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Corticotropin-releasing hormone (CRH) exerts an anti-inflammatory effect indirectly, via cortisole produc-
tion, and a proinflammatory effect directly on immune cells. The aim of the present work was to examine the
effect of CRH on macrophage-derived cytokines both in vitro and in vivo. For the in vitro experiments we used
two types of macrophages: (i) the RAW264.7 monocyte/macrophage cell line and (ii) thioglycolate-elicited
peritoneal macrophages from BALB/c mice. We have found that CRH enhanced lipopolysaccharide (LPS)-
induced tumor necrosis factor alpha (TNF-«), interleukin-13 (IL-1), and IL-6 production. For the in vivo
experiments we have used the LPS-induced endotoxin shock model in BALB/c mice, an established model for
systemic inflammation in which macrophages are the major source of the proinflammatory cytokines respon-
sible for the development of the shock. Administration of antalarmin, a synthetic CRH receptor 1 (CRHR1)
antagonist, prior to LPS prolonged survival in a statistically significant manner. The effect was more evident
at the early stages of endotoxin shock. CRHR1 blockade suppressed LPS-induced elevation of the macrophage-
derived cytokines TNF-«, IL-1$, and IL-6, confirming the role of CRH signals in cytokine expression. In
conclusion, our data suggest that CRH signals play an early and crucial role in augmenting LPS-induced
proinflammatory cytokine production by macrophages. Our data suggest that the diffuse neuroendocrine
system via CRH directly affects the immune system at the level of macrophage activation and cytokine

production.

Corticotropin-releasing hormone (CRH) affects the immune
system. This effect can be indirect, via the end products of the
two major axes of the adaptive response to stress, regulated by
CRH, i.e., cortisole of the hypothalamus-pituitary-adrenals
(HPA) axis and catecholamines of the sympathetic system (13).
CRH also affects the immune system in a direct manner. In-
deed, CRH is released at the site of inflammation by nerve
terminals and epithelial cells, affecting resident immune cells
(13, 33). It should be noted that while the indirect effect of
CRH is anti-inflammatory, its direct paracrine effect is defi-
nitely proinflammatory. Thus, blockade of its paracrine effect
by specific anti-CRH serum attenuates the inflammatory re-
sponse in several models of inflammation in vivo (15, 33). A
major immune target of CRH is the mast cell (13, 25). How-
ever, in addition to mast cells a growing list of immune cells
exhibits specific CRH binding sites. Thus, mouse splenocytes
(34), human peripheral blood monocytes and lymphocytes
(24), and monocytes/macrophages and Th cells (2) have CRH
receptors. CRH receptors are also present in inflamed syno-
vium (9) and inflamed subcutaneous tissues (19). CRHR1 ex-
pression is upregulated by lipopolysaccharide (LPS) stimula-
tion (22). The aim of the present work was to study the effect
of CRH on macrophages, the main source of the proinflam-
matory cytokines tumor necrosis factor alpha (TNF-«), inter-
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leukin-1B (IL-1B), and IL-6, which initiate the inflammatory
response. Since macrophages express CRH receptors, we hy-
pothesized that CRH may exert a direct effect on the mecha-
nisms that underline their activation. Thus, the first part of the
present work consists of experiments examining the effect of
CRH on proinflammatory cytokine production from macro-
phages in vitro. For this purpose we have employed the
RAW264.7 cell line, which derives from a mouse myeloma and
produces all proinflammatory cytokines in response to LPS,
and thioglycolate-elicited peritoneal macrophages from
BALB/c mice.

The biological effects of CRH are mediated by at least two
different receptors, CRHR1 and CRHR?2 that belong to the
G-protein-coupled receptor superfamily (21). CRH exhibits an
affinity towards CRHR1 10 times higher than that toward
CRHR?2 (21). In the immune system, CRHRI1 receptors have
been identified in spleen and thymus (3, 22).

The recent synthesis of non-peptide receptor antagonists for
the CRHRI1 receptor has provided a useful tool for a more
accurate evaluation of the functional significance of CRH at
the tissue level. Antalarmin, a pyrrolopyrimidine compound, is
a specific CRHR1 receptor antagonist (32). Administration of
antalarmin inhibits CRH-induced local inflammation (32)
when used at a concentration of 20 mg/kg of body weight.
Treatment of animals with antalarmin at this concentration for
up to 1 week does not appear to influence significantly basal or
stress-induced plasma adrenocorticotropin (ACTH) and corti-
costerone levels (10, 35).

The second part of the work consists of experiments exam-
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ining the effect of CRH on the inflammatory response in vivo.
In vivo studies on the direct effect of CRH on the inflammatory
response have been focused on models of local inflammation
restricted to confined areas of the body. We hypothesized that
peripheral CRH may play a proinflammatory role by targeting
macrophages in vivo. In addition, CRH may contribute in the
development of systemic and potentially lethal inflammatory
reactions, which depend on secretion of proinflammatory cy-
tokines by macrophages. The LPS-induced endotoxin shock in
mice is a widely used in vivo model for the study of acute
systemic inflammatory reaction and macrophage activation.

We examined the effect of CRH on macrophages in vivo
using the LPS-induced systemic endotoxin shock in mice. Spe-
cifically, to determine the role of locally secreted CRH in the
development of endotoxin shock we treated mice with the
specific CRHR1 inhibitor antalarmin in a dose and time frame
that does not affect significantly the HPA axis (6, 35). Corti-
costerone was monitored both in antalarmin-treated and con-
trol animals. Blockade of CRHR1 did not affect the LPS-
induced HPA axis response. Both our in vitro and in vivo data
suggest that CRH augments the response of macrophages to
inflammatory agents.

MATERIALS AND METHODS

Cell culture. RAW264.7 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum, 10 mM L-glutamine,
penicillin (100 U/ml), and streptomycin (0.1 mg/ml) (all purchased from Gibco)
at 5% CO, and 37°C. Cells were plated in 25-cm? flasks at a concentration of 4
% 10°/ml 1 day prior to stimulation. Cells were then stimulated with Escherichia
coli-derived LPS (10 pg/ml; serotype 0111:B4 [catalog no, L2630]; Sigma) and
synthetic CRH (Sigma) at a concentration of 10™% M.

Isolation and stimulation of thioglycolate-elicited macrophages. A 4% thio-
glycolate solution was prepared and autoclaved 2 days prior to administration. A
1.5-ml aliquot of the thioglycolate solution was injected intraperitoneally (i.p.) in
BALB/c mice, and peritoneal macrophages were isolated by lavage of the peri-
toneal cavity with DMEM. Cells were then cultured in DMEM supplemented
with 10% fetal calf serum, 10 mM L-glutamine, penicillin (100 U/ml), and strep-
tomycin (0.1 mg/ml) (all from Gibco). Cells were moved to plates at a concen-
tration of 5 X 10%/ml and maintained in culture 24 h prior to stimulation.

Isolation of total RNA and RT-PCR. Primers for actin were sense, 5'-TCA
GAA GAA CTC CTA TGT GG-3', and antisense, 5'-TCT CTT TGA TGT CAC
GCA CG-3', giving a 499-bp product; those for TNF-a were 5'-CAC GCT CTT
CTG TCT ACT GAA CTT CG-3' and 5'-GGC TGG GTA GAG AAT GGA
TGA ACA CC-3’, giving a 590-bp product; those for IL-1B were 5'-GGA TGA
GGA CAT GAG CAC CT-3' and 5'-TCC ATT GAG GTG GAG AGC TT-3',
resulting in a 196-bp product; those for IL-6 were 5'-TGA AGT TCC TCT CTG
CAA GAG ACT-3’ and 5'-TGA GGA AGG CCG TGG TTG T-3', giving a
200-bp product. Total cellular RNA was isolated using Trizol reagent (Gibco).
Following reverse transcription (RT) (Thermoscript RT; Invitrogen), 1 ul of the
c¢DNA product was amplified by PCR (Platinum 7aq polymerase; Invitrogen), at
33 cycles, annealing to a temperature of 55°C. It should be noted that at 33 cycles
all mRNA amplifications were at the exponential phase of amplification as
indicated by a standard curve performed for each pair of primers (data not
shown). The amplified products (10 wl) were separated on a 3% agarose gel and
visualized by ethidium bromide staining using the Bio-Rad molecular analyst
system. The quantitation was performed using TINAscan software. Each exper-
iment was repeated four times.

Animals and reagents. Male 20- to 25-g BALB/c mice, 8 to 10 weeks old, were
used. They were kept in our animal facility for at least 1 week prior to each
experiment to allow adjustment and confirmation of their health. All experi-
ments were approved by the animal care committee. Each animal received
rodent laboratory chow and water ad libitum. Antalarmin was kindly provided by
G. P. Chrousos (Pediatric and Reproductive Endocrinology Branch, National
Institute of Child Health and Human Development, National Institutes of
Health, Bethesda, Md.). Antalarmin was initially dissolved into 100% ethanol at
a concentration of 200 mg/ml and then diluted in a 1:1 ratio with Cremaphor EL
(Sigma) and finally brought to a working stock of 2-mg/ml antalarmin in 10%
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ethanol and 10% Cremaphor EL in sterile water. E. coli LPS (serotype 0111:B4)
and Salmonella enterica serovar Enteritidis LPS (catalog no. L6011) were pur-
chased from Sigma. The antibodies and the reagents for the TNF-a, IL-1B and
IL-6 determination were purchased from R&D.

LPS-induced endotoxin shock. For the determination of the 50% lethal dose
(LDsy), groups composed of five mice were received i.p injections of either 200,
400, 600, 700, or 1,000 pg of Salmonella-derived LPS (Sigma) per mouse dis-
solved in phosphate-buffered saline at a concentration of 10 mg/ml. Survival of
animals was monitored for a period of 7 days. The same protocol was used for E.
coli-derived LPS (0111:B4). To determine the effect of antalarmin on the survival
of mice injected with LPS, 40 mice were divided in four different groups; the first
group received antalarmin at a concentration of 20 mg/kg of body weight; the
second received antalarmin at 20 mg/kg of body weight and LPS at a concen-
tration of 0.7 mg per 25 g of body weight; the third group received LPS and the
antalarmin diluent; and the fourth group received the antalarmin diluent alone.
Mice were pretreated with antalarmin or the diluent 1.5 h prior to LPS injection,
according to published protocols (28, 32) and in order not to alter significantly
the HPA axis response (10, 35). Antalarmin alone had no effect in the survival of
animals, and injection of antalarmin alone was not repeated in the course of the
experiments.

ELISA. Serum from trunk blood was collected as follows: (i) for the determi-
nation of TNF-a 1 h after LPS administration and (ii) at 4 h for the determina-
tion of IL-1PB or IL-6 levels. Each time point and treatment group was composed
of five animals per experiment. Sera were collected and frozen until used for
cytokine determination by enzyme-linked immunosorbent assay (ELISA) ac-
cording to the instructions of the manufacturer (R&D). Similarly, cell culture
supernatants were collected 24 h following stimulation and stored at —70°C until
analyzed.

Radioimmunoassay. Corticosterone was measured by radioimmunoassay in
serum collected 1 h following LPS administration. Five animals per treatment
were used. Sera were frozen at —70°C and analyzed as recommended by the
manufacturer (ICN).

Statistical analysis. Statistical analysis of the LPS-induced endotoxin shock
survival was performed using the Kaplan-Meyer method and the Mantel-Haen-
szel log rank test to determine the P values for the differences in the survival. For
the statistical evaluation of the ELISA data, we used analysis of variance and
post hoc comparison of means followed by two multiple comparison tests: Fish-
er’s least-significant-difference test and the Newman-Keuls test.

RESULTS

In vitro studies on the effect of CRH on macrophages. (i)
CRH enhances LPS-induced cytokine production from
RAW264.7 cells. To determine the effect of CRH on macro-
phages, RAW264.7 cells were cultured in media containing
serum and stimulated with E. coli-derived LPS in the presence
or absence of CRH at a concentration of 10~® M. The con-
centration used is within the physiological range for CRH in
peripheral tissues since in the placenta it is found at a concen-
tration of 10~° M and in the adrenals it can vary between 10~°
to 1072 M (29, 36). Treatment of cells for 24 h in the presence
of LPS stimulated the secretion of TNF-«, IL-1p3, and IL-6. In
the presence of CRH the levels of all three cytokines were
significantly higher, indicating that CRH augments the LPS
signal (Fig. 1). However, there was only a minimal effect on
cytokine secretion when cells were treated with CRH alone.
Specifically, CRH significantly augmented LPS-induced
TNF-a secretion (P = 0.04), IL-1B secretion (P = 0.01), and
IL-6 secretion (P = 0.04).

To determine whether CRH has an effect on cytokine tran-
scription, RNA was isolated from cells treated with LPS in the
presence or absence of CRH and the levels of TNF-a, IL-18,
and IL-6 mRNA were estimated using a semiquantitative RT-
PCR approach. The PCRs were carried out at 33 cycles where
the amplification was at the exponential phase, as determined
by the curve of the amplification of each product (data not
shown). As indicated in Fig. 2A CRH has a minor enhancing
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FIG. 1. CRH augments LPS-induced proinflammatory cytokine se-
cretion from RAW264.7 macrophages. (A) TNF-« levels in culture
medium of cells treated with CRH, LPS, and CRH plus LPS. TNF-«a
levels are significantly higher when cells are treated with CRH and LPS
than when they are treated with LPS alone (*, P = 0.04). (B) CRH
potentiates LPS-induced IL-1B secretion in a significant manner (**, P
= 0.01). (C) CRH potentiates LPS-induced IL-6 secretion from
RAW264.7 cells (*, P = 0.04). Unstimulated cells were unable to
secrete detectable amounts of any of the above cytokines.

effect at the basal mRNA levels of all three cytokines and a
stronger augmenting effect on the LPS-induced levels. Densi-
tometric analysis of the RT-PCR products following normal-
ization versus actin revealed that CRH alone induced minimal
transcription of IL-1B (Fig. 2B), TNF-«a (Fig. 2C), or IL-6 (Fig.
2D), but it strongly augmented the LPS-induced cytokine tran-
scription. The increase that occurred at the transcriptional
level was lower than the increase indicated at the protein level,
suggesting that there may be an additional effect of CRH at the
posttranscriptional level. Alternatively, this may be the result
of the lower sensitivity of the semiquantitative approach of
RT-PCR. The same experiment was repeated four times with
similar results.

(ii) CRH enhances LPS-induced cytokine production in
thioglycolate-elicited peritoneal macrophages. To determine
whether CRH exerts the same effect in primary macrophages,
we treated thioglycolate-induced peritoneal macrophages with
CRH and CRH plus LPS. Thioglycolate-induced macrophages
are primed inflammatory macrophages and using this ap-
proach one could study inflammatory macrophages without
having to accelerate them with LPS. CRH was unable to in-
duce TNF-a, IL-1B, or IL-6 transcription but significantly aug-
mented the LPS-induced proinflammatory cytokine expression
(Fig. 3). The densitometric data were analyzed and showed
differences similar to the ones observed in RAW264.7 cells
(Fig. 3, lower panels). Thus, CRH has a potent effect in both
activated RAW264.7 cells and activated primary macrophages,
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FIG. 2. (A) CRH augments proinflammatory cytokines at the tran-
scriptional level. IL-1B (upper panel), TNF-a (second panel), and IL-6
(third panel) mRNA levels were determined by a semiquantitative
RT-PCR approach. CRH induces expression of all three cytokines and
further potentiates the LPS-induced transcriptional activation. (B, C,
and D) Densitometric analysis of the RT-PCR products of IL-13 (B),
TNF-a (C), and IL-6 (D).

and it cannot elicit cytokine expression in the absence of a
potent costimulus such as LPS.

In vivo experiments. (i) Determination of LPS LD, and
LD, . The LDs, and LD, of LPS in our BALB/c mice was
determined as follows. LPS was administered i.p. at concen-
trations of 0.2, 0.4, 0.6, 0.7, and 1 mg per 25 g of body weight.
One hundred percent of the animals treated with LPS at 0.2
mg/25 g survived, compared to 80% of the animals treated at
0.4 mg/25 g and 40% at 0.6 mg/kg, and none of the animals
survived at 0.7 or 1 mg/25 g. The LD5, was estimated at 0.5 mg
per 25 g of body weight, and the LD, ,, was estimated at 0.7 mg
per 25 g of body weight and above. For the purpose of our
experiment we wanted to use a higher dose than the LDs, to
determine the possible protective effect of CRHR1 blockade.
Thus, mice were injected with 0.7 mg of LPS/25 g, an LD,
dose but not too high to mask a possible protective effect of
CRHRI1 blockade.

(ii) Antalarmin had no effect on peripheral corticosterone
triggered by LPS-induced endotoxin shock. Antalarmin is a
potent CRHRI1 antagonist and may, therefore, affect the HPA
axis and its final product corticosterone. Corticosterone is
known to suppress macrophage activation and cytokine pro-
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FIG. 3. CRH augments LPS-induced proinflammatory cytokine ex-
pression in thioglycolate-induced peritoneal macrophages from
BALB/c mice. IL-1B (A) (upper panel), TNF-a (B) (upper panel), and
IL-6 (C) (upper panel) mRNA expression was estimated by RT-PCR.
The RT-PCR products were quantitated by densitometry as the ratio
of cytokine RNA to the actin levels (lower panels).

duction both in vivo and in vitro. Alteration of the HPA axis
response to LPS in antalarmin-treated animals would conceiv-
ably affect survival. To exclude this hypothesis, corticosterone
was measured in all animals, i.e., those treated with LPS and
those with LPS plus antalarmin. No difference in corticoste-
rone levels was observed (Fig. 4), suggesting that antalarmin
did not affect the HPA axis response to LPS in a significant
manner.

(iii) Antalarmin prolonged survival of mice subjected to
LPS-induced septic shock. To determine the role of CRHR1
signals in the cascade of events that take place during septic
shock, mice were subjected to a lethal dose of LPS with or
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FIG. 4. Corticosterone levels in LPS- and LPS-antalarmin-treated
BALB/c mice. Sera were collected 1.5 h following LPS treatment.

without i.p. administration of antalarmin 1.5 h prior to the
administration of LPS, to ensure absorbance according to pre-
vious reports (28, 32). Two different types of LPS were used to
confirm that the results where not specific to a particular type
of LPS. i.p. injection of LPS at a dose of 0.7 mg per 25 g of
bodyweight induced lethality within 12 to 31 h after injection.
Specifically, in mice treated with Salmonella serovar Enteriti-
dis-derived LPS alone, lethality was observed between 14 to
31 h. At 18 h 60% of the animals had died, compared to only
20% of the mice pretreated with antalarmin (Fig. SA). Overall,
survival was significantly prolonged in the mice pretreated with
antalarmin (P = 0.022) (Fig. 5A). Similarly, 72% of the in-
jected with E. coli-derived LPS mice and pretreated with an-
talarmin were still alive at 18 h, while all the animals treated
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FIG. 5. (A) Antalarmin prolonged survival of animals treated with
Salmonella serovar Enteritidis-derived LPS. Antalarmin or the anta-
larmin diluent was administered 1.5 h prior to LPS. Survival was
observed over a period of 7 days. Control mice received the antalarmin
diluent alone. Antalarmin significantly prolonged survival (P = 0.022).
(B) Antalarmin prolonged survival of animals treated with E. coli-
derived LPS. Antalarmin or the antalarmin diluent was administered
1.5 h prior to LPS. Survival was observed over a period of 7 days.
Antalarmin significantly prolonged survival (P = 0.002).
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FIG. 6. (A) TNF-«a levels in mice subjected to LPS-induced endo-
toxin shock. Trunk blood was collected 1 or 2 h following treatment
with E. coli-derived LPS. Treatment with antalarmin significantly re-
duced TNF-a (n = 5 animals in each group; ***, P = 0.001). (B) IL-18
levels in mice subjected to LPS-induced endotoxin shock. Trunk blood
was collected 4 or 6 h following treatment with E. coli-derived LPS.
Antalarmin significantly reduced IL-18 (n = 5 animals in each group;
* P < 0.05). (C) IL-6 levels in mice subjected to LPS-induced endo-
toxin shock. Trunk blood was collected 4 h following treatment with E.
coli-derived LPS. Antalarmin significantly reduced IL-6 (n = 5 animals
in each group; ***, P < 0.0001; **, P < 0.01). (A to C) C, control; A,
antalarmin.

[2]

TL-6 (pu/mi)
- %5 88 88

with E. coli-LPS alone had died (Fig. 5B). Mice that were
treated with LPS plus antalarmin and survived the endotoxin
shock were observed over a period of 7 days and were still alive
at the end of this period, indicating that treatment with anta-
larmin not only prolonged but also improved the survival. All
animals treated with antalarmin alone survived. The overall
survival was significantly improved in the presence of anta-
larmin (P = 0.002) (Fig. 5B). The experiment was repeated
three times for each LPS subtype using 10 animals per group.

(iv) Antalarmin suppressed endotoxin-induced proinflam-
matory cytokines. LPS administration resulted in an acute el-
evation of TNF-a in plasma, peaking at 1 h. TNF-a was sig-
nificantly reduced in mice pretreated with antalarmin
compared to LPS alone (Fig. 6A) (n = 5 animals per group; P
= 0.001). Similarly, IL-18 and IL-6 in plasma reach a peak 3 to
4 h following LPS treatment and remain elevated throughout
septic shock. Both IL-1B and IL-6 increased at 4 h following
LPS administration but were significantly lower in mice that
were pretreated with antalarmin (Fig. 6B and C) (n = 5 ani-
mals per group [P = 0.013] for IL-1B; n = 5 animals per group
[P < 0.0001] for IL-6).

To determine whether the difference in cytokine levels in the

INFECT. IMMUN.

presence of antalarmin is a result of a change in kinetics, we
measured TNF-a at 2 h following LPS injection and found that
the levels of TNF-a in the mice that were pretreated with
antalarmin remained significantly lower than in the animals
treated with LPS alone (P < 0.001). Similar differences were
observed when measuring IL-18 and IL-6 6 h following LPS
injection (Fig. 6B and C). Thus, LPS-treated animals had sig-
nificantly higher levels of IL-18 (P < 0.01) and IL-6 (P <
0.001) than mice treated with LPS plus antalarmin at 6 h. We
could, therefore, conclude that antalarmin prolonged survival
during LPS-induced septic shock by lowering proinflammatory
cytokine levels rather than altering their kinetics.

DISCUSSION

Peripheral CRH is present at the site of inflammation and
plays an important proinflammatory role. Indeed, CRH has
been detected in subcutaneous inflammation induced by car-
rageenin (15), in the synovia of patients with rheumatoid ar-
thritis (8), and in the colonic mucosa of patients with ulcerative
colitis (16). Blockade of CRH by specific antibodies inhibits
carrageenin-induced subcutaneous local inflammation in rats
(15). The role of CRH has been associated mainly with mast
cells since its administration results in mast cell degranulation,
an effect inhibited by the CRHRI1 antagonist antalarmin (25).

Macrophages are among the initiator cells during an inflam-
matory response and are the main source of a series of proin-
flammatory cytokines. Activation of macrophages occurs
through antigenic signals such as bacterial LPS, which binds on
Toll-like receptor 4 and activates cytokine transcription and
secretion (7, 27). During both local and systemic inflammation,
macrophages are the predominant source of proinflammatory
cytokines. The aim of this work was to investigate the role of
CRH on LPS-induced cytokine secretion from macrophages
both in vitro and in vivo. We have found that CRH had a
stimulatory effect on cytokine production in both types of mac-
rophages used. Specifically, treatment of RAW264.7 cells with
LPS in the presence of CRH further induced secretion of
TNF-«, IL-1B, and IL-6. The most-profound effect was on
IL-1B secretion, in which CRH induced 5.7-fold more IL-1p3.
CRH had a similar proinflammatory effect on primary inflam-
matory macrophages in culture such as thioglycolate-elicited
peritoneal macrophages. It should be noted that in pituitary
cells CRH induces phosphorylation and activation of CREB
(31), a transcription factor that plays a central role in IL-18
transcription. Thus, CRH may enhance the LPS-induced IL-13
secretion through activation of cyclic AMP and CREB. Fur-
thermore, we have previously shown that CRH activates the
ERKI1/ERK2 mitogen-activated protein kinase pathway (11),
which is required for TNF-a expression (26) and the nuclear
export of its mRNA (12), suggesting a potential mechanism
through which CRH potentiates LPS-induced TNF-a levels.
CRH also activates the AP-1 transcription complex (4), which
is known to participate in TNF-o and IL-6 transcription, sug-
gesting that the CRH-driven effect on TNF-a levels involves
activation of TNF-a transcription. Indeed, CRH activated
transcription of both IL-18 and TNF-« as shown in Fig. 2. The
activation observed at the transcriptional level is not as potent
as the one observed at the protein level indicating that the
effect of CRH may occur at both levels.

Induction of proinflammatory cytokines is minimal when
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cells are exposed to CRH alone but is more profound when
cells are primed with LPS. It seems that either CRH requires
primed macrophages to exert its effect or LPS induces CRH
receptors and, thus, amplifies the effect of CRH. Using an
alternative approach, we treated with CRH thioglycolate-in-
duced peritoneal macrophages from BALB/c mice. These cells
are primed and are ready to produce cytokines but are not
activated by the potent signal of LPS. CRH was unable to
induced cytokine expression alone but in those cells without
costimulus but presence of CRH further enhanced the LPS
effect. It could therefore be concluded that CRH has a pro-
found stimulatory effect on activated macrophages, possibly
due to higher levels of its receptors or due to effects of LPS in
intracellular signaling cascades. In addition it confirms that the
effect of CRH on macrophages is not confined on the myeloma
cell line RAW264.7 but it also applies on primary macro-
phages.

Since CRH exerts an effect on macrophage activation in
vitro, we hypothesized was that peripheral CRH deriving from
the diffuse neuroendocrine system may play an important role
in systemic inflammation in vivo, including activation of the
cascade of events following exposure to LPS and leading to the
endotoxin shock syndrome. LPS, a group of bacterial endotox-
ins, stimulates monocytes/macrophages, to produce the proin-
flammatory cytokines TNF-«, IL-1B, and IL-6, which in turn
are the principal initiators of the endotoxin shock syndrome.
Based on the preceding observations, we hypothesized that in
systemic inflammatory responses CRH exerts an early effect
most probably augmenting the response of monocytes/macro-
phages. To test our hypothesis we have used antalarmin, a
synthetic CRH-R1 antagonist in doses and timing shown not to
affect the HPA axis, in mice exposed to LPS. More specifically,
following the development of the experimental protocol and
the titration of LPS, a marginally lethal dose of LPS was in-
jected i.p. in mice, and their survival rate and systemic cytokine
response (TNF-a, IL-1B, and IL-6) were measured and com-
pared to those observed for similarly treated animals which
had been pretreated with antalarmin. Blockade of the CRHR1
receptor prolonged survival of LPS-treated mice in a statisti-
cally significant manner and ameliorated the elevation of
plasma levels of TNF-a, IL-1B, and IL-6. This suppression of
peripheral cytokines was observed at different time points dur-
ing the endotoxin shock suggesting that antalarmin did not
change the kinetics of cytokine expression.

Antalarmin did not affect the HPA axis when administered
on a short-term basis. Indeed, it does not affect basal or stress-
induced ACTH or corticosterone levels (10, 32, 35). However,
even if our dose of antalarmin had an inhibitory effect on
ACTH and subsequently decreased plasma corticosterone lev-
els, this hypocortisolism would have had a completely opposite
effect in the survival of mice and the prevention of macro-
phage-derived cytokines since glucocorticoids exert a potent
immunosuppressive and anti-inflammatory effect. To confirm
our hypothesis, we measured plasma corticosterone levels and
found no differences between the mice treated with LPS alone
and those treated with LPS plus antalarmin. Thus, the effect of
antalarmin in our experimental model is most likely restricted
to the periphery without affecting the HPA axis.

Interestingly, IL-18 had the strongest response, which, in
agreement with the strong potentiation of IL-1B expression in
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RAW264.7 cells, indicates that this cytokine is a major medi-
ator of the proinflammatory properties of CRH. Thus, our
data suggest that CRHR1 signals are involved in the early
stages during the development of LPS-induced endotoxin
shock. It appears that CRH may play a permissive or facilitat-
ing role in the activation of monocyte/macrophages since
blockade of the CRH-R1 receptor significantly attenuated
proinflammatory cytokine secretion mainly produced by acti-
vated monocyte/macrophages.

Blockade of CRHR1 by antalarmin in LPS-induced endo-
toxin shock dramatically reduced the levels of TNF-«, a cyto-
kine that plays a central role in the promotion of inflammation
and the initiation of septic shock. The importance of TNF-a in
septic shock has been demonstrated repeatedly. TNF-« is rap-
idly secreted by macrophages following immunogen recogni-
tion. In experimental models of LPS-induced endotoxin shock
in knockout animals lacking TNF-a expression or molecules
that contribute to TNF-a expression results in attenuation of
septic shock (12, 20). Furthermore, anti-TNF-a neutralizing
antibodies exert a protective effect in experimental sepsis or
patients in septic shock (1). This is the first report implicating
a neuropeptide receptor in the regulation of TNF-«a secretion
during septic shock.

A cross talk between the immune system and the diffuse
neuroendocrine system was first reported when it was shown
that IL-1B affects CRH production in the hypothalamus (5, 17,
23). Recently, a similar cross talk has been demonstrated in
endometrial cells, where IL-6 induces CRH secretion by acti-
vating the CRH promoter (18), and in the adrenals, where
CRH regulates IL-6 expression (30). In general, TNF-o, IL-1,
and IL-6 promote ACTH and glucocorticoid secretion, acti-
vating the stress system (14). In the present report we suggest
a possible involvement of CRH/CRHRI1 in the secretion of
such proinflammatory cytokines, highlighting a bidirectional
cross talk between the major proinflammatory cytokines and
the CRH/CRHRI1 system. High expression levels of CRH,
urocortin, and their receptors CRHR1 and CRHR?2 have been
detected in the spleen, the thymus, and activated macrophages
(3, 22), suggesting that the peripheral CRH system is present in
lymphoid organs, where it may exert paracrine/autocrine ef-
fect(s). The role of CRH signaling in cells of the immune
system is still unclear. Several models have been proposed in
which CRH induces mast cell degranulation, promoting the
proinflammatory process (14, 25). Furthermore, involvement
of CRH/CRHRI1 signaling appears to be necessary for the
development of local inflammation induced by carrageenin or
turpentine (15, 28). Monocytes/macrophages play a central
role both in local and systemic inflammation, being responsible
for the secretion of proinflammatory cytokines. The fact that
antalarmin affects all major cytokines involved in this model
indicates that CRHR1 signaling may play a role in augmenting
the initial LPS signal in macrophages.

In conclusion, our data support the hypothesis that the
proinflammatory effect of CRH involves macrophage activa-
tion via the CRHRI1 receptor.
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