ED: Epidermal growth fac-
tor regulation in adult rat alveolar type II cells
of amiloride-sensitive cation channels. Am J
Physiol 1999;277:C1058-C1065.

Matalon S: Mechanisms and regulation of ion
transport in adult mammalian alveolar type II
pneumocytes. Am J Physiol 1991;261:C727-
C738.

Matalon S, Bridges RJ, Benos DJ: Amiloride-
inhibitable Na* conductive pathways in alveo-
lar type II pneumocytes. Am J Physiol 1991;
260:L90-196.

Effros RM, Mason GR, Hukkanen J, Silver-
man P: New evidence for active sodium trans-
port from fluid-filled rat lungs. J Appl Physiol
1989;66:906-919.

Van Scott MR, Davis CW, Boucher RC: Na*
and CI- transport across rabbit nonciliated
bronchiolar epithelial (Clara) cells. Am J Physi-
0l 1989;256:C893-C901.

Sakuma/Gu/Sugita/Sagawa/Sakuda/Toga



Short Communication

Japanese Journal of Physiology Vol. 55, 143-148, 2005

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 (Rpost) resistances. The basal R . comprised
53 + 1% of the total hepatic vascular resistance.
The norepinephrine and histamine increased F?pre
in a greater magnitude than Rpost 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 (P ) and the hepatlc 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 (Wr) 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 um, 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 va 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
(Rpm), and postsinusoidal (Rpost) resistances were calcu-
lated as follows:

R=(P,~P,)I0 (1)
R,.= (P, —P)0Q )
Rpost = (Pdo N 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, atthe 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
Q 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/mm/g hver wt, respectively,
and the Rpost/}i’t 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: va 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, either 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 va-to—P ', gradient increased in a greater magnitude
than the P -to-P, gradient, a finding indicating that R
was predominantly 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
levels in Rpm, Rpost’ R, and Wt changes after injections of
norepinephrine and histamine. 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
Rpre was 193 + 3% of the baseline, and the correspond-
ing levels of R was only 117 + 3% of the baseline,
as shown in Fig. 3. Histamine did not cause venocon-
striction until the concentration increased to 100 M,
as shown in Fig. 3. Even at 1,000 uM histamine, Rpl_e
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 LM 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 magnitude
than R . Actually, we subsequently demonstrated

t

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 Rpre comprises 61% of R [3, 11].
The rat livers show more marked predominance of Rpre
over Rpost; R is 69% of R [11]. In the present study, for
the first time we reported that the basal vascular resist-
ance distribution of mouse livers was similar to that of
canine livers because Rpre 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

Japanese Journal of Physiology Vol. 55, No. 2, 2005 145



T. SHIBAMOTO et al.

(% of baseline)

200 - *

100

50 T T T T T T 1
0.001 0.01 0. 1 10 100 1000

(% of baseline)
200 -

150 -

Rt

100 -

50 T T T T T T 1
0.001 0.01 0.1 1 10 100 1000

Dose (L M)

—@— Histamine

(% of baseline)
—O— Norepinephrine

200

100 ~

50 T T T T T T 1
10 100 1000

0.001 0.01 0.1 1

(g/g liver)
0.05 -

ht change

-0.05 -

-0.10 -

iver weig

L

-0.15 -

'0.20 T T T T T T 1
0.001 0.01 0. 1 10 100 1000

Dose (LM)

Fig. 3. The peak changes in the presinusoidal (R ) and postsinusoidal (R ) resistances and total resistance (R)
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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 /¢ 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.
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Hepatic venoconstriction is involved in anaphylactic hypotension in rats
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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 (Rpost) resistances were calculated. An injection of
antigen (0.015 mg) caused venoconstriction characterized by an al-
most selective increase in Ry 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 (Pg,). 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, Ps,
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 Pg,. 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 (Pc,). 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 Psy, Pev, Ppy, and HR were continuously measured with
pressure transducers (TP-400T; Nihon-Kohden) in the intact rats; Pga,
P.y, 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 MgS0O4, 2.5 CaCl,, 1.2 NaH,PO4, 25.5 NaHCOs3, and 5.6 glucose)
at Het 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,. P, and hepatic venous pressure (Pp,) 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 (Q,y) 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
Ppv, Phy, 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 Pgs.

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 Qv and the height of the
reservoir at a Pyy of 0—1 cmH-0 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 Pp, and Py, rapidly equilibrated to a
similar or identical pressure, which was Pg,, using Liver software by
Biomedical Science. In each experimental group, P4, 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 (Rpos) resistances were calculated as follows:

R[ = (Pp\' - th)/va (])
Rprc = (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 Py, and Py, of all four groups of anesthetized rats.
After an antigen injection in the intact sensitized group, Py, and
P, simultaneously began to increase and decrease, respec-
tively. Py, 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,O at 2.5 min after antigen and then
gradually decreased to 10.9 = 1.9 cmH,O at 20 min. After that,
Ppy remained at this level, which was not significantly different
from the baseline. The postantigen period of up to 20 min
during which P, 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 15 shows a
representative example in the GI-HptX sensitized group. The
mean Py, 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 (Pg,) and portal
venous pressure (P,y) 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,0O. 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
Py, nor the P, 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 = 3.1 g
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 P, 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 Py, of 3.3 = 0.3
cmH»O that was significantly higher than that of the baseline of
23 = 0.1 cmH;0. Therefore, the Pp,-to-Pq, gradient (in
conjunction with the flow) defined the portal presinusoidal
resistance (Ryre, Eq. 2). This resistance increased markedly
from a baseline of 4.7 = 0.2 to 18.1 = 4.9 cmH,0, whereas the
Pao-to-Pny gradient, the indicator of Ry, increased minimally,
but significantly, from the baseline of 1.8 = 0.1 to 2.8 = 0.3
c¢cmH>O (Fig. 4). Thus Ry increased by 250% the baseline
from 0.13 = 0.02 to 0.52 = 0.19 cmH,O*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~'-10 g liver wt™! (Fig. 4). This indicates that an injection
of the antigen almost selectively increased Rpr rather than
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Rpost, as reflected by a significant increase in the Rpre-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 Py, 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
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elimination of the blood flow to the liver and splanchnic organs
attenuated the antigen-induced decrease in P, 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
Ps. (Fig. 2). The mechanism for the beneficial effect of GI-

Fig. 4. Summary of changes in hepatic
vascular pressures, liver weight changes,
and pre (Rpre)- and post (Rpost)-sinusoi-
dal resistances after antigen injection in
isolated perfused rat livers. Means =
SD; *P < 0.05 vs. baseline and the
control group. Pgo, double-occlusion
pressure; Pny, hepatic venous pressure;
®, anaphylaxis group; O, control group.
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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 Pg, 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 Pp,. Moreover,
splanchnic arterial ligation would attenuate these responses.
However, there is currently no data that demonstrated splanch-
nic arterial vasodilation during 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 Ps, 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 Pg,, 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 (Pqo; 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.
I, 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 (I mg). An intravenous injection of
antigen (0.6 mg) caused not only a profound decrease in Py, but
also an increase in P,,. 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

AJP-Heart Circ Physiol - VOL 289 « OCTOBER 2005 « www.ajpheart.org

—94—



ROLE OF LIVER IN RAT ANAPHYLACTIC HYPOTENSION

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.

ACKNOWLEDGMENTS

This study was supported by a Grant for Collaborative Research from
Kanazawa Medical University (C2003-1, C2004-1, and C2005-1) and a
Grant-in-Aid for Scientific Research from the Ministry of Education, Culture,
Sports, Sciences, and Technology of Japan (No. 15591665).

REFERENCES

1. Bellou A, Lambert H, Gillois P, Montemont C, Gerard P, Vauthier E,
Sainte-Laudy J, Longrois D, Gueant JL, and Mallie JP. Constitutive
nitric oxide synthase inhibition combined with histamine and serotonin
receptor blockade improves the initial ovalbumin-induced arterial hypo-
tension but decreases the survival time in Brown Norway rats anaphylactic
shock. Shock 19: 71-78, 2003.

2. Brown AFT. Anaphylactic shock: mechanism and treatment. J Accid
Emerg Med 12: 89-100, 1995.

3. Canyon SJ and Dobson GP. Protection against ventricular arrhythmias
and cardiac death using adenosine and lidocaine during regional ischemia
in the in vivo rat. Am J Physiol Heart Circ Physiol 287: H1286-H1295,
2004.

4. Ekataksin W and Kaneda K. Liver microvascular architecture: an
insight into the pathophysiology of portal hypertension. Semin Liver Dis
19: 359-382, 1999.

5. Enjeti S, Bleecker ER, Smith PL, Rabson J, Permutt S, and Trayst-
man RJ. Hemodynamic mechanism in anaphylactic shock. Circ Shock 11:
297-309, 1983.

6. Essex HE. Anaphylactic and anaphylactoid reactions with special empha-
sis on the circulation. In: Handbook of Physiology. Circulation. Bethesda,
MD: Am. Physiol. Soc., 1965, vol. III, chapt. 66, p. 2391-2408.

7. Gaub J and Iversen J. Rat liver regeneration after 90% partial hepatec-
tomy. Hepatology 4: 902-904, 1984.

8. Hines KL and Fisher RA. Regulation of hepatic glycogenolysis and
vasoconstriction during antigen-induced anaphylaxis. Am J Physiol Gas-
trointest Liver Physiol 262: G868—-G877, 1992.

9. Koyama S, Fujita T, Uematsu H, Shibamoto T, Aibiki M, and Kojima
S. Inhibitory effect of renal nerve activity during canine anaphylactic
hypotension. Am J Physiol Regul Integr Comp Physiol 258: R383-R387,
1990.

10. Lee JS, Lee LP, and Rothe CF. Assessing microvascular volume change
and filtration from venous hematocrit variation of canine liver and lung.
Ann Biomed Eng 24: 25-36, 1996.

H1441

11. Ling YQ, Shibamoto T, Honda T, Kamikado C, Hironaka E, Hongo
M, and Koyama S. Increased sinusoidal pressure is associated with early
liver weight gain in ischemia-reperfusion injury in isolated perfused rat
liver. J Surg Res 88: 70-77, 2000.

12. Maass-Moreno R and Rothe CF. Contribution of the large hepatic veins
to postsinusoidal vascular resistance. Am J Physiol Gastrointest Liver
Physiol 262: G14-G22, 1992.

13. Manwaring WH. The physiological mechanism of anaphylactic shock.
Bull Johns Hopkins Hosp 21: 275-277, 1910.

14. Metcalfe DD. Mast cell mediators with emphasis on intestinal mast cells.
Ann Allergy 53: 563-575, 1984.

15. Murthy VS, Zagar ME, Vollmer RR, and Schmidt DH. Pentobarbital-
induced changes in vagal tone and reflex vagal activity in rabbits. Eur
J Pharmacol 84: 41-50, 1982.

16. Ruan Z, Shibamoto T, Shimo T, Tsuchida H, Koizumi T, and Nishio
M. NO, but not CO, attenuates anaphylaxis-induced postsinusoidal con-
traction and congestion in guinea pig liver. Am J Physiol Regul Integr
Comp Physiol 286: R94-R100, 2004.

17. Ruan Z, Shibamoto T, Shimo T, Koizumi T, Tsuchida H, Kurata Y,
Ogura T, and Kubo K. Effects of platelet-activating factor and throm-
boxane A, on isolated perfused-guinea pig liver. Prostaglandins Other
Lipid Mediat 73: 73-85, 2004.

18. Shibamoto T, Narushima M, Ling YQ, Shimo T, Tsuchida H, Kurata
Y, and Ogura T. Different hepatic vascular response to noradrenaline and
histamine between guinea pig and rat. Acta Physiol Scand 180: 255-263,
2004.

19. Shibamoto T and Ruan Z. Chemical mediators responsible for hepatic
vascular anaphylaxis in guinea pigs (Abstract). Jpn J Physiol 53: S167,
2003.

20. Shibamoto T, Wang HG, Miyahara T, Tanaka S, Haniu H, and
Koyama S. Pre-sinusoidal vessels predominantly contract in response to
norepinephrine, histamine, and KCl in rabbit liver. J Appl Physiol 87:
1404-1412, 1999.

21. Siren AL and Feuerstein G. Effects of PAF and BN 52021 on cardiac
function and regional blood flow in conscious rats. Am J Physiol Heart
Circ Physiol 257: H25-H32, 1989.

22. Urayama H, Shibamoto T, Wang HG, and Koyama S. Thromboxane
A analogue contracts predominantly the hepatic veins in isolated canine
liver. Prostaglandins 52: 484—495, 1996.

23. Wagner EM, Mitzner WA, and Bleecker ER. Peripheral circulatory
alterations in canine anaphylactic shock. Am J Physiol Heart Circ Physiol
251: H934-H940, 1986.

24. Wang HG, Shibamoto T, and Koyama S. Effect of platelet-activating
factor on hepatic capillary pressure in isolated dog liver. Prostaglandins
Leukot Essent Fatty Acids 57: 293-298, 1997.

25. Weil R. Studies in anaphylaxis. XXI. Anaphylaxis in dogs: a study of the
liver in shock and peptone poisoning. J Immunol 2: 525-556, 1917.

26. Yamaguchi Y, Shibamoto T, Hayashi T, Saeki Y, and Tanaka S.
Hepatic vascular response to anaphylaxis in isolated canine liver. Am J
Physiol Regul Integr Comp Physiol 267: R268§-R274, 1994.

AJP-Heart Circ Physiol « VOL 289 « OCTOBER 2005 - www.ajpheart.org



. WA« IREORT L\ WERERIS K OTPRERIRZIEOMESL & 4y FATHRIRIE & 48 L IR R
BT ORFEICEET D098 WHFEE5- C2003-2)

. F—U—FK: 1) g (lung cancer)

2) 3 TIEREE (molecular targeting therapy)
3) AEAEXHE (virtual bronchoscopy)

4) FDG PET (FDG PET)

5) furanonaphthoquinone F5E44& (conductor of furanonaphthoquinone)

- WRFRRERAE R KRR - RS - % - SRR (RERE )
WERE AT L b - ARBIEFEIIERT - 2d% - S FREG AT
RS - R - % - JRERRRS: O EEE)
T - RS - 2 - PPRRRETEIRS: (R AR
PN TElR « RS - Bhagdsz - PPIRBRRETEIR T (PP M)
PR - BIROREF « [REEED - SRR - ORI
FARk B« SEtmE IR o — (TEFER)
2R - HEERREE « RS - BhF - e

. WFZE Y
Tk 1 SAFEEEORHEIZ L HFELEHEILS 6 0 0 0 AN EHEFEDO—(1% 5, S HIHIMERIC S 5.,

FEEDIRRBHRRI IR T, BRE E L0, FiBEO TR AUGET D720l Filo/eazWnt

BIWNEEEDORFEN AR Ch D, AFEOBRIL, LFO 1), 2), 3), 4) IZLV#Hi-7e

L L ONRIREE B UIEO TRUGEICEH 5T 5 2 L Th D,

1) FE KRRt ORI B D HERREE R A BN L, Filo s TR A HEm
LT/ - BB FARET D, (Y 47k )

2) MR ORE B L multi detector CT & AWV RAEKE SCHENIMG A AT H Z LI
L0, R iR DM I/ AR E A LT D, (Y (1)

3) MDA FHIREZ R X . IO /WS en G2 E A BT - fENLT D, (HE2Y @ B,
AR, RARK, ED)

4) HLEIEER L L furanonaphthoquinone #2844 (J103) 127 H L. furanonaphthoquinone
FHEAR (J103) Dfitizs AABIU IR DHUESARZBA LN L, T ORISR 5, (5
Gisy)

. WF e E

1) FEINHIEREEOE & LT po3 B EE(E IOV CEIn B, AT 25, T
FiiEE AR AS49 | ZI51T B n T RELOHIEIE ORI 2175 (1Y - 1T h)
laser—captured microdissection / real time RT-PCREIZ X A Miisrictmsittl) 05 D mRNA
[N & ERBHIEZ NS D, E72, TALPAT{EZINA & nRNA 2D DRI FHEL T 7 7 7
AV VBN D, S DI, N 7 1 7 Ly 3 5 AR LB FHEOD cDNA
T VAR K DR &R L~V CORGRERTT O, (Y EH)

—97—



2) (ARG SBROARFH N BE T 2 g SR O Biise A Wz L, FEBRORERICRIESS
FJOSHRRERIRZAT 5, (RABSAE SRR B U CREL A DB PRS2 3T L, FREEMU
SRR D B AR D, (Y 1)

3) FE/ NIRRT OYEFEIR - & < ICmEHAEIRF (vascular endothelial growth factor,
angiopoietin-2) DFEBLAME L. FDG PET (T X W HIE L7 HE(GNEM: & ORSELZ B BN
Do ZIUTEY | S AERNEREE & AZIEFAER T AR & U7 BRERIOES A 52N
Do (Y B /MK, Rk, Z6)

4) furanonaphthoquinone FHEAAK (J103) Dftiz s AR k- D HUEE IS % in vitro DFEERR T
LML, ZOMMAIRAT S, (Y - 1)

6. BF 78 Al R

1) p2l OFEET—F =TIV T =7 —PBETFEETAHLR—F—7F X3 FEEOANT
mRNA A L, 24D AR AB49 (BT 5 Z LT Ko T, FERAY B RSB OfE
MrOSFTREIC 2 o7, (P 47 k)
cDNA 7 LA GBI L 7o8m P 38% ., real time RT-PCRIKICE WIGECE 72, (HY : kM)
MMP-2, -3, —14, TIMP-1|ZBL T, laser—captured microdissection / real time RT-PCR %
IR UsiRe - VAR O s 5B A it L7, (FHY =)
Jiti fieE O R IZBiE % Aquaporin A nFEE O AR RAVFEBL L laser—captured
microdissection / real time RT-PCRIZXVHHSNC Uiz, (FBY . FH)

2) (ARKE SCBENIRGI B U CliL e OB RS20 T L, R INEAZ B2 s
Hamat Uiz, FEEOMERF 8 FllzATV, ZOfERA FMMFhI e S (Y« &)1),

3) Mo mEF AR Cdh D vascular endothelial growth factor <° angiopoietin—2 MDIEH,
OFREEIREOTEMEELC KV 720 | FHT angiopoietin—2 DIEEL)NGRY VitiEal TEMEEE & <
TALRDEENZ LB O LTz, F72. FDGPET CHIE L7- il OfE NSl X angiopoietin-2
OFBEAEA L W=, ZDZ EDn, FDG PET 12XV angiopoietin—2 Z4EAg & L 7-FHEESK
DEISERETEDZ EAVHBA L -, (EY B, /MK, f8Rk, %)

4) furanonaphthoquinone FFEHA(J103) IXt Al H REFES M (A549) |2k L CHUBE R 2
RUTZ, ZD AT =X NIEHII 51T 5 Fas (CD95/APO-1) SZZADI BRI L 5 © O TH
Y. Fas/Fas ligand ¥ AT LA&EINTHT R b— AOEENNGHH Z E#FEH L7, b Mifilg
A HIGHNE (A549, LCSCH 124U\ T, JUBERT ARy NIZHAREY T U 2n~ A v 2
T 5 L MRy ROPUEENFIIHEE Lz, ZOFEAIE in vivo ~ 7 A T H KRR 5
e, ZOMRITT AR b— ZAFEOHEMZAE->TERY | 7R h— AHfEGEDF 7 m—
I THROXIAPHIHN & 5 Z & AR S 077, ABA9 | 20 FAZHIRIREE Cdb 5 epidermal growth
factor receptor (EGFR) PHEIEA P59 % & EfRIFIHE CIEEHGEIIHIER 27~ L7223, [RIRE
(ZIL-8 73 hsEn L, IL-8 mRNA FEERLBHETR L7, AT 1A NI Z D IL-8 A Sl S
L7c, DA EO3EANHEE o REOR LWV 28 D B FIREMEZ S > TV D EE X b, 4
% MNERAA D =R L E SBITALINTTHZ L2k, BERASHAIGCE 5, (Y : #)

7. WROELE - KA
LT SEEEORERE LT, £ IR A549 2 VT pb3 BEREE ST & 72 % p21 BnFHEHA~

—98—



DEBLAARDL T A R WMaNr U=, F7-. laser-microdissection / real time RT-PCR &I
K DI REARG & SO S HEFR EHIRR OB m FRBIE 2 L LT, 2D 3ot 2B
D LR THEOS R DITICARAI R Th D, 5. ZbOREL VS < O EE
(B HEE T 5T ETH D,

Fiz, MBHRORE B E multi detector CT % WV AARABGE BN RE A A EHES 2
LITXRY, —BANCIIREE L SN D AR MR ORI FTEE Ch 2 Z LA BN G
720 ZOFEDKEEY NTEOZWHER 7] L S A FREMA VB SV, L UEBE VD
72K BB I BITEFZHES LIRS 2 0 & D,

FEED M EFT AR T Cd % angiopoietin-2 | IAHEEDRMEREE & 58\ BEEN & V) B O\ i
FEDIERIZ I angiopoietin-2 ZAFHI & LT FIFANRIEN AL CTHH Z EAVRIB S, F7e,
angiopoietin-2 DOFEBUIMREDOHERFH & ©FAEIA G V) | FDG PET liffiZ X ¥ angiopoietin-2 MFE
HAIHFEAGGHTCE 5 2 & oSy, L LATEIT angiopoietin-2 FERITI A L /37 L
VDB TOFUETE Y mRNA LY OIS MNETH 5,

X 5T, furanonaphthoquinone FFRE(A (J103) DAY AN IS AHUHEERNEDS in vitro D
FEERRTIH O E 720 B LV ISR & L C furanonaphthoquinone $58(A (J103) NWEETH
52 ENRERI N, L LATEILin vitro DADFEERTH U | BI85 COFHUMNLEETH 5D,
SBEHA I = A L% S HITHALNCTHZ LIZL 0| BRAICH IR CTE 5,

. WFgE 3 R

Higashi K, Ueda Y, Matsunari I, Kodama Y, Ikeda R, Miura K, Taki S, Higuchi T, Tonami H,
Yamamoto I. ''C-Acetate PET Imaging of Lung Cancer :Comparison with ®F-FDG PET and *™Tc-MIBI
SPET, Eur J Nucl Med Imaging 2004; 31: 13-21.  (MLDB)

Guo J, Higashi K, Yokota H, Nagao Y, Ueda Y, Kodama Y, Oguchi M, Taki S, Tonami H, Yamamoto
I. Invitro proton magnetic resonance spectroscopic lactate and choline measurements, F-18

FDG uptake, and prognosis in patients with lung adenocarcinoma. J Nucl Med 2004; 45:
1334-1339.  (MLDB)

Higashi K, Ito K, Hiramatsu Y, Ishikawa T, Sakuma T, Matsunari I, Kuga G, Miura K, Higuchi
T, Tonami H, Yamamoto I.1sF-FDG uptake by primary tumor as a predictor of intratumoral
lymphatic vessel invasion and lymph node involvement in non—small cell lung cancer:
analysis of a multicenter study, J Nucl Med 2005; 46: 267-273.  (MLDB)

ENSERR, BERER, fth, 0 T RIRFEFEAE 6 D (RAEEE 005 & M s s 2
W2 CT T A REIAERE,  Massiel 20045 570 1121-1125.

HOKRR, WARR—BA, _EEERE, f)IoefR, M EBUAL 1k fb FDG PET 12 X Btz
EVRIEIEDEIR, AAEFEESSMES 2005; 428 37-39.

—99_



Original article

11C-acetate PET imaging of lung cancer:
comparison with 18F-FDG PET and °°mTc-MIBI SPET

Kotaro Higashi', Yoshimichi Ueda2, Ichiro Matsunari®, Yuko Kodama', Ryosuke lkeda3, Katsuyuki Miura#,
Suzuka Taki!, Takahiro Higuchié, Hisao Tonami?, Itaru Yamamoto!

1 Department of Radiology, Kanazawa Medical University, Uchinada, Kahokugun, Ishikawa, Japan
2 Department of Pathology, Kanazawa Medical University, Ishikawa, Japan

3 Department of Urology, Kanazawa Medical University, Ishikawa, Japan

4 Department of Public Health, Kanazawa Medical University, Ishikawa, Japan

5The Medical and Pharmacological Research Center Foundation, Hakui, Ishikawa, Japan

6 Kanazawa Cardiovascular Hospital, Kanazawa, Ishikawa, Japan

Received: 13 June 2003 / Accepted: 4 August 2003 / Published online: 22 October 2003

© Springer-Verlag 2003

Abstract. Recently carbon-11 acetate (AC) positron
emission tomography (PET) has been reported to be of
clinical value for the diagnosis of cancer that is negative
on fluorine-18 fluorodeoxyglucoce (FDG) PET. We in-
vestigated the uptake of AC in lung cancer to determine
whether this tracer is of potential value for tumour detec-
tion and characterisation, and to compare AC PET imag-
ing with FDG PET and technetium-99m sestamibi
(MIBI) single-photon emission tomography (SPET).
Twenty-three patients with 25 lung cancers underwent
AC and FDG PET. Twenty of 23 patients were also in-
vestigated with MIBI SPET. Dynamic images were ac-
quired for 26 min after the injection of 555 MBq of AC.
Standardised uptake values (SUVs) and/or tumour to
non-tumour activity ratios (T/N) for each tumour were
investigated at 10-20 min after AC administration,
40-60 min after administration of 185 MBq FDG and
15-45 min after administration of 555 MBq MIBL
Twenty lung cancers were resected surgically, and the
degree of tracer uptake in the primary lesion was corre-
lated with histopathological features (cell dedifferentia-
tion and aggressiveness) and prognosis. Rapid uptake of
AC followed by extremely slow clearance was observed.
For the purpose of tumour identification, AC PET was
inferior to FDG PET in 8 of 25 (32%) lung cancers, and
the T/N of AC was lower than that of FDG. However,
AC PET was superior to FDG PET in the identification
of a slow-growing tumour (bronchiolo-alveolar carcino-
ma). There was a positive correlation between AC up-
take (T/N) and MIBI uptake (T/N) (r=0.799, P<0.0001).
A positive correlation was not observed between either
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AC or MIBI uptake and the degree of cell dedifferentia-
tion in lung adenocarcinomas, whereas FDG uptake did
correlate with the degree of cell dedifferentiation. In
lung adenocarcinoma, there was a weak correlation be-
tween aggressiveness and FDG uptake, but no correla-
tion was evident for AC and MIBI. In addition, a posi-
tive correlation was not observed between AC or MIBI
uptake and postoperative recurrence in lung adenocarci-
noma, whereas FDG uptake did correlate with postopera-
tive recurrence. Thus, the greater the FDG uptake, the
higher the malignant grade. In conclusion, for the pur-
pose of tumour identification, AC PET was inferior to
FDG PET but superior to MIBI SPET. Neither AC nor
MIBI uptake reflects the malignant grade in lung adeno-
carcinoma, whereas FDG uptake does. AC PET is less
diagnostically informative than FDG PET in patients
with lung cancer. However, AC PET may play a comple-
mentary role in the identification of low-grade malignan-
cies that are not FDG avid.

Keywords: Lung cancer — !C-acetate PET — 8F-FDG
PET - 99mTc-sestamibi SPET

Eur J Nucl Med Mol Imaging (2004) 31:13-21
DOI 10.1007/s00259-003-1326-7

Introduction

In tumour imaging using fluorine-18 fluorodeoxyglucose
(FDG) positron emission tomography (PET), FDG is av-
idly taken up by tumour cells because cancer tissue con-
sumes a large amount of glucose as an energy source [1].
FDG uptake has been found to reflect cell dedifferentia-
tion [2, 3], proliferative potential [4], aggressiveness [5]
and prognosis [6] in patients with lung cancer. Unfortu-
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nately, some low-grade lung malignancies, such as bron-
chiolo-alveolar carcinomas [3] and carcinoid tumours
[7]1, may not be reliably imaged using FDG PET. The
poor performance of PET using FDG in this context is
likely related to the low glucose metabolic rate of these
relatively slow-growing tumours. The limitations of
FDG warrant the development of better imaging radio-
pharmaceuticals.

Increased technetium-99m sestamibi (MIBI) concen-
tration in lung tumours has been supported by several
clinical studies [8, 9, 10]. Experimental observations
have shown that the in vivo distribution of MIBI not a
simple function of blood flow but rather represents a
metabolic function. In particular, cellular uptake of MIBI
is mainly related to its lipophilicity and membrane po-
tentials, and MIBI is subsequently taken up into mito-
chondria [11, 12]. A significant advantage of MIBI as a
tumour-seeking agent is its labelling with 9°mTc, which
renders it more suitable for radionuclide imaging com-
pared with previously used tracers such as gallium-67
and thallium-201 [13].

Recently, carbon-11 acetate (AC) has been reported to
show high uptake in tumour tissue [14, 15, 16, 17, 18,
19, 20, 21, 22]. Shreve et al. [15] reported that renal car-
cinomas demonstrate similar uptake of AC to normal and
diseased non-neoplastic renal tissue but a substantially
reduced rate of clearance, allowing for clear differentia-
tion of renal carcinomas from non-neoplastic renal tis-
sueon image frames acquired beyond 10 min after tracer
administration. Oyama et al. [17] reported that AC
showed marked uptake in prostate cancer that was nega-
tive on FDG PET. AC is more sensitive in the detection
of prostate cancer than is FDG PET. Recently, Ho et al.
[22] reported that AC has a high sensitivity and specific-
ity as a radiotracer and is complementary to FDG in the
PET imaging of hepatocellular carcinoma (HCC). They
found that well-differentiated HCCs are detected by AC
and poorly differentiated types are detected by FDG. AC
may thus play a complementary role in the identification
of tumours that are not FDG avid.

The purpose of this study was to investigate the feasi-
bility of using AC for the detection and characterisation
of lung cancers, and to compare AC PET with FDG PET
and MIBI SPET.

Materials and methods

Patient preparation. After approval of our protocol by our institu-
tional human use committee, 23 patients with 25 histologically
confirmed lung cancers were studied. Tumour diameter varied be-
tween 1.2 and 7.0 cm. The 25 lung cancers consisted of 18 adeno-
carcinomas, five squamous cell carcinomas and two large cell car-
cinomas. Written informed consent was obtained from all patients.
All patients were investigated with both AC PET and FDG PET.
Twenty of the 23 patients were also investigated with MIBI SPET
within 1 week.

Radiotracer preparation. 1'1C was produced by proton bombard-
ment of N,. The resultant ''CO, was then reacted with methyl
magnesium bromide. Radionuclide purity of AC was greater than
98%, and radiochemical purity determined by high-pressure liquid
radiochromatography was consistently greater than 95%. 8F was
produced by 2°Ne (d, o) '8F nuclear reaction, and FDG was syn-
thesised by the acetyl hydrofluorite method.

Imaging protocol. PET scanning was performed with a dedicated
PET camera (Headtome 1V, Shimazu, Kyoto, Japan) with a 10-cm
axial field of view. The Headtome IV has four detector rings with
768 bismuth germanate (BGO) crystals per ring. It uses direct and
cross-plane coincidence detection to generate 14 slices per bed po-
sition. Reconstruction in a 128x128 matrix using a Hann filter (0.5
cut-off) yielded 5-mm intrinsic resolution at the centre. Transmis-
sion scans were obtained in all subjects for attenuation correction
by using a germanium-68 ring source. A transmission scan was
acquired for 10-20 min, depending on the specific radioactivity of
the ring sources at the time of the study, for at least 2 million
counts per slice. Immediately after the transmission scan, AC
(555 MBq) was administered intravenously, with simultaneous ini-
tiation of 26 min of dynamic emission imaging. The image se-
quence included four 30-s imaging frame acquisitions followed by
eight 60-s frames, and then eight 120-s frames.

FDG PET was performed within a week of AC PET study. All
patients fasted for 6 h before scanning. Blood (1 ml) was drawn
for baseline blood glucose estimation, and the data were recorded.
Immediately after the transmission scan, FDG was administered
intravenously. The average injection dose of FDG was 185 MBq.
In this study, the body weight of the patients ranged from 37.0 kg
to 78.6 kg, with a mean of 53.4 kg. The injection dose of FDG
was reduced because of a low body weight. After a 40-min uptake
period, an emission scan was acquired over a 20-min period.

MIBI SPET was also performed within a week of AC PET
study. With the subject at rest, 555 MBq of MIBI was injected into
a peripheral vein, and MIBI imaging was begun 15 min later.
SPET was performed using a dual-headed rotating gamma camera
system (PRISM 2000XP, Picker, Cleveland, OH) equipped with a
high-resolution collimator, collecting 30 projection images for
40 s each over 360° by using a 128x128 matrix. The total acquisi-
tion time was approximately 30 min. The intrinsic resolution was
15 mm full-width at half-maximum at the centre. The slice thick-
ness was 5.8 mm. A series of transverse slices was reconstructed
with filtered back-projection using a Ramp Hanning filter with a
cut-off frequency of 0.5 cycles/pixel. No attenuation correction
was performed.

Data analysis. Attenuation- and decay-corrected images were re-
constructed transaxially and displayed in a 128x128 matrix. We
evaluated the images visually using a computer display of the
transaxial reconstructions of the entire dynamic sequence. In all
patients, correlative CT scans were available for comparison to aid
in locating focal pathologies which were not tracer avid. For semi-
quantitative analysis of the AC and FDG uptake, regions of inter-
est (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 that had uptake values of greater than 90% of
the maximum uptake in that slice, and the average count rate in
each ROI was calculated. In patients in whom no nodules were de-
tectable by PET, the ROI was extrapolated from chest CT scans.
After correction for radioactive decay, we analysed the ROIs by
computing the standardised uptake values (SUVs), PET counts/
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pixel/s X calibration factor/injected dose (MBq)/body weight,
where the calibration factor = (MBq/ml)/(counts/pixel/s). We also
calculated the tumour to non-tumour activity ratio (T/N). The
SUVs and T/N of AC were calculated from the dynamic images at
10-20 min post injection of AC. To estimate the clearance of AC
from lung cancer, we used a method based on the original report
of Yeh et al. [19]. Using the time-activity curve, we calculated the
clearance rate of AC from a lesion as 0.693/T,,. We investigated
the SUVs and T/N for each tumour for tracer activity at
40-60 min after FDG administration. For semiquantitative analy-
sis of MIBI SPET, the radioactivity was measured for areas of the
tumour showing the highest MIBI accumulation and the homolo-
gous contralateral normal lung to calculate the tumour to non-
tumour activity ratio of the activity (T/N).

For visual inspection, we used a method based on the original
report of Liu et al. [21]. The clearly visualised tumours with a T/N
greater than 2.5 were defined as (+), and the visualised tumours
with a T/N less than 2.5 were defined as (+/-). Non-visualised
tumours were defined as (—).

Histopathological features. Twenty lung cancers were operated
on. The surgically resected specimens were routinely fixed in 10%
formalin and embedded in paraffin. All of the 5-mm sections were
stained with haematoxylin-eosin and then examined by light mi-
croscopy. Fifteen of the 20 operated lung cancers were adenocarci-
nomas. Cell dedifferentiation and aggressiveness (i.e. pleural in-
volvement, vascular invasion, lymphatic permeation and/or nodal
involvement) were also estimated. Lung cancers with any one of
these features were considered to be aggressive. The degree of
tracer uptake in the primary lesion was correlated with these histo-
pathological features in 15 lung adenocarcinomas.

Prognosis. Patients were monitored bimonthly at the outpatient
clinic after surgery. Disease-free survival time was defined as the
interval from the date of operation until recurrence or the last fol-
low-up date.

Statistical analysis. Means of paired values among three groups
were compared by two-way ANOVA, and multiple comparisons
were made by Scheffe’s method. Unpaired mean values between
two groups were compared by the non-parametric Mann-Whitney
test, because the power of Student’s ¢ test is inappropriate when
the sample size is small. Pearson’s correlation coefficients were
calculated to look at simple correlations.

Results

Table 1 summarises the radionuclide and pathological
findings for the 25 lung cancers studied.

AC PET imaging

A sample lung cancer time-activity curve is shown in
Fig. 1. For comparison, the tissue time-activity curve of
normal myocardium is included. There was rapid AC up-
take followed by extremely slow clearance of AC from
lung cancer, in contrast to rapid clearance from the myo-
cardium. On dynamic AC PET, maximal tracer activity
and optimal target to non-target activity were achieved
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Fig. 1. Tissue time-activity curves of normal myocardium and
lung cancer (patient no. 11) after administration of !'C-acetate.
Myocardium rapidly cleared the tracer, while lung cancer showed
substantial relative retention of the tracer

p<0.0001

§ 3 n.s.
N T
. ]

FDG AC MiBli

Fig. 2. Multiple comparisons among FDG, AC, and MIBI uptake
(T/N) in lung cancers

rapidly within 10 min of tracer injection. The clearance
of AC from lung cancer was extremely slow, and the
mean clearance rate of lung cancer was 0.019+0.024.
Lung cancer showed variable uptake of AC, with SUVs
ranging from 0.14 to 5.50 at 10-20 min after AC admin-
istration.

Comparison of AC PET with FDG PET

Tables 2 and 3 show the results of visual inspection for
the 25 lung cancers studied. For the purpose of tumour
identification, AC PET was inferior to FDG PET in 8 of
25 (32%) lung cancers (Table 2), and the mean T/N ratio
of AC (3.49+2.34) was significantly lower than that of
FDG (7.84+5.61, P<0.0001) (Fig. 2). A representative
case is shown in Fig. 3: this poorly differentiated adeno-
carcinoma with huge central necrosis (patient no. 15)
showed weak AC uptake (SUV of 2.09 and T/N of 1.63)
but was FDG avid (SUV of 5.97 and T/N of 10.2). How-
ever, AC PET was superior to FDG PET in the identifi-
cation of a slow-growing tumour (bronchiolo-alveolar
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Fig. 3A-D. Patient 15: poorly
differentiated adenocarcinoma
with huge central necrosis,

5.5 ¢cm in maximal diameter,
pathological stage 1B
(T2NOMO), aggressive lung
cancer (vascular invasion +).

A CT shows a large mass in the
left lung. B AC PET shows
weak accumulation (SUV, 2.09;
TIN, 1.84). C FDG PET shows
strong ring-like accumulation
in the mass lesion (SUV, 5.97;
T/N, 10.20). D MIBI SPET
shows a negative result. The
patient suffered a recurrence

in the brain 11 months after
surgery

Fig. 4A-D. Patient 1: bronchi-
olo-alveolar carcinoma, 2.6 cm
in maximal diameter, patholog-
ical stage 1A (TINOMO), non-
aggressive lung cancer. A CT
shows a nodule in the left lung.
B AC PET reveals good visual-
isation of the nodule (SUV,
1.82; T/N, 2.90). C FDG PET
does not reveal any lesions
(SUV, 0.93; T/N, 1.00).

D MIBI SPET shows weak
accumulation (T/N, 1.85) in
the lung cancer. The patient
suffered no recurrence, and was
alive 33 months after surgery
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Table 2. Results of visual inspection for the 25 lung cancers stud-
ied: comparison of AC PET and FDG PET

FDG
+ +/— -
AC + 15 0 12
+/— 8 0 0
- 0 0 1

a Bronchiolo-alveolar carcinoma

Table 3. Results of visual inspection for the 25 lung cancers stud-
ied: comparison of AC PET and MIBI SPET

MIBI
+ +/— -
AC + 5 9 1
+/— 0 4 2
- 0 1 0
8
r=0.799 o

n=22

MIBI ((T/N)

0 T T T T T
0 2 4 6 8 10 12

AC uptake (T/N)

Fig. 5. Correlation between AC and MIBI uptake (T/N). The T/N
ratio of AC was significantly correlated with that of MIBI
(r=0.799, P<0.0001)

carcinoma) (Table 2). Figure 4 shows images of the pa-
tient (no. 1) with bronchiolo-alveolar carcinoma. FDG
PET showed no uptake in the lung cancer, with an SUV
of 0.93 and a T/N of 1.00, whereas AC PET showed
higher uptake, with an SUV of 1.82 and a T/N of 2.90.

Comparison of AC PET with MIBI SPET

Table 3 shows the results of visual inspection for the 22
lung cancers studied. For the purpose of tumour identifi-
cation, AC PET was superior to MIBI SPET in 12 of 22
(54.5%) lung cancers (Table 3), whereas the mean T/N
ratio of AC (3.49+2.34) was not significantly higher than
that of MIBI (2.19+1.35) (Fig. 2). The T/N ratio of AC
was significantly correlated with that of MIBI (r=0.799,
P<0.0001) (Fig. 5). Representative cases are shown in
Figs. 3 and 4. In the FDG-avid, poorly differentiated ad-
enocarcinoma shown in Fig. 3, both AC PET and MIBI
SPET revealed weak uptake. Conversely, in the slow-
growing bronchiolo-alveolar carcinoma shown in Fig. 4,
both AC PET and MIBI SPET showed higher uptake
than FDG PET. Thus, there was a positive correlation
between AC and MIBI uptake.

Correlation between tracer uptake and histopathological
features and prognosis

Ten of 15 operated lung adenocarcinomas were bronchi-
olo-alveolar carcinoma or well-differentiated adenocarci-
noma, and five were moderately to poorly differentiated
adenocarcinoma. A positive correlation was not ob-
served between AC, MIBI uptake and the degree of cell
dedifferentiation of lung adenocarcinoma (Fig. 6A, C).
In contrast, mean FDG uptake (SUV) of moderately to
poorly adenocarcinomas was significantly higher than
that of bronchiolo-alveolar carcinomas and well-differ-
entiated adenocarcinomas (Fig. 6B). Thus, FDG uptake
correlated with the degree of cell dedifferentiation.

A B C
5 10 5
° n.s. p=0.005 n.s.
44 8+ 4+ 6]
3 ° . |3 g
L 3 S 6 o £ 34 o
L ° b ®
2 ° o i 3
s <] ° o s o
3 2 8 8 g a4 8 g 2- ° o
3 [¢] 0] - 0
Q [=1 = o
< ™ é = °
14 24 <} 14 o
[¢)
0 ] 0
BAC-Well Mod.-Poorly BAC-Well Mod.-Poorly BAC-Well Mod.-Poorly
(n=10) (n=5) (n=10) (n=5) (n=9) (n=5)

Fig. 6A—C. Correlation between cell dedifferentiation and tracer
uptake in lung adenocarcinoma. No significant correlation was ob-
served between AC (A) or MIBI (C) uptake and cell dedifferentia-
tion. In contrast, FDG uptake by moderately to poorly differentiat-
ed adenocarcinomas (Mod.-Poorly) (5.59+1.58) was significantly

higher than that by bronchiolo-alveolar carcinomas and well-dif-
ferentiated carcinomas (BAC-Well) (2.4+0.959) (P=0.005) (B). All
three lung adenocarcinomas with FDG SUV >5 were moderately
to poorly differentiated
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A B c
5 10 5
o
n.s. - .s.
4 s p=0.064 ° 4 n.s 6
s S s E
3 3 8 3 6 0 v °
$ o o £ | 8
[} Q
£ 2 8 8 B 4+ ° 8 3 27 0 )
3 3 o o
o © 8 = o
< 44 2 Q © 1 o
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o
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Non-aggressive  Aggressive Non-aggressive  Aggressive Non-aggressive  Aggressive
(n=8) (n=7) (n=8) (n=7) (n=8) (n=6)

Fig. 7A-C. Correlation between aggressiveness (vascular inva-
sion, pleural involvement, lymphatic permeation and/or nodal in-
volvement) and tracer uptake in lung adenocarcinoma. No correla-
tion was observed between AC (A) or MIBI (C) uptake and ag-

gressiveness, whereas FDG uptake by aggressive lung adenocarci-
nomas (4.63+2.11) was slightly higher than that by non-aggressive
ones (2.52+1.02) (P=0.064) (B). All three adenocarcinomas with
FDG SUV >5 were aggressive

A B c
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Recurrence (-)  Recurrence (+) Recurrence (-) Recurrence (+) Recurrence () Recurrence (+)
(n=12) (n=2) (n=12) (n=2) (n=12) (n=2)

Fig. 8A—C. Correlation between postoperative recurrence and
tracer uptake in lung adenocarcinoma. No correlation was ob-
served between AC (A) or MIBI (C) uptake and postoperative re-
currence. In contrast, FDG uptake by lung adenocarcinomas with
postoperative recurrence (7.01+1.47) was significantly higher than
that by lung adenocarcinomas without postoperative recurrence
(2.84+1.27, P=0.028) (B)

Seven of 15 operated lung adenocarcinomas were ag-
gressive, and eight were non-aggressive. There was no
significant difference between aggressive and non-ag-
gressive lung cancers with respect to AC (Fig. 7A) and
MIBI (Fig. 7C) uptake. However, mean FDG uptake
(SUV) of aggressive lung cancers was slightly higher
than that of non-aggressive lung cancers (Fig. 7B),
though the difference was not significant (P=0.064).

Postoperative recurrence was observed in 2 of 14 pa-
tients with surgically resected lung adenocarcinoma
(nos. 14 and 15). AC (Fig. 8A) and MIBI (Fig. 8C) up-
take did not differ significantly between lung cancer with
recurrence and lung cancer without recurrence after sur-
gery. Mean FDG uptake (SUV) of lung cancers with re-
currence after surgery was significantly higher than that
of lung cancers without recurrence (Fig. 8B).

Thus, in lung adenocarcinoma, the greater the FDG
uptake, the higher the malignant grade, whereas neither

AC nor MIBI uptake reflects the malignant grade in lung
adenocarcinoma.

Discussion

The principal findings of this study are that for the pur-
pose of tumour identification, AC PET was inferior to
FDG PET but superior to MIBI SPET, and that neither
AC nor MIBI uptake reflects the malignant grade in lung
adenocarcinoma, whereas FDG uptake does. AC PET is
less diagnostically informative than FDG PET in patients
with lung cancer. However, AC PET may play a comple-
mentary role in the identification of low-grade malignan-
cies that are not FDG avid.

AC has been known as a positron-emitting tracer for
measurement of oxidative metabolism in the myocardi-
um. As soon as the myocardium takes up AC, it is con-
verted to acetyl-coenzyme A in the mitochondria, fol-
lowed by rapid clearance as carbon dioxide through the
citric acid cycle. The mechanism of high AC accumula-
tion in tumour tissue cells, although as yet unknown, is
thought to be different from that of myocardial uptake.
In an in vitro study, it was reported that AC uptake in tu-
mour cells is caused by enhanced lipid synthesis, and
suggested that AC may be an important probe of the ana-
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bolic pathway of metabolism in cancer tissue [23]. How-
ever, some controversy surrounds this finding. In pa-
tients with prostate cancer, Oyama et al. [17] observed
no relationship between the accumulation of AC and
clinical parameters such as clinical stage and serum PSA
value, whereas they did find a positive correlation be-
tween clinical stage and FDG uptake. These findings in-
dicate that FDG uptake but not AC uptake is associated
with progression of prostate cancer. In an animal study,
Oyama et al. [24] also investigated whether AC and
FDG PET imaging could evaluate early metabolic
changes in prostate tumours following androgen ablation
therapy. They found insensitivity of AC for measurement
of metabolic changes in prostate tumours following
treatment, whereas FDG PET imaging could evaluate
early metabolic changes. Ho et al. [22] reported that
poorly differentiated hepatocellular carcinomas (HCCs)
had lower AC but higher FDG uptake than did well-dif-
ferentiated HCCs. Thus, there was a negative correlation
between AC uptake and malignant potential in HCC.
There was, however, a positive correlation between FDG
uptake and malignant potential. These results cannot be
explained only by the enhanced lipid metabolism that is
associated with the cell membrane because of tumour
growth. In the current study, in one slow-growing
tumour (a bronchiolo-alveolar carcinoma) FDG PET
showed lower uptake than did AC PET (Fig. 4). In con-
trast, a poorly differentiated adenocarcinoma was FDG
avid but showed weak uptake on AC PET (Fig. 3). These
results are concordant with those of Oyama et al. [17,
241 and Ho. et al. [22]. In addition to further basic stud-
ies, a clinical study with a larger number of patients is
needed to clarify the mechanism of AC uptake in lung
cancer.

In the current study, there was a positive correlation
between AC and MIBI uptake in lung cancer (Fig. 5),
and no positive correlation was observed between AC or
MIBI uptake and cell dedifferentiation, aggressiveness
or postoperative recurrence . Tracer Kkinetic analysis
yields parameters associated with both blood flow and
metabolism [15]. However, in lung cancer, AC was ini-
tially rapidly distributed into tissue via the bloodstream,
and there was rapid uptake followed by extremely slow
clearance from lung cancer, in contrast to the rapid clear-
ance from the myocardium (Fig. 1). MIBI is also rapidly
distributed into lung cancer [25], the peak level being
reached within first minute. These phenomena may sug-
gest that both AC uptake and MIBI uptake in lung cancer
are parameters mainly associated with blood flow, rather
than malignant grade.

This study has limitations. First, the study population
was too small for useful comparison of squamous and
large cell carcinomas. Second, the study included only
cases of histologically proven lung cancer. Therefore,
although the true-positive rate could be calculated, the
true-negative rate could not be evaluated. In this respect,
a prospective analysis of patients with suspected lung

cancer may be warranted to compare the diagnostic ac-
curacy of these techniques.

In conclusion, for the purpose of tumour identifica-
tion, AC PET was inferior to FDG PET but superior to
MIBI SPET. AC and MIBI uptake do not reflect malig-
nant grade in lung adenocarcinoma, whereas FDG up-
take does. AC PET is less diagnostically informative
than FDG PET in patients with lung cancer. However,
AC PET may play a complementary role in the identifi-
cation of low-grade malignancies that are not FDG avid.
Further studies using AC PET with a larger number of
patients are needed to determine its ultimate clinical util-

ity.
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In Vitro Proton Magnetic Resonance
Spectroscopic Lactate and Choline
Measurements, 'SF-FDG Uptake, and Prognosis
in Patients with Lung Adenocarcinoma
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It has been reported that "8F-FDG uptake, lactate concentration,
and choline concentration are good indicators of malignant
grade in several different kinds of tumors. In this study, we
investigated the correlation between '8F-FDG uptake in 8F-FDG
PET imaging, lactate concentration and choline concentration
measured by in vitro 'H magnetic resonance spectroscopy
(MRS), and survival probabilities in human lung adenocarci-
noma. Methods: Nineteen patients with lung adenocarcinoma
underwent 8F-FDG PET before surgery. The 'H MRS spectra
were obtained in vitro from methanol-chloroform-water ex-
tracts of lung adenocarcinomas and normal lungs. The ratios of
the lactate (Ry,c) or choline (Rgno) concentration of lung adeno-
carcinoma to normal lung from the same patient were correlated
with the mean standardized uptake value (SUV). The Kaplan-
Meier life table method was used to analyze the relationship
between 8F-FDG uptake, Ry, Reno, @and patient survival prob-
abilities. Results: There was no significant correlation between
mean SUV and Ry, or Ry, in patients with lung adenocarci-
noma. An SUV > 5 means poorer survival probabilities in pa-
tients with lung adenocarcinoma (P = 0.004). A higher R
probably indicates a trend for patients with lung adenocarci-
noma to have poorer survival probabilities; however, Ry, is not
an indicator of survival probability. '8F-FDG uptake significantly
correlated with cell differentiation (P = 0.007), whereas R,,. and
Reho had no correlation with it. Conclusion: No significant cor-
relation was found between SUV and Ry, or R, in patients with
lung adenocarcinoma. Compared with R, and Rg,, measured
by in vitro MRS, 8F-FDG uptake is a better indicator of prog-
nosis in patients with lung adenocarcinoma.

Key Words: '8F-FDG; lung adenocarcinoma; magnetic reso-
nance spectroscopy; lactate; choline; prognosis
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Warburg first discovered that tumors are characterized
by abnormally increased glucose metabolism, with in-
creased production of lactate (caused by glycolysis) (/).
This finding has subsequently been used to clinical and
research advantage.

After "®F-FDG was introduced in clinical settings, PET
with '8F-FDG provided a means for the noninvasive quan-
titative assessment of tumor glucose metabolism in vivo (2).
Recently, accumulative evidence has shown that '*F-FDG
uptake can serve not only as a good diagnostic tool for
tumors but also as a good indicator of proliferative ability
and prognosis in some tumors (3,4), particularly in lung
cancer (5-10).

Lactate, as the end product of anaerobic glycolysis, may
reflect tumor glucose metabolism by another aspect and can
be detected noninvasively by magnetic resonance spectros-
copy (MRS). It has been expected that hot spots on '*F-FDG
images could be matched by hot spots on lactate-concen-
tration MRS images (/7). Although, until now, there have
been no conclusive results about the relationship between
lactate concentration determined by MRS and tumor malig-
nancy, some researchers have found that lactate concentra-
tion has prognostic value in patients with gliomas or cervi-
cal cancers (12,13).

Lung cancer has become the leading cause of cancer
death in Japan and most Western counties. Therefore, the
early and precise prediction of survival probabilities will
facilitate more appropriate therapeutic planning for patients
with lung cancer. Considering that increased glucose me-
tabolism is an outstanding biochemical characteristic of
cancer tissue, we tried to compare the prognostic signifi-
cance of '®F-FDG uptake by '*F-FDG PET imaging (reflect-
ing glucose metabolism) and lactate concentration by in
vitro MRS (reflecting the end product of glycolysis) in this
study. In addition, some reports found that choline concen-
tration can indicate proliferative ability and prognosis in
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some tumors (/4,15), and choline PET has become a useful
diagnostic tool (16-19) clinically. Therefore, we also com-
pared the correlation between choline concentration and
prognosis in patients with lung adenocarcinoma.

MATERIALS AND METHODS

Patients

Nineteen patients (8 male, 11 female; age range, 4878 y; mean
age, 64 y) participated in the study. All patients underwent a
thoracotomy within 4 wk after their F-FDG PET study. Final
diagnoses were established histologically (via a thoracotomy) in
all patients. The sizes of the tumors were determined from the
resected specimens and ranged in diameter from 1.6 to 5.2 cm.
None of the patients had insulin-dependent diabetes, and the serum
glucose levels of all patients just before '*F-FDG injection were
less than 120 mg/dL. Informed consent was obtained from all
patients participating in the study.

18F-FDG PET

8F-FDG PET was performed using a PET camera (Headtome
1V; Shimazu) 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. Reconstruction in a 128 X 128
matrix using a Hann filter (0.5 cutoff) yielded 5-mm intrinsic
resolution at the center. Transmission scans of all subjects were
obtained before '®F-FDG administration for attenuation correction
using a %Ge ring source. A transmission scan was acquired for
10-20 min at each bed position, depending on the specific radio-
activity of the ring sources at the time of the study, for at least 2
million counts per slice. Blood (1 mL) was drawn for the baseline
blood glucose estimation, and the data were recorded. Immediately
after the transmission scan, 'F-FDG was administered intrave-
nously. The average injected dose of '8F-FDG was 185 MBq. After
a 40-min uptake period, the patient was repositioned in the scan-
ner. An emission scan was acquired for 10 min at each bed
position, and the process took a total of 20 min.

For semiquantitative analysis of the '*F-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 that lesion that 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 detect-
able by PET, the ROI was extrapolated from chest CT scans. After
correction for radioactive decay, we analyzed the ROIs by com-
puting the standardized uptake values (SUVs) and PET counts/
pixel/s X calibration factor/injected dose (MBgq)/body weight,
where the calibration factor = (MBg/mL)/(counts/pixel/s).

In Vitro 'H MRS

Human lung cancer specimens were obtained from 19 patients
undergoing scheduled surgical procedures. Noninvolved lung tis-
sue was obtained from all patients at the same time. The surgically
dissected lung tissue was immediately stored in 10% dimethyl
sulfoxide solution at —20°C until use. Specimens ranged in weight
from 20 to 230 mg.

The methanol-chloroform-water extracts were prepared ac-
cording to previously described procedures (20), with some mod-
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ification. Reagent-grade methanol and chloroform (4°C) in a ratio
of 2:1 (v/v; 20 mL/g tissue) were added to the frozen, ground
tissue. The tissue/solvent mixture was allowed to thaw before
being transferred to polypropylene conical tubes. After approxi-
mately 15 min of contact with the first solvents, chloroform and
distilled water were added to the samples in a ratio of 1:2 (6 mL/g
of tissue) to form an emulsion. The samples were then centrifuged
at 13,000 rpm for 20 min. The upper phase (methanol and water)
was separated from the lower (organic) phase using a glass sy-
ringe. The residue from the first tissue extraction was then reex-
tracted and pooled with the original extracted fractions. The total
upper fractions were centrifuged at 3,000 rpm for 10 min, and 0.2
mL of a 1 mmol/L concentration of 3-(trimethylsily)propionic acid
(TSP) was added as an external standard. The supernatant was then
collected and lyophilized for 48 h.

After lyophilization, the dried extract samples were redissolved
with 0.5 mL of D,O in a 5-mm sample tube before the MRS
analysis. The spectra were recorded with a 6.34-T spectrometer
(JNM-EX270; JEOL) at 270.05 MHz for protons. The 1-dimen-
sional proton spectra were acquired after 300 repetitions with
acquisition of 16,000 data points. Quantification was performed by
comparing the integrated TSP signal with the signal of the lactate
and choline in the specimen spectrum after baseline correction.
After the relative concentrations of lactate and choline were de-
termined by spectra analysis, Ry, and Rg,,—the ratios of the
lactate or choline concentration of lung cancer to normal lung from
the same patient—were calculated.

Statistical Analysis

All values are expressed as mean * SD. The differences in
BE-FDG uptake, Ry,, and Ry, between patients with different cell
differentiation were determined using the independent 2-tailed
Student ¢ test. Probability values of less than 0.05 were considered
statistically significant. Correlation was analyzed using the Pear-
son product moment test. Disease-free and overall survival prob-
abilities were calculated with the Kaplan—-Meier life table method.
Differences between survival probabilities were analyzed using the
log-rank test.

RESULTS

For the 19 patients evaluated in this study, the following
data were measured and are summarized in Table 1: clinical,
imaging, and follow-up.

A pair of typical spectra of the methanol-chloroform—
water extracts from a poorly differentiated adenocarcinoma
(PDA) and normal lung tissue (patient 17) are shown in
Figure 1. Relative to the external standard TSP (0 ppm), the
lactate peak and choline peak were located at 1.33 ppm and
3.22 ppm, respectively.

There was no correlation between SUV and Ry, in the 19
patients with lung adenocarcinoma (r = 0.16, not statisti-
cally significant) (Fig. 2A). There was also no correlation
between Ry, and SUV (Fig. 2B).

The 19 patients were classified into 2 groups. Group A
included bronchioloalveolar carcinoma (BAC) and well-
differentiated adenocarcinoma (WDA), and group B in-
cluded moderately differentiated adenocarcinoma (MDA)
and PDA. For 8F-FDG uptake, the mean value of group A
(1.9 = 0.7) was significantly lower than that of group B
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TABLE 1
Clinical, Imaging, and Follow-up Patient Data

Patient Age Histologic Size MRS 8F-FDG  Postoperative Survival interval (mo)

no. y)  Sex type pStage (cm) Riac  Rono (SUV) recurrence Disease-free  Overall Status

1 60 F BAC IA 16 16 13 1.85 - 45 45 Alive

2 66 M BAC B 4.0 141 1.0 2.14 - 34 34 Alive

3 59 F BAC IA 22 09 09 1.20 - 48 48 Alive

4 69 F BAC B 38 12 26 2.78 - 37 37 Alive

5 76 F BAC 1A 20 33 40 1.32 - 50 50 Alive

6 73 F BAC 1A 28 11 20 2.31 - 31 31 Alive

7 61 F WDA 1A 20 15 19 1.24 - 18 18 Alive

8 65 M WDA 1A 28 05 1.9 1.79 - 34 34 Alive

9 48 F WDA 1A 20 33 29 1.78 - 31 31 Alive
10 78 F WDA A 20 21 3.0 1.21 - 23 23 Alive
11 65 F WDA IA 26 32 6.1 1.91 — 35 35 Alive
12 64 F WDA IA 3.0 0.6 2.4 3.25 — 2 2 Alive
13 74 M MDA 1A 18 04 0.6 2.52 + 2 4 Deceased
14 64 M MDA B 36 20 25 5.94 + 21 36 Deceased
15 69 M MDA A 38 19 1.8 4.87 + 8 10 Deceased
16 60 F MDA A 35 26 44 7.06 + 14 19 Deceased
17 50 M PDA B 5.2 1.0 1.8 5.02 + 30 46 Deceased
18 54 M PDA 1A 4.0 35 40 8.29 + 4 5 Deceased
19 73 M PDA 1A 27 11 3.0 8.05 + 38 45 Alive

pStage = pathologic stage; disease-free = time from date of operation until recurrence or the last follow-up date; overall = time from
date of operation until death or the last follow-up date; BAC = bronchioloalveolar carcinoma; WDA = well-differentiated adenocarcinoma;
MDA = moderately differentiated adenocarcinoma; PDA = poorly differentiated adenocarcinoma.

(6.0 £2.0, P = 0.007) (Fig. 3A). There were no differences
in Ry, and R, between groups A and B (Figs. 3B and 3C).

The Kaplan—Meier life table method was used to further
analyze the relationship between 'SF-FDG uptake, Rj,c, Repo
and patient survival probabilities. According to the previous
report (8), the patients were classified into 2 groups: a
high-SUV group (SUV > 5) and a low-SUV group (SUV =
5). The mean lactate and choline concentration ratios of all
tumors were grouped into a high- and a low-lactate class or
a high- and a low-choline class, compared with the median
value of the overall data. A significant difference (P =
0.004) in survival probabilities between the high-SUV
group and the low-SUV group in the disease-free survival
analysis is shown in Figure 4A, and a marginally significant
difference (P = 0.058) in the overall survival analysis is
shown in Figure 4D. As shown in Figures 4B and 4E, there
was a tendency toward a negative correlation between lac-
tate concentration ratio and survival probabilities for pa-
tients with lung adenocarcinoma; however, neither of the
results reached statistical significance in the disease-free or
overall survival analysis (P = 0.281 and 0.178, respec-
tively). No significant differences were found in either the
disease-free or the overall survival probabilities in this study
by choline concentration ratio grouping (Figs. 4C and 4F).

DISCUSSION

BF-FDG PET imaging has been shown to be of value in
the prognostic evaluation of some tumors (3,4). In lung
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cancer, prior studies have shown the importance of 'F-FDG
PET imaging in the assessment of aggressiveness, prolifer-
ative potential, grade of malignancy, and prognosis
(21,22,5-10). A previous study even found that 'SF-FDG
uptake is superior to pathologic stage in predicting relapses
in patients with non—-small cell lung cancer (8). The higher
the SUV of the tumor, the worse the survival probabilities of
the patients. In the present study we classified the patients
into a high-SUV group and a low-SUV group, according to
the former report (8). Compared with the low-SUV group,
the high-SUV group had a worse outcome in this study,
especially in the disease-free survival analysis (P = 0.004).
In addition, the subgroup study showed that '*F-FDG uptake
is significantly different between patients with BAC or
WDA and patients with MDA or PDA (P = 0.007). That
finding demonstrates that '*F-FDG uptake is of value in the
prediction of malignancy in lung adenocarcinoma.

As the end product of anaerobic glycolysis, lactate is
expected to reflect the glucose metabolism of the tumors.
Because the lactate concentration can be detected in the
MRS study, there are expected associations between the
BE-FDG PET study and the MRS study, with the linkage
being the detection of glycolysis (/7). Recently, an in vivo
MRS investigation of brain tumors found that the ratio of
lactate concentration to N-acetyl aspartate was the strongest
prognostic factor in that study. That ratio is a better indica-
tor of survival than are tumor grade and patient age (/2).
This report is also in accordance with that of Walenta et al.
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FIGURE 1. A 50-y-old man (patient 17) with PDA in both

lungs. (A) CT shows that one tumor is in the right pulmonary
apex and one is in the left pulmonary apex. (B) 8F-FDG PET
shows radioactive accumulation in the tumors. SUV is 5.02
(high-SUV group) for the lesion in the right lung. (C and D) MRS
spectra for the lesion in the right lung (C) and for normal lung
tissue from the same patient (D). The final calculated values
were 1.0 (median, 1.9) for R,. and 1.8 (median, 2.5) for Rgye.
Lac = lactate; Cho = choline.

(13,23,24), who found that a higher lactate concentration
means poorer survival probabilities in human cervical can-
cers and a higher incidence of metastasis in head and neck
tumors. In the present study, although the survival analysis
showed that survival was generally longer for patients with

a lower Ry, the difference did not reach statistical signifi-
cance either in the disease-free or the overall survival anal-
ysis. Therefore, compared with the significant correlation
between '8F-FDG uptake and disease-free survival proba-
bilities (P = 0.004), these results demonstrated that Ry, is
not a good indicator of prognosis in patients with lung
adenocarcinoma. In addition, no significant correlation was
found between Ry,. and '®F-FDG uptake in this study. This
discordance has various possible reasons. On the one hand,
although lactate production is known to be higher in prolif-
erating cells than in quiescent cells (25), some reports have
suggested that ¥F-FDG uptake may not necessarily corre-
late with lactate production (26), because increased glucose
use may be due to increased activity of the pentose phos-
phate shunt for increased DNA synthesis (27). On the other
hand, because previous studies have shown that glucose
transporter activity is the major rate-limiting step of !8F-
FDG uptake in some tumors (28,29), including non—small
cell lung cancer (30), those previous findings may partially
account for our current result of no correlation between
8F-FDG uptake and lactate concentration. However, the
underlying mechanism of this discordance still needs further
investigation.

Choline-containing compounds are involved in both the
synthesis and the degradation of cellular membranes. Be-
cause choline is characteristically elevated in some malig-
nant tumors, its concentration as measured by MRS has
been expected to be an indicator of grade of malignancy
(14) and prognosis (15). However, there have been some
conflicting reports regarding the relationship between the
two. Tamiya et al. found that choline concentration can
reflect proliferative ability in astrocytomas but cannot pre-
dict the survival probabilities of the patients (31). Another
multicenter study also concluded that choline concentration
cannot differentiate types of gliomas (32). In the present
study, we found that R, was not associated with prognosis
or with any of the other parameters tested, including '$F-
FDG uptake and cell differentiation.
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FIGURE 3. Relationship between cell differentiation and '8F-FDG uptake, Rj,., and Rq, in lung adenocarcinoma. The mean SUV
of group A (BAC + WDA) was significantly lower than that of group B (MDA + PDA) (A), whereas the mean Ry, (B) and Rq, (C) were
not significantly different between the 2 groups. NS = not statistically significant.
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FIGURE 4. Kaplan-Meier plots showing disease-free (A-C) and overall (D-F) survival probabilities of patients with high or low SUV
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median levels were used as cutoff values for Ry, and R.y,,. NS = not statistically significant.

1338

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 45 ¢ No. 8 ¢ August 2004

—113—




On the whole, our results show that '8F-FDG uptake is a
better indicator of prognosis in patients with lung adenocar-
cinoma than are R,,. and R,, measured by in vitro MRS.
The results also show that '8F-FDG uptake correlates sig-
nificantly with cell differentiation (P = 0.007), whereas Ry,
and R, have no correlation with it. To the best of our
knowledge, there have been no previous reports on the
relationship between lactate concentration, choline concen-
tration, and prognosis in lung adenocarcinoma. Therefore,
although the predictive value in lung adenocarcinoma is still
obscure, lactate concentration still deserves attention, con-
sidering the importance of energy metabolism in tumor
cells.

We realize that this study was limited by its small sample
size—only 19 patients. Therefore, it was difficult to con-
clude whether Ry, can predict the outcome of lung adeno-
carcinoma in a larger number of patients. However, the
preliminary results show that, compared with '8F-FDG up-
take, R,,. and R, are not good indicators of survival prob-
ability in lung adenocarcinoma. This study also did not
include other types of lung cancer. Because different results
have been obtained for some types of squamous cell carci-
noma, further studies including patients with squamous cell
carcinoma are needed.

CONCLUSION

Our results showed no significant correlation between
SUV and Ry, or Ry, in patients with lung adenocarcinoma.
Compared with the lactate and choline concentration ratios
measured by in vitro MRS, ""F-FDG uptake is a better
indicator of prognosis in patients with lung adenocarci-
noma.
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BF-FDG Uptake by Primary Tumor as a
Predictor of Intratumoral Lymphatic Vessel
Invasion and Lymph Node Involvement in
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Intratumoral lymphatic vessel invasion and lymph node involve-
ment are important factors in the planning of therapeutic strat-
egies, particularly limited surgical resection in patients with
non-small cell lung cancer. 8F-FDG uptake within the primary
lesion correlates with aggressiveness on PET studies. The more
metabolically active the tumor, the more aggressive are the
findings. The aim of this multicenter study was to determine
whether ®F-FDG uptake of the primary tumor is a predictor of
intratumoral lymphatic vessel invasion and lymph node metas-
tasis in patients with non-small cell lung cancer. Methods: One
hundred thirty-two patients with lung cancer were studied. All
patients underwent a thoracotomy within 4 wk of the 8F-FDG
PET study. A 3-point visual scoring system (low, moderate, or
high grade in comparison with mediastinal activity) was used to
interpret '8F-FDG uptake within the primary lesions. The degree
of 8F-FDG uptake in the primary tumor was correlated with the
incidence of intratumoral lymphatic vessel invasion and lymph
node involvement. Multivariate analysis was performed with
logistic multivariate analysis to assess the joint effects and
interactions of the variables (age, sex, tumor size, histology, and
8F-FDG uptake) on intratumoral lymphatic vessel invasion and
lymph node involvement. Results: Intratumoral lymphatic ves-
sel invasion and lymph node involvement were found in 7.1%
and 5.9%, respectively, of the patients classified in the low-
grade group, and in 14.3% and 10.0%, respectively, of the
patients classified in the moderate-grade group. In contrast, of
the patients classified in the group with high '8F-FDG uptake,
intratumoral lymphatic vessel invasion and lymph node involve-
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ment were found in 39.7% and 38.9%, respectively. Multivariate
analysis showed that only '®F-FDG uptake was a significant
factor for intratumoral lymphatic vessel invasion and that tumor
size and '8F-FDG uptake were significant factors for lymph node
involvement. Of the patients in the high-grade group whose
tumors were classified as =3 cm in size, lymph node involve-
ment was found in 51.5%. In contrast, of the patients in the low-
to moderate-grade group whose tumors were classified as <3
cm in size, lymph node involvement was found in only 9.1%
(P < 0.0001). Conclusion: Patients with a low to moderate
8F-FDG uptake in the primary lesion had a significantly lower
risk of concurrent intratumoral lymphatic vessel invasion and
nodal involvement than did patients with a high '8F-FDG uptake.
In patients with non-small cell lung cancer, '®F-FDG uptake by
the primary tumor is a strong predictor of intratumoral lymphatic
vessel invasion and lymph node metastasis.

Key Words: lung cancer; '8F-FDG PET; nodal involvement
J Nucl Med 2005; 46:267-273

Lymph node involvement is an important prognostic
factor in lung cancer without distant metastases (/). Patients
without metastatic lymph nodes, or with only intrapulmo-
nary or hilar lymph nodes, are generally considered candi-
dates for straightforward resection. Intratumoral lymphatic
vessel invasion is also important in the evaluation of lung
cancer, because intratumoral lymphatic vessel invasion re-
flects tumor aggressiveness and is directly associated with
lymph node involvement. Patients with intratumoral lym-
phatic vessel invasion had recurrence of the disease, and
died earlier, than did those without (2). Thus, intratumoral
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lymphatic vessel invasion was also associated with a poor
prognosis (3,4).

Both intratumoral lymphatic vessel invasion and lymph
node involvement are important factors in the planning of
therapeutic strategies, particularly limited surgical resection
in patients with non-small cell lung cancer (5). Ichinose et
al. (5) reported that 44% of tumors showed lymphatic vessel
invasion in patients with resected non-small cell lung cancer
classified as pathologic stage I located at the periphery of
the lung. If we could select patients with tumors without
intratumoral lymphatic vessel invasion and lymph node
involvement, limited resection might successfully be per-
formed without local recurrence (3).

Matsuguma et al. (6) reported that the area of ground-
glass opacity on thin-section CT scans is a strong predictor
of intratumoral lymphatic vessel invasion and lymph node
metastasis in patients with clinical T1 NO MO adenocarci-
noma and thus could be a useful index for planning a limited
surgical resection for these patients. This excellent strategy
is, however, applicable only to patients with lung adenocar-
cinoma.

BE-FDG uptake within the primary lesion has been
shown to correlate with aggressiveness (7) and survival (8)
on PET studies of patients with non-small cell lung cancer.
The more metabolically active the tumor, the more aggres-
sive it is, and the worse the outcome. Recently, Vesselle et
al. (9) reported that the metabolic activity of the primary
tumor and tumor size are important variables in 'SF-FDG
PET interpretation for non-small cell lung cancer, as they
affect the likelihood of malignant involvement in nodes.
However, the relationship between the metabolic activity of
the primary tumor and intratumoral lymphatic vessel inva-
sion is unknown.

The aim of this study was to determine whether a corre-
lation exists among the incidence of intratumoral lymphatic
vessel invasion, nodal involvement, and '8F-FDG uptake in
primary lung cancer and to determine whether "SF-FDG
uptake by primary tumor is a predictor of intratumoral
lymphatic vessel invasion and lymph node metastasis in
patients with non-small cell lung cancer. We conducted a
multicenter study to increase the sample size and to de-
crease bias.

MATERIALS AND METHODS

Patient Preparation

In this retrospective study, we included 132 patients who were
referred for PET for preoperative staging of their suspected or
proven lung cancer. None of the patients had received prior treat-
ment. All patients underwent CT of the chest within 4 wk of the
PET study for the staging of lung cancer. All 132 patients were
considered to be potential candidates for surgical resection. Sev-
enty-six men and 56 women (age range, 42—84 y) were enrolled in
this study. All patients underwent sampling of multiple mediastinal
lymph nodes on thoracotomy within 4 wk after the PET study.
Written informed consent was obtained from all patients.
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Imaging Protocol

In this multicenter study, PET was performed with 3 types of
dedicated PET camera, either the Headtome IV (Shimazu) (n =
62), at Kanazawa Cardiovascular Hospital; the Advance (General
Electric Medical Systems) (n = 56), at the Medical and Pharma-
cologic Research Center Foundation; or the ECAT HR (Siemens/
CTI) (n = 14), at the National Institute for Longevity Sciences. All
patients fasted for 6 h before the scanning. Blood (I mL) was
drawn for estimation of baseline blood glucose levels, and the data
were recorded. "F-FDG was administered intravenously. The av-
erage injected dose of SF-FDG was 370 MBq. After a 40- to
50-min uptake period, an emission scan was acquired. Two-di-
mensional acquisition was used at 2 of the PET centers (Kanazawa
Cardiovascular Hospital and the Medical and Pharmacologic Re-
search Center Foundation), and 3-dimensional acquisition was
used at the third PET center (National Institute for Longevity
Sciences). Transmission scans of all subjects were obtained for
attenuation correction. At 2 of the PET centers (Kanazawa Car-
diovascular Hospital and National Institute for Longevity Sci-
ences), filtered backprojection with measured attenuation correc-
tion was used for reconstruction. At the third PET center (the
Medical and Pharmacologic Research Center Foundation), itera-
tive reconstruction with segmented attenuation correction was
used, applying the expectation maximization algorithm with or-
dered subsets (28 subsets and 2 iterations).

Data Analysis

BE-FDG accumulation within the primary lung tumor on the
attenuation- and decay-corrected images was graded indepen-
dently. A 3-point visual scoring system (low, moderate, or high
grade) was used to interpret the '""F-FDG uptake within the pri-
mary lesions: low grade = less than mediastinal blood-pool activ-
ity, moderate grade = equal to mediastinal blood-pool activity,
and high grade = much greater than mediastinal blood-pool ac-
tivity. This is a modified method of Lowe et al. (/0) and Van-
steenkiste et al. (/).

Histologic Study

The nodal status was determined for each patient on the basis of
the thoracotomy findings. Ipsilateral hilar and mediastinal sam-
pling was performed during the thoracotomy. The surgically re-
sected specimens were routinely fixed in 10% formalin and em-
bedded in paraffin. All 5-mm sections were stained with
hematoxylin—eosin and then examined by light microscopy for
histology. The histologic sections of the primary tumor were also
studied for evidence of intratumoral lymphatic vessel invasion
using hematoxylin—eosin staining. To distinguish intratumoral
lymphatic vessel invasion from blood vessel invasion, an elastica
van Gieson’s stain was also used. In 96 patients, the existence of
intratumoral lymphatic vessel invasion in the primary tumor was
confirmed histopathologically.

The degree of tracer uptake in the primary lesion was correlated
with the existence of pathologic intratumoral lymphatic vessel
invasion and nodal staging.

Statistical Analysis

Statistical analysis was performed using the SPSS software
system (version 10.0; SPSS Inc.) for Windows (Microsoft). Uni-
variate analysis was used to analyze the associations among the
pathologic variables and age (=60 y or >60 y), sex, tumor size
(=3 cm or >3 cm), histology (adenocarcinoma or nonadenocarci-
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TABLE 1
Patient and Tumor Characteristics

Variable n %

Age

=60y 34 25.8

>60y 98 74.2
Sex

Male 76 57.6

Female 56 42.4
Tumor size

<3cm 77 58.3

=3 cm 55 4.7
Histology

Adenocarcinoma 103 78.0

Squamous cell carcinoma 21 15.9

Adenosquamous cell carcinoma 5 3.8

Large cell carcinoma 2 1.5

Carcinoid 1 0.8
Pathologic N stage

pNO 92 69.7

pN1 14 10.6

pN2 26 19.7
Pathologic stage

IA 64 48.5

B 24 18.2

IIA 3 2.3

1B 10 7.6

A 26 19.7

1B 5 3.8
Intratumoral lymphatic vessel invasion

Negative 66 68.8

Positive 30 31.2
18F-FDG uptake

Low 17 12.9

Moderate 20 15.1

High 95 72.0

noma), and 'F-FDG uptake by the primary tumor (low to mod-
erate grade or high grade). Multivariate analysis was performed
with logistic multivariate analysis to assess the joint effects and
interactions of the variables on intratumoral lymphatic vessel
invasion and lymph node involvement. Cox proportional-hazards
regression was used to calculate the multivariate-adjusted relative
risks of incidence and the corresponding 95% confidence intervals
for baseline 'SF-FDG uptake categories. The multivariate-adjusted
relative risks were adjusted for sex, age, lesion size, and histology.

RESULTS

In the diagnosis of the N stage, the sensitivity, specificity,
accuracy, positive predictive value, and negative predictive
value for 8F-FDG PET were 76.9%, 89.1%, 85.5%, 75.0%,
and 90.1%, respectively.

Tumor characteristics are shown in Table 1. The tumor
size was measured pathologically. The diameters of the
primary lung tumors ranged from 0.8 to 12.0 cm. Fifty-five
(41.7%) of the lung tumors were =3 c¢m in diameter (Table
1). Of the remaining 77 lung tumors (58.3%), 48 (36.4%)
were 2.0-2.9 cm and 29 (21.9%) were <2 cm. Regarding
the degree of "F-FDG uptake in the primary lesions, 17
tumors (12.9%) were classified as low grade, 20 (15.1%) as
moderate grade, and 95 (72.0%) as high grade (Table 1).

Intratumoral lymphatic vessel invasion and lymph node
involvement were found in 7.1% and 5.9%, respectively, of
the patients classified in the low-grade group and in 14.3%
and 10.0%, respectively, of the patients classified in the
moderate-grade group (Table 2). In the patients classified in
the low- and moderate-grade groups, the lymph node in-
volvement was microscopic. In contrast, of the patients
classified in the group with high 'SF-FDG uptake, intratu-
moral lymphatic vessel invasion and lymph node involve-
ment were found in 39.7% and 38.9%, respectively (Table
2). Thus, patients with a low 'SF-FDG uptake in the primary
lesion had a significantly decreased risk of concurrent in-
tratumoral lymphatic vessel invasion and lymph node me-
tastasis than did patients with a high '®F-FDG uptake (P =
0.028 and P = 0.010, respectively) (Table 2).

In univariate analysis, sex and '®F-FDG uptake (low- to
moderate-grade group or high-grade group) were factors
significantly associated with intratumoral lymphatic vessel
invasion (Table 3). However, in multivariate analysis, only
BE-FDG uptake was significantly associated with intratu-
moral lymphatic vessel invasion (Table 3).

In univariate analysis, sex, tumor size (=3 cm or >3 cm),
histology (adenocarcinoma or nonadenocarcinoma), and
"F-FDG uptake (low- to moderate-grade group or high-
grade group) were factors significantly associated with
lymph node involvement (Table 4). However, in multivar-
iate analysis, tumor size and '"SF-FDG uptake were factors
significantly associated with lymph node involvement (Ta-

TABLE 2
Risk for Intratumoral Lymphatic Vessel Invasion and Lymph Node Involvement Based on '8F-FDG Uptake

Intratumoral lymphatic
vessel invasion

Lymph node involvement

Significance Significance
Uptake - + % (vs. low) - + % (vs. low)
Low 13 1 71 16 1 5.9
Moderate 12 2 14.3 NS 18 2 10.0 NS
High 41 27 39.7 P = 0.028 58 37 38.9 P = 0.010

— = negative; + = positive; NS = not statistically significant.
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TABLE 3
Univariate and Multivariate Analysis of Factors Associated with Intratumoral Lymphatic Vessel Invasion

Intratumoral
lymphatic vessel
invasion Univariate Multivariate
Variable - + % RR (95% Cl) Significance RR (95% Cl) Significance
Age
=60y 15 9 37.5 0.69 (0.26-1.81) NS 0.32 (0.08-1.23) NS
>60 y 51 21 29.2
Sex
Male 28 21 42.9 3.17 (1.26-7.95) P =0.014 2.40 (0.86-6.71) NS
Female 38 19.1
Tumor size
<3 cm 42 13 26.3 2.29 (0.95-5.51) NS 1.39 (0.49-3.98) NS
=3 cm 24 17 41.5
Histology
Adenocarcinoma 52 24 31.6 1.08 (0.37-3.14) NS 1.79 (0.52-6.13) NS
Nonadenocarcinoma 14 6 30.0
18F-FDG uptake
Low-moderate 25 3 10.7 5.49 (1.51-20.0) P = 0.010 7.43 (1.51-36.5) P = 0.014
High 41 27 39.7

— = negative; + = positive; RR = relative risk; Cl = confidence interval; NS = not statistically significant.

ble 4). Of the patients in the high-grade group whose tumors

were classified as =3 cm in size, lymph node involvement and 4).

grade group and high-grade group, respectively (Tables 3

was found in 51.5% (Table 5). In contrast, of the patients in
the low- to moderate-grade group whose tumors were clas-
sified as <3 c¢m in size, lymph node involvement was found
in only 9.1% (P < 0.0001) (Table 5).

The multivariate-adjusted relative risks for the incidence
of intratumoral lymphatic vessel invasion and lymph node
metastases were 7.43 and 4.46 for the low- to moderate-

Thus, a significant correlation exists among the incidence
of intratumoral lymphatic vessel invasion, nodal involve-
ment, and '"8F-FDG uptake in primary lung cancer. Patients
with a low to moderate 'F-FDG uptake in the primary
lesion had a significantly decreased risk of concurrent in-
tratumoral lymphatic vessel invasion and lymph node me-
tastasis than did patients with high "*F-FDG uptake.

TABLE 4
Univariate and Multivariate Analysis of Factors Associated with Lymph Node Involvement
Lymph node
involvement Univariate Multivariate
Variable - + % RR (95% Cl) Significance RR (95% Cl) Significance
Age
=60y 25 26.5 1.28 (0.54-3.08) NS 0.55 (0.19-1.60) NS
>60 vy 67 31 31.6
Sex
Male 47 29 38.2 2.52 (1.13-5.65) P = 0.024 1.42 (0.57-3.49) NS
Female 45 11 19.6
Tumor size
<3 cm 63 14 18.2 4.03 (1.84-8.84) P < 0.0001 2.51 (1.05-5.99) P = 0.037
=3 cm 29 26 47.3
Histology
Adenocarcinoma 78 26 25.0 0.33 (0.14-0.79) P = 0.013 0.49 (0.18-1.32) NS
Nonadenocarcinoma 14 14 50.0
18F-FDG uptake
Low-moderate 34 3 8.1 7.23 (2.07-25.2) P = 0.002 4.46 (1.14-17.5) P = 0.032
High 58 37 38.9

— = negative; + = positive; RR = relative risk; Cl = confidence interval; NS = not statistically significant.

270

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 46 ¢ No. 2 ¢ February 2005

—118—



TABLE 5
Risk for Lymph Node Involvement Based on Tumor Size and '8F-FDG Uptake

Lymph node involvement

BF-FDG Significance
Group Tumor size uptake - + % (vs. a)
a =3 cm and High 25 26 51.5
b =3cm and Low-moderate 4 0 0 NS
c <3cm and High 33 11 25.0 0.012
d <3cm and Low-moderate 30 3 9.1 P < 0.0001

— = negative; + = positive; NS = not statistically significant.
cvs.d: P = 0.084.

DISCUSSION

The principal finding of this study is that a significant
correlation exists among the incidence of intratumoral lym-
phatic vessel invasion, nodal involvement, and '"*F-FDG
uptake by the primary tumor. This study indicated that low
to moderate 'SF-FDG uptake by the primary tumor led to a
significantly and independently decreased risk of intratu-
moral lymphatic vessel invasion and lymph node metasta-
ses. Patients whose lung cancer showed high F-FDG up-
take had a 4.46- to 7.43-fold higher risk of intratumoral
lymphatic vessel invasion and lymph node metastases after
multivariate adjustment than did patients whose lung cancer
showed low to moderate '*F-FDG uptake. These phenom-
ena can be explained by the fact that the greater the 'F-
FDG uptake is, the higher is the malignant grade. "*F-FDG
is avidly taken up by tumor cells because cancer tissue
consumes a large amount of glucose as an energy source.
BE-FDG uptake reflected cell dedifferentiation (/17), prolif-
erative potential (/2), aggressiveness (7), and prognosis (8)
in patients with lung adenocarcinoma.

The Lung Cancer Study Group reported the results of a
prospective randomized trial comparing limited resection
with lobectomy for the management of patients with T1 NO
(13). A total of 247 patients were eligible for analysis. The
limited-resection group had a significantly higher local re-
currence rate than did the lobectomy group. The Lung
Cancer Study Group therefore concluded that limited resec-
tion should not be recommended as the resection of choice
for patients with T1 NO disease. Ichinose et al. (5) reported
that 44% of tumors showed intratumoral lymphatic vessel
invasion in patients with resected non-small cell lung tu-
mors classified as pathologic stage I located at the periphery
of the lung. They speculated that this was the main reason
that the limited-resection group had a higher local recur-
rence rate in the Lung Cancer Study Group trial. Others
reported that intratumoral lymphatic vessel invasion corre-
lated with a poor prognosis in patients with non-small cell
lung cancer (2—4). This finding suggested that intratumoral
lymphatic vessel invasion reflected tumor aggressiveness.
Therefore, if we could select patients with tumors without
lymphatic invasion, limited resection might successfully be
performed without local recurrence. In our series, tumors

BE-FDG UpTAKE AND LYMPH NODE INVOLVEMENT * Higashi et al.

with a low to moderate '*F-FDG uptake had a low incidence
of intratumoral lymphatic vessel invasion, and multivariate
analysis showed that only '"F-FDG uptake was a significant
factor for intratumoral lymphatic vessel invasion. Among
patients with non-small cell lung cancer, 'F-FDG uptake by
lung cancer was related to the aggressiveness of the tumor,
independent of tumor size. This finding suggests that 'F-
FDG uptake is an important factor in the planning of ap-
propriate surgical treatment, especially less invasive surgi-
cal intervention. Limited resection might successfully be
performed without recurrence on patients whose lung can-
cer shows low 'SF-FDG uptake.

Several studies have shown that "*F-FDG PET is superior
to CT in the staging of mediastinal disease, with a reported
sensitivity and specificity of 67%-91% and 82%-96%, re-
spectively (/4). Although "|F-FDG PET may accurately
establish lymph node staging in lung cancer patients, there
are drawbacks to PET staging. "8F-FDG PET staging of the
mediastinum remains challenging because of the decreased
specificity caused by 'F-FDG accumulation in inflamed
lymph nodes and silicotic nodes, which can lead to a false-
positive interpretation (/5). Conversely, the lack of suffi-
cient '"*F-FDG in lymph nodes with minimal metabolic
involvement can result in a false-negative interpretation.
Gupta et al. (/6) reported that the false-negative rate was
8% and the false-positive rate was 13%. Vansteenkiste et al.
(1) demonstrated that the range of '*F-FDG uptake overlaps
significantly for both inflammatory and malignant nodes.
Therefore, mediastinoscopy is still used for decisions on
resectability status, as it depends on the presence of N2/N3
disease.

Recently, Vesselle et al. (9) reported that 'SF-FDG uptake
by the primary tumor and tumor size are important variables
in 8F-FDG PET interpretation for non-small cell lung can-
cer, as they affect the likelihood of malignant involvement
in hypermetabolic nodes. The size of a non-small cell lung
tumor significantly influenced the incidence of malignant
mediastinal adenopathy, with larger tumors being more
likely to have nodal involvement than smaller tumors (9).
These data appear to agree with many previous studies that
generally showed a higher risk with increased T stage
(17,18). The larger the primary tumor, the greater is the
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likelihood that it has spread to the lymph nodes (17,18).
BE-FDG uptake of the primary tumor is a variable that
depends on the aggressiveness of lung adenocarcinoma (7).
In our current study, "F-FDG uptake and tumor size were
found to be significant factors for lymph node involvement
in both univariate and multivariate analyses. Of the patients
in the high-grade group whose tumors were classified as =3
cm in size, lymph node involvement was found in 51.5%; in
contrast, of the patients in the low- to moderate-grade group
whose tumors were classified as <3 cm, lymph node in-
volvement was found in only 9.1% (P < 0.0001). These
phenomena support the results of Vesselle et al. (9) and
suggest that a small lesion with a low 'SF-FDG uptake may
obviate mediastinoscopy.

This study had several limitations. First, a visual grading
system was used to interpret 'F-FDG uptake within the
primary lesions, and the SUV threshold was not used. We
selected a multicenter study to increase the sample size and
to decrease bias, but the disadvantage of this strategy was
the difficulty of obtaining unity in methodology. This was
the main reason that the data were not analyzed using SUV
threshold in the current study. SUV measurements are af-
fected by the applied methods for both image reconstruction
and attenuation correction (/9,20). Iterative reconstruction
with segmented attenuation correction resulted in signifi-
cantly higher mean SUVs and maximum SUVs than those
resulting from filtered backprojection with measured atten-
uation correction (/9,20). This finding should be considered
when serial PET studies are performed on cancer patients.
Moreover, if SUV is used for tissue characterization, dif-
ferent cutoff values should be applied, depending on the
chosen method of acquisition, image reconstruction, and
attenuation correction. In the current multicenter study,
filtered backprojection with measured attenuation correction
was used for reconstruction at 2 of the PET centers. How-
ever, iterative reconstruction with segmented attenuation
correction was used at the third PET center. In addition, the
use of 3-dimensional acquisition rather than 2-dimensional
acquisition also could potentially influence the accuracy of
SUV measurements (20). In the current multicenter study,
2-dimensional acquisition was used at 2 of the PET centers,
and 3-dimensional acquisition was used at the third PET
center. Finally, it is uncertain whether and to what degree
the geometry and specifications of different PET tomo-
graphs from different manufacturers might affect the accu-
racy and reproducibility of SUV measurements (20). In the
current multicenter study, PET was performed with 3 types
of dedicated PET cameras. Therefore, the SUV threshold
was not adequate in the current multicenter study, and the
data were analyzed using a visual grading system. Lowe et
al. (/0) reported that SUV and visual evaluations are equally
accurate methods of '"8F-FDG PET data analysis in the
differentiation of malignant from benign focal pulmonary
abnormalities. This study showed that 'SF-FDG uptake in
the mediastinum can be used as an accurate reference for
visual interpretation. The researchers evaluated lesion up-
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take relative to mediastinal uptake to provide a distinct
reference for assessment. Lesion uptake greater than medi-
astinal uptake most likely represents a malignant process. In
the current study, a modified method of Lowe et al. was
used to interpret the 'F-FDG uptake within the primary
lesions. Vansteenkiste et al. (/) also reported that a visual
scale is as accurate as the use of an SUV threshold in
distinguishing between benign and malignant lymph nodes.
Therefore, in this multicenter study, a visual scale was
found to be more adequate than the SUV threshold.

Second, the area of ground-glass opacity on thin-section
CT scans was reported to be a strong predictor of intratu-
moral lymphatic vessel invasion and lymph node metastasis
in patients with clinical T1 NO MO adenocarcinoma (6) and
thus could be a useful index for planning a limited surgical
resection for these patients. It is necessary to compare the
BE-FDG uptake of primary tumors on PET with the area of
ground-glass opacity in the primary tumor on CT as predic-
tors of intratumoral lymphatic vessel invasion and lymph
node metastasis.

In our series, tumors with a low to moderate '$F-FDG
uptake had a low incidence of intratumoral lymphatic vessel
invasion, and small lesions (<3 cm) with a low to moderate
BE-FDG uptake had a low incidence of lymph node in-
volvement. These results suggest that limited resection
might successfully be performed without recurrence in pa-
tients whose lung cancer shows low '*F-FDG uptake and
that a small lesion with a low '"*E-FDG uptake may obviate
mediastinoscopy. Further studies will be necessary to clar-
ify this issue.

CONCLUSION

A significant correlation exists among the incidence of
intratumoral lymphatic vessel invasion, nodal involvement,
and "8F-FDG uptake by the primary tumor in patients with
non-small cell lung cancer. Patients with a low to moderate
BE-FDG uptake in the primary lesion had a significantly
decreased risk of concurrent intratumoral lymphatic vessel
invasion and lymph node metastasis than did those with a
high BE-FDG uptake. In patients with non-small cell lung
cancer, 'SF-FDG uptake by the primary tumor is a strong
predictor of intratumoral lymphatic vessel invasion and
lymph node metastasis.
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7y MET GST-IMGI-C & EAE., B L OEHHIEAN O IMGI-C A M L7223,
FEREIETIE, Ny 7 770y FnEm<, SiiaN o IMGI-C /45 Z &3 T
ANl

HMGI-C D FEHL % R\ BEEREMIfRE T98G (2, HMGI-C ¥ 7T A R&ZEAL, T
N7 AT U CPREEARAFNEIZ IMGI-C A2 38 B4 L Mifatk, TISGHMGI-C, Z#fLL7-, L
FEOPT IMGI-C HLifiFiL, TISGHMGI-C HEf D HMGI-C &2, V= A% > 71 v METHH
THIENTEREN, RELREETIIRET S22 N TERP T, HFHMEEIC K
% B2 TlE, TISGHMGI-C #Hfa & H AR T9SG D THA & 2R TUREDZEITFRD b7 hr»o
Too FET-ANROBERGREIZ G R E RENH O IR o7,
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7. MEREOEBLE - KA

HMGI-C % 3319~ % RIEREA IR TOSGHMGI-C A #8f32 L 7=, TISGHMGI-C i & i #m A
T98G DECHA & MR AR E D= FRD e o7z Z & K0 | HMCI-C I M A s s
FIZNRZ BTN LDy noTz, Eio, HFIMEE L~V TiE, mflAaik R T
HNRIFREOZEITRED b inoT-, LinL, IMCI-C & ffam b BIFRIZ OV TIE,
B TEMEEIC & D IR RSO O ML HUR O BMR e 20 E | 1
S XY LEEfEmiEHERnWeE 2 5, 4%, mfilaks Zzh X — K~ U7 2DHA
(CREME L. AR O REIE T A BE D 25 & TR T2\,

A AR L7250 HIMGI-C HLiLiEIL, 7= A& 7 v v METITMAAN O HIGI-C %
HCE 7, REREAETIIRETE hote, T, fHAERMER CoO HNGI-C &
HRAOERLZELETWLHRKETH S, 4%, HL HMGI-C HLilLiF2 5. Ht HIGI-C $it
L, L EBEERMTEAMORELZHWTERT LI TETH 5,

8. Wk 7t 3 &
Akai T, Ueda Y, Sasagawa Y, Hamada T, Date T, Katsuda S, Iizuka H, Okada Y, Chada K.
High mobility group I-C protein in astrocytoma and glioblastoma. Pathol Res
Pract 2004 ; 200: 619-624.  (MLDB)
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Abstract

High mobility group I-C (HMGI-C) protein is a non-histone DNA-binding factor that organizes active chromatin.
This protein is expressed during the limited phase of embryonic development and may regulate the expression of genes
critical for embryonic cell growth and differentiation. As embryonic mechanisms are also known to play a role in the
development of some neoplasms, we investigated human brain tumors for the expression of HMGI-C to determine its
role in the differentiation of glial cell tumors. Immunohistochemical analysis revealed HMGI-C in all of the low-grade
astrocytomas, in 2 of 3 anaplastic astrocytomas (grade 3), but in only one of 8 glioblastomas. The results were
confirmed at the mRNA level by nested reverse-transcription polymerase chain reaction analyses. Loss of HMGI-C
was also demonstrated in a case of glioblastoma transformed from the low-grade astrocytoma strongly expressing
HMGI-C protein. These results suggest that HMGI-C may be involved in the differentiation of glial tumor cells, and
that loss of HMGI-C expression may contribute to the transformation of low-grade astrocytoma into glioblastoma.
© 2004 Elsevier GmbH. All rights reserved.

Keywords: HMGI-C; Astrocytoma; Glioblastoma

Introduction

High mobility group (HMG) proteins are hetero-
geneous non-histone DNA-binding factors that organize
active chromatin [10,11,30]. HMGI-C is a member of
the HMGI family of HMG proteins and consists of 109
amino acids residues [21]. The HMGI-C gene is located
on chromosome 12 [14]. HMGI-C is responsible for the
correct three-dimensional configuration of protein—D-
NA complexes and plays a key role in DNA transcrip-
tion [32]. Through protein—protein and protein—-DNA

*Corresponding author.
E-mail address: z-ueda@kanazawa-med.ac.jp (Y. Ueda).

0344-0338/$ - see front matter © 2004 Elsevier GmbH. All rights reserved.

doi:10.1016/j.prp.2004.06.008

interactions, HMGI-C organizes the framework of the
nucleoprotein-DNA transcriptional complex. As this
protein can change the conformation of DNA, HMGI-
C has been referred to as an architectural factor [32].
Present in embryonic adrenal glands, HMGI-C levels
diminish during development and are completely absent
in the adult gland [10,34]. In murine studies, inactivation
of HMGI-C resulted in a pygmy phenotype [33]. These
reports suggest that HMGI-C regulates the expression
of one or more genes that control embryonic cell growth
and differentiation [35].

HMGI-C may also affect the expression of oncogenes
and/or tumor suppressor genes. Investigators have
reported the expression of HMGI-C in benign tumors,
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such as lipoma [1] and leiomyoma [19,29], and in
malignant tumors, such as breast cancer [26] and
neuroblastoma [9].

Glial cell tumors range from the differentiated
relatively slow-growing astrocytomas, whose histologic
structure is homogeneous, to the highly invasive, rapidly
growing glioblastomas, whose cell structure is poorly
differentiated. Glioblastomas represent the most aggres-
sive type of glial brain tumors. Treatment is rarely
successful, and prognosis for patients is very poor, while
patients with astrocytomas have better prognoses and
longer survival [20].

To determine the role of HMGI-C in the differentia-
tion of gliomas, we assayed human glioma tissue for the
expression of HMGI-C gene at both the protein and the
mRNA levels.

Materials and methods
Histology and immunohistochemical analysis

Tumor samples were surgically obtained from 19
patients with 20 primary brain tumors. Tissues were
fixed with 4% paraformaldehyde for 16h at 4°C and
prepared for paraffin-embedded sections. Sections of
each tissue sample were stained with hematoxylin and
eosin (H&E) and were evaluated under a standard light-
microscope. An independent neuropathologist con-
firmed the tumor diagnoses.

Tumor tissue samples were prepared for immunobhis-
tochemical analysis according to the method of Hsu
et al. [13]. Briefly, the tissue sections of low-grade
astrocytomas (WHO grade 2; n=9), anaplastic astro-
cytomas (WHO grade; n=3), and glioblastomas (WHO
grade; n=_8) were subjected to 0.3% H,0O,/methanol to
inhibit internal peroxidase reactions, washed with
phosphate-buffered saline (PBS), and heated in a
microwave for 15min at 500 W in citrate buffer. After
washing in PBS, sections were incubated in 10% normal
goat serum for 10min at room temperature and then
incubated with rabbit anti-HMGI-C polyclonal anti-
body at 4°C overnight [34]. After washes in PBS, the
sections were incubated with biotinylated goat anti-
rabbit antibody for 1h at room temperature. After
washes in PBS, they were incubated with avidin for
30min and developed with a peroxidase, 3,3’-diamino-
benzidine. We also analyzed mouse fetal tissues,
including brain, of various developmental stages ranging
from postovulatory day 7 to day 13.

Nested RT-PCR analysis

RNA was prepared for RT-PCR according to the
method of Nakamura et al. [18]. Total RNA was

isolated from four surgical specimens (2 glioblastomas
and 2 astrocytomas) by ISOGEN (Nippon Gene,
Toyama, Japan). Each specimen was homogenized in
ISOGEN and left for S5min at room temperature.
Chloroform that was equal to one-fifth volume of
ISOGEN was added to the samples, and these were
centrifuged at 12,000 rpm for 15min at 4 °C. The RNA-
containing supernatant was collected. The same amount
of isopropyl alcohol was added to the samples, and these
were left for Smin at room temperature. This solution
was centrifuged at 15,000 rpm for 15min at 4°C. The
supernatant was removed, and 75% ethanol was added
to the RNA pellet. After centrifugation at 3,000 rpm for
Smin at 4°C, the pellet was dried in a vacuum. The
dried pellet was then dissolved in RNase-free water, and
the optical density of the solution at 260nm was
measured with a spectrophotometer to determine con-
centration.

The extracted RNA was treated with DNase to
eliminate DNA contamination. The RNA extract was
mixed with DNase buffer, RNasin, and RQI1Dnase
(Promega, WI, USA), and incubated for 1 h at 37°C and
for 5min at 90 °C. The volume was determined, and 2M
sodium acetic acid, phenol, and chloroform were added.
The volume of 2M sodium acetic acid added was equal
to one-tenth of the sample’s volume, and the volumes of
phenol and chloroform were equal to one-half of the
sample’s volume. This RNA extract solution was left on
ice for Smin and centrifuged at 15,000 rpm for 15 min at
4°C. The RNA-containing supernatant was collected,
added to the same amount of isopropyl alcohol, and left
for 5min at room temperature. This procedure was
repeated as above to measure the optical density of the
RNA solution.

Nested RT-PCR was performed according to Geurts
et al. [8]. cDNAs were prepared from 5 pg of total RNA
by reverse transcriptase with a primer specific for exon 5
of HMGI-C gene (primer 95C3362, 5-TAC AGC AGT
TTT TCA CTA-3'). The cDNAs were amplified by the
first PCR using primers specific for human HMGI-C
gene (primer 31970-004, 5-CCC AGC CCT ATC ACC
TCA-3'; primer 32627-001, 5-AAG ACC ATG GCA
ATA CAG-3). The products were amplified by the
second PCR using primer 31970-005 (5'-CTC ATC TCC
CGA AAG GTG-3) and primer 3267-001. The condi-
tions for the first PCR were as follows: 40 cycles at 94 °C
for 1 min, 55°C for 1 min, 72°C for 1 min, followed by
incubation at 72 °C for 5min, and those for the second
PCR were 30 cycles at 94 °C for 1 min, 60 °C for 1 min,
72°C for 1min, followed by incubation at 72°C for
Smin. The products were electrophoresed on 2%
agarose gels. The gels were incubated with ethidium
bromide in a bath at room temperature for 15min and
observed in the dark for fluorescence. Sequences of the
products were confirmed by direct sequencing using
ABI-PRISM (Perkin—Elmer applied biosystems, CA,
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USA). In all the samples examined, the quality of total
RNA was evaluated by RT-PCR for G3PDH as
described in detail by Nakamura et al. [18].

Results
Immunohistochemical analysis

All of the 8 astrocytoma speicmens showed positive
reactions for HMGI-C intranuclearly. Most nuclei of
the astrocytomas very strongly expressed HMGI-C.
Two of 3 specimens of anaplastic astrocytoma also
showed diffuse and strong expression of HMGI-C. By
contrast, glioblastoma cells were negative for HMGI-C,
although one of the 8 glioblastomas showed weak
expression of HMGI-C focally (Fig. 1). No positive
reaction was detected in non-neoplastic cells of the
brain, including reactive astrocytes. In mouse fetuses
between the 9th and 11th gestational day, mesenchymal
cells in the subcutis and mesentery strongly expressed

HMGI-C intranuclearly. Mouse fetal glial cells of the
same gestational stage also expressed HMGI-C.

RT-PCR analysis

HMGI-C mRNA was detected at 380 base pairs (bps)
in the astrocytoma tissues, but was not seen in the
glioblastoma ones (Fig. 2). The direct sequence of the
PCR product was confirmed to be the same as that
reported in Gene Bank accession No. X92518.

HMGI-C expressions at different stages of
astrocytoma in one and the same patient

We had an opportunity to study the expression of
HMGI-C mRNA at different stages of astrocytoma in
one and the same patient. On the first operation, the
resected specimen was histologically diagnosed as
astrocytoma, WHO grade 2. Two years later, the tumor
recurred in this patient. A second operation was
performed, and the histologic examination of the

Lo

Fig. 1. Immunolocalization of HMGI-C in astrocytoma and glioblastoma tissues. Paraffin sections were immunostained with
antibody against HMGI-C as described in Materials and methods. Staining the nuclei of astrocytoma cells reveals the presence of
HMGI-C (B), whereas there was no staining in glioblastoma tissue (D). Astrocytoma cells (A) and glioblastoma cells (C) stained
with hematoxylin and eosin.
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recurrence revealed glioblastoma, WHO grade 4. RT-
PCR disclosed expression of HMGI-C mRNA only in
the astrocyoma (first operation), but not in the
glioblastoma (second operation, Fig. 3).

Discussion
This study is the first to report on HMGI-C

expression in brain astrocytic neoplasms. Our results
showed that HMGI-C was expressed exclusively in the

1 2 3 4 5

— 495 (bps)

— 392
— 345, 341, 335

Fig. 2. mRNA expression of HMGI-C in astrocytoma and
glioblastoma. Total RNA was extracted from glioblastoma
and astrocytoma specimens, reverse transcribed into cDNA,
and amplified by PCR reaction. A band corresponding to
HMGI-C mRNA was detected at 380 bps in astrocytoma (lane
3 and 4), but not in glioblastoma (lane 1 and 2). Lane 5 is the
marker.

nuclei of the astrocytoma, not in those of the
glioblastoma, and the sequential observation may
suggest that expression of HMGI-C may get lost during
the transformation into glioblastoma.

Expression of high mobility group HMGI (Y)
protein, which is another member of non-histone
chromatin-associated proteins, was reported in several
human cancer cells [4,6]. However, HMGI-C has mostly
been reported to be expressed in benign tumors, such as
lipoma, uterine leiomyoma, fibroadenoma, salivary
pleomorphic adenoma and pulmonary hamartoma, or
in low grade malignant tumors, such as well-differen-
tiated liposarcoma [1,12,19,27,29]. As high grade human
malignant tumors, only neuroblastoma was disclosed to
express HMGI-C [9]. Neuroblastoma sometimes occurs
congenitally with other congenital abnormalities, and
small neuroblastomas in infants less than 3 months of
age undergo maturation and regress spontaneously.
These findings suggest developmental abnormality-like
features of neuroblastomas [24]. This may explain the
positive expression of HMGI-C in neuroblastoma cells.
Expression of elevated HMGI-C mRNA was noted in
peripheral blood of human metastatic breast cancer
[16,23,26], but was not confirmed in breast cancer cells.
There are a few reports that animal cancer cell lines,
such as mouse Lewig lung carcinoma and rat thyroid
cancer cell line, require elevated HMGI-C expression
during the course of malignant transformation [3,17,31].

— 603 (bps)

— 310

Fig. 3. mRNA expression of HMGI-C in astrocytoma and glioblastoma in one and the same patient from the different operation.
Glioblastoma cells (A) from the second operation and astrocytoma cells (B) from the first operation stained with hematoxylin and
eosin. RT-PCR (C) showed a band corresponding to HMGI-C in astrocytoma (lane 2), but not in glioblastoma (lane 1). Lane 3 is

the marker.
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Fusco’s group also has demonstrated previously that
HMGI proteins are necessary for the rat thyroid cells to
undergo malignant transformation [3,31]. In their recent
study, however, they reported that HMGI-C gene
expression is not required for in vivo thyroid cell
malignant transformation [25]. There is no convincing
evidence that expression of HMGI-C protein is elevated
in a fully malignant human cell line.

Hess proposed that the HMGI-C translocations are
remarkable for their low risk of progressing to
malignancy, because HMGI-C expression is common
in benign mesenchymal tumors [12]. The present data of
HMGI-C in glial tumors support this concept. HMGI
protein may simultaneously activate the expression of
differentiation-promoting and tumor suppressor genes
preventing malignant transformation.

HMGI-C gene is located on chromosome 12q. Tallini
et al. found that the expression of HMGI-C is a
common occurrence in mesenchymal benign tumors,
such as lipomas, pulmonary chondroid hamartomas,
leiomyomas, and that it correlates with 12q chromoso-
mal alterations [28,29]. This chromosomal change may
result in rearrangement of HMGI-C gene and in
deregulated expression of HMGI-C [2,7,8,29]. Altera-
tions of chromosome 10 and 19 related to tumor
suppressor genes expression have been reported for
astrocytoma and glioblastoma [5,15]. For chromosome
12, frequent associations of breakage with deletion have
been reported in malignant gliomas [22]. Further studies
are necessary to investigate the activation mechanism of
HMGI-C gene in astrocytoma and that of glioblastoma
with the use of new modalities such as 5-RACE and
FISH.
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