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Contribution of capsaicin-sensitive sensory neurons to
antithrombin-induced reduction of ischemia/reperfusion-induced

liver injury in rats
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Summary

We previously reported that antithrombin (AT) reduced ische-
mia/reperfusion (I/R)-induced liver injury in rats by increasing
endothelial production of prostacyclin (PGl,). However, the
mechanism(s) underlying this phenomenon remains to be fully
elucidated. We also demonstrated that activation of capsaicin-
sensitive sensory neurons increased endothelial production of
PGlI, by releasing calcitonin gene-related peptide (CGRP) in rats
subjected to hepatic I/R. In the present study, we investigated
whether AT increases endothelial production of PGI, through
activation of the sensory neurons in rats subjected to hepatic
I/R. AT significantly enhanced the I/R-induced increases in he-
patic tissue levels of CGRP in rats. Increases in hepatic tissue le-
vels of 6-keto-PGF,, a stable metabolite of PGl,, the increase in
hepatic-tissue blood flow, and attenuation of both hepatic local
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inflammatory responses and liver injury in rats administered AT
were completely reversed by administration of capsazepine, an
inhibitor of sensory neuron activation and CGRP(8-37), a
CGRP antagonist.AT did not show any protective effect on liver
injury in animals undergoing functional denervation by adminis-
tration of a large amount of capsaicin.AT significantly increased
CGRP release from cultured dorsal root ganglion neurons iso-
lated from rats in the presence of capsaicin.Taken together, these
observations strongly suggested that AT might increase hepatic
tissue levels of PGI, via enhancement of hepatic I/R-induced ac-
tivation of capsaicin-sensitive sensory neurons, thereby reducing
liver injury in rats. In this process, CGRP-induced activation of
both endothelial nitric oxide synthase and cyclooxygenase-|
might be critically involved.

Thromb Haemost 2005; 93: 48-56

Introduction

Antithrombin (AT) is an important serine protease inhibitor that
regulates the coagulation cascade (1). Inhibition of coagulation
factors, such as thrombin by AT, is markedly accelerated by its
interaction with glycosaminoglycans on the endothelial cell sur-
face (1). The clinical relevance of AT as an important natural
anticoagulant has been well illustrated by severe thrombosis in
patients with congenital AT deficiency, and in patients with vari-
ant AT molecules that lack affinity for heparin (2, 3).
Ischemia/reperfusion (I/R)-induced liver injury is an import-
ant pathologic condition that often follows liver surgery, hepatic
transplantation, and circulatory shock (4). Activated neutrophils
have been shown to be involved in the development of I/R-in-

duced liver injury (4). We have previously reported that AT re-
duced ischemia/reperfusion (I/R)-induced liver injury in rats by
inhibiting neutrophil activation through promotion of endothe-
lial release of prostacyclin (PGI,) (5). PGI, has been shown to
exert anti-inflammatory activities by inhibiting neutrophil acti-
vation directly or by inhibiting monocytic production of tumor
necrosis factor-o (TNF-a) which potently activates neutrophils
(6, 7). However, since AT did not directly increase the endothelial
release of PGI, in vitro (8), the mechanism(s) by which AT pro-
motes the endothelial release of PGI, in vivo might involve un-
known factors, other than endothelial cells.

Capsaicin-sensitive sensory neurons are nociceptive neurons
that are activated by a wide variety of noxious physical and
chemical stimuli (9). Since ablation of the sensory fibers can re-
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sult in a marked increase in the severity of inflammation (10), the
sensory neurons have been shown to play a role in the mainten-
ance of tissue integrity by regulating local inflammatory re-
sponses. On activation, the sensory neurons release calcitonin
gene-related peptide (CGRP) that can increase the endothelial
production of PGI, in vitro (11). Since various noxious stimuli
that activate the sensory neurons to release CGRP are capable of
inducing tissue damage (12), the CGRP-induced increase in the
endothelial production of PGI, might contribute to attenuation of
local inflammatory responses, thereby reducing tissue damage.
Consistent with this hypothesis, we previously reported that cap-
saicin-sensitive sensory neurons were activated during the he-
patic I/R, leading to an increase in the endothelial production of
PGI, via activation of both endothelial nitric oxide synthase
(NOS) and cyclooxygenase (COX)-1 (13). Such activation of the
sensory neurons contributed to the reduction of I/R-induced liver
injury by attenuating inflammatory responses (13). A similar im-
portant role of the nervous system in the regulation of inflamma-
tory responses was also demonstrated for the vagus nerve (14).

Based on these observations, we hypothesized that AT might
promote the endothelial release of PGI, by enhancing the acti-
vation of capsaicin sensitive-sensory neurons, thereby exerting
anti-inflammatory activity. In the present study, we examined
this possibility using a rat model of hepatic I/R.

Methods

Reagents

AT was kindly provided by Mitsubishi Welpharma Pharmaceuti-
cal Co. (Osaka, Japan). AT was purified from heat-treated,
pooled human plasma by adsorption on fixed heparin according
to a modified version of a previously described method (5). The
AT concentrate used in the experiments revealed a single band in
response to polyacrylamide gel electrophoresis with sodium
dodecyl sulfate. Capsaicin, capsazepine (CPZ)(an antagonist of
capsaicin), L-nitro-arginine-methyl-ester (L-NAME) (a non-se-
lective inhibitor of NOS), and indomethacin (a non-selective in-
hibitor of COX) were purchased from Sigma Chemical Co (St.
Louis, MO). N-(3-(aminomethyl)benzyl) acetamidine (1400W)
(a selective inhibitor of iINOS) was purchased from Cayman
Chemical (Ann Arbor, MI). NS-398 (a selective inhibitor of
COX-2) was a generous gift from Taisho Pharmaceutical Co
(Saitama, Japan). Human CGRP (8-37)(an antagonist of CGRP)
was purchased from Peptide Institute (Osaka, Japan). All other
reagents were of analytical grade.

Administration of various agents

We have previously reported that the plasma concentration of
6-keto-PGF, a stable metabolite of PGI,, begins to rise 30 min
after the intravenous (iv) administration of AT (250 U/kg) in in-
tact rats (15). According to these findings, AT (250 U/kg) was
given 30 min prior to reperfusion in this study.

CPZ was dissolved in 10% Tween 20/10% ethanol (10%)
with normal saline. CPZ (15 mg/kg) was injected subcu-
taneously (sc) 30 min prior to hepatic ischemia as described pre-
viously (16). L-NAME (5 mg/kg) was dissolved in normal sa-
line, and administered sc 30 min prior to hepatic ischemia as de-
scribed previously (17). 1400W (5 mg/kg) was dissolved in nor-

mal saline, and injected intravenously (iv) just before the hepatic
ischemia as described previously (18). CGRP (10 pg/kg) and
CGRP(8-37) (100 pg/kg) were dissolved in sterile distilled
water and injected iv just before the hepatic ischemia as de-
scribed previously (19). Indomethacin (20 mg/kg) was sus-
pended in 5% sodium bicarbonate-buffered saline and injected
sc 30 min prior to hepatic ischemia as described previously (5).
NS-398 (30 mg/kg) was suspended in 0.5% carboxymethyl cel-
lulose aqueous suspension and administered orally 1 hr prior to
hepatic ischemia as described previously (20). Solutions were
prepared immediately before the experiments.

Animal model of hepatic I/R

Adult, pathogen-free, male Wistar rats (Nihon SLC, Hamam-
atsu, Japan), 220-280 g, were used in each experiment. The care
and handling of the animals were in accordance with the
National Institute of Health guidelines. All experimental pro-
cedures described below were approved by the Kumamoto Uni-
versity Animal Care and Use Committee. The hepatic I/R proto-
col was performed as described previously (21, 22). Complete
ischemia of the median and left hepatic lobes was produced by
clamping the left branches of the portal vein and the hepatic ar-
tery for 60 min. In order to accurately evaluate blood flow of the
median and left hepatic lobes after ischemia, the right branches
of the portal vein and the hepatic artery were ligated to prevent
shunting to the right lobe after reperfusion (21). Sham-operated
animals were similarly prepared except that no clamping was
made to obstruct the blood flow to the left and median hepatic
lobes. Instead the blood flow to the right lobe of the liver was oc-
cluded.

Denervation of primary sensory nerves by capsaicin
Ablation of hepatic visceral afferent nerves was accomplished
by high-dose capsaicin administration as previously described
(19, 23). Rats received a total dose of 125 mg/kg capsaicin ad-
ministered subcutaneously in divided doses over two days. Two
weeks after treatment with high-dose capsaicin, animals were
subjected to stress. To determine the effectiveness of sensory af-
ferent nerve denervation procedure, a drop of 0.001% capsaicin
in saline was instilled into either eye of the rats, and their protec-
tive wiping movements were observed. Capsaicin-treated rats
that showed any wiping movement were excluded from the study.
Control animals were injected subcutaneously 1 ml of 10%
Tween 20/10% ethanol (10%) with normal saline.

Determination of hepatic CGRP level
Hepatic levels of CGRP were determined in animals by modifi-
cation of the methods as described previously (24). The concen-
tration of CGRP was assayed by using a specific enzyme immu-
noassay kit (SPI-BIO, Massey Cedex, France). Results are ex-
pressed as ug of CGRP per gram of tissue.

Immunohistochemical staining of CGRP, AT, and iNOS
in the liver

The peroxide-antiperoxide technique was used for immunohis-
tochemical staining of the liver with anti-CGRP antibody, anti-
AT antibody, or anti-iNOS antibody according to the methods as
described previously with slight modification (25-27). The un-
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fixed tissue blocks of rat liver were frozen in dry ice-cooled OCT
compound (Tissue Tek; Miles, Elkhart, IN). Sections (6-8 pm
thick) were mounted on glass slides, immersed in absolute acet-
one at —20°C for 5 min, rinsed in phosphate buffered saline
(PBS) five times for 5 mins each, and then incubated for 20 min
with 10% porcine serum in PBS at room temperature. They were
incubated for 1 hr at 37°C with rabbit anti-CGRP polyclonal
antibody, sheep anti-AT polyclonal antibody, or rabbit anti-iNOS
polyclonal antibody at 1:100 dilution. After five rinses in PBS,
the sections were treated with horseradish peroxide-conjugated
anti-rabbit or anti-sheep IgG, respectively (MBL Co. Nagoya,
Japan) at 1:2000 dilution for 1 hr at 37°C. Reaction products
were developed by immersing the sections in 3’3-diaminobenzi-
dine tetrahydrochloride solution containing 0.03% hydrogen
peroxide. The control for immunostaining was performed by
non-immune rabbit or sheep serum, respectively, as first step in
place of primary antiserum, and omission of the first step or use
of the first antiserum preabsorbed with an excess of the homo-
logous antigen. Samples were mounted with Entellan onto glass
slides, examined and photographed under light microscope.

Determination of hepatic 6-keto-PGF,, levels
Since we have previously demonstrated that hepatic 6-keto-
PGF11,, levels are increased after I/R, peaking at 1 hr of reper-

350 A
§ %

300 -

N
o
S
I

)
=]
=)
|

=Y

o0
(=3
I

100 |- §

Hepatic CGRP levels
{ng/g tissue)

2]
=]
I

N W R OO N O ©O
I

Hepatic 6-keto-PGF1a level
{ng/g tissue)

-
I

L1 | |
Pre 1 3 6

Time after reperfusion (h)

]
12

(=]

Figure I: Changes in hepatic tissue levels of CGRP (A) and
6-keto-PGF,,, (B) in rats subjected to hepatic I/R. Values are ex-
pressed as the means + SD derived from five animal experiments. Open
circles; sham operated animals, closed circles; I/R animals. §, p<0.01 vs.
pre-ischemia, *, p<0.01 vs. sham.

fusion (5), we measured the hepatic 6-keto-PGF11,,, levels 1 hr
after reperfusion in this study according to the methods de-
scribed previously (5). The concentration of 6-keto-PGF11,,,
was assayed using a specific enzyme immunoassay kit (Amer-
sham, Buckinghamshire, UK). The results are expressed as ng of
6-keto-PGF11,, per g of tissue.

Measurement of hepatic tissue blood flow

Hepatic tissue blood flow was measured by laser-Doppler flow-
meter (ALF21N, Advance, Tokyo, Japan) for 3 hr after reper-
fusion, as described previously (5). The results are expressed as
% of pre-ischemia levels.

Determination of hepatic levels of TNF-o

Hepatic levels of TNF-o were determined using a rat or mouse
TNF-o. ELISA system (Amersham, Buckinghamshire, UK) as
described previously (28). The results are expressed as pg of
TNF-a per g of tissue.

Determination of hepatic myeloperoxidase activity
After the indicated period of reperfusion, the livers were quickly
removed, and accumulation of leukocytes was assessed by
measuring myeloperoxidase (MPO) activity in the liver accord-
ing to a previously described method (29). Results are expressed
as units of MPO activity per g tissue.

Measurement of serum liver enzymes

Blood samples were taken 12 hr after reperfusion to measure the
level of serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) as previously described (30). ALT and
AST levels were measured by standard clinical automated analy-
sis and the results are expressed in 1U/L.

Isolation and culture of dorsal root ganglion neurons
Dorsal root ganglion neurons from the lumbar, cervical and tho-
racic region were dissected from specific pathogen free male
Wistar rats (body weight, 220-280 g; Nihon SLC, Hamamatsu,
Japan) as described previously (31). In brief, dorsal root ganglia
were placed in ice-cold sterile calcium-, and magnesium-free
Dulbecco’s phosphate buffered saline (CMF-Dulbecco’s PBS)
(Gibco, Grand Island, NY). Ganglia were chopped and incubated
at 37°C for 15 min in CMF-Dulbecco’s PBS containing 20 U/ml
papain (Worthington Biochemical Corporation, Lakewood, NJ).
The tissue was then incubated at 37°C for 15 min in CMF-Dul-
becco’s PBS containing 4 mg/ml collagenase type 11 (Worthing-
ton Biochemical Corporation). The tissue was incubated for a
further 30 min in CMF-Dulbecco’s PBS containing 2000 U/ml
dispase I (Godo Shusei, Tokyo, Japan) at 37°C. Individual cells
were then dissociated by trituration through a fire-polished Pas-
teur pipette. After centrifugation at 250 g for 5 min, the resultant
pellet was washed twice in serum free Ham’s F-12 medium (Hy-
clone, Logan, UT). Cells were plated on 60 mm polystyrene dish
precoated with Vitrogen (Cohesion Technologies, Palo Alto, CA)
in Ham’s F-12 medium containing 10% supplemented calf
serum (SCS), 2 mM glutamine and 50 ng/ml mouse 2.5S nerve
growth factor (NGF) (Upstate Biotecnology, Lake Placid, NY).
After 24 h, the culture medium was removed and replaced every
2 days.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Harada, et al.: Antithrombin and sensory neurons

Figure 2: Effect of AT on immunohistochemical staining of
CGREP in the liver of rats subjected to I/R. Immunohistochemical
CGRP staining of frozen sections of the liver was determined by anti-rat
CGRP antibody in sham-operated animals (A) and in I/R animals

| hr after reperfusion (B, C, D and E) (original magnification x 100).

AT (250 U/kg) was injected intravenously 30 min prior to reperfusion.
CPZ (15 mg/kg) was injected subcutaneously 30 min prior to ischemia.
A, sham-operation; B, I/R; C, I/R+CPZ; D, |/R+AT; E, I/R+AT+CPZ.
Administration of the vehicle did not affect the I/R-induced immunohis-
tochemical staining of CGRP. Five animals in each group were examined:
typical results are shown.
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Figure 3: Effects of AT and CPZ on I/R-induced increases in he-
patic CGRP levels after | hr of reperfusion. AT (250 U/kg) was in-
jected intravenously 30 min prior to reperfusion. CPZ (15 mg/kg) was
injected subcutaneously 30 min prior to ischemia. Values are expressed
as means + SD. *, p<0.01 vs. I/R; §, p<0.0l vs. I/R + AT.

Figure 4: Effect of AT on immunohistochemical staining of AT
in the liver of rats subjected to I/R. Immunohistochemical AT stain-
ing of frozen sections of the liver were determined by anti-human AT
antibody in sham-operated animals (A, B) and in I/R animals | hr after
reperfusion (C, D) (original magnification x 100). AT (250 U/kg) was in-
jected intravenously 30 min prior to reperfusion. CPZ (15 mg/kg) was
injected subcutaneously 30 min prior to ischemia. A, sham-operation;

B, sham-operation + AT; C, I/R; D, I/R + AT. Administration of the vehicle
did not affect the I/R-induced immunohistochemical staining of AT. Five
animals in each group were examined: typical results are shown.

Release of CGRP from dorsal root ganglion neurons in
culture

After 5 days in culture, the medium was aspirated gently and
washed with serum free Ham’s F-12 medium. Cells were incu-
bated with capsaicin (50 uM) or AT (5 U/ml) or capsaicin in com-
bination with AT (1, 2, or 5 U/ml) for 30 min in Ham’s F-12 medi-
um containing 1% SCS without NGF. After incubation, super-
natants were sampled and stored at —20°C for CGRP measure-
ment. CGRP levels were determined using a commercial rat
CGRP enzyme immunometric assay kit (SPI bio, Massy,
France).

Statistical analysis

Data are expressed as the mean + SD. The results were compared
using either an analysis of variance followed by Scheffé’s post
hoc test or an unpaired Student’s t-test. A level of p<.05 was con-
sidered statistically significant.

Results

Effects of CPZ and/or AT on I/R-induced increases in
hepatic tissue levels and the immunohistochermical
staining of CGRP

Hepatic tissue levels of CGRP were increased after hepatic I/R,
peaking at 1 hr after reperfusion (Fig. 1A). The levels at 1 hr after
reperfusion in animals subjected to hepatic I/R were signifi-
cantly higher than those of sham-operated animals (Fig. 1A). Im-
munohistochemical staining of CGRP in the liver at 1 hr after
reperfusion was increased in animals subjected to hepatic I/R
compared with that of sham-operated animals (Fig. 2, A and B).
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Figure 5: Effects of AT and various agents on I/R-induced in-
creases in hepatic levels of 6-keto-PGF . AT (250 U/kg) was in-
jected intravenously 30 min prior to reperfusion. Animals were either in-
jected sc with CPZ (15 mg/kg), L-NAME (5 mg/kg), or indomethacin (IM;
20 mg/kg) 30 min prior to hepatic ischemia. 1400W (5 mg/kg) and
CGRP (8-37) (100 pg/kg) were injected intravenously immediately prior
to AT administration. NS-398 (30 mg/kg) was administered orally | hr
prior to hepatic ischemia. Each bar represents the mean + SD. * p<0.0|
vs. I/R; 1, p<0.01 vs. I/R + AT.

Pretreatment with CPZ (15 mg/kg, sc), an antagonist of capsai-
cin, inhibited both the increase in hepatic tissue levels of CGRP
(Fig. 3) and the immunohistochemical staining of CGRP (Fig.
2C) seen 1 hr after reperfusion. AT (250 U/kg, iv) significantly
enhanced the I/R-induced increases in both hepatic tissue levels
(Fig. 3) and immunohistochemical staining of CGRP in the liver
(Fig. 2D) at 1 hr after reperfusion. Pretreatment with CPZ
completely inhibited these AT-induced increases in hepatic
tissue levels (Fig. 3) and immunohistochemical staining of
CGRP (Fig. 2E) at 1 hr after reperfusion in rats subjected to
hepatic I/R.

Tissue distribution of intravenously administered AT

To determine whether intravenously administered AT can gain
access to sensory nerve endings localized in the perivascular
space (31), we analyzed the hepatic tissue distribution of intra-
venously administered AT by immunohistochemical staining
using anti-human AT antibody (Fig. 4). Although AT was not ad-
ministered, it was shown immunohistochemically using anti-
human AT antibody mainly in the endothelial surface of the liver
in sham-operated animals (Fig. 4A) and in those subjected to he-
patic I/R (Fig. 4C). This might be due to the cross-reactivity of rat
AT with anti-human AT antibody (32). In sham-operated animals
administered AT, AT was also shown to be distributed mainly at
the endothelial surface (Fig. 4B). However, AT was demon-
strated immunohistochemically in the perivascular space as well
as the endothelial surface in AT-treated animals subjected to he-
patic I/R (Fig. 4D). These observations suggested that intra-
venously administered AT might extravasate at the site of en-
dothelial injury where vascular permeability is increased.
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Figure 6: Effects of AT and various agents on the changes in he-
patic tissue blood flow | h (A) and 3 h (B) after reperfusion in
rats subjected to hepatic I/R. AT (250 U/kg) was injected intra-
venously 30 min prior to reperfusion. Animals were either injected sc
with CPZ (15 mg/kg), L-NAME (5 mg/kg), or indomethacin (IM; 20 mg/
kg) 30 min prior to hepatic ischemia. 1400W (5 mg/kg) and CGRP
(8-37) (100 pg/kg) were injected intravenously immediately prior to AT
administration. NS-398 (30 mg/kg) was administered orally | hr prior to
hepatic ischemia. Each value represents the mean * SD deprived from 5
animals. *, p<0.01 vs. I/R; 1, p<0.0l vs. I/R +AT.

Effects of pretreatment with CPZ, CGRP, NOS
inhibitors and COX inhibitors on AT-induced increases
in hepatic tissue levels of 6-keto-PGF,, and hepatic
tissue blood flow

Hepatic tissue levels of 6-keto-PGF,, were increased after he-
patic I/R, peaking at 1 hr after reperfusion and these levels were
significantly higher in animals subjected to hepatic I/R than in
sham-operated animals (Fig. 1B). Although administration of
capsaicin and CGRP enhanced increases in hepatic tissue levels
of 6-keto-PGF,, at 1 hr after reperfusion and increased hepatic
tissue blood flow after reperfusion, pretreatment with CPZ (15
mg/kg, sc), CGRP (8-37) (100 pg/kg, iv), L-NAME (a non-se-
lective inhibitor of NOS) (5 mg/kg, sc), and indomethacin (a
non-selective inhibitor of COX) (20 mg/kg, sc) inhibited these
increases and decreased hepatic tissue blood flow (13). However,
neither 1400W (a selective inhibitor of iNOS)(5 mg/kg, iv) nor
NS-398 (a selective inhibitor of COX-2) (30 mg/kg, po) had any
effect on these increases and hepatic tissue blood flow (13). In-
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Figure 7: Effects of AT and various agents on I/R-induced in-
creases in hepatic levels of TNF-o. (A) and hepatic MPO activity
(B). AT (250 U/kg) was injected intravenously 30 min prior to reper-
fusion. Animals were either injected sc with CPZ (15 mg/kg), L-NAME
(5 mg/kg), or indomethacin (IM; 20 mg/kg) 30 min prior to hepatic ische-
mia. 1400W (5 mg/kg) and CGRP (8-37) (100 pg/kg) were injected in-
travenously immediately prior to AT administration. NS-398 (30 mg/kg)
was administered orally | hr prior to hepatic ischemia. Each bar repre-
sents the mean + SD. * p<0.0l vs. I/R; 1, p<0.0l vs. I/R + AT.

travenous administration of AT significantly enhanced increases
in hepatic tissue levels of 6-keto-PGF at 1 hr after reperfusion
(Fig. 5) and increased hepatic tissue blood flow after reperfusion
(Fig. 6). Pretreatment with CPZ, CGRP (8-37), L-NAME, and
indomethacin significantly inhibited AT-induced increases in
both hepatic tissue levels of 6-keto-PGF,, at 1 hr after reper-
fusion (Fig. 5) and hepatic tissue blood flow (Fig. 6), but neither
1400W nor NS-398 had any effect (Figs. 5 and 6).

Effects of pretreatment with CPZ, CGRP, NOS in-
hibitors, and COX inhibitors on AT-induced inhibition
of increases in hepatic tissue levels of TNF-o. and MPO
Hepatic tissue levels of TNF-o and MPO were markedly in-
creased after I/R, peaking at 1 and 6 hr after reperfusion, respect-
ively, and these levels were significantly higher than those of
sham-operated animals (32). Hepatic I/R-induced increases in
hepatic tissue levels of TNF-a. and MPO were significantly in-
hibited by administration of capsaicin and CGRP, but were en-
hanced by administration of CPZ, CGRP (8-37), L-NAME, and
indomethacin (13). Neither pretreatment with 1400W nor that
with NS-398 showed any effects on these levels (13). Intra-
venous administration of AT significantly inhibited these I/R-in-
duced increases (Fig. 7, A and B). Although pretreatment with
CPZ (15 mg/kg, sc), CGRP (8-37) (100 ug/kg, iv), L-NAME (5
mg/kg, sc), and indomethacin (20 mg/kg, sc) completely ab-

Figure 8: Effects of AT and various agents on I/R-induced in-
creases in serum AST (A) and ALT (B) level. AT (250 U/kg) was
injected intravenously 30 min prior to reperfusion. Animals were either
injected sc with CPZ (15 mg/kg), L-NAME (5 mg/kg), or indomethacin
(IM; 20 mg/kg) 30 min prior to hepatic ischemia. 1400W (5 mg/kg) and
CGRP (8-37) (100 pg/kg) were injected intravenously immediately prior
to AT administration. NS-398 (30 mg/kg) was administered orally | hr
prior to hepatic ischemia. Each bar represents the mean + SD. * p<0.0|
vs. IIR; 1, p<0.01 vs. I/R + AT.

rogated the AT-induced reduction of hepatic tissue levels of
TNF-o and MPO after reperfusion, neither pretreatment with
1400W (5 mg/kg, iv) nor that with NS-398 (30 mg/kg, po) had
any effect (Fig. 7, A and B).

Effects of pretreatment with CPZ, functional
denervation of capsaicin-sensitive sensory neurons,
CGRP, NOS inhibitors and COX inhibitors on
AT-induced reduction of liver injury

Serum levels of transaminases were increased after hepatic I/R,
peaking at 12 hr after reperfusion (29). These increases were in-
hibited by administration of capsaicin and CGRP, while these
were enhanced by administration of CPZ, CGRP (8-37),
L-NAME, and indomethacin (13). Neither pretreatment with
1400W nor that with NS-398 showed any effects on these levels
(13). AT significantly inhibited the I/R-induced increases in
serum levels of transaminases (Fig. 8, A and B). Reduction by AT
of I/R-induced liver injury was not observed in animals pre-
treated with CPZ (15 mg/kg, sc) and in animals undergoing func-
tional denervation by administration of a large amount of capsai-
cin (Fig. 8, A and B). Pretreatment with CGRP (8-37) (100
pg/ke, iv), L-NAME (5 mg/kg, sc), and indomethacin (20 mg/kg,
sc) reversed the AT-induced inhibition, but neither 1400W (5 mg/
kg, iv) nor that with N'S-398 (30 mg/kg, po) had any effect (Fig.
8, A and B).
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Effect of AT on the expression of iINOS in the liver after
hepatic I/R

To determine whether iNOS is involved in reduction of I/R-in-
duced liver injury in animals given AT, we examined the effect of
AT on the expression of iNOS in the liver using immunohisto-
chemical staining of iNOS at 1 hr after reperfusion. Expression
of INOS was not observed in the liver at 1 hr after reperfusion in
animals without AT administration (data not shown). Adminis-
tration of AT did not induce the expression of iNOS in the liver at
1 hr after reperfusion (data not shown).

Effects of AT and/or capsaicin on CGRP release from
dorsal root ganglion neurons isolated from rats

To determine whether AT directly promotes CGRP release from
the sensory neurons, we analyzed the effect of AT on CGRP re-
lease from dorsal root ganglion neurons isolated from rats. As
shown in figure 9, although AT (5 U/ml) itself did not increase
CGRP release from dorsal root ganglion neurons, it significantly
enhanced CGRP release in the presence of capsaicin (50 uM) at
30 min after incubation. However, AT, at concentrations lower
than 5 U/ml, did not enhance CGRP release even in the presence
of capsaicin at 30 min after incubation (Fig. 9).

Discussion

In the present study, AT significantly enhanced I/R-induced in-
creases in both hepatic tissue levels and immunohistochemical
staining of CGRP in rats. These increases were inhibited by pre-
treatment with CPZ, a vanilloid receptor-1 antagonist. Pretreat-
ment with CPZ and CGRP (8-37), an antagonist of CGRP, in-
hibited AT-induced increases in hepatic tissue levels of 6-keto-
PGF,, in rats subjected to hepatic I/R. Reduction by AT of
I/R-induced liver injury was not observed in animals pretreated
with CPZ and CGRP (8-37) and in animals whose sensory neur-
ons were functionally denervated. Taken together, these observa-
tions strongly suggest that AT might increase the endothelial pro-
duction of PGI, mainly by enhancing the activation of capsaicin
sensitive sensory neurons in the liver of rats subjected to hepatic
I/R, thereby reducing liver injury.

Since sensory nerve endings are located at the perivascular
area of various tissues (31), the question arises as to how intra-
venously administered AT gains access to nerve endings to
stimulate the sensory neurons. As shown in the present study, AT
was found in the extravascular space as well as on the endothelial
surface of the liver of AT-treated animals subjected to hepatic
I/R, but it was not demonstrated in the extravascular space in AT-
treated animals undergoing sham-operations. Activated neutro-
phils have been shown to increase microvascular permeability by
interacting with endothelial cells (33). Consistent with this no-
tion is the observation from our preliminary experiments, de-
monstrating that ONO-5046, a neutrophil elastase inhibitor (29),
significantly inhibited the I/R-induced increase in hepatic
microvascular permeability in rats. Thus, it is possible that intra-
venously administered AT might extravasate at the site where ac-
tivated neutrophils increase vascular permeability in the liver of
animals subjected to hepatic I/R. Consistent with this hypoth-
esis, Koj et al. (34) previously demonstrated that extravasation of
AT was observed in rabbits at the site of local inflammation
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Figure 9: Effect of AT on CGRP release by capsaicin-stimulated
dorsal root ganglion neurons. Dorsal root ganglion neurons were in-
cubated with capsaicin (50 pM) or AT (5 U/ml) or capsaicin in com-
bination with AT (I, 2 or 5 U/ml) for 30 min. Supernatants were sampled
and CGRP levels were measured by enzyme immunoassay. Each value
represents the mean + SD deprived from 5 animals. *, p < 0.01 vs. cap-
saicin(-)/AT(0); T, p < 0.01 vs. capsaicin(+)/AT(0).

where vascular permeability was significantly increased. These
observations suggest that intravenously administered AT might
interact with sensory nerve endings at the site of inflammation in
the liver of animals subjected to hepatic I/R.

AT-induced increases in hepatic tissue levels of 6-keto-
PGF,, were inhibited by L-NAME and indomethacin, but not by
1400W and NS-398 as shown in the present study, suggesting
that AT-induced increases in the endothelial production of PGI,
might involve the activation of endothelial NOS (eNOS) and
COX-1 in rats subjected to hepatic I/R. Consistent with this hy-
pothesis is the observation in the present study demonstrating
that the expression of iNOS was not observed in the liver of rats
given AT. We previously demonstrated that activation of both
eNOS and COX-1 was closely involved in sensory neuron-me-
diated increases in hepatic tissue levels of 6-keto-PGF,, in rats
subjected to hepatic I/R (13), supporting the hypothesis that AT
increases PGI, production by enhancing activation of sensory
neurons in rats subjected to hepatic I/R.

Since CGRP and PGI, are both potent vasodilators (35, 36),
AT-induced increases in both release of CGRP and production of
PGI, in the liver may increase the hepatic tissue blood flow. Con-
sistent with this hypothesis is the observation in the present study
that AT-induced increases in hepatic tissue blood flow after rep-
erfusion were significantly inhibited by pretreatment with
CGRP (8-37) and indomethacin. Neutrophils activated by
TNF-o might be involved in the development of I/R-induced
liver injury through a decrease in hepatic tissue blood flow (37).
Since PG, is a potent inhibitor of neutrophil activation (38), AT
might increase hepatic tissue blood flow by vasodilation and by
inhibition of neutrophil activation through activation of sensory
neurons.

In the present study, although AT itself did not increase
CGRP release from dorsal root ganglion neurons isolated from
adult rats in vitro, it significantly enhanced CGRP release from
dorsal root ganglion neurons in the presence of capsaicin. Since
capsaicin is not an endogenous agonist for the activation of sen-
sory neurons, AT might promote CGRP release in the presence
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of other endogenous activators for sensory neurons such as anan-
damide (33), TNF-a. (39) and (H") (40) in the liver of rats sub-
jected to hepatic I/R. These observations suggest that AT dis-
tributed in the perivascular space in the liver after reperfusion
might sensitize the sensory neurons in the presence of some en-
dogenous agonists that are capable of activating the sensory
neurons, thereby increasing CGRP release. The detailed molecu-
lar mechanism(s) by which AT enhances CGRP release from
dorsal root ganglion neurons needs to be elucidated by further in-
vestigations.

In contrast to our reports, Oelschlager et al. (41) demon-
strated that AT inhibits monocytic TNF-o production directly by
inhibiting NF-xB activation in vitro. However, anti-inflamma-
tory activity of AT was not observed in rats pretreated with in-
domethacin in our rat model of sepsis (42, 43) and in rats sub-
jected to hepatic (5) and renal I/R (44), suggesting that AT-in-

duced increases in endothelial production of PGI, might play
more important roles in the anti-inflammatory properties of AT
than its direct anti-inflammatory activity in vivo.

We demonstrated that interaction of AT with endothelial sur-
face-glycosaminoglycans was critical for the promotion by AT of
endothelial production of PGI, in rats (15). However, how inter-
action of AT with glycosaminoglycans contributes to stimulation
by AT of the sensory neurons remains to be determined. Further
investigations are necessary to explore more detailed molecular
mechanism(s) of the interaction of AT with sensory neurons
using dorsal root ganglion neurons in vitro.

Taken together, observations in the present study strongly
suggested that AT might exert anti-inflammatory activity by en-
hancing the activation of the sensory nerve-mediated anti-in-
flammatory mechanism, an important connection between the
nervous system and the immune system.

References

1. Rosenberg RD. Biochemistry of heparin antithrom-
bin interactions, and the physiological role of this natu-
ral anticoagulant mechanism. Am J Med 1989; 87
Suppl. 3B: 2S-9S.

2. Okajima K, Ueyama H, Hashimoto Y, et al.
Homozygous variant of antithrombin I1I that lacks af-
finity for heparin: AT I Kumamoto. Thromb Haemost
1989; 61: 20-24.

3. OkajimaK, Abe H, Maeda S, et al. Antithrombin I1I
Nagasaki (Ser116-Pro): a heterozygous variant with
defective heparin binding associated with thrombosis.
Blood 1993; 81: 1300-5.

4. Jaeschke H. Molecular mechanisms of hepatic
ischemia-reperfusion injury and preconditioning. Am J
Physiol Gastointest Liver Physiol 2003; 284: G15-G26.
5. Harada N, Okajima K, Kushimoto S, et al. Anti-
thrombin reduces ischemia/reperfusion injury of rat
liver by increasing the hepatic level of prostacyclin.
Blood 1999; 93: 157-64.

6. Kainoh M, Imai R, Umetsu T, et al. Prostacyclin
and beraprost sodium as suppressors of activated rat
polymorphonuclear leukocytes. Biochem Pharmacol
1990; 39: 477-84.

7. Eisenhut T, Sinha B, Grottrup-Wolfers E, et al.
Prostacyclin analogs suppress the synthesis of tumor
necrosis factor-ot in LPS-stimulated human peripheral
blood mononuclear cells. Immunopharmacology 1993;
26: 259-64.

8. Uchiba M, Okajima K. Antithrombin does not di-
rectly promote the endothelial production of prostacyc-
lin in cultured endothelial cells. Thromb Haemost
2001; 86: 722-3.

9. Dray A. Inflammatory mediators of pain. Br J An-
aesth 1995; 75: 125-31.

10. Szallasi A, Blumberg PM. Vanilloid receptors: new
insights enhance potential as a therapeutic target. Pain
1996; 68: 195-208.

11. Crossman D, McEwan J, MacDermot J, et al.
Human calcitonin gene-related peptide activates
adenylate cyclase and releases prostacyclin from
human umbilical vein endothelial cells. Br J Pharmacol
1987; 92: 695-701.

12. Fields HL. Pain. New York, McGraw-Hill; 1987.
13. Harada N, Okajima K, Uchiba M, et al. Ischemia/
reperfusion-induced increase in the hepatic level of
prostacyclin is mainly mediated by activation of capsai-
cin-sensitive sensory neurons in rats. J Lab Clin Med
2002; 139: 218-26.

14. Borov Borovikova LV, Ivanova S, Zhang M, et al.
Vagus nerve stimulation attenuates the systemic in-

flammatory response to endotoxin. Nature 2000; 405:
458-62.

15. Uchiba M, Okajima K, Murakami K, et al. Effect of
antithrombin II1 (AT I11) and Trp*-modified AT III on
plasma level of 6-keto-PGF,, in rats. Thromb Res
1995; 80: 201-8.

16. Perkins MN, Campbell EA. Capsazepine reversal
of the antinociceptive action of capsaicin in vivo. Br J
Pharmacol 1992; 107: 329-33.

17. Laszlo F, Whittle BJR, Moncada S. Time-depend-
ent enhancement or inhibition of endotoxin-induced
vascular injury in rat intestine by nitric oxide synthase
inhibitors. Br J Pharmacol 1994; 111: 1309-15.

18. Uno K, Tuchi Y, Fujii J, et al. In vivo study on cross
talk between inducible nitric-oxide synthase and cyclo-
oxygenase in rat gastric mucosa: effect of cyclooxyge-
nase activity on nitric oxide production. J Pharmacol
Exp Ther 2004; 309: 995-1002.

19. Kaneko H, Kaunitz J, Taché Y. Vagal mechanisms
underlying gastric protection induced by chemical acti-
vation of raphe pallidus in rats. Am J Physiol 1998;275:
G1056-1062.

20. Arai I, Hamasaki Y, Futaki N, et al. Effect of
NS-398, a new nonsteroidal anti-inflammatory agent,
on gastric ulceration and acid secretion in rats. Res
Commun Chem Pathol Pharmacol 1993; 81: 259-70.
21. Hayashi H, Chaudry IH, Clemens MG, et al. He-
patic ischemia models for determining the effects of
ATP-MgCI2 treatment. J Surg Res 1986; 40: 167-75.
22. Lee SM, Clemens MG. Effect of o-tocopherol on
hepatic mixed function oxidases in hepatic ischemia/
reperfusion. Hepatology 1992; 15: 176-81.

23. Harada N, Okajima K, Uchiba M, et al. Contribu-
tion of capsaicin-sensitive sensory neurons to stress-in-
duced increases in gastric tissue levels of prostagland-
ins in rats. Am J Physiol Gastrointest Liver Physiol
2003; 285: G1214-G1224.

24. LiuL, Simon SA. Capsazepine, a vanilloid receptor
antagonist, inhibits nicotinic acetylcholine receptors in
rat trigeminal ganglia. Neurosci Lett 1997; 228: 29-32.
25. Akiyoshi H, Gonda T, Terada T. A comparative his-
tochemical and immunohistochemical study of aminer-
gic, cholinergic and peptidergic innervation in rat,
hamster, guinea pig, dog and human livers. Liver 1998;
18:352-9.

26. Torry RJ, Labarrere CA, Nelson D, et al. Localiz-
ation and characterization of antithrombin in human
kidney. J Histchem Cytochem 1999; 47: 313-21.
27.1to Y, Abril ER, Bethea NW, et al. Role of nitric
oxide in hepatic microvascular injury elicited by acet-

55

aminophen in mice. Am J Physiol Gastrointest Liver
Physiol 2004; 286: G60-67.

28. Shito M, Wakabayashi G, Ueda M, et al. Interleukin
1 receptor blockade reduces tumor necrosis factor pro-
duction, tissue injury, and mortality after hepatic ische-
mia-reperfusion in the rat. Transplantation 1997; 63:
143-8.

29. Warren JS, Yabroff KR, Remick DG, et al. Tumor
necrosis factor participates in the pathogenesis of acute
immune complex alveolitis in the rat. J Clin Invest
1989; 84: 1873-82.

30. Kushimoto S, Okajima K, Uchiba M, et al. Role of
granulocyte elastase in ischemia/reperfusion injury of
rat liver. Crit Care Med 1996; 24: 1908-12.

31. Tognetto M, Amadesi S, Harrison S, et al. Ananda-
mide excites central terminals of dorsal root ganglion
neurons via vanilloid receptor-1 activation. J Neurosci
2001; 21: 1104-9.

32. Holzer P. Neural emergency system in the stomach.
Gastroenterology 1998; 114: 823-39.

33. Harada N, Okajima K, Kushimoto S. Gabexate
mesilate, a synthetic protease inhibitor, reduces ische-
mia/reperfusion injury of rat liver by inhibiting leuko-
cyte activation. Crit Care Med 1999; 27: 1958-64.

34. van Nieuw Amerongen GP, van Hinsbergh VW. Tar-
gets for pharmacological intervention of endothelial
hyperpermeability and barrier function. Vascular Pha-
macol 2003; 39: 257-72.

35. Koj A, Regoeczi E. Effect of experimental inflam-
mation on the synthesis and distribution of antithrom-
bin III and alpha-1-antitrypsin in rabbits. Br J Exp
Pathol 1978; 59: 473-81.

36. Bull HA, Hothersall J, Chowdhury N, et al. Neur-
opeptides induce release of nitric oxide from human
dermal microvascular endothelial cells. J Invest Der-
matol 1996; 106: 655-60.

37. Armstrong JM, Chapple D, Dusting GJ, et al.
Cardiovascular actions of prostacyclin (PGL,) in
chloralose anesthetized dogs. Br J Pharmacol 1977; 61:
136-41.

38. Gibbs LS, Lai L, Malik AB. Tumor necrosis factor
enhances the neutrophil-dependent increase in en-
dothelial permeability. J Cell Physiol 1990; 145:
496-500.

39. Granger DN, Kubes P. The microcirculation and in-
flammation: modulation of leukocyte-endothelial cell
adhesion. J Leukoc Biol 1994; 55: 662-75.

40. Opree A, Kress M. Involvement of the proinflam-
matory cytokines tumor necrosis factor-alpha, IL-1f,
and IL-6 but not IL-8 in the development of heat hyper-

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Harada, et al.: Antithrombin and sensory neurons

algesia: Effects on heat-evoked calcitonin gene-related
peptide release from rat skin. J Neurosci 2000; 20:
6289-93.

41. Tominaga M, Caterina MJ, Malmberg AB, et al.
The cloned capsaicin receptor integrates multiple pain-
producing stimuli. Neuron 1998; 21: 531-43.

42. Oelschlager C, Romisch J, Staubitz A, et al. Anti-
thrombin 1T inhibits nuclear factor kappaB activation

in human monocytes and vascular endothelial cells.
Blood 2002; 99: 4015-20.

43. Uchiba M, Okajima K, Murakami K, et al. Attenu-
ation of endotoxin-induced pulmonary vascular injury
by antithrombin III. Am J Physiol 1996; 270:
L921-L930.

44. Tsobe H, Okajima K, Uchiba M, et al. Antithrombin
prevents endotoxin-induced hypotension by inhibiting

the induction of nitric oxide synthase in rats. Blood
2002; 99: 1638-45.

45. Mizutani A, Okajima K, Uchiba M, et al. Anti-
thrombin reduces ischemia/reperfusion-induced renal
injury in rats by inhibiting leukocyte activation through
promotion of prostacyclin production. Blood 2003;
101: 3029-36.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



