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Stimulation of the hypothalamic-pituitary-adrenal (HPA) axis by proinflammatory cytokines results in increased release of
glucocorticoid that restrains further development of the inflammatory process. IL-6 has been suggested to stimulate the
HPA axis during immune activation independent of the input of hypothalamic corticotropin-releasing hormone (CRH). We
used the corticotropin-releasing hormone–deficient (Crh+/+) mouse to elucidate the effect of CRH deficiency on IL-6
expression and IL-6–induced HPA axis activation during turpentine-induced inflammation. We demonstrate that during
inflammation CRH is required for a normal adrenocorticotropin hormone (ACTH) increase but not for adrenal
corticosterone rise. The paradoxical increase of plasma IL-6 associated with CRH deficiency suggests that IL-6 release
during inflammation is CRH-dependent. We also demonstrate that adrenal IL-6 expression is CRH-dependent, as its basal
and inflammation-induced expression is blocked by CRH deficiency. Our findings suggest that during inflammation, IL-6
most likely compensates for the effects of CRH deficiency on food intake. Finally, we confirm that the HPA axis response
is defective in Crh+/+/IL-6+/+ mice. These findings, along with the regulation of IL-6 by CRH, support the importance of the
interaction between the immune system and the HPA axis in the pathophysiology of inflammatory diseases.
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Introduction
Interaction between the hypothalamic-pituitary-adre-
nal (HPA) axis, a main coordinator of the stress
response, and the immune system during the inflam-
matory response is supported by a variety of experi-
mental and human studies (1–3). Activation of the
HPA axis during immune stimulation is mediated by
cytokines and is manifested by increased secretion of
adrenocorticotropin hormone (ACTH), which ulti-
mately stimulates synthesis and release of glucocorti-
coid from the adrenals. Increased glucocorticoid secre-
tion serves to restrain further production of
proinflammatory mediators, and thus to prevent prop-
agation of the stress response (4). Corticotropin-releas-
ing hormone (CRH) (5–7) and ACTH (8) are also
expressed in peripheral tissues, where they act as proin-
flammatory factors.

IL-6 is a proinflammatory cytokine whose effects on
the HPA axis have been a subject of extended investi-
gation, as its levels are increased during physical, psy-
chological, and inflammatory stress (9–11). The
induction of IL-6 receptor in the paraventricular
nucleus during inflammation supports the hypothe-
sis for CRH-mediated stimulation of the HPA axis by
IL-6 (12), whereas a recent study concluded that the
regulation of the HPA axis by IL-6 during immune
activation is CRH-independent (13). IL-6 administra-
tion in rodents induced ACTH and glucocorticoid

secretion (14–16). Prolonged administration of IL-6
in humans led to adrenal enlargement (17, 18), and
identification of IL-6 receptors in the adrenal cortex
in mice has been postulated to mediate direct stimu-
latory effects of IL-6 on glucocorticoid release in this
species (13). These findings led to the hypothesis (17,
19) that IL-6 might be the “tissue CRF,” a circulating
factor identified almost half a century ago by its
delayed (compared with central CRH) but prolonged
stimulatory effect on HPA axis (20).

Crh–/– mice have normal basal ACTH levels although
they fail to mount the expected ACTH and glucocorti-
coid response after physiological or psychological stim-
uli (21, 22), indicating that CRH is necessary for the
activation of the pituitary-adrenal axis by these stres-
sors. However, we have shown significant, although not
as much as in the wild-type (Crh+/+) mice, elevation of
corticosterone in Crh–/– mice during carrageenin-
induced acute inflammation (23). Furthermore, in a
recent report, normal HPA axis activation after stimu-
lation of the immune system by administration of
2C11 was found in the Crh–/– mice, as shown by their
plasma ACTH and corticosterone levels (13). These
data led to the conclusion that CRH is not required for
a normal HPA axis activation in this condition, in sup-
port of the older studies on the nonhypothalamic
humoral substance that can directly stimulate the
secretion of ACTH (20, 24).
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Turpentine-induced hind limb abscess, a well-estab-
lished model of subacute inflammation in rodents (25),
is associated with very high levels of circulating IL-6,
prolonged activation of the HPA axis (26) and metabol-
ic alterations such as anorexia and weight loss (27, 28).
Studies in rats have suggested hypothalamic CRH as the
mediator of the activation of the HPA axis during tur-
pentine-induced inflammation, as administration of a
CRH antagonist blocked the pituitary-adrenal response
in inflamed animals (26). In contrast, when the turpen-
tine model of inflammation was applied to CRH recep-
tor 1–deficient (Crhr–/–) mice, plasma ACTH and corti-
costerone levels were found similarly elevated to those
of their wild-type littermates, with IL-6 levels signifi-
cantly higher (two- to threefold) in the former (29). This
study suggested that during inflammation, in the
absence of the CRH effect on the pituitary CRH recep-
tor 1 (CRHR1), IL-6 stimulates pituitary ACTH secre-
tion, resulting in a normal HPA activation.

In our study we applied the turpentine model of
inflammation to the Crh–/– mouse to elucidate the role of
CRH on the regulation of IL-6 expression and the activa-
tion of the pituitary-adrenal axis during inflammation.

Methods
Animal housing. Crh+/+, Crh–/–, Il6–/–, and Crh–/–/Il6–/– mice
of 129×C57BL/6 genetic background were housed with
ad libitum access to rodent chow on a 12 hour
light/dark cycle (lights on at 7:00 am). Animal housing
and care was done according to NIH guidelines, and all
experiments were approved by the Animal Care and Use
Committee of Children’s Hospital in Boston. All exper-
iments were performed in mice of 2–4 months of age.
Animals were housed individually at least 48 hours
before each experiment. For the experiments involving
daily monitoring of body weight and food intake, mice
and their administered food were weighed before tur-
pentine injection (see below) and every 24 hours for a
total of 5 days after injection.

Adrenalectomy. Adrenalectomy and sham adrenalecto-
my were performed via the retroperitoneal route under
avertin (2.5%) anesthesia, as described previously (23).
Pellets (40 mg; 25% wt/wt corticosterone/cholesterol)
were made as described previously (23) and implanted
subcutaneously in the adrenalectomized mice at the
time of adrenalectomy to provide constant amount of
circulating levels of corticosterone. Adrenalectomized
mice were given 0.9% normal saline as drinking water
and were left to recover for at least 6 days before any
experimental procedure. Successful adrenalectomy was
confirmed by evaluation of plasma corticosterone levels.

Induction of local inflammation and blood collection. Local
inflammation was induced by intramuscular injection
of 100 µl of turpentine oil into the right hind limb
under avertin anesthesia. Control animals received a
similar injection of 100 µl of sterile normal saline.
Blood samples for hormone and cytokine levels were
collected by retroorbital eye bleeding of conscious mice
(four to five mice per group). Thus, a separate group of

turpentine- or saline-injected mice was bled for each
time point studied, i.e., 1, 4, 8, 16, 24, 36, or 48 hours,
as indicated in the figure legends. Blood collection was
timed so that it always occurred at the same circadian
time; namely, 1 one hour after lights had been turned
on. After blood collection, mice were sacrificed by
decapitation, and the pituitaries and adrenals were dis-
sected aseptically and immediately frozen on dry ice.

ACTH immunoneutralization. For the experiments
involving immunoneutralization of ACTH, 0.5 ml of
ACTH antibody (titer 1:32,276; kindly provided by
G.P. Chrousos, National Institute of Child Health and
Human Development, Bethesda, Maryland, USA) was
administered intraperitoneally 1 hour before and 5
hours after the injection of turpentine or saline to
both Crh+/+ and Crh–/– mice. In a separate experiment,
1 ml of the same antibody was administered twice to
Crh+/+ mice only.

Tissue preparation. After avertin anesthesia, mice were
transcardially perfused with 4% paraformaldehyde in
PBS 16 hours after the injection of turpentine or saline.
Injected muscles were removed, post-fixed in 4%
paraformaldehyde in PBS for 24 hours, dehydrated in
increasing concentrations of ethanol followed by
xylene, and embedded in paraffin. Sections (5 µM) cut
in a rotary microtome (Reichert-Jung, Allendale, New
Jersey, USA) were stained with hematoxylin and eosin
(H&E) staining. Qualitative evaluation of tissue histol-
ogy was performed independently by two investigators.

Semiquantitative RT-PCR

Total RNA preparation and RT-PCR. RNA from pituitary,
adrenal, muscle, and liver from both Crh+/+ and Crh–/–

mice was prepared using TRI reagent (Sigma Chemi-
cal Co., St. Louis, Missouri, USA). The quantity of
RNA was estimated by spectrophotometry. Two
micrograms of total RNA were used for cDNA synthe-
sis initiated from random hexamer primers (Life Tech-
nologies Inc., Rockville, Maryland, USA) as we have
described previously (30, 31). 

Mouse specific primers for the IL-6 (32) and β-actin
(33) mRNAs were commercially obtained (Biosource
International, Camarillo, California, USA). The
sequence of the sense and antisense primers follows:
Primers: size of product (bp); β-actin sense 5′-TCA-
GAAGGACTCCTATGTGG-3′ 500; β-actin antisense 5′-
TCTCTTTGATGTCACGCACG-3′; IL-6 sense 5′-TGGAGT-
CACAGAAGGAGTGGCTAAG-3′155; IL-6 antisense
5′-TCTGACCACAGTGAGGAATGTCCAC-3′.

Amplification of the cDNA was done using the fol-
lowing conditions: 94°C for 3 minutes for denatura-
tion, following by 25 cycles of denaturation (at 94°C)
for 1 minute, annealing at 55°C or 62 °C for β-actin or
IL-6, respectively for 1 minute, and extension at 72°C
for 2 minutes. Reactions were completed with an addi-
tional 3-minute extension at 72°C. PCR reactions were
performed in a 100-ml volume containing 1x PCR
buffer, deoxynucleotides (Roche Molecular Biochemi-
cals, Indianapolis, Indiana, USA) at a final concentra-
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tion of 0.2 nM each, 30 pmol of the specific primers,
and Taq DNA polymerase (PGC Scientifics, Gaithers-
burg, Maryland, USA). PCR products were analyzed by
electrophoresis through 1.5% agarose gels.

Plasma hormone and cytokine assays. Blood samples were
centrifuged at 1,925 g at 4°C for 10 minutes, and plas-
ma was separated, aliquoted, and stored at –80°C until
further use. Plasma ACTH (Incstar, Stillwater, Min-
nesota, USA) and corticosterone (ICN Radiochemicals
Inc., Orangeburg, New York, USA) levels were measured
using commercial RIA kits. Plasma IL-6 concentrations
were measured by commercial ELISA kit (R&D Systems
Inc., Minneapolis, Minnesota, USA).

Statistical analysis. In all experiments, each group con-
sisted of three to six mice, and each individual experi-
ment was performed at least twice. Data were analyzed
by ANOVA, followed by Scheffe’s and Fisher’s least sig-
nificant difference post hoc multiple comparison tests.
For the experiments recording body weight and food
intake, the analysis was performed by nonparametric
tests. For all analyses, P < 0.05 was considered significant.
In the figures where standard error bars are not visible,
they are smaller than the resolution of the symbols.

Results

Time course of the response to turpentine

Hormonal and cytokine responses. The time course of the
pituitary-adrenal response to turpentine administra-
tion of Crh+/+ and Crh–/– mice was evaluated by meas-
urement of plasma ACTH and corticosterone levels at
1, 4, 8, 16, 24, 30, and 48 hours after the injection (Fig-
ure 1, a and b). One hour afterward, either saline- or tur-
pentine-injection corticosterone was significantly ele-
vated in Crh+/+ but not in Crh–/– mice (Figure 1b). This
rise has most likely resulted from the pain of the injec-
tion, a stressor previously shown to cause no activation
of the pituitary-adrenal responses in Crh–/– mice (34).
Furthermore, lack of any significant rise in 
TNF-α, IL-1β, and IL-6 at the same time point (data not
shown), suggests that this corticosterone rise is unlike-
ly to result from activation of the immune system. No
significant changes from the baseline values were
revealed in the corticosterone levels of either genotype
4–48 hours after saline administration. Up to 4 hours
after the turpentine administration, corticosterone lev-
els in Crh+/+ mice were higher than those of the Crh–/–

mice (Figure 1b), suggesting the possibility of an earlier
activation of the pituitary-adrenal axis in the former.

Levels of both ACTH and corticosterone in Crh+/+ mice
peaked between 8 and 16 hours (Figure 1, a and b) and
remained significantly elevated for 24–30 hours after
the turpentine injection. In the Crh–/– mice, the rise of
ACTH was not statistically significant at any time point
studied (Figure 1a), despite their marked corticosterone
increase, similar to that of the Crh+/+ mice, from 8 up to
30 hours after the injection of turpentine (Figure 1b).
To confirm that this finding was not due to the small
number (n = 4 animals per experimental group per
genotype) of animals included in an individual experi-
ment, we also analyzed the data from several experi-
ments pooled together, which also did not reveal any
statistically significant difference at ACTH levels at any
of the time points studied (data not shown).
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Figure 1
Time course of ACTH, corticosterone, and IL-6 responses to tur-
pentine. Plasma ACTH (a), corticosterone (b), and IL-6 (c) levels in
male Crh+/+ and in Crh–/– mice 1–48 hours after saline or turpentine
injection. Values represent mean ± SEM. *Statistical difference 
(P < 0.05) between saline- and turpentine-injected mice of the same
genotype. #Statistical difference (P < 0.05) between Crh+/+ and Crh–/–

mice subjected to the same treatment (n = 4–5 animals per group
per experiment).



Plasma IL-6 levels, measured in parallel to ACTH and
corticosterone, were markedly increased in both Crh+/+

and Crh–/– mice 4 hours after the injection, peaked at 16
hours, and remained elevated for 30 hours after the
injection (Figure 1c). In Crh–/– mice, IL-6 levels were
two- to threefold those of the Crh+/+ mice, whereas
saline-injected mice of both genotypes had IL-6 levels
below the detection limit (15.6 pg/ml) of our assay.

Metabolic response. Body weight and food consump-
tion of turpentine- or saline-injected Crh+/+ and Crh–/–

mice were monitored for 5 days after the injection. As
shown (Figure 2a) 24 hours after the turpentine injec-
tion food intake, expressed as food intake/body weight,
was decreased to a similar degree in both Crh+/+ and
Crh–/– mice and had returned to the baseline level in
both groups 72 hours after injection. In parallel, body
weight reduced to the same percent in both genotypes
starting as soon as the second day after the injection
(Figure 2b). Saline-injected Crh+/+ maintained their

body weight, although their food intake was reduced
for 1 day after the injection. Interestingly, we found no
change in food intake of the Crh–/– saline-injected mice.

Limb histology. Histological evaluation of the inflamed
areas from both genotypes was performed 16 hours after
the induction of inflammation, a time point previously
shown to coincide with the peak of the local response
(25). Turpentine-injected Crh+/+ and Crh–/– mice raised a
significant inflammatory response (Figure 3, b and d,
respectively) compared with their saline-injected respec-
tive controls (Figure 3, a and c). The inflammatory
response of the Crh+/+ was significantly higher than that
of the Crh–/– mice as judged by the leukocytic infiltration
of the inflamed area (Figure 3, b and d, respectively).

Response to turpentine after adrenalectomy. We next eval-
uated the ACTH and IL-6 response to turpentine injec-
tion of Crh+/+ and Crh–/– mice that had their corticos-
terone clamped to the same level by adrenalectomy.
Thus, turpentine- or saline-injected Crh+/+ and Crh–/–

sham-adrenalectomized (sham), adrenalectomized
(adx), or adrenalectomized and replaced with corticos-
terone (adx/cort) mice were studied 16 hours after the
injection, a time point previously shown to correspond
to the peak of the HPA axis and cytokine response (26).
Crh+/+/adx mice had very high basal ACTH levels (data
not shown), as expected by the loss of the negative feed-
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Figure 2
Food intake and body weight change after turpentine injection. Food
(a) and body weight (b) monitored every morning for 5 days in male
Crh+/+ (circles) and Crh–/– (triangles) mice injected on day 1 with either
saline (open symbols) or turpentine (filled symbols). Values represent
mean ± SEM. *Statistical difference (P < 0.05) between saline- and
turpentine-injected mice of the same genotype. #Statistical difference
(P < 0.05) between Crh+/+ and Crh–/– mice subjected to the same treat-
ment (n = 4–9 animals per group per experiment). (a) Significant dif-
ferences were found in food intake between the Crh+/+ turpentine-
injected and Crh+/+ saline-injected groups on day 1 and at all time
points studied between Crh–/– turpentine-injected and Crh–/– saline-
injected mice. No differences were detected in food intake between
turpentine-injected Crh+/+ and Crh–/– groups. (b) No differences were
detected in body weight changes between Crh+/+ and Crh–/– groups
after either saline or turpentine injection. Body weight was signifi-
cantly lower at days 3–5 in both Crh+/+ and Crh–/– turpentine-injected,
compared with the Crh+/+ and Crh–/– saline-injected, groups.

Figure 3
Histological evaluation of inflamed tissues. Representative sections
of saline- and turpentine-injected hind limbs stained with H&E from
Crh+/+ and Crh–/– mice injected with 100 µl of either saline (a and c)
or turpentine (b and d), 16 hours after the injection. No differences
were detected between Crh+/+ and Crh–/– saline-injected mice (a and
c, respectively). However, Crh+/+ turpentine-injected mice had higher
inflammatory response than did Crh–/– mice (b and d, respectively),
as shown by the leukocyte infiltration.



back effect of glucocorticoid, whereas no change in the
basal ACTH levels was detected between the sham and
adx Crh–/– groups, as has been reported previously (34)
(data not shown). Plasma levels of IL-6 were signifi-
cantly and to the same extent elevated in both the Crh+/+

and Crh–/– adx compared with the sham groups, as
expected after the loss of the inhibitory effect of gluco-
corticoid (Figure 4). Interestingly, plasma IL-6 levels
were significantly elevated in the Crh–/– adx/cort
although undetectable in the Crh+/+ adx/cort mice (Fig-
ure 4), despite their similar corticosterone levels (Crh+/+

9.3 ± 2.1 µg/dl and Crh–/– 7.8 ± 1 µg/dl).
Response to turpentine after immunoneutralization of

ACTH. Plasma corticosterone and IL-6 levels were eval-
uated in saline- and turpentine-injected Crh+/+ and
Crh–/– mice treated with an ACTH antibody as
described in Methods. Cotreatment with the ACTH
antibody did not block the corticosterone rise of the
turpentine-injected Crh+/+ mice (Crh+/+ turpentine-
injected versus Crh+/+ turpentine-injected/ACTH anti-
body administered mice: 47.7 ± 8.5 vs. 42.9 ± 2.5 µg/dl),
and it abolished the corticosterone response of the
Crh–/– mice (Crh–/– turpentine-injected versus Crh–/– tur-
pentine-injected/ACTH antibody administered mice:
38.2 ± 4.2 vs. 13 ± 10 µg/dl). Furthermore, administra-
tion of ACTH antibody to Crh+/+ mice at twice the pre-
vious dose in a separate experiment did not reveal any
effect on the corticosterone rise after turpentine-
induced inflammation (Crh+/+ turpentine-injected ver-
sus Crh+/+ turpentine-injected/ACTH antibody admin-
istered mice: 32.6 ± 9.2 versus 53.4 ± 11.2 µg/dl). A
significant elevation of the plasma IL-6 levels was
found in the Crh–/– mice administered the ACTH anti-

body (Crh–/– turpentine-injected versus Crh–/– turpen-
tine-injected/ACTH antibody administered mice: 
1,285 ± 319 vs. 8,877 ± 922 µg/dl), although, to our
surprise, in the Crh+/+ mice immunoneutralization of
ACTH led to a significant reduction of the rise in IL-6
(Crh+/+ turpentine-injected versus Crh+/+ turpentine-
injected/ACTH antibody administered mice: 736 ± 128
vs. 284 ± 43 µg/dl). These findings suggest that in the
Crh+/+ mice, either the amount of the ACTH antibody
administered was not enough to block the effect of the
very high levels of ACTH on the adrenal, or in the pres-
ence of CRH there are factors additional to ACTH that
may act as adrenal secretagogues. It is interesting that
the release of corticosterone was abolished in the Crh–/–

mice after the immunoneutralization of ACTH, despite
the concomitant very high circulating IL-6 levels. These
results suggest that the regulation of both the release
of corticosterone and the secretion of IL-6 is different
in states of CRH deficiency.

Hormonal response to turpentine in Crh–/–/Il6–/– mice. Plas-
ma ACTH and corticosterone levels were evaluated in
Il6–/– and Crh–/–/Il6–/– mice 16 hours after turpentine
injection and the results were compared with those
obtained from Crh+/+ and Crh–/– mice at the same time
point. As shown in Table 1, basal ACTH and corticos-
terone levels did not differ between the four genotypes.
However, after turpentine injection, plasma ACTH lev-
els were significantly elevated in both Crh+/+ and Il6/–/–

mice, whereas Crh–/– and Crh–/–/Il6–/– mice failed to
mount any significant response. Plasma corticosterone
levels were significantly elevated in Crh+/+, Crh–/–, and
Il6–/– mice, whereas those of the Crh-//Il6–/– did not dif-
fer from the basal values.

Tissue IL-6 expression in Crh+/+ and Crh–/– mice. IL-6
mRNA expression was analyzed by RT-PCR in pituitary,
adrenal, liver, and muscle obtained from saline- or tur-
pentine-injected Crh+/+ and Crh–/– mice. We were unable
to detect any IL-6 expression in the pituitary of either
saline- or turpentine-injected mice of either genotype
(data not shown). IL-6 mRNA was detected in the adre-
nal of both saline- and turpentine-injected Crh+/+ mice
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Figure 4
IL-6 responses to turpentine injection in adrenalectomized mice. Plas-
ma IL-6 levels in male Crh+/+ and Crh–/– mice, sham-adrenalectomized
mice (sham), mice adrenalectomized with corticosterone replace-
ment (adx/cort), and adrenalectomized with no corticosterone
replacement (adx) 16 hours after turpentine injection. Values repre-
sent fold increase over saline-injected Crh+/+ mice. *Statistical differ-
ence (P < 0.05) between saline- and turpentine-injected mice of the
same genotype. #Statistical difference (P < 0.05) between Crh+/+ and
Crh–/– mice subjected to the same treatment (n = 4–5 animals per
group per experiment).

Figure 5
Tissue IL-6 expression after turpentine injection. Total RNA from adre-
nal and muscle from saline- or turpentine-injected Crh+/+ and Crh–/–

mice was subjected to RT-PCR for evaluation of IL-6 expression.



with significantly increased levels in the latter (Figure
5). Interestingly, no band was detected in Crh–/– mice
after either treatment (Figure 5), even when the cDNA
was subjected to further amplification (up to 45 cycles).
IL-6 mRNA abundance was similar in the liver of mice
of either genotype after saline- or turpentine injection
(data not shown). This suggests that either liver IL-6 is
not altered during inflammation, or that 16 hours after
the induction of inflammation is well beyond the time
of IL-6 induction in this tissue. Finally, IL-6 mRNA
expression was assessed in the muscle of turpentine-or
saline-injected muscles. Noninflamed muscles from
either genotype did not show any significant expression,
although similar abundance of IL-6 was detected in the
inflamed tissues from both genotypes (Figure 5). Given
that the infiltrating leukocytes, most likely the cellular
source of IL-6, are significantly less in the inflamed
muscle of the Crh–/– (Figure 3), it is possible that IL-6
expression is elevated in this tissue in the Crh–/– mice.

Discussion
We demonstrate here that the expression of IL-6 dur-
ing inflammation is regulated by CRH in a tissue-spe-
cific manner. We also show that CRH is necessary for
the induction of a normal rise of plasma ACTH dur-
ing inflammation. We found that inflammation
induced a similar rise in corticosterone in both Crh+/+

and Crh–/– mice (Figure 1b), although we did not
detect a statistically significant change in plasma
ACTH levels in the Crh–/– mice at any time point after
turpentine injection (Figure 1a).

In previous studies, Crh–/– mice failed to mount a nor-
mal HPA response to a variety of psychological and/or
physical stressors (21, 22, 35, 36). We and others have
shown that immune stimuli induce an HPA response in
the Crh–/– mice, although not always to levels similar to
those of the Crh+/+ mice (refs. 13, 23; and M. Venihaki
and K.P. Karalis, unpublished observations). In a recent
report, it was shown that after administration of 2C11,
an immune system activator, Crh–/– mice elicited a nor-
mal adrenal response in the presence of ACTH levels sig-
nificantly higher from those of the Crh+/+ mice (13). This
effect was attributed to their significantly elevated IL-6
levels, as intraperitoneal administration of IL-6 elicited
a similar paradoxical ACTH release in the Crh–/– mice.
Our findings during turpentine inflammation demon-

strate similar to the Crh+/+ mice corticosterone rise in the
Crh–/– mice despite their significantly compromised
ACTH response. Although we have selected the timing
for sampling in order to include the ACTH and corti-
costerone peaks and nadirs (26), we cannot exclude the
possibility that we missed a significant rise in ACTH in
the Crh–/– mice. We cannot also exclude the possibility
that the rise in ACTH in Crh–/– mice is so small that it
may be lost in the scatter of the ACTH RIA. However,
even such a small rise might explain the normal corti-
costerone response of the Crh–/– mice as well as the
blockade of this response by administration of the
ACTH antibody (Figure 1b, and Results).

IL-6 levels in Crh–/– inflamed mice were two to three
times higher compared with those of the Crh+/+ mice
(Figure 1c and Figure 4), in agreement with reports
using other models of immune activation (13). The very
high levels of IL-6 in the Crh–/– mice despite their nor-
mal corticosterone rise, in addition to the further eleva-
tion of IL-6 after immunoneutralization of ACTH, sug-
gest that the regulation of IL-6 secretion during
inflammation is not CRH-independent. The above
hypothesis is also suggested by the differences in the 
IL-6 levels between Crh–/– and Crh+/+ mice (Figure 1c). In
the former, immunoneutralization of ACTH blocked
the corticosterone rise and resulted in the expected fur-
ther increase. In the latter, although the administered
dose of the ACTH antibody did not result to a
detectable fall in plasma corticosterone levels, there was
a significant reduction of the IL-6 levels that might
reflect the corresponding changes in central and periph-
eral CRH expression. These findings, in addition to the
flat HPA axis response of mice with CRH and IL-6 defi-
ciencies (Crh–/–/Il6–/–) (Table 1) and findings from stud-
ies on IL-6–deficient mice (Il6–/–) (37), suggest that IL-6
is not a CRH-independent regulator of the HPA axis
during inflammation unlike in other states of immune
system activation (13), and even that after this stressor
CRH and IL-6 may act in parallel to stimulate gluco-
corticoid secretion. 

Crh–/– mice had a significantly lower inflammatory
reaction compared with the Crh+/+ mice, as judged by
tissue leukocytic infiltration (Figure 3). As we have
shown previously, immunoneutralization of peripher-
al CRH significantly inhibited the carrageenin-induced
granuloma in rats (5). Similar findings were reported
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Table 1
Plasma ACTH and corticosterone levels in female Crh+/+, Crh–/–, Il6–/–, and Crh–/–/Il6–/– mice under basal state and following turpentine injection

ACTH (pg/ml) Corticosterone (µg/dl)

Basal Turpentine Basal Turpentine

Crh+/+ 48 ± 2.9 324 ± 134A,B 2.4 ± 0.4 36 ± 13A,B

Crh–/– 56 ± 2.3 88 ± 8.3B 1.9 ± 0.3 23 ± 5
Il6–/– 62 ± 11.7 131 ± 40B 1.8 ± 0.2 15 ± 2.6
Crh–/–/Il6–/– 41 ± 1.8 50 ± 2B 1 ± 0.06 1.6 ± 0.1B

AStatistical difference (P < 0.05) between saline- and turpentine-injected mice of the same genotype. BStatistical difference (P < 0.05) between mice of the dif-
ferent genotypes subjected to the same treatment (n = 3–4 animals per group per experiment).



recently by others and us after administration of a CRH
antagonist to inflamed rats (38) or mice (23). We
believe that the reduced inflammatory response of the
Crh–/– mice after turpentine administration is most
likely due to their CRH deficiency and thus, lack of the
peripherally expressed proinflammatory CRH. The
contribution of peripheral CRH deficiency on the stim-
ulation of pituitary ACTH by cytokines, shown previ-
ously to be preserved in immune-challenged rats
administered Escherichia coli following removal of the
medial hypothalamus (39, 40), needs further study.

In our previous studies, we have applied the model of
carrageenin-induced acute inflammation and found
that Crh–/– mice exhibited a mild corticosterone increase
compared with the Crh+/+ mice and a markedly dimin-
ished inflammatory response only after adrenalectomy
(23). The carrageenin-induced inflammatory response is
mediated to a great extent by histamine and kinins (41),
whereas the turpentine-induced inflammation is main-
ly mediated by increased cytokine release (25). The dif-
ferences between the responses induced as just described
might represent the variations in the peak of the inflam-
matory response and the nature of the proinflammato-
ry mediators involved in each of these models.

CRH and IL-6 are potent anorexigenic factors for
humans and rodents (42–46). The resistance of Il6–/–

mice to turpentine-induced weight loss and anorexia
(37) further demonstrates the critical role of IL-6 in
these processes. Thus, the significant abundance of cir-
culating IL-6 in the turpentine-injected Crh–/– mice may
account for the similar changes in body weight and food
intake in the two genotypes (Figure 2) (47). To our sur-
prise, food intake was normal in the saline-injected
Crh–/– mice, although diminished in the saline-injected
Crh+/+ mice (Figure 2, a and b). This is to our knowledge
the first study demonstrating a difference in food intake
and parallel body weight change between Crh+/+ and
Crh–/– mice. It is possible that saline injection, as a mild
stressor, unmasked differences in food intake between
Crh+/+ and Crh–/– mice resulting from the anorexigenic
properties of CRH alone, while more severe stress para-
digms alter the expression of various hypothalamic fac-
tors involved in the regulation of food intake (48).

The tissue(s) of origin of the high IL-6 levels during
inflammation in either Crh+/+ or Crh–/– mice has not
been conclusively identified by our studies. The high
levels of IL-6 in adrenalectomized Crh+/+ and Crh–/–

mice (Figure 4) suggest that the adrenal gland is not
the main source of circulating IL-6 during inflam-
mation. Increased expression of IL-6 in the adrenal of
Crh+/+ mice during inflammation (Figure 5) suggests
that adrenal IL-6 may participate in the inflammato-
ry process. Interestingly, IL-6 expression was unde-
tectable in the adrenal of Crh–/– mice in basal state
(Figure 5), although inflammation did not induce its
expression, in contrast to the Crh+/+ mice, suggesting
that CRH, most likely of peripheral origin, is a major
regulator of adrenal IL-6. The possibility that the
infiltrating leukocytes in the inflamed tissue might

be the source of the higher IL-6 expression in Crh–/–

mice, as discussed above, needs to be further
addressed by in vitro studies.

In summary, we have shown that CRH deficiency is
related to paradoxically increased plasma levels of IL-6
that may act as a CRH-dependent regulator of ACTH
secretion but not of glucocorticoid release. We also
demonstrate a novel role for CRH as a major regulator
of adrenal IL-6, which further supports the possibility
of IL-6 being the previously identified “tissue CRF” (20,
24). The significance of the tissue-specific regulation of
IL-6 by CRH and of its contribution in the pathophys-
iology of inflammatory diseases (such as rheumatoid
arthritis) characterized by high local expression of both
these factors remains unclear.
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