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ABSTRACT We have recently found that susceptibility to
streptococcal cell wall (SCW)-induced arthritis in Lewis
(LEW/N) rats is due, in part, to defective inflammatory and
stress mediator-induced activation of the hypothalamic-pitu-
itary-adrenal (HPA) axis. Conversely, the relative arthritis
resistance of histocompatible Fischer (F344/N) rats is related
to their intact responses to the same stimuli. Specifically,
LEW/N rats, in contrast to F344/N rats, have markedly
impaired plasma corticotropin and corticosterone responses to
SCW, recombinant human interleukin lat, the serotonin ago-
nist quipazine, or synthetic rat/human corticotropin-releasing
hormone (CRH). To explore the mechanism of this defect, we
examined the functional integrity of the hypothalamic CRH
neuron in LEW/N rats compared to F344/N rats. LEW/N
rats, in contrast to F344/N rats, showed profoundly deficient
paraventricular nucleus CRH mRNA levels and hypothalamic
CRH content in response to SCW. Compared to F344/N rats,
there was no increase in LEW/N hypothalamic CRH content or
CRH release from explanted LEW/N hypothalami in organ
culture in response to recombinant interleukin ar. These data
provide strong evidence that the defective LEW/N corticotro-
pin and corticosterone responses to inflammatory and other
stress mediators, and the LEW/N susceptibility to experimen-
tal arthritis, are due in part to a hypothalamic defect in the
synthesis and secretion of CRH. The additional finding of
deficient expression in LEW/N rats of the hypothalamic en-
kephalin gene, which is coordinately regulated with the CRH
gene in response to stress, suggests that the primary defect is
not in the CRH gene but is instead related to its inappropriate
regulation.

Inbred Lewis (LEW/N) female rats develop severe prolifer-
ative and erosive arthritis, which mimics human rheumatoid
arthritis, in response to a single intraperitoneal injection of
group A streptococcal cell wall peptidoglycan group-specific
polysaccharide (SCW). Histocompatible Fischer (F344/N)
rats, on the other hand, do not develop arthritis in response
to the same SCW stimulus (1-8). We previously found that
the susceptibility of LEW/N rats to SCW arthritis is related
to their defective hypothalamic-pituitary-adrenal (HPA) axis
responses to inflammatory and other stress mediators and
that the relative SCW arthritis resistance of F344/N rats is
related to their intact HPA responses to the same stimuli (9).
Specifically, LEW/N rats, in contrast to F344/N rats, have
markedly impaired plasma corticotropin (ACTH) and corti-
costerone responses to intraperitoneally injected SCW, to
recombinant human interleukin la (rIL-la), to the serotonin

agonist quipazine, and to synthetic rat/human corticotropin-
releasing hormone (CRH). In addition, LEW/N rats, com-
pared to F344/N rats, have smaller adrenal glands and larger
thymuses, consistent with chronic lack of stimulation by
ACTH and suppression by corticosterone, respectively (9).
Furthermore, arthritis and severe inflammation can be in-
duced in otherwise SCW arthritis-resistant F344/N rats, by
interruption of the HPA axis at its effector end point, with the
glucocorticoid receptor antagonist RU 486 (9). Taken to-
gether, these data indicate that LEW/N rats' pituitary and
adrenal hyporesponsiveness to inflammatory and other stress
mediators is a major factor contributing to their susceptibility
to SCW arthritis, and possibly to other experimental inflam-
matory diseases (10-17). This model is consistent with evi-
dence that inflammatory-mediator activation of glucocorti-
coid secretion is one mechanism by which the immune
response is appropriately regulated and restrained (18-21).

Pituitary ACTH hyporesponsiveness can be primary or
secondary to lack of hypothalamic stimulation (22). To de-
termine whether the impaired ACTH and corticosterone
responses of LEW/N rats were hypothalamic in origin, we
compared the ability of SCW or rIL-la to affect in vivo
hypothalamic CRH mRNA expression in the paraventricular
nucleus (PVN), in vivo hypothalamic CRH content, and in
vitro hypothalamic CRH secretion in LEW/N and F344/N
rats. Results ofthese studies show that the LEW/N HPA-axis
defect involves the hypothalamus. In contrast to F344/N
rats, neuronal synthesis and secretion of CRH within the
PVN were markedly impaired.

METHODS
Animals. Eighty- to 100-g, virus antibody-free, age-

matched female Fischer (F344/N) and Lewis (LEW/N) rats
were obtained from Harlan Sprague Dawley (Indianapolis)
and were maintained in microisolator cages in laminar flow
units. They were acclimatized to a 12-hr on/12-hr off light
cycle and maintained in a relatively stress-free environment
for a minimum of 24 hr prior to study.
Drugs and Inflammatory Mediators. SCW was prepared in

sterile phosphate-buffered saline (PBS) as described (1) and
was injected intraperitoneally at a dose of 2 mg of cell wall

Abbreviations: SCW, streptococcal cell wall peptidoglycan group-
specific polysaccharide; HPA, hypothalamic-pituitary-adrenal;
ACTH, corticotropin; CRH, corticotropin-releasing hormone;
iCRH, immunoreactive CRH; rIL-la, recombinant human interleu-
kin la; PVN, paraventricular nucleus; PBS, phosphate-buffered
saline; ANOVA, analysis of variance.
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rhamnose per 100-g rat. rIL-la (23) was a kind gift from P.
Kilian and P. Lomedico (Hoffmann-LaRoche, Nutley, NJ).
It was injected intraperitoneally at a dose of 1 Ag per 100-g
rat. In in vitro studies, it was diluted in tissue culture medium
and used in final concentrations ranging from 1 fM to 1 AM.
Specific activity was 3 x 108 units/pg. One unit of IL-1
activity was defined in the D10 cell bioassay (23). Endotoxin
levels in the final concentrations injected were <0.0013
endotoxin unit/100 pl, as determined by Limulus amoebo-
cyte lysate assay (Associates of Cape Cod, Woods Hole,
MA).
In Situ Hybridization. F344/N and LEW/N rats were

injected intraperitoneally with SCW or rIL-la. The brains
were removed 0, 2, 4, and 7 hr after injection, and 4-mm
coronal slices containing the PVN were frozen and stored at
-800C until 12-jum frozen sections were cut and thaw-
mounted onto twice gelatin-coated slides. Sections were then
processed for in situ hybridization with 35S-labeled CRH or
enkephalin oligonucleotide probes as described (24-26). The
hybridizations were performed at 370C for 20-24 hr in 600
mM Tris HCl, pH 7.5/50% (vol/vol) formamide/4 mM
EDTA/0.1% sodium pyrophosphate/0.2% SDS/10% dex-
tran sulfate containing heparin at 0.2 mg/ml. The probes had
specific activities of 10,000-15,000 Ci/mmol (1 Ci = 37 GBq).
Copies ofprobe hybridized perPVN section were determined
by using an image analysis system (24-26).

Radioimmunoassays. Plasma corticosterone was quanti-
tated by a radioimmunoassay kit (Radioassay Systems Lab-
oratories, Immunochem, Carson, CA). Plasma ACTH was
determined by radioimmunoassay, as described (27, 28).
Inter- and intraassay control variability for corticosterone
was 1.2% and 3.4%, respectively; inter- and intraassay con-
trol variability for ACTH was 8.0%o and 2.8%, respectively.
Immunoreactive CRH (iCRH) in tissue culture supernatants
was quantitated by a sensitive radioimmunoassay (29). Total
hypothalamic iCRH content was quantitated by radioimmu-
noassay (30).

Brain Extracts. Four hours after intraperitoneal injection of
SCW (2 mg of cell wall rhamnose per rat), rIL-la (1 ,g per
rat), or PBS (sterile, endotoxin-free, GIBCO), LEW/N and
F344/N rats were decapitated, and hypothalami were rapidly
removed, quick-frozen on dry ice, and extracted. Total iCRH
was quantitated by radioimmunoassay (30).
Hypothalamic Explant Tissue Culture. Hypothalami were

rapidly removed from untreated rats, as described (29, 31,
32), and the explants were incubated overnight at 37°C, 5%
C02, in medium 199 (M199, GIBCO) with 0.1% bovine serum
albumin (grade V, Sigma). The hypothalami, incubated in
48-well plates (Costar), were then serially transferred every
20 min through a series of 6 wells containing one of the
following additives, in order: control M199 (3 wells, total 60
min), M199 plus rIL-la (1 fM to 1 AM; 2 wells, total 40 min),
or 60 mM KCI (1 well, 20 min). iCRH was assayed directly
in the media, as described (29). Only results from hypotha-
lamic explants that showed a 290% iCRH increase over
baseline in response to depolarization with 60 mM KCI were
included in the analyses. We have previously confirmed by
trypan blue exclusion and light and electron microscopy that
the PVN cells of the majority of the hypothalamic explants
incubated for 18 hr or less are alive, albeit edematous and
friable (31).
Data Analysis. Results are presented as mean ± SEM

throughout. Statistical significance was determined by un-
paired two-tailed Student t test or one-way analysis of
variance (ANOVA) followed by the Duncan multiple range
test, as appropriate.

RESULTS
Hypothalamic Expression of CRH and Enkephalin mRNA.

The influence of inflammatory mediators on hypothalamic
expression of CRH mRNA was quantitated by in situ hy-
bridization with a CRH probe in PVN sections from F344/N
and LEW/N rats injected intraperitoneally with either SCW
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FIG. 1. CRH (A) and enkephalin (B) transcript levels in the parvocellular neurons of the PVN were increased by SCW administration in
F344/N rats (e) but not in LEW/N rats (o). CRH (C) and enkephalin (D) transcript levels in the PVN were not increased by rIL-la administration
in F344/N (o) or LEW/N (o) rats. Four to 10 rats were used for each experimental condition. The data shown represent the composite data
of two separate experiments, sections from which were hybridized at the same time. Experiments in which sections were hybridized separately
showed similar results. Bars represent SEM.
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or rIL-la. Between 4 and 7 hr after injection of SCW, CRH
mRNA levels clearly increased in the F344/N rats, in com-
parison with both baseline and LEW/N levels (e.g., two-
tailed t test, P < 0.001 at 7 hr between strains; Fig. 1A). When
this increase in levels of CRH transcripts was investigated at
higher resolution in emulsion-dipped slides (Fig. 2), it was
apparent that the individual cells from the F344/N rats were
more heavily labeled than those from the LEW/N rats. To
determine whether induction of the enkephalin gene by SCW
was also defective in LEW/N rats, adjacent sections were
examined for enkephalin expression by in situ hybridization.
The enkephalin mRNA response after SCW injection was
significantly greater in the F344/N PVN than in the LEW/N
PVN (P = 0.012 at 7 hr between strains; Fig. 1B). A similar
single intraperitoneal injection of rIL-la (1 ,.g per rat) did not
significantly increase CRH mRNA or enkephalin mRNA in
the PVN over baseline in either strain (Fig. 1 C and D). The

same dose of rIL-la did, however, induce significant (P <
0.01) increases in plasma corticosterone and ACTH in F344/
N rats compared to LEW/N rats, at 1 hr postinjection
(F344/N ACTH = 480 pg/ml, LEW/N ACTH = 70 pg/ml;
F344/N corticosterone = 488 ng/ml, LEW/N corticosterone
= 78 ng/ml).
Total Hypothalamic iCRH. Hypothalamic iCRH content

was measured 4 hr after intraperitoneal injection of SCW,
rIL-la, or PBS (Fig. 3). In F344/N rats, hypothalamic
content of iCRH increased significantly (P < 0.0001) over
both noninjected and PBS-injected controls in response to
intraperitoneal SCW or rIL-la. iCRH content of F344/N
hypothalami from both rIL-la- and SCW-treated rats was
significantly higher than iCRH content of hypothalami from
PBS-treated or untreated F344/N rats and of hypothalami
from treated or untreated LEW/N rats (ANOVA followed by
Duncan test). There was no significant difference between
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FIG. 2. Photomicrographs ofPVN sections labeled in situ with CRH oligonucleotide probe. Darkfield micrographs show PVN sections from
F344/N rats at time 0 (a), LEW/N rats 8 hr after SCW injection (b), and F344/N rats 8 hr after SCW injection (c). The brightfield micrograph
(d) shows toluidine staining of the same section shown in c. Levels of CRH transcripts are comparable in the PVNs from F344/N rats initially
(a) and from LEW/N rats at 8 hr after SCW injections (b). However, there is an increase in hybridization signal over individual PVN neurons,
especially parvocellular ones (to the right of the star), from F344/N rats at 8 hr after SCW injection (c and d). In the darkfield photomicrographs
(a-c), individual grains appear white. The star is in the posterior magnocellular region of the PVN. V (at right in d), the third ventricle. Exposure
was for 6 weeks. (Bar = 100 ,um.)
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FIG. 3. Total hypothalamic iCRH measured 4 hr after intraperitoneal injection of various agents. F344/N (A) or LEW/N (B) rats were either
untreated or were injected intraperitoneally with PBS, rIL-1a, or SCW, and hypothalamic iCRH was quantitated by radioimmunoassay. At least
10 rats were used for each experimental condition. Statistical significance was determined by one-way ANOVA followed by Duncan's multiple
range test. *, P < 0.0001, ANOVA; P < 0.05, Duncan's multiple range test.

untreated and PBS-treated F344/N rats, nor between any
treatment group of LEW/N rats. Baseline levels of iCRH of
LEW/N hypothalami' were not significantly different from
baseline iCRH content of F344/N hypothalami (ANOVA
followed by Duncan test).

Hypothalamic Explant Stimulation. To determine whether
IL-1 stimulation ofCRH secretion is also defective in LEW/N
rats, we compared the ability of rIL-la to induce iCRH
release in vitro from LEW/N versus F344/N hypothalamic
explants. Hypothalamic explants, obtained from untreated
age-matched F344/N or LEW/N rats, were cultured in the
presence of various concentrations of rIL-la, and release of
iCRH into the culture medium was quantitated by radioim-
munoassay (Fig. 4). rIL-la (1 fM to 1 ,uM) induced a 150%
increase in iCRH secretion over baseline from F344/N hy-
pothalami (P < 0.001, ANOVA) and a 10%o increase in iCRH
secretion over baseline from LEW/N hypothalami (not sig-
nificant, ANOVA). The percent of hypothalamic explants
responding to 60mM KCI did not differ significantly between
strains: 63 + 3% (mean + SEM) of F344/N hypothalami
responded to KCI and 53 ± 4% of LEW/N hypothalami
responded to KCI (not significant, unpaired Student t test).
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FIG. 4. iCRH secretion from F344/N (a) and LEW/N (o) hypo-
thalamic explants stimulated in vitro with rIL-la. Hypothalami from
LEW/N or F344/N rats were stimulated for 20-min periods in vitro
with control medium or with rIL-la (1 fM to 1 ;LM). iCRH in the
culture medium was quantitated by radioimmunoassay. Hypothal-
ami from F344/N rats showed an increase of 150% over baseline
iCRH secretion, compared to a 10% increase over baseline by
LEW/N hypothajami (P < 0.001). Statistical significance was deter-
mined by Duncan's multiple range test. At least seven rats were used
for each experimental condition.

F344/N hypothalami secreted statistically significantly
higher amounts ofiCRH in response to KCI than did LEW/N
hypothalami (F344/N, 395 + 16%; LEW/N = 299 ± 11%;
P < 0.001, unpaired Student t test). Because F344/N hypo-
thalami were more responsive to KCI than LEW/N hypo-
thalami, we also included both KCI-responsive and KCl-
nonresponsive hypothalami in calculations of the effect of
rIL-la on iCRH secretion from hypothalami of both strains.
In these calculations, F344/N hypothalami also released
significantly more iCRH than LEW/N hypothalami in re-
sponse to rIL-la (P = 0.008, ANOVA).

DISCUSSION
We previously showed that the LEW/N rats' defective
ACTH and corticosterone responsiveness to inflammatory
and other stress mediators is one critical factor in their
susceptibility to SCW-induced arthritis (9). Our current find-
ings suggest that the deficient LEW/N ACTH and cortico-
sterone responses, and their associated susceptibility to
arthritis, are related to a lack of hypothalamic synthesis and
secretion of CRH in response to inflammatory and other
stress mediators. This lack of a CRH biosynthetic response
to SCW in LEW/N rats could be secondary to a defect in the
CRH gene or in steps leading to its activation. Lightman and
Young (33, 34) have described coordinate regulation of the
CRH and enkephalin genes in the PVN after application of
two different stresses. The coordinate defect in LEW/N
enkephalin mRNA synthesis in response to SCW provides
evidence that the CRH biosynthetic defect of LEW/N rats is
not specific to the CRH gene but may result from a defect in
its regulation. The results presented here suggest that a
common pathway that activates the CRH and enkephalin
genes in the PVN in F344/N and other normal rats (33, 34) is
defective in LEW/N rats.

Bacterial endotoxin (lipopolysaccharide, similar to SCW)
and IL-1 have been shown to augment levels ofCRH, ACTH,
and corticosterone through stimulation of the HPA axis at
multiple levels (35-44). Since SCW induces IL-1 release (45),
IL-1 is one probable mediator of SCW-induced HPA-axis
stimulation. The discrepancy, reported here, between the
ability of rIL-la to augment plasma ACTH and cortico-
sterone and its inability to augment CRH mRNA levels in the
PVN in F344/N rats suggests that rIL-la, at the doses used,
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may stimulate secretion but not transcription of CRH. Alter-
natively, any increase in transcript levels induced by rIL-1a
may be below the level of sensitivity of the in situ hybrid-
ization assay. The increase of CRH mRNA levels induced by
SCW, in contrast to the lack of CRH mRNA response to
rIL-la, could be related to two mechanisms: (i) the more
sustained nature of the SCW stimulus compared to rIL-la or
(ii) the multiple factors released by SCW, which could
stimulate the CRH neuron via multiple pathways.

Total hypothalamic CRH content reflects the balance
between CRH synthesis and secretion. The lack of change in
total hypothalamic iCRH content observed in LEW/N rats in
response to in vivo administration of SCW or rIL-la is
consistent with the LEW/N rats' defective CRH mRNA
response to these mediators. The SCW-induced increase in
hypothalamic iCRH in F344/N rats is consistent with their
ability to increase CRH mRNA levels in response to SCW.
The capacity of rIL-la to increase hypothalamic iCRH
content in F344/N rats, but not CRH mRNA levels in the
PVN of these rats, suggests that rIL-la may increase the rate
or efficiency of CRH mRNA translation and/or posttransla-
tional processing without causing detectable increases in
CRH transcript levels in these rats.
The data presented here suggest that the LEW/N hypo-

thalamic defect is at the level of regulation of CRH gene
expression and could be related to a defect in any of the
known regulatory pathways of the CRH gene, including
trans-synaptic signals (i.e., neurotransmitter pathways),
transduction-pathway components, or glucocorticoid recep-
tor-related mechanisms. The present findings also suggest a
model for mammalian autoimmune disease, in which a central
nervous system defect results in an illness characterized by
inadequate immune/inflammatory counterregulation. Such a
mechanism may be relevant to human illnesses such as
rheumatoid arthritis and other autoimmune/inflammatory
diseases.
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