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Abstract

Cholestatic patients undergoing surgery have increased mortal-
ity and demonstrate clinical features suggestive of adrenal in-
sufficiency. To examine whether cholestasis influences the sta-
tus of the hypothalamic-pituitary-adrenal axis, we evaluated
rats with acute cholestasis caused by bile duct resection (BDR)
and sham-operated and unoperated controls. Basal unstressed
plasma concentrations of AC`TH and corticosterone were simi-
lar in BDRand sham-operated and unoperated control rats.
However, exposure of BDRrats to saturated ether vapor re-
sulted in significantly less ACTHand corticosterone release in
plasma than in the control animals. To understand the mecha-
nism(s) of decreased HPAaxis responsiveness to ether stress
in cholestasis, we administered corticotropin-releasing factor
(CRF) and measured hypothalamic content, mRNAlevels and
in vitro secretion of CRFand arginine vasopressin (AVP), the
two principal secretagogues of ACTH. In BDRanimals, ACTH
responses to CRFwere decreased and hypothalamic content of
CRF and CRFmRNAexpression in the paraventricular nu-
cleus were decreased by 25 and 37%, respectively. Further-
more, CRF release from hypothalamic explants of BDRrats
was 23% less than that of controls. In contrast to CRF, hypotha-
lamic content of AVP was 35% higher, AVP mRNAin the
paraventricular nucleus was increased by 6.6-fold, and hypotha-
lamic explant release of AVPwas 24%higher in BDRrats than
in control animals. Pituitary ACTHcontents were similar in
BDRand sham resected rats, but higher than unoperated con-
trols. These findings demonstrate that acute cholestasis in the
rat is associated with suppression of hypothalamic-pituitary-
adrenal axis responsiveness to stress and demonstrate a dissoci-
ation between mechanisms of ACTHregulation mediated by
CRF and AVP. (J. Clin. Invest. 1993. 91:1903-1908.) Key
words: corticotropin releasing factor * corticosterone * cholesta-
sis * ACIH

Introduction

Increased perioperative morbidity and mortality are well recog-
nized in patients with cholestasis, and are associated with hypo-
volemia, hypotension, and renal failure ( 1-3). These compli-
cations of cholestasis resemble the clinical features of adrenal
insufficiency (4). In addition, in provocative stress testing,
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25% of alcoholic cirrhotics have been shown to have im-
paired responsiveness of the hypothalamic-pituitary-adrenal
(HPA)' axis (5). It seemed possible, therefore, that hypore-
sponsiveness of the HPAaxis might contribute to the appar-
ently enhanced vulnerability of cholestatic patients to surgical
stress. Obstructive jaundice in humans and animals has been
associated with the accumulation in plasma of a number of
substances, which are known to interact with the HPA axis,
including cytokines (6, 7) and endogenous opioids (8, 9), and
which may influence the basal or stress related activity of this
axis.

Hypothalamic corticotropin-releasing factor (CRF), pro-
duced by the median division of the paraventricular nucleus
(PVN), has been shown to be the principal, permissive regula-
tor of ACTHsecretion from the anterior pituitary (10). Argi-
nine vasopressin (AVP), produced by parvocellular neurons of
the PVNand from collaterals of magnocellular neurons termi-
nating in the median eminence, is also a major coregulator of
pituitary ACTHsecretion. AVPacts synergistically with CRF
to augment ACTHrelease ( 11). Based on observations made
in cholestatic patients undergoing surgery, we postulated that
cholestatic rats may have reduced responsiveness of the HPA
axis to stress. To test this hypothesis, we studied the basal status
of the HPAaxis and its responsiveness to ether stress in the bile
duct-resected (BDR) rat model of cholestasis and parallel
sham-resected and unoperated controls. Wedocumented a di-
minished responsiveness of the HPA axis to acute stress in
BDRanimals.

Methods

Animals. Male Sprague-Dawley rats weighing 190-210 g were ob-
tained from Taconic Farms Inc., (Germantown, NY). All animals
were housed two per cage in a light controlled room maintained at
22°C with a 12-h day/night cycle and were given free access to food
and water. The rats were handled regularly.

Model of acute cholestasis. Laparotomy was performed under gen-
eral anesthesia induced by intraperitoneal injection of ketamine HCl
(50 mg/ml) (Parke-Davis, Morris Plains, NJ) and xylazine (100 mg/
ml) (Fermenta Animal Health Co., Kansas City, MO), 8:1, vol/vol,
dose 0.2-0.3 ml/rat. The bile duct was isolated, doubly ligated, and
resected between the ligatures as described by Cameron and Oakley
( 12). Shamresection consisted of laparotomy and bile duct identifica-
tion and manipulation without ligation or resection. Unoperated age-
matched rats also served as controls. Experiments were performed 5 d
after surgery.

Model of stress. To activate the HPAaxis and stimulate ACTHand
corticosterone release, rats were exposed to saturated ether vapor, a

1. Abbreviations used in this paper: AVP, arginine vasopressin; BDR,
bile duct resected; CRF, corticotropin-releasing factor; HPA, hypotha-
lamic-pituitary-adrenal; PVN, paraventricular nucleus; SCN, supra-
chiasmatic; SON, supraoptic.
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well-described systemic stressor, for 1 min. Ether vapor has been shown
to activate the HPAaxis in part by stimulating CRFrelease from the
hypothalamus ( 13).

Ovine CRFadministration. To examine the responsiveness of the
corticotroph to CRF, we administered ovine CRFintraperitoneally to
bile duct-resected and sham-resected rats (2.0 gg/200 g in 0.5 ml nor-
mal saline) (Peninsula Labs, Inc., Belmont, CA) and measured truncal
blood ACTHlevels 30 min later.

Blood and tissue samples. All rats were killed by decapitation be-
tween 9:00 a.m. and 11:00 a.m. to obviate effects of the circadian
rhythm of ACTHand corticosterone levels on the results. Rats were
killed within 30 s after removal from their cage for the determination of
basal hormone levels in the unstressed state, and 2 and 20 min after
exposure to ether vapor for the determination of plasma ACTHand
corticosterone levels, respectively; i.e. when the respective plasma lev-
els are maximal (Swain, M. G., unpublished observation) ( 14). Trun-
cal blood was collected into prechilled EDTA-containing plastic tubes
for ACTHand corticosterone determination. Blood samples were cen-
trifuged immediately at 1,000 g for 12 min and plasma was stored at
-70'C until assayed.

Adrenal glands were removed, trimmed free from fat, and weighed.
Pituitary glands were rapidly removed from the skull, the anterior pitu-
itary was separated, placed in a plastic tube on ice, and immediately
frozen at -70'C. It was subsequently homogenized in 500 ,l 0.1 NHCO
and the homogenate was lyophilized.

Hypothalami were dissected out on ice. The tissue blocks were de-
fined rostrally by the posterior border of the optic chiasm, caudally by
the anterior border of the mammillary bodies, laterally by the hypotha-
lamic fissures, dorsally by the roof of the third ventricle, and ventrally
by the stalk-sectioned infundibulum. To determine total hypothalamic
CRFand AVPconcentrations, hypothalami were extracted and homog-
enized in 1.0 ml of ice-cold 0.1 N HCl and centrifuged for 20 min at
3,000 g at 4VC. Supernatants were lyophylized and stored at -70'C
until assayed for CRF/AVP contents.

For the determination of hypothalamic basal CRFrelease in vitro,
hypothalamic organ explants were collected in ice-cold Medium 199
with modified Earle's salt (Gibco Laboratories, Grand Island, NY)
containing 0.1% BSA, 100 KIU/ml aprotinin, 20 MMbacitracin, and
0.005% ascorbic acid (all reagents from Sigma Immunochemicals, St.
Louis, MO). After preincubation for 2 h at 38°C in an atmosphere of
95% oxygen/5% carbon dioxide in a water-jacketed incubator, single
tissue explants were transferred to plastic mesh baskets and incubated
for two successive periods of 20 min in 0.5 ml of medium (as above) in
48-multiwell cell culture plates (Costar Corp., Cambridge, MA). Basal
release was determined from the superfusate of the second incubation.
At the end of the experiment, each explant was exposed for 20 min to a
depolarizing concentration of KCI (60 mM)to assess the intactness of
the tissue ( 15). Superfusates were stored at -70°C until assayed for
CRF/AVP content.

Hormone radioimmunoassays. Plasma corticosterone was deter-
mined by radioimmunoassay using commercially available reagents
(ICN Biomedicals Inc., Costa Mesa, CA). Each plasma sample was
diluted 1:200 and 100-Ml aliquots were assayed in duplicate. Results
were expressed as nanograms per milliter of plasma. Within-assay coef-
ficient of variation was 7%and interassay variation 10%. The ACTH
radioimmunoassay was also conducted using commercially available
reagents (INCSTAR, Stillwater, MN). Each sample was assayed in
duplicate. For assays of ACTHin pituitary, lyophilized specimens were
reconstituted with 500 ,l double distilled water and assayed after ap-
propriate dilution. Protein was assayed by the Lowry method ( 16).
Results were expressed as picograms of ACTHper milliter of plasma or
nanograms of ACTHper milligram of pituitary protein. Within-assay
coefficient of variation was 12% and the interassay coefficient of varia-
tion was 16%.

Radioimmunoassay of CRF was performed as described previ-
ously, using a specific anti-CRF serum developed in our laboratory
(15). For the determination of hypothalamic CRFcontent, Iyophy-
lized samples were reconstituted in 1.0 ml 0.63 Msodium phosphate

buffer (pH 7.4) containing 0.0 13 MEDTA, 0.1% Triton X-100 and
0.02% sodium azide (all from Sigma Immunochemicals) and subse-
quently diluted 1:40 in this buffer before assay. CRFconcentrations in
hypothalamic explant superfusion media were determined directly.
Results are expressed as picograms of CRFreleased per milliter of me-
dia or picograms CRFper milligram of hypothalamic protein.

Radioimmunoassay of AVP in hypothalamic tissue extracts and
superfusates were carried out using a specific anti-AVP serum (Arnel
Inc., New York, NY) at a final dilution of 1:90,000 and '25I-labeled
AVP(New England Nuclear-Dupont, Wilmington, DE) as tracer. An-
tibody bound hormone was separated by second antibody precipitation
(Arnel). ED50 of this assay was 36.2±5.2 pg/ml and intra- and interas-
say coefficients of variation were 9 and 22%, respectively. AVPcontent
of hypothalamic explant superfusates was determined directly. Before
measurement of hypothalamic AVPcontent, lyophylized samples were
reconstituted (as above for CRF) and subsequently diluted 1:800. Re-
sults are expressed as picograms of AVPper milligrams of hypotha-
lamic protein or picograms of AVPper milliliter media.

In situ hybridization. In situ hybridization for CRF/AVPmRNA
expression was performed as previously described ( 17). Rats were sacri-
ficed by decapitation. Their brains were rapidly removed, frozen by
immersion in 2-methyl butane at -30'C and stored at -70'C until
dissection. Synthetic 48-base oligonucleotide probes (kindly donated
by Dr. W. S. Young, Laboratory of Cell Biology, National Institute of
Mental Health) were directed against bases 1,009-1,056, encoding the
16 terminal amino acids of the pro-AVP glycoprotein moiety ( 18) and
against CRFbases 496-543 (19). The probes were labeled at the 3' end
using a- 3"S-dATP (New England Nuclear, Boston, MA) and terminal
deoxynucleotidyl transferase (Boehringer-Mannheim, Mannheim,
Germany), as described previously (17). Autoradiographic images
were digitalized using a MacIntosh II-based image analysis system
(IMAGE, W. Rasband, Research Services Branch, National Institute
of Mental Health). The optic density of the supraoptic (SON), supra-
chiasmatic (SCN), and PVNwere converted to disintegrations per min-
ute per milligram or to microcuries per gram of tissue for CRFand
AVPrespectively, using standard curves generated with 35S standards.

Serum biochemical liver tests. Serum alkaline phosphatase and bili-
rubin were determined in a commercial laboratory (MetPath, Ken-
sington, MD).

Statistical analyses. Data are expressed as means±SEM. An un-
paired Student's t test was used for comparisons between two means,
and an ANOVAfollowed by Duncan's New Multiple Range test for
comparisons among more than two means.

Results

Characterization of the cholestasis model. BDRrats showed
clinical evidence of cholestasis with jaundice, dark urine, and
icteric plasma. Cholestasis in these animals was confirmed bio-
chemically by the demonstration of a marked elevation of
plasma bilirubin and alkaline phosphatase (bilirubin: BDR
9.5±2.5 mg/dl, sham resected 0.2±.05 mg/dl; alkaline phos-
phatase: BDR1,254±885 IU/liter, sham resected 415±67 IU/
liter; values for unoperated controls were similar to those for
sham operated animals). The size of the adrenal glands from
BDR, unoperated control, and sham-resected rats were similar
when expressed as milligrams of adrenal wet weight per gram of
body weight (BDR: 0.26±.08 mg/g body wt.; sham resected:
0.23±.04 mg/g body wt.; unoperated control: 0.22±.04 mg/g
body wt.; P = NS).

Ether stress. Basal unstressed plasma ACTHand corticoste-
rone levels were similar in BDR, sham-resected, and unoper-
ated control rats (P = NS; Figs. 1 and 2). Exposure to ether for
1 min was associated with a twofold increase in plasma ACTH

levels in BDRrats but 4.7-fold and fourfold increases in plasma
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Figure 1. Plasma adrenocorticotrophic hormone levels in unoperated
controls, sham-resected, and bile duct-resected rats 5 d after surgery.
Open bars, unstressed rats; hatched bars, rats exposed to ether vapor
for 1 min and killed 2 min after ether exposure. Bars represent the
mean±SEMof data from eight animals. *P < .01 vs corresponding
levels in unstressed rats; + P < .01 vs levels in ether stressed unoper-
ated and sham-resected animals.

ACTH levels in sham-resected and unoperated control ani-
mals, respectively (P < .01; Fig. 1 ). These ether-induced eleva-
tions of plasma ACTHlevels were accompanied by elevations
in plasma corticosterone levels. After exposure to ether, plasma
corticosterone levels rose 11.2-fold and 7.9-fold in unoperated
control and sham-resected rats, respectively. The poststress ab-
solute plasma corticosterone levels in these groups were similar
(497±30.5 ng/ml vs 477±52.1 ng/ml, P = NS; Fig. 2). In
contrast, in BDRanimals, post-ether stress plasma corticoste-
rone levels were increased only fivefold and these levels were
significantly less than in the other two groups (P < .01; Fig. 2).

Ovine CRF administration. Plasma ACTH levels deter-
mined in truncal blood 30 min after the administration of
ovine CRFwere significantly lower in BDRanimals than in
sham-resected controls (BDR: 531.5±36.5 pg/ml vs sham-re-
sected: 729.8±57.0 pg/ml; n = 8; P < .005).

Hypothalamic CRFand A VP content and basal release.
Values for hypothalamic CRFcontent were similar in unoper-
ated control and sham-operated rats and were significantly
higher than those for BDRrats (BDR: *93.2±6.7 pg/mg pro-
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Figure 2. Plasma corticosterone levels in unoperated controls, sham-
resected, and bile duct-resected rats 5 d after surgery. Open bars, un-
stressed animals; hatched bars, rats exposed to ether vapor for 1 min
and killed 20 min after ether exposure. Bars represent the mean±SEM
of data from eight animals. * P < .01 vs corresponding levels in un-
stressed rats; tP < .01 vs levels in ether stressed unoperated and sham
resected animals.
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Figure 3. Hypothalamic corticotropin releasing factor content in un-
operated control, sham-resected, and bile duct-resected rats 5 d after
surgery. Bars represent the mean±SEMof data from 14 animals. *P
< .01 vs levels in unoperated control and P < .05 vs levels in sham-
resected animals.

tein; sham resected: 124.9±11.1 pg/mg protein; unoperated
controls: 135.9±12.2 pg/mg protein; *P .01 BDRvs unoper-
ated controls and *P < .05 vs sham operated controls [Fig. 31).
Hypothalamic AVP contents were also similar in sham-re-
sected and unoperated controls (P = NS). However, in con-
trast to the CRFdata, BDRrats had a significant elevation of
hypothalamic AVP content (BDR: *353.0±19.5 pg/mg pro-
tein; sham resected controls: 261.4±26.8 pg/ mgprotein; unop-
erated controls: 239.8±18.1 pg/mg protein; Fig. 4; * P < .01 vs
unoperated and sham-resected controls).

In vitro basal CRFrelease obtained from the hypothalamic
explants of sham operated and BDRrats was 16 and 35% less
than that for unoperated controls, respectively (P < ;05 and P
< .01, respectively) (Fig. 5 ). In addition, basal CRFrelease was
significantly lower in BDR than in sham-operated animals
(BDR: 23.3±1.8 pg/ml vs sham operated: 30.4±1.7 pg/ml; P
< .01; (Fig. 5). Values for the in vitro release of AVP from
hypothalamic explants from unoperated control and sham-re-
sected animals were similar (Fig. 6, P = NS). However, in
contrast to the CRFdata, basal hypothalamic secretion of AVP
was about 24%higher in BDRanimals than in unoperated and
sham-resected controls (BDR: *143.8±7.1 pg/ml media;
sham-resected controls: 115.7±6.9 pg/ml media; unoperated
controls: 102.8±3.8 pg/ml media; [Fig. 6] P < .01 vs unoper-
ated and sham resected controls).

Hypothalamic CRFand A VP in situ hybridization. The
CRFmRNAhybridization signals obtained in sham operated
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Figure 4. Hypothalamic arginine vasopressin content in unoperated
control, sham-resected, and bile duct-resected rats 5 d after operation.
Bars represent the mean±SEMof data from 12 animals. *P < .01 vs
sham-resected and unoperated control rats.
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Figure 5. Corticotropin-releasing factor basal in vitro release from
hypothalamic explants from unoperated control, sham-resected, and
bile duct-resected rats 5 d after surgery. Bars represent the
mean±SEMof data from six animals. *P < .05 for sham-resected and
P < .01 for bile duct-resected animals vs unoperated control rats; t p
< .01 vs sham-resected and unoperated control animals.

and unoperated controls were similar (P = NS). However, the
CRFmRNAhybridization signal in the paraventricular nu-
cleus in BDRrats was less than that in unoperated and sham
operated controls (BDR: * 133.0±3.2 dpm/mg tissue; sham re-
sected: 211.3±5.1 dpm/mg tissue; unoperated control;
223.4±12.9 dpm/mg tissue; *P < .01 [Fig. 7]). AVPmRNA
hybridization signals were similar in the SCNof the three study
groups (BDR: 1.4±0.1 gCi/g tissue; sham resected controls:
1.4±0.1 gCi/g tissue; unoperated controls: 1.3±0.1 ,uCi/g tis-
sue; [Fig. 8 a] P = NS). This finding was paralleled by the
mRNAhybridization signals obtained for AVP in the SON,
which were also similar in the three study groups (BDR:
7.0±0.4 ACi/g tissue; sham-resected controls: 6.3±0.5 ,uCi/g
tissue; unoperated controls: 7.0±0.7 ,uCi/g tissue [Fig. 8 b] P
= NS). However, in contrast to the findings in the SCNand
SON, AVPmRNAexpression in the PVNwas greater in BDR
rats than in unoperated and sham-resected controls, which
demonstrated similar PVN AVP mRNAexpression (BDR:
*26.1±3.1 tCi/g tissue; sham-resected controls: 3.9±0.4 iCi/g
tissue; unoperated controls: 4.0±0.4 1sCi/g tissue; Fig. 8 c; *P
< .01 vs unoperated and sham-resected controls).

PituitaryACTH content. Pituitary protein content was simi-
lar in BDR, sham-resected and unoperated control groups
(BDR 798±40.1 mg protein/pituitary vs sham resected
782±59.7 mg protein/pituitary vs unoperated controls
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Figure 6. Basal in vitro arginine vasopressin release from hypotha-
lamic explants in unoperated control, sham-resected, and bile duct-
resected rats 5 d after operation. Bars represent the mean±SEMof
data from 18 animals. *P c .01 vs unoperated control and sham-re-
sected animals.
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Figure 7. Hypothalamic paraventricular nucleus corticotropin-releas-
ing factor mRNAexpression in unoperated control, sham-resected,
and bile duct-resected rats 5 d after surgery. Bars represent the
mean±SEMof data from six animals. *JP < .01 vs sham-resected and
unoperated control rats.

985±94.6 mg protein/pituitary, n = 8 per group, P = NS).
Values for pituitary ACTHcontent in both sham-resected and
BDRrats were similar and were higher than those for unoper-
ated control animals (BDR: 260±28.1 ng/mg protein; sham
resected: 247±26.0 ng/mg protein; unoperated control:
159±16.5 ng/mg protein [Fig. 9] P < .01 for both groups vs
unoperated controls).

Discussion

The results ofthis study demonstrate that in rats with unequivo-
cal acute cholestasis there is a significant suppression of the
responsiveness of the HPA axis to stress. In the absence of
exogenous stress, however, baseline plasma ACTHand total
corticosterone levels in BDRrats were similar to those in sham-
operated and unoperated control rats. These findings are con-
sistent with the normal adrenal weights of BDRanimals and
with the normal basal plasma levels ofACTH and cortisol docu-
mented in humans with liver diseases (20). Our results con-
trast with results from studies in rats using chronic stress para-
digms, such as chronic exposure to cold or recurrent restraint,
in which, after several days of exposure to stress, basal plasma
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Figure 8. Arginine vasopressin mRNAexpression in the three main
vasopressin containing nuclei of the hypothalamus: (a) suprachias-
matic (SCN), (b) supraoptic (SON) and (c) paraventricular (PVN)
in unoperated (open bars), sham-resected (hatched bars), and bile
duct-resected (stippled bars) rats 5 d after the operation. Bars repre-
sent the means±SEMof data on five animals. *P c .01 vs unoperated
control and sham resected animals.
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Figure 9. Pituitary adrenocorticotrophic hormone levels in unoper-
ated control, sham-resected, and bile duct-resected rats 5 d after sur-
gery. Bars represent the mean±SEMof data from eight animals. * P
< .01 vs levels in unoperated control animals.

corticosterone levels and adrenal weights were higher than
those of unstressed control rats (21, 22).

The increase in plasma ACTHafter exposure to saturated
ether vapor, a well-described systemic stressor in rats ( 13), was
attenuated 5 d after BDR. Ether stress induced a similar pat-
tern of ACTHrelease in rats 10 d after BDR, suggesting that the
defect in responsiveness is not a transient phenomenon (data
not shown). Exposure of chronically stressed animals to an
acute novel stress is usually associated with a striking augmen-
tation in the stress-induced increase of plasma ACTHand/or
corticosterone levels (21-23), which is opposite to the corre-
sponding changes we observed in BDRrats. This finding sug-
gests that the altered response of BDRrats to stress is not attrib-
utable to chronic stress related to BDR, but rather to the cho-
lestatic syndrome itself.

Decreased release of ACTHin BDR rats in response to
stress cannot be attributed to diminished pituitary ACTHcon-
tent, as both the BDRand sham-resected rats had increased
anterior pituitary ACTHconcentrations compared to the unop-
erated animals. Increases in pituitary ACTHcontent of similar
magnitude have been documented in rats exposed to chronic
restraint stress (2 1 ). In BDRrats, hypothalamic CRFcontent
was significantly less than that of sham-resected and unoper-
ated control rats. This observation contrasts with the findings
of Hashimoto et al., who demonstrated similar hypothalamic
CRFcontents in rats exposed to chronic restraint stress and
unstressed controls (21 ). Thus, the diminished hypothalamic
CRFcontent in BDRrats does not appear to be attributable to
chronic stress per se. Furthermore, the finding of similar hypo-
thalamic CRFcontents in sham-operated and unoperated con-
trol animals indicate that reduced hypothalamic CRFcontent
in BDRrats is not the consequence of laparotomy alone, but is
probably directly related to the cholestatic syndrome. The de-
crease in hypothalamic CRFcontent in BDRrats was paral-
leled by a striking reduction in hypothalamic CRFmRNAlev-
els in these animals and by a decrease in hypothalamic CRF
release in vitro. These findings suggest that diminished hypo-
thalamic CRF content and secretion in BDR rats may be
caused by a lesion at the transcriptional level.

In contrast to the hypothalamic CRF findings, BDRrats
demonstrated enhanced hypothalamic AVP content, release,
and mRNAexpression. The increase in hypothalamic AVP
content appears to be secondary to enhanced AVPgene expres-

sion in the PVN. AVPneurons from the PVNand SONboth
project to the posterior pituitary and release AVP into the sys-
temic circulation in response to osmotic stimuli (24). Dehy-
dration has been shown to result in enhanced AVPgene ex-
pression in both the PVNand SON(25). However, in BDR
rats AVPmRNAexpression was increased only in the parvo-
cellular component of the PVN, suggesting that the abnormal
mRNAexpression is not related to dehydration. Consistent
with this finding is the recent description of normal plasma
AVP levels in rats 5 d after BDR(26). Therefore, increased
hypothalamic AVPmRNAcontent and secretion may occur as
a homeostatic compensatory mechanism to the suppressed hy-
pothalamic CRFrelease in cholestasis. Indeed, exogenous ad-
ministration of ovine CRFdemonstrated diminished cortico-
troph responsiveness in BDRrats compatible with decreased
CRFpriming of corticotrophs in BDRanimals. In further sup-
port of this hypothesis is the recent report that increased AVP
secretion from the hypothalamus stimulates more cortico-
trophs in the anterior pituitary to secrete ACTH, whereas in-
creasing concentrations of CRFstimulate more ACTHsecre-
tion per cell (27).

We have previously documented a striking elevation of
plasma endogenous opioid activity in BDRrats (9). Opioid
peptides are known to suppress hypothalamic CRFsecretion in
vitro (28) and exposure of rats to morphine for 5 d reduces the
capacity of the hypothalamus to secrete CRF(29). Wehave
demonstrated that BDRrats exhibit decreased basal CRF re-
lease from hypothalamic explants in vitro, suggesting that there
is a lesion at the hypothalamic level in cholestasis. Whether,
and to what extent, this is related to the marked increase in
plasma opioid activity documented in this model of cholestasis
is currently unknown.

A number of cytokines are known to acutely interact with
and stimulate the HPA axis (30-32). Recently, in rats with
adjuvant-induced arthritis, mild chronic hypercorticosteron-
ism was associated with diminished hypothalamic CRFrelease
and CRFmRNAexpression in the hypothalamus, as well as
enhanced AVPmRNAexpression and release from the hypo-
thalamus (33). Adjuvant treated arthritic animals would be
expected to have elevated circulating inflammatory cytokines
such as TNF-alpha, IL- 1 and IL-6. Increased levels of plasma
cytokines have been documented in cholestatic patients (7)
and BDRmice (6). Chronically elevated levels of cytokines
have been associated with impairment in the activation of the
HPAaxis in states such as rheumatoid arthritis (34, 35) and
sleeping sickness (36). In addition, in patients with extensive
burns, TNF-alpha levels in plasma correlate negatively with
plasma cortisol concentrations (37). Therefore, elevated
plasma cytokine levels may contribute to the abnormalities in
hypothalamic CRF and AVP demonstrated in the BDR rat
model of cholestasis.

In summary, we have documented a diminished plasma
ACTHand corticosterone response in BDRrats exposed to a
strong systemic stressor. This defect appears to be caused in
part by decreased CRFsynthesis and secretion from the hypo-
thalamus. The observed suppression of hypothalamic CRFac-
tivity in BDRrats is associated with an enhancement of hypo-
thalamic AVPsynthesis and secretion. The results suggest that
the responsiveness of the HPAaxis during periods of maximal
stress in cholestasis may be inadequate and may, therefore,
contribute to the enhanced surgical morbidity and mortality
documented in cholestatic patients.
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