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Induction of IkBa mRNA Expression in the Brain by Glucocorticoids:
A Negative Feedback Mechanism for Immune-to-Brain Signaling
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Peripheral injection of bacterial endotoxin lipopolysaccharide
(LPS) induces brain mRNA expression of the proinflammatory
cytokines interleukin-1p (IL-18) and tumor necrosis factor-a and
the cytokine-responsive immediate-early gene |kBa. Peripheral
LPS also increases levels of plasma glucocorticoids. Whether the
induction of IkBa mRNA in the brain after peripheral LPS injec-
tion is caused by the feedback action of glucocorticoids has not
been determined. In this study, we examined the mRNA expres-
sion of IkBa and IL-1B in the rat brain by in situ hybridization
histochemistry. Injection of the glucocorticoid agonist dexameth-
asone induced IkBa mRNA expression in the brain in a pattern
identical to that of LPS injection. LPS but not dexamethasone
also induced IL-18 mRNA expression. Pretreatment with dexa-
methasone 30 min before LPS injection enhanced the expression
of IkBa mRNA in the brain in a dose-dependent manner. Immo-
bilization of rats for 2 hr (which raises glucocorticoid levels) also

induced IkBa mRNA expression without inducing the expression
of IL-18. Brain IkBa expression induced by peripheral LPS injec-
tion was attenuated by pretreatment of rats with the glucocorti-
coid antagonist RU-486. Finally, increased expression of IL-1p
mRNA in the brain was observed at 4 hr after peripheral LPS in-
jection in adrenalectomized rats compared with sham-operated
rats. These results reveal that in the brain glucocorticoids selec-
tively induce IkBa mRNA expression, which serves as a negative
feedback mechanism for peripheral LPS-induced synthesis of
proinflammatory cytokines. Such an inhibitory control mecha-
nism may be important for preventing prolonged expression of
proinflammatory cytokines in the brain after peripheral immune
challenge.
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We have shown previously that peripheral lipopolysaccharide
(LPS) injection induces the expression of IkBa mRNA in the brain
(Quan et al., 1997). IkBa is an immediate-early gene that can be
induced by LPS and proinflammatory cytokines (Miyamoto and
Verma, 1995). The induction of IkBa mRNA first occurred at
structures of the blood-brain barrier (BBB; choroid plexus, blood
vessels, meninges, and circumventricular organs) and later propa-
gated to cells within the brain parenchyma. This pattern of IkBa
mRNA expression is consistent with the idea that proinflammatory
cytokines are produced by cells of the BBB after peripheral im-
mune challenge and then act on cells inside the BBB (Quan, 1998).
Actions of proinflammatory cytokines on cells of the CNS are
known to relay signals of peripheral immune challenge to the CNS
(Rothwell et al., 1996).

Another potent stimulator of IkBa mRNA expression is the
adrenal glucocorticoids. It has been shown that glucocorticoids can
induce IkBa expression in vitro, which serves as an immunosup-
pressive mechanism by binding to nuclear factor-«B (NF-«B) and
consequently blocking NF-«B-mediated synthesis of many immu-
noregulatory genes including proinflammatory cytokines (Auphan
et al., 1995; Scheinman et al., 1995). It is well known that periph-
eral LPS injection activates the hypothalamus—pituitary—adrenal
axis and can result in a dramatic increase in the plasma levels of
glucocorticoids (Smith et al., 1994; Whiteside et al., 1999). There-
fore, the induction of IkBa mRNA expression in the brain after
peripheral LPS injection may be caused, at least in part, by
glucocorticoids.

The objective of this study is to determine whether [kBa mRNA
can be induced in the brain by glucocorticoids and, if so, whether
the induction of IkBa by glucocorticoids is a mechanism for inhib-
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iting proinflammatory cytokine expression in the brain after pe-
ripheral immune challenge.

MATERIALS AND METHODS

Animals. Male Sprague Dawley rats (175-200 gm; Harlan Sprague Dawley,
Indianapolis, IN) were group housed (three per cage) with food and water
available ad libitum in a light- (6:00 A.M. to 6:00 P.M.) and temperature-
controlled environment (20-22°C). All procedures were approved by the
Ohio State University Animal Care and Use Committee.

Experimental procedures. The animals were divided into 17 experimental
groups (n = 4 in each group). For fresh-frozen tissue collection, all animals
were killed by decapitation, and their brains were removed for analysis.
Experiment 1 comprised two groups. Animals were injected intraperito-
neally with PBS (group 1) or 10 mg/kg dexamethasone (DEX; Sigma,
St. Louis, MO; group 2). They were killed at 2 hr after the injection. In
experiment 2, groups 3-6 were used. Group 3 served as home-cage
controls. They received an intraperitoneal injection of 0.5 ml of dimeth-
ylsulfoxide (DMSO; the vehicle for RU-486) and were killed 2.5 hr later.
Group 4 was injected with DMSO 30 min before they were subjected to
immobilization stress for 2 hr and killed immediately after the stress.
Animals were immobilized by placing the head through plastic restrainers
and taping each limb to a plastic platform. Group 5 was injected with
RU-486 (50 mg/kg, i.p.; Sigma; dissolved in DMSO) 30 min before animals
were stressed for 2 hr by immobilization. Group 6 received a RU-486
injection and was killed at 2.5 hr after the injection to control for the effects
of RU-486. In experiment 3, groups 7-9 were used. Group 7 was injected
intraperitoneally with 100 pg/kg LPS (serotype 055:B5; Sigma). Group 8
was injected with 100 ug/kg LPS and 10 mg/kg DEX. Group 9 was injected
with 100 ug/kg LPS and 50 mg/kg DEX. In experiment 4, groups 10 and
11 were used. Group 10 was injected with 1 mg/kg LPS and received an
injection of 0.5 ml of DMSO 30 min before the LPS injection. Group 11
was injected with 1 mg/kg LPS and received 50 mg/kg RU-486 30 min
before the LPS injection. In experiment 5, groups 12 and 13 were used.
These animals were adrenalectomized surgically under anesthesia (sodium
pentobarbital, 50 mg/kg). The adrenalectomy was performed bilaterally
after an incision was made. The approximate duration of surgery was 25
min. Group 12 was given a PBS injection, group 13 was injected with
1 mg/kg LPS immediately after the surgery, and both groups were killed
at 2 hr after the injections. In experiment 6, groups 14-17 were used.
Groups 14 and 15 were sham-operated, and groups 16 and 17 were
adrenalectomized. Immediately after surgery, they were injected with 1
mg/kg LPS. Groups 14 and 16 were killed at 2 hr after the injection, and
groups 15 and 17 were killed at 4 hr after the LPS injection. Animals that
received any surgical procedure were anesthetized throughout the entire
procedure and remain anesthetized until they were killed.
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Brain section collection. Brains were removed immediately after decap-
itation, frozen by immersion in 2-methylbutane at —30°C, and stored at
—70°C before sectioning. They were then cryostat-cut to 15-um-thick
coronal sections and thaw-mounted onto pretreated adhesive slides (Su-
perfrost Slides; Fisher Scientific, Houston, TX), dried, and stored at —80°C
until further processing. Levels collected were the organum vasculosum of
the lamina terminalis (—0.02 mm relative to bregma), the subfornical
organ (SFO; —0.92 mm), the central nucleus of the amygdala containing
also the arcuate nucleus and median eminence (—3.3 mm), and the area
postrema containing the nucleus of the solitary tract (—13.7 mm) (Paxinos
and Watson, 1986).

In situ hybridization. The in situ hybridization protocols were performed
as described previously for ribonucleotide (¢c(RNA) probes (Whitfield et al.,
1990; Quan et al., 1997). First, tissue sections were processed by fixation
with 4% formaldehyde solution, acetylation with 0.25% acetic anhydride in
0.1 M triethanolamine-HCI, pH 8.0, solution, dehydration with ethanol,
and delipidation with chloroform.

Second, the antisense probes directed against the full-length (1.05 kb)
rat IkBa cDNA inserted into the pBluescript plasmid (generously provided
by Dr. Rebecca Taub, University of Pennsylvania) were transcribed by the
use of the Riboprobe System (Promega, Madison, WI) with T7 RNA
polymerase and a-**S-UTP (specific activity > 1000 Ci/mmol; New En-
gland Nuclear, Boston, MA) after linearization with BamHI restriction
enzyme (Promega). To control for the specificity of the probe, sense probes
of rat IkBa were also generated by transcribing the same plasmid with T3
RNA polymerase after linearization with HindIII restriction enzyme (Pro-
mega). To generate antisense probes for interleukin-18 (IL-183), a DNA
fragment containing 500 bp of the IL-18 mRNA sequence was generated
by PCR amplification of the rat IL-18 cDNA that had been inserted into
the pET plasmid (generously provided by Dr. Ronald Hart, State Univer-
sity of New Jersey). The two PCR primers flanked the IL-18 sequence
between bases 443 and 952, and the reverse primer was attached with a T7
promoter sequence. A 500 nucleotide antisense ribonucleotide (cRNA)
probe was then transcribed from this DNA fragment with T7 RNA poly-
merase and *S-UTP. Radiolabeled probes were diluted in the riboprobe
hybridization buffer and applied to brain sections (500,000 cpm/section).
After overnight incubation at 55°C in a humidified chamber, slides con-
taining brain sections were washed first in 20 ug/ml RNase solution and
then in 2X SSC and 0.2X SSC (55 and 60°C, respectively) solutions to
reduce nonspecific binding of the probe. The slides were then dehydrated
with ethanol and air-dried for autoradiography.

Autoradiography. Slides and '*C plastic standards containing known
amounts of radioactivity (American Radiolabeled Chemicals, St. Louis,
MO) were placed in x-ray cassettes, apposed to film (BioMax MR; East-
man Kodak, Rochester, NY) for 4-8 d (slides from the same experiment
were exposed for the same amount of time), and developed in an automatic
film developer (X-OMAT; Eastman Kodak).

Data analysis. Autoradiographic film images of brain sections and stan-
dards were digitized on a Macintosh computer-based image analysis sys-
tem with IMAGE software (Wayne Rasband, Research Services Branch,
National Institute of Mental Health, Bethesda, MD). Light transmittance
through the film was measured by outlining the structure on the television
monitor. A density-slice function was applied to each structure to select
densities greater than film background and thus measured transmittance
that was confined to the cellular sources of the radioactivity. The density
so obtained was used to represent the relative amount of mRNA expres-
sion. The intensity of mRNA labeling is expressed in the unit of counts per
minute per milligram of plastic. The experiments were conducted sequen-
tially, and the results between different experiments were not compared.
Statistical analysis was done by ANOVA followed by post hoc Student’s
1 test.

Combined immunohistochemistry and hybridization histochemistry. Two
cell type-specific antibodies were used to determine the phenotypes of
IkBa mRNA-producing cells: anti-GFAP (ICN) and anti-Ibal (generously
donated by Dr. Y. Imai, Department of Neurochemistry, National Institute
of Neuroscience, Tokyo, Japan). These antibodies specifically mark astro-
cytes and microglia (Ohsawa et al., 1997), respectively. For double-label
experiments, rats were adrenalectomized and injected with 1 mg/kg LPS.
Two hours after the injection, animals were perfusion-fixed with 300 ml of
4% paraformaldehyde in 0.1 M phosphate buffer. After the brains were
removed, they were post-fixed in 4% paraformaldehyde in 0.2 M phosphate
buffer overnight at 4°C and then treated in 30% sucrose solution overnight.
Brains were then snap-frozen in cold 2-methylbutane for 10 sec. Brain
sections were cut on a cryostat from these samples. To achieve precise
cellular localization of IkBa mRNA labeling, in situ hybridization of IkBa
mRNA was performed with digoxygenin-labeled antisense riboprobes and
was visualized by the conventional alkaline phosphatase-catalyzed color
reaction. The immunocytochemical procedures were performed on these
sections after in situ hybridization using anti-GFAP (1:200) and anti-Ibal
(1:500) and were visualized by the conventional avidin-biotin immuno-
peroxidase protocol. The in situ hybridization signal appears in blue color,
and the immunocytochemical labeling appears in brown color.

RESULTS

Representative film autoradiographs from experiment 1 are shown
in Figure 1. Sections from the levels of the SFO and paraventricular
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Figure 1. Representative film autoradiographs at the levels of the SFO
(A4, C) and PVN (B, D) show patterns of IkBa mRNA hybridization in
animals killed at 2 hr after either saline (PBS; 4, B) or dexamethasone
(DEX; 10 mg/kg; C, D) injection. Scale bar, 0.5 cm.
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Figure 2. Representative film autoradiographs at the levels of the SFO
(A, C, E) and PVN (B, D, F) show patterns of IxkBa mRNA hybridization
in home-cage (HC) control animals (4, B), in animals killed at the end of
2 hr of immobilization (IM) stress (C, D), and in IM animals that received
50 mg/kg RU-486 30 min before stress (RU+IM; E, F). Scale bar, 0.5 cm.

nuclei of the hypothalamus (PVN) are shown because they repre-
sent the features of the IkBa mRNA expression pattern throughout
the entire brain. IkBa mRNA expression in PBS-injected control
animals was scarcely detectable throughout the brain except in the
hippocampus and piriform cortex where variable levels of consti-
tutive expression of IkBa mRNA were observed in neurons (data
not shown). Injection of DEX (10 mg/kg, i.p) induced widespread
expression of IkBa mRNA throughout the brain at 2 hr. The
highest expression levels were found in the circumventricular or-
gans, choroid plexus, meninges, and PVN. That the induced ex-
pression of IkBa did not occur in neuronal cells of the brain was
concluded because the mRNA labeling was found only in small
cells (<8 um in diameter; data not shown). Quantitative analysis of
the density of IkBa mRNA reveals significant elevation at both the
SFO (more than a fivefold increase over control value) and PVN
(threefold increase) in DEX-injected animals (see Fig. 54).
Representative film autoradiographs from experiment 2 are
compiled in Figure 2. Compared with home-cage control animals,
animals receiving immobilization stress for 2 hr had elevated
expression levels of IkBa mRNA in the brain. The increased
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Figure 3. Representative film autoradiographs at the levels of the SFO
(A4, C, E) and PVN (B, D, F) show patterns of IkBa mRNA hybridization
in animals killed at 2 hr after they received an intraperitoneal injection of
100 ug/kg LPS (LPS; A, B), in animals killed at 2 hr after they were injected
with 100 pg/kg LPS + 10 mg/kg DEX (LPS+DI10; C, D), and in animals
killed at 2 hr after they were injected with 100 ug/kg LPS + 50 mg/kg DEX
(LPS+D50; E, F). Scale bar, 0.5 cm.

expression of IkBa mRNA was completely blocked by treating the
animals with the glucocorticoid antagonist RU-486 30 min before
the immobilization stress. Quantitative analysis of these results is
shown (see Fig. 5B). Injection of RU-486 alone did not induce any
IkBa mRNA expression (data not shown).

In experiment 3, injection of 100 ug/kg LPS induced the same
patterns of IkBa mRNA expression that were induced by DEX
injection (Fig. 3). Injection of 100 ug/kg LPS together with 10
mg/kg DEX (Fig. 3, LPS+DI10) significantly increased the expres-
sion levels of IkBa mRNA over those induced by LPS alone.
Injection of 100 pg/kg LPS together with 50 mg/kg DEX (Fig. 3,
LPS+D50) induced the highest levels of IkBa mRNA expression
observed in experiment 3. Quantitative analysis of IkBa mRNA
expression in this experiment is shown (see Fig. 5C).

In experiment 4, high-dose LPS (1 mg/kg) injection induced
strong IkBa mRNA expression throughout the brain, and pretreat-
ment with 50 mg/kg RU-486 significantly attenuated the levels of
IkBa expression in the brain (Figs. 4, 5D). This dose of LPS
injection also induced IkBa mRNA expression in the brain paren-
chyma of anesthetized adrenalectomized animals in experiment 5
(Fig. 6A4), whereas IkBa mRNA was not induced in anesthetized
adrenalectomized animals that received a PBS injection (data not
shown). Representative high-magnification microphotographs show
that IkBa mRNA expression in the brain colocalizes with microglial
cells (Fig. 6B) and endothelial cells (Fig. 6C). No convincing double
labeling of IkBa mRNA and GFAP was found (Fig. 6D).

Neither DEX nor immobilization stress induced any detectable
expression of IL-18 mRNA in the brain (data not shown). Injection
of LPS at 100 ug/kg or 1 mg/kg induced IL-18 mRNA at the
meninges, blood vessels, and circumventricular organs (CVOs) at
2 hr after the injection as we reported previously (Quan et al.,
1998). Neither RU-486 nor adrenalectomy affected the LPS-
induced expression of IL-1p at this time point (data not shown). At
4 hr after LPS injection, the IL-18 mRNA expression was signifi-
cantly increased in the CVOs and in areas within and adjacent to
the PV N in anesthetized adrenalectomized animals compared with
the anesthetized sham-operated animals (experiment 6; Fig. 7).
Densitometric measurements of the IL-1B hybridization signal
reveal a significant increase, 69 * 6% at the SFO (p < 0.05, ¢ test)
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Figure 4. Representative film autoradiographs at the levels of the SFO
(A, C) and PVN (B, D) show patterns of IkBa mRNA hybridization in
animals killed at 2 hr after they received an intraperitoneal injection of
DMSO + 1 mg/kg LPS [LPS (hi); A, B] and in animals killed at 2 hr after
they were injected with 50 mg/kg RU-486 + 1 mg/kg LPS [RU+LPS (hi);
C, D]. Scale bar, 0.5 cm.
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Figure 5. Means and SEMs of mRNA levels for IkBa in the SFO and PVN
from experiments 1-4 (see Figs. 1-4) are shown [n = 4; *, p < 0.05 by ¢ test;
comparisons were made between experimental groups and control groups
(open bars in each graph)]. Veh, Vehicle.

and 84 = 7% (p < 0.05, ¢ test) at the PVN, in anesthetized
adrenalectomized animals compared with anesthetized sham-
operated animals.

DISCUSSION

The results of the present study show that injection of the exoge-
nous glucocorticoid agonist DEX induces the expression of IkBa
mRNA in non-neuronal cells of the brain. The expression of IkBa
mRNA in the brain was also induced by immobilization stress,
which elevates endogenously produced glucocorticoids (Nemeth et
al., 1977). Administration of DEX enhanced the expression of
IkBa mRNA induced by peripheral LPS injection, whereas admin-
istration of the glucocorticoid antagonist RU-486 attenuated LPS-
induced IkBa mRNA expression. DEX and immobilization stress
did not induce IL-1B expression in the brain. Peripheral LPS



6476 J. Neurosci., September 1, 2000, 20(17):6473-6477

\
B N ~
» LR
‘:l;.'. -t .

ey o

1 > Aok
S R
Figure 6. Representative bright-field microphotographs show labeling of
IkBa mRNA in individual cells in the brain parenchyma of adrenalecto-
mized animals killed at 2 hr after they received an intraperitoneal injection
of 1 mg/kg LPS. 4, Low-magnification microphotograph shows single-
labeled IkBa mRNA-expressing cells (arrowheads) in the brain. B, Colo-
calization of IkBa mRNA expression and microglial immunostaining
(arrow) is shown. C, Labeled IkBa mRNA-expressing cells (blue color) in
endothelial cells (arrows; microglia were labeled by brown color) are shown.
D, Labeled IkBa mRNA-expressing (arrow) cells do not colocalize with
GFAP-stained (brown color) astrocytes. Scale bars: A, 50 wm; B-D, 10 wm.
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Figure 7. Representative film autoradiographs at the levels of the SFO and
PVN show patterns of IL-13 mRNA hybridization in animals killed at 4 hr
after they received an intraperitoneal injection of 1 mg/kg LPS. Sections
from sham-operated (4, B) and adrenalectomized (4 DX; C, D) animals are
shown. Scale bar, 0.5 cm.

injection also induced IkBa mRNA expression in adrenalecto-
mized animals. Expression of IL-18 in the brain induced by pe-
ripheral LPS was increased in adrenalectomized animals at 4 hr,
but not at 2 hr, after LPS injection. Taken together, these data
show that glucocorticoids can induce IkBa expression in the brain
and suggest that induction of IkBa expression may be a negative
feedback control mechanism for the induction of proinflammatory
cytokine synthesis by peripheral immune challenge.

The fact that we were unable to detect IL-13 mRNA expression
by in situ hybridization after 2 hr of immobilization stress (data not
shown) should not be interpreted as indicating that IL-183 expres-
sion in the brain is not inducible by stress. Inconsistent results have
been reported regarding whether stress can induce IL-18 produc-
tion in the brain. Using in situ hybridization, Yabuuchi et al. (1996)
showed that stress produced by subcutaneous injection of formalin
induces IL-18 mRNA expression in the hypothalamus. Plata-
Salaman et al. (2000), on the other hand, using reverse
transcription-PCR did not find increased expression of IL-18
mRNA in the brain of predator-stressed rats. A report by Minami
et al. (1991) showed that immobilization stress induces a transient
increase in IL-18 mRNA expression in the hypothalamus. Analyz-
ing protein expression, Nguyen et al. (2000) found that IL-18 is
induced in the brain of rats after they received inescapable shock.
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Therefore, it seems that the detection of IL-1 expression in the
brain after stress depends on the severity and nature of the stress,
the timing of brain sample collection relative to the end of stress,
and the sensitivity of the assay method. In the present study,
because neither DEX nor immobilization stress induced IL-183
mRNA expression in the brain, the results do indicate that in-
creased glucocorticoids are not an inducer of brain IL-1p8
expression.

The results of the present study are at variance with a report
(Unlap and Jope, 1997) showing that DEX administration attenu-
ated NF-«kB DNA-binding activity without altering IxBa levels in
the brain. The IkBa levels in that study were estimated by mea-
suring the amount of cytosolic IkBa protein in the cortex and
hippocampus. It is known, however, that free IkBa protein is
intrinsically unstable and rapidly degraded unless it associates with
NF-«B (Rice and Ernst, 1993). In addition, we found variable
constitutive expression of IkBa mRNA in neurons of the piriform
cortex and hippocampus (data not shown). Therefore, measure-
ment of IkBa protein in the cortex and hippocampus may not be
sensitive to functional changes in IkBa in the brain. The results of
the present study, on the other hand, are consistent with in vitro
studies of Scheinman et al. (1995) and Auphan et al. (1995) that
showed that glucocorticoids activate the transcription of IkBa
mRNA. These studies also found that transcriptional activation of
IkBa was primarily manifested at the mRNA level, not at the
protein level.

The induction of IkBa mRNA expression in the brain after
immobilization was completely blocked by the administration of
the glucocorticoid antagonist RU-486 (Fig. 5B), suggesting that
IkBa induction in this experiment was mediated by glucocorticoids.
In contrast, LPS-induced IkBe« in the brain was only attenuated by
RU-486 (Fig. 5D). This result is not caused by an insufficient dose
of the RU-486 treatment because LPS injection induced IxkBa
mRNA expression even in adrenalectomized animals. In addition,
this dose of RU-486 has been used to block fully many
glucocorticoid-mediated immune suppressions during viral infec-
tion (Sheridan et al., 1998). Therefore, mediators other than glu-
cocorticoids are partly responsible for IkBa induction in the brain
by LPS. Further analysis of LPS-injected adrenalectomized ani-
mals found induced IkBa mRNA expression in both endothelial
and microglial cells. This result is important because it shows that
in the absence of increased production of glucocorticoids, which
can cross the BBB, peripheral LPS is able to induce signal mole-
cules inside the BBB to act on the IkBa-expressing microglia. We
have suggested previously that inflammatory cytokines produced
by cells of the BBB are secreted inside the BBB as a mechanism
that relays peripheral immune signal to the brain parenchyma
(Quan et al.,, 1997). In agreement with this idea, Nadeau et al.
(2000) showed recently that tumor necrosis factor-a acting in the
brain parenchyma induces IkBa expression in microglia.

High doses (10-50 mg/kg) of the glucocorticoid agonist DEX
were administered in this study to ensure that DEX can act on cells
inside the BBB. Cole et al. (2000) have shown that DEX injected at
doses <10 pg/kg only affects glucocorticoid receptors outside of
the BBB. That the induction of IkBa mRNA in the brain by the
high-dose DEX injection truly mimicked the action of endogenous
glucocorticoid was supported by our result that IkBa mRNA was
similarly induced by immobilization stress. It has been reported
that there is a >10-fold increase in plasma glucocorticoid levels in
rats after similar LPS injection (Whiteside et al., 1999) and a
3—4-fold increase after immobilization stress (Al-Mohaisen et al.,
2000). Therefore, it is possible that the induction of IkBa in the
brain by glucocorticoids only occurs when the levels of plasma
glucocorticoids are highly elevated.

Induction of IL-18 mRNA expression was enhanced at 4 hr, but
not at 2 hr, after peripheral injection of 1 mg/kg LPS in anesthe-
tized adrenalectomized animals. We have shown previously that
injection of the same dose of LPS induces a peak IL-18 mRNA
expression in the CVOs at 2 hr after the injection and that the
induced mRNA levels rapidly decline thereafter (Quan et al.,
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1998). The present results suggest that glucocorticoids do not affect
the initial induction of IL-18 mRNA expression by LPS but rather
inhibit further induction of IL-18 mRNA after its peak expression.
It has been shown that, different from peripheral tissue, the pro-
duction of inflammatory cytokines by cells in the brain is not
countered by sufficient production of anti-inflammatory cytokines
(Wong et al., 1997). Chronic infusion of IL-1 into the parenchyma
of the CNS results in chronic expression of IL-18 in the brain
(Plata-Salaman and ffrench-Mullen, 1992). Therefore, one can en-
vision that after IL-1 expression is triggered by peripheral immune
challenge, chronic IL-1 expression in the brain may be precipitated
if no inhibitory mechanisms come into play. The present results
suggest that the induction of glucocorticoids and the consequent
induction of IkBa may contribute significantly to prevent pro-
longed expression of proinflammatory cytokines after acute pe-
ripheral immune challenge.

The present results do not exclude other modalities by which
glucocorticoids might inhibit the synthesis of proinflammatory cy-
tokines in the brain. Interestingly, although glucocorticoids are
known to inhibit the gene expression of numerous proinflamma-
tory cytokines, the binding of glucocorticoid receptors to the
glucocorticoid-responsive element (GRE) is often not the mecha-
nism for the inhibitory effects of the glucocorticoids (Barnes, 1998).
Besides I«kB induction, it has been shown that glucocorticoids can
stimulate glucocorticoid receptors to bind directly to NF-«B in
cells of the brain (Unlap and Jope, 1997), thereby inhibiting the
transcription of proinflammatory cytokines. These two mecha-
nisms allow glucocorticoids to inhibit the transcription of NF-«B-
controlled genes without the presence of GRE in their promoter.
In addition, Nguyen et al. (1998) have shown that the IL-18 protein
level increases in the brain in adrenalectomized and acutely
stressed animals. We did not observe increased IL-18 mRNA
expression in adrenalectomized animals that received immobiliza-
tion stress (data not shown). Therefore, it is likely that IL-18
protein expression in the brain after stress may also be modulated
by glucocorticoids post-transcriptionally. If these results are taken
together, glucocorticoids appear to inhibit the synthesis of proin-
flammatory cytokines in the brain by multiple mechanisms. The
results of the present study demonstrate that induction of IkBa
expression by glucocorticoids serves as a negative feedback mech-
anism for brain proinflammatory cytokine expression induced by
peripheral immune challenge.
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