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Modulation of Hypothalamic-Pituitary-Adrenal Function by
Transgenic Expression of Interleukin-6 in the CNS of Mice

Jacob Raber, Ross D. O’Shea, Floyd E. Bloom, and lain L. Campbell
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Interleukin-6 (IL-6) and IL-6 receptor mRNA and protein have
been reported in different brain regions under normal and
pathophysiological conditions. Although much is known about
the hypothalamic—pituitary—adrenal (HPA) axis stimulation after
acute administration, less is known about the chronic effects of
IL-6 on the function of the HPA axis. In the present study, we
examined the function of the HPA axis in transgenic mice in
which constitutive expression of IL-6 under the control of the
glial fibrillary acidic protein (GFAP) promoter was targeted to
astrocytes in the CNS. GFAP-IL6 mice heterozygous or ho-
mozygous for the IL-6 transgene had normal basal plasma
corticosterone levels but, after restraint stress, showed abnor-
mally increased levels in a gene dose-dependent manner. The
increased plasma corticosterone levels in the IL-6 transgenic
mice were associated with increased adrenal corticosterone

content and hyperplasia of both adrenal cortex and medulla.
Notably, plasma adrenocorticotrophic hormone (ACTH) levels
and pituitary ACTH content were either not changed or de-
creased in these mice, whereas plasma arginine vasopressin
(AVP) was increased, supporting a role for AVP in response to
acute immobilization stress. The reduced ACTH response to-
gether with the adrenal hyperplasia in the IL-6 transgenic mice
suggests direct activation at the level of the adrenal gland that
may be directly activated by AVP or sensitized to ACTH. A
similar mechanism may play a role in the blunted ACTH re-
sponse and elevated corticosterone levels under pathophysio-
logical conditions observed in humans with high brain levels
of IL-6.
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Interleukin-6 (IL-6) is a multifunctional inflammatory cytokine
(Taga and Kishimoto, 1992). IL-6 mRNA has been detected in
the normal rat brain (Schobitz et al., 1993; De Kloet et al., 1994;
Gadient and Otten, 1994, 1995), and IL-6 and IL-6 receptor
(IL-6R) mRNAs have been colocalized in several rat brain re-
gions (Schobitz et al., 1993; De Kloet et al., 1994), including white
matter areas consisting only of fibers and glial cells (Schobitz et
al., 1993). In contrast to the rat, no IL-6 mRNA was detectable in
the brain of normal mice (Campbell et al., 1993, 1994). Increased
IL-6 levels in the mouse brain are implicated in the development
of neuropathological alterations (Campbell et al., 1994).
Elevated IL-6 levels have been detected in brain, cerebrospinal
fluid, and/or plasma of patients with various disorders, including
infection of the CNS (Frei et al., 1988; Matsuzono et al., 1995) or
immunodeficiency diseases such as human immunodeficiency vi-
rus (HIV)-1 infection (Biglino et al., 1995), Alzheimer’s disease
(Bauer, 1994; Huell et al., 1995), multiple sclerosis (Shimada et
al., 1993; Perez et al., 1995), acute cerebral ischemia (Fassbender
etal., 1994), trauma (Amado et al., 1995), depression (Maes et al.,
1993, 1995), and schizophrenia (Ganguli et al., 1993). Ultrastruc-
tural studies on human neurons in tissue culture have demon-
strated that IL-6 treatment induced large cytoplasmic vacuoles in
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neural cells with neuronal morphology (Yeung et al., 1995). In
addition, human brain cell aggregates, astrocytes, and astrocy-
toma cells can be induced to secrete IL-6 (Bauer, 1994; Gitter et
al., 1995; Yeung et al., 1995).

IL-6 has been reported to stimulate the hypothalamic—pitu-
itary—adrenal (HPA) axis (Harbuz et al., 1992; Hu et al., 1993,
Mastorakos et al., 1993, 1994; Spath-Schwalbe et al., 1994) and
plasma arginine vasopressin (AVP) secretion (Mastorakos et al.,
1994). The HPA axis in humans chronically treated with IL-6
(Mastorakos et al., 1993; Spath-Schwalbe et al., 1994) and in
patients with various disorders associated with elevated IL-6
levels in the brain and cerebrospinal fluid, including Alzheimer’s
disease, multiple sclerosis, and depression (Gold et al., 1995;
Hatzinger et al., 1995), exhibits a blunting of adrenocorticotro-
phic hormone (ACTH) but not cortisol responses, and the dimin-
ished ACTH responses resemble those during chronic stress
(Aguilera, 1994). Most studies have described HPA axis stimula-
tion after acute I1L-6 administration; little is known about the
chronic effects of IL-6 on the modulation of the HPA axis.
Recently, a transgenic model was established in which constitu-
tive CNS expression of IL-6, under the control of the glial
fibrillary acidic protein (GFAP) gene promoter, produced pro-
gressive neurological disease with a spectrum of neuropatholog-
ical manifestations, including neurodegeneration, gliosis (Camp-
bell et al., 1993; Chiang et al., 1994; Heyser et al., 1997), and
breakdown of the blood-brain barrier (Brett et al., 1995). This
model provides an opportunity to investigate the chronic effects
of IL-6 on the CNS.

The objective of the present study was to determine whether
transgenic expression of IL-6 in the CNS of mice can influence
the HPA axis under basal conditions or after activation of the
axis by stress.
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MATERIALS AND METHODS

Animals. Transgenic mice expressing IL-6 under the control of the GFAP
promoter were generated as described previously (Campbell et al., 1993).
IL-6 transgenic mice of the G167 line (3-6 months of age) and their
nontransgenic littermates were used in the current experiments. Mice
were housed at no more than four per cage under conditions of constant
temperature (18°C), regular light cycle, and access to water and food ad
libitum. To avoid circadian variation, we tested or killed the mice be-
tween 10:00 and 12:00 A.M.

Dissection of hypothalami and amygdala. Mice were killed by decapita-
tion, and the brain was rapidly removed. A brain slicer (San Diego
Instruments, San Diego, CA) was used to obtain a 1.5-mm-thick coronal
slice, including structures —0.7 mm caudal to bregma, according to
Slotnick and Leonard (1975). Subsequently the hypothalamus and amyg-
dala were dissected out as described previously (Raber et al., 1997). The
dissected tissues were frozen on dry ice and stored at —70°C until assay
for AVP or corticotropin-releasing factor (CRF) immunoreactivity (n =
10 mice per group).

Immobilization stress. In experiments designed to compare basal
plasma corticosterone levels between IL-6 transgenic mice and wild-type
littermates, mice were anesthetized with metofane for 2 min and subse-
quently tail-bled using heparinized capillary tubes (Natelson; Baxter,
McGaw Park, IL) into microfuge tubes that were kept on ice (n = 5-10).
These were considered baseline values. The mice used to determine basal
plasma ACTH levels were anesthetized, killed by decapitation, and bled
into EDTA-containing tubes (Microtainer; Becton Dickinson, Ruther-
ford, NJ) (n = 5-10).

Restraint stress was used to study whether any IL-6 effect on plasma
ACTH and corticosterone was gene dose-dependent. Transgenic mice or
controls were placed in a restrainer for 5 or 20 min, anesthetized (as
above), killed by decapitation, and bled into EDTA-containing tubes.
After centrifugation at 10,000 X g for 10 min at 4°C, supernatants were
stored at —70°C until assay for corticosterone or ACTH (n = 8-10). To
determine the effect of IL-6 on the pituitary ACTH content and the
hypothalamic and amygdaloid AVP and CRF contents, we anesthetized
the mice with metofane, and the pituitaries were dissected out and placed
on dry ice until extraction and assay for ACTH, AVP, or CRF (n = 10
mice per group). To assess the effects of IL-6 on adrenal corticosterone
content, we stressed the mice for 5 min and anesthetized them (as above),
and the adrenals were dissected out and placed on dry ice until extraction
for corticosterone determination.

Hypothalamic and amygdaloid AVP and CRF and pituitary ACTH
extraction. The hypothalamic and amygdaloid AVP and CRF and the
pituitary ACTH were extracted by addition of 500 ul of 2N acetic acid.
Samples were then boiled for 10 min, cooled on ice, and sonicated twice
for 3 sec with a Vir Sonic 50 sonicator (The Virtis Company, Gardiner,
NY). The sonicates were centrifuged at 10,000 X g for 10 min, and after
removal of an aliquot for protein determination (Micro BCA protein
assay reagent kit; Pierce, Rockford, IL), samples containing 450 ul were
lyophilized overnight (Freeze mobile 5SL; The Virtis Company). The
lyophilized samples were resuspended in 450 ul of radioimmunoassay
(RIA) buffer (see below) and stored at —70°C until assay for AVP, CRF,
or ACTH immunoreactivity.

Adrenal corticosterone extraction. For adrenal corticosterone extrac-
tion, the adrenals were homogenized in 5 ml of 0.1 m PBS, pH 7.4, using
a Polytron (The Virtis Company). After adding 5 ml of iso-octane and 5
ml of ethylacetate, the samples were vortexed for 5-8 min using a
multitube vortexer and centrifuged at 4000 rpm for 5 min in an Omni-
fuge RT, and the upper organic phase was extracted according to the
protocol of Mellon et al. (1980), as modified by Akwa et al. (1993). The
extraction procedure was repeated twice, and the organic phase was
evaporated under a stream of nitrogen gas at 60°C. The pellets were
resuspended in 400 ul of methanol and 600 ul of steroid diluent (ICN
Biomedicals, Cleveland, OH) and stored in the dark at 4°C until assay for
corticosterone.

Adrenal histology. To investigate the effect of IL-6 on adrenal structure,
we examined the histological appearance of adrenal glands from IL-6
transgenic mice. The adrenal glands were formalin-fixed and paraffin-
embedded. Sections (5 wm) were stained with hemotoxylin and eosin,
and bright-field photographs were taken on a Zeiss Axiophot
microscope.

Plasma AV'P extraction. To investigate the effect of IL-6 on plasma
AVP levels, we used 5 min restraint-stressed IL-6 transgenic mice anes-
thetized as described above and bled into EDTA-containing tubes (Mi-
crotainer; Becton Dickinson). AVP was extracted from the plasma after
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addition of chilled ethanol by vortexing for 2 min at room temperature
using a multitube vortexer, centrifuging at 2000 X g at 4°C for 15 min,
decanting the supernatant into clean tubes, and evaporating the super-
natants to dryness at 37°C under a stream of nitrogen gas using a
Reacti-Vap III.

AVP and CRF RIA. The concentrations of AVP and CRF were
measured in polypropylene tubes by RIA according to the method of
Skowsky et al. (1974), modified by Weitzman et al. (1978), using a specific
rabbit polyclonal antibody against AVP (gift from Dr. A. Burlet, Bor-
deaux, France) or CRF (gift from Dr. W. Vale, The Salk Institute, La
Jolla, CA) and synthetic vasopressin (gift from Dr. P. Plotsky, Atlanta,
GA) or synthetic CRF (gift from Dr. W. Vale), as reported previously
(Raber et al., 1994, 1995). '*I-AVP was obtained from Amersham
(Arlington Heights, IL), and '*I-CRF was from DuPont NEN (Boston,
MA). Pretitered goat anti-rabbit and normal rabbit serum were obtained
from Peninsula Laboratories (Belmont, CA). All standards were mea-
sured in triplicate and the samples in duplicate. The lower detection limit
of the assay was 3 pg/tube (100 ul of sample volume). The intra- and
interassay coefficients of variation were 3 and 10% for the AVP RIA and
4 and 11% for the CRF RIA, respectively.

ACTH and corticosterone RIA. Plasma ACTH was determined using a
ACTH RIA kit (Nichols Institute, Capistrano, CA). The intra- and
interassay coefficients of variation were 3 and 7%, respectively. Plasma
corticosterone was determined using a corticosterone RIA kit for rats
and mice (ICN Biomedicals). The intra- and interassay coefficients of
variation were both 7%.

RNA isolation. Hemibrains were removed and snap-frozen in liquid
nitrogen. Poly(A *)-enriched RNA was isolated, according to the method
of Badley et al. (1988). Briefly, hemibrains were placed in 10 ml of lysis
buffer (0.2 M NaCl, 0.2 m Tris-HCI, pH 7.5, 1.5 mm MgCl,, 2% SDS, and
200 pg/ml proteinase K) and immediately homogenized. After incuba-
tion for 60 min at 45°C, the NaCl concentration of the lysate was adjusted
to 0.5 M, and the lysate was mixed with 40 mg of oligo-dT cellulose
(Invitrogen, San Diego, CA) that had been pre-equilibrated in binding
buffer (0.5 M NaCl and 0.01 m Tris-HCI, pH 7.5). After incubation of the
mixture for 60 min at 25°C with gentle rocking and a subsequent wash
with binding buffer, poly(A ") RNA was eluted from the oligo-dT cellu-
lose with 0.5 ml of elution buffer containing 0.01 M Tris-HCI, pH 7.5,
precipitated in ethanol, dried, and resuspended in 25 ul of elution buffer.
The RNA concentration was determined by UV spectroscopy at 260 nm.

Northern blot analysis. For Northern blot analysis, 5 ug of poly(A™)
RNA was denatured, electrophoresed in a 1% agarose and 2.2 M form-
aldehyde gel, and transferred to a nylon membrane. The membrane was
prehybridized in hybridization buffer, containing 6X saline-sodium
phosphate-EDTA (SSPE) buffer, pH 7.6, 50% formamide, 5X Den-
hardt’s solution, 0.2% SDS, and 10 mg/ml Salmon sperm DNA, for 1 hr
at 45°C and hybridized overnight at 45°C with **P-labeled cDNA probes.
The AVP cDNA probe from rat was a gift from Dr. P. P. Sanna, La Jolla,
CA. To correct for differences in loading, we also probed blots for
B-actin. After hybridization and washing, blots were exposed to x-ray film
for 16 hr (for AVP) or 4 hr (for B-actin) with intensifying screens at
—70°C. The intensity of the AVP and B-actin bands was quantified using
National Institutes of Health Image 1.57.

Statistical analysis. Data, expressed as mean = SEM, were analyzed
statistically using ANOVA followed by a Tukey test when appropriate. A
p value of <0.05 was considered significant.

RESULTS

Plasma corticosterone levels in GFAP-IL-6 mice

Plasma corticosterone levels were analyzed in IL-6 transgenic
mice to determine whether chronic transgene expression of IL-6
could modulate the HPA axis. As shown in Figure 14, basal
corticosterone levels were not significantly altered in heterozy-
gous (+/Tg) or homozygous (7g/Tg) IL-6 transgenic mice, com-
pared with nontransgenic littermate controls.

To determine whether there were adaptation and sensitization
of the HPA axis in the IL-6 transgenic mice, we assessed the
effect of restraint stress on plasma corticosterone levels in 8-week-
old mice. After 5 min of restraint stress, there was an increase in
plasma corticosterone levels in nontransgenic mice, which was
further increased after 20 min of restraint stress (Fig. 14). After
5 min of restraint stress, the plasma corticosterone level in ho-



Raber et al. « CNS IL-6 Expression Modulates HPA Axis Function

A

400

W basal

O 5 min restraint stress

2 20 min restraint stress . 0
S k%
E
o) 3001 0
k) %k
2 0
(o]
™
8
8 2001
ke, s *x
=
3 *
[}
£ 1004
n
L)
o

| N
+/+ +/Tg Tg/Tg

* p < 0.05 vs basal

*% p < 0.01vs basal

0 p<0.05vs ++

# P <0.01 vs 5 minute restraint stress

Figure 1.

J. Neurosci., December 15, 1997, 17(24):9473-9480 9475

1200
H basal
O 5 min restraint stress
- @ 20 min restraint stress
10004
=
£
o) 8001
o *
I *% *
5 6001 EE
< *
©
g 400
1)
o
200+
0-
+/+ +/Tg Tg/Tg

Basal and restraint stress-induced plasma corticosterone (4) and ACTH (B) levels in wild-type (+/+) mice and in heterozygous [ +/transgenic

(Tg)] and homozygous (7g/Tg) IL-6 transgenic mice. The mice were anesthetized and bled to determine basal levels or placed in a restrainer for 5 or
20 min, anesthetized, and bled to determine stress-induced levels (n = 5-10 mice per group).

mozygous, but not in heterozygous, IL-6 transgenic mice was
significantly higher than in the controls. After 20 min of restraint
stress, the plasma corticosterone levels were significantly higher in
both heterozygous and homozygous IL-6 transgenic mice than in
the controls. The increased plasma corticosterone levels in IL-6
transgenic mice after stress was observed in young as well as in
older animals (6 weeks to 7 months of age) but was not age
dependent (data not shown).

Plasma ACTH levels and pituitary ACTH content in
GFAP-IL-6 mice
Plasma ACTH levels and pituitary ACTH content were analyzed
to determine the role of ACTH in the restraint stress-induced
plasma corticosterone elevations. As shown in Figure 1B, there was
no significant difference in the basal plasma ACTH levels between
the IL-6 transgenic mice and the controls. After 5 or 20 min of
restraint stress, plasma ACTH levels increased in both nontrans-
genic and IL-6 transgenic mice. However, the rise in plasma
ACTH levels in IL-6 transgenic mice was far less than that seen in
control mice and was disproportional to the increases in cortico-
sterone levels. In fact, compared with the controls after 5 min of
restraint stress, the plasma ACTH levels were reduced in the IL-6
transgenic mice in a gene dose-dependent manner (Fig. 1B).
Release of pro-opiomelanocortin (POMC)-derived peptides is
involved in HPA axis activation. In addition to ACTH, we also
assessed the plasma levels of the POMC-derived B-endorphin in
the IL-6 transgenic mice. After 20 min of restraint stress, there
was no difference in plasma B-endorphin levels between IL-6
transgenic and control mice (data not shown). Next we deter-

mined whether the reduced ACTH levels might reflect alterations
in the pituitary ACTH content. Pituitary ACTH was slightly
lower (not statistically significant) in the heterozygous IL-6 trans-
genic mice than in the controls and was significantly lower in the
homozygous IL-6 transgenic mice than in the controls (Fig. 2).

ACTH secretagogues and plasma AVP levels in IL-6
transgenic mice

Plasma AVP levels were analyzed in IL-6 transgenic mice to
determine whether AV P could play a direct role in the activation
of the adrenal gland. The plasma AVP levels after 5 min of
restraint stress were highly elevated in heterozygous IL-6 trans-
genic mice [123.9 = 47.3 pg/ml (n = 6)] versus control mice
[15.9 = 3.6 pg/ml (n = 4)].

We next determined the tissue levels of the ACTH secreta-
gogues AVP and CRF in the hypothalamus and amygdala. The
hypothalamic and amygdaloid AVP and CRF contents in the
heterozygous and homozygous IL-6 transgenic mice were not
significantly different from that of nontransgenic littermates (Ta-
ble 1). Cerebral AVP mRNA levels were determined in the IL-6
transgenic and control mice. As shown in Table 2, there was no
significant difference in the cerebral AVP mRNA content of
heterozygous and homozygous IL-6 transgenic mice compared
with that of nontransgenic controls.

To determine whether hypothalamic release of CRF and AVP
might mediate the increased plasma corticosterone levels, we
compared the release of these factors from superfused hypotha-
lamic slices from IL-6 transgenic and control mice, but no signif-
icant difference in basal or acetylcholine-induced release of either
CRF or AVP was observed (data not shown).
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Figure 2. Pituitary ACTH content in wild-type (+/+) mice and in
heterozygous (+/7g) and homozygous (7g/Tg) IL-6 transgenic mice. The
pituitary ACTH content was determined as described in Materials and
Methods (n = 9-10 mice per group).

Adrenal corticosterone and pituitary AVP content in
IL-6 transgenic mice

As shown in Table 3, after 5 min of restraint stress, there was a
significant increase in adrenal corticosterone content in heterozy-
gous IL-6 transgenic mice compared with nontransgenic litter-
mate controls, which is in agreement with the increased plasma
corticosterone after restraint stress in the IL-6 transgenic mice.
Pituitary AVP levels were examined because increased plasma
corticosterone levels might relate to alterations in pituitary AV P
content. The increased adrenal corticosterone content in the
heterozygous IL-6 transgenic mice was paralleled by a trend
toward a higher pituitary AVP content, but this change did not
reach statistical significance.

Adrenal histology in IL-6 transgenic mice

The changes in adrenal corticosterone content were paralleled by
a number of histological alterations (Fig. 3). The adrenal cortex
and medulla of the IL-6 transgenic mice, which showed increased
adrenal corticosterone content, were hyperplastic. The cells did
not look tumorous, but the number of cells was increased. The
cortex of the IL-6 transgenic mouse specimen was approximately
double the thickness of the cortex of the wild-type control spec-
imen, and there were both an increased number of cells (in the
glomerulosa layer) and a hypertrophic response with nuclei
spaced farther apart (in the layers reticularis and fasciculata).

IL-6 transgene expression

IL-6 transgene expression in the pituitary and adrenal gland was
examined by RNase protection assay because increased IL-6
levels in these organs could contribute to the HPA axis activation.
However, no IL-6 mRNA expression was detected in either the
pituitary or adrenal gland (data not shown). To determine
whether IL-6 in the plasma could directly activate the adrenal
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gland, possibly in synergism with plasma ACTH, we assessed the
levels of IL-6 in the plasma of transgenic IL-6 mice by bioassay
and ELISA. There was no detectable IL-6 present in the plasma
of IL-6 transgenic mice or of controls (data not shown).

DISCUSSION

The present results demonstrate that chronic cerebral expression
of IL-6 results in activation of the HPA axis via a novel mecha-
nism primarily effected at the adrenal gland. After restraint
stress, the plasma corticosterone responses were greater in the
heterozygous and homozygous IL-6 transgenic mice in a gene
dose-dependent manner, but their plasma and pituitary ACTH
contents were either not changed or reduced compared with the
levels in controls. However, the adrenal corticosterone content
and plasma AVP levels were elevated in stressed IL-6 transgenic
mice, in parallel with hyperplasia of both the adrenal cortex and
medulla. The reduced ACTH response together with the adrenal
hyperplasia in the IL-6 transgenic mice suggests direct activation
at the level of the adrenal gland, which may be directly activated
by AV P and/or sensitized to ACTH.

Most studies on the central effects of IL-6 have been done in
the rat, and little is known about its effects in the mouse. There
may be an important species difference between central IL-6
effects in rat and mouse, because IL-6 mRNA has been detected
in normal rat brain (Schobitz et al., 1993; De Kloet et al., 1994;
Gadient and Otten, 1994, 1995) but not in mouse brain (Camp-
bell et al.,, 1993). In rat, the site of action for the IL-6 stimulation
of the HPA axis seems to be at the level of not only the hypo-
thalamus (Loxley et al., 1991, 1993; Lyson et al., 1991; Navarra et
al., 1991; Lyson and McCann, 1992; Spinedi et al., 1992; Raber et
al., 1994; Yasin et al., 1994; Kageyama et al., 1995) but also the
pituitary (Bateman et al., 1989; Stephanou et al., 1992; Muramami
et al., 1993; Sarlis et al., 1993) and adrenal gland (Muramami et
al., 1993, Gonzalez-Hernandez et al., 1994). IL-6 mRNA has been
reported in the rat anterior pituitary (Vankelecom et al., 1989;
Spangelo et al., 1990, 1994), in which it is increased in conditions
associated with chronic stimulation of the HPA axis (Stephanou
et al., 1992), and is under the control of glucocorticoid feedback
(Sarlis et al., 1993). In addition, IL-6 induces ACTH release both
in vivo and in vitro (Bateman et al., 1989; Spangelo et al., 1994).
Furthermore, lipopolysaccharide (LPS) is able to activate the
pituitary—adrenal axis in rats with paraventricular nucleus (PVN)
lesions (Elenkov et al., 1992) and to increase serum IL-6 levels
and IL-6 mRNA in peripheral organs (Schobitz et al., 1993),
supporting a direct effect on the pituitary or extrapituitary non-
PV N pathways of HPA axis activation (Elenkov et al., 1992).

Physical or psychological stress increases plasma IL-6 in rats
with kinetics that resembles the increase in plasma corticoste-
rone; these changes are attenuated by adrenalectomy, and IL-6
induces acute-phase proteins with glucocorticoids from the adre-
nal gland (Zhou et al., 1993). IL-6 mRNA was also reported in 17
a-hydroxylase-immunoreactive steroid cells in the inner zone of
the adrenal cortex and in CD-6-positive macrophages in the zona
reticularis in humans (Gonzalez-Hernandez et al., 1994).

However, the inability to detect IL-6 mRNA in the pituitary
and adrenal gland or IL-6 in the plasma of the IL-6 transgenic
mice strongly suggests a central site of action of the cytokine and
argues against a direct systemic effect of IL-6 on the pituitary or
adrenal gland. A central site for the effect of IL-6 is further
supported by the failure of LPS or IL-1p to produce fever in IL-6
deficient mice, which can be overcome by intracerebroventricular
injection of the cytokine (Chai et al., 1996). Acute in vitro expo-
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Table 1. AVP and CRF content of hypothalamus and amygdala in GFAP-IL-6 transgenic mice

IL-6 AVP content” (pg/pmg protein) CREF content” (pg/ug protein)
transgenic

mice Hypothalamus Amygdala Hypothalamus Amygdala
+/+ 0.040 = 0.018 0.016 = 0.009 0.129 *= 0.035 0.061 = 0.012
+/Tg 0.030 = 0.010 0.019 = 0.006 0.105 = 0.025 0.043 = 0.013
Tg/Tg 0.045 = 0.018 0.024 = 0.009 0.046 = 0.009 ND

“The AVP and CRF contents were determined as described in Materials and Methods; n = 10 mice/group; ND, not

determined.

Table 2. Cerebrum AVP mRNA levels in GFAP-IL-6 transgenic mice

IL-6 AV P/actin

transgenic

mice Average SEM
+/+ 0.45 0.11
+/Tg 0.54 0.08
Te/Tg 1.19 0.46

Poly(A*) RNA from cerebrum (brain less cerebellum and olfactory bulb) was used
for Northern blot analysis as described in Materials and Methods; n = 3 mice per
group.

Table 3. Adrenal corticosterone and pituitary AVP content in GFAP-IL-
6 transgenic mice!

Adrenal corti- Pituitary AVP
IL-6 transgenic mice costerone content” content”
(5 min restraint-stressed) (ng/mg protein) (pg/pmg protein)
+/+ 0.54 = 0.13 0.059 = 0.019
+/Tg 1.34 = 0.28* 0.093 * 0.015

“The adrenal corticosterone and pituitary AVP contents were determined as de-
scribed in Materials and Methods; n = 10 mice/group for pituitary AVP;

*p < 0.01 versus +/+.

sure of the rat hypothalamus to IL-6 stimulates hypothalamic
factors, including CRF (Lyson et al., 1991; Navarra et al., 1991;
Lyson and McCann, 1992; Spinedi et al., 1992; Yasin et al., 1994).
Conflicting reports exist concerning the effect of IL-6 on AVP
release from the rat hypothalamus (Loxley et al., 1991, 1993;
Spinedi et al., 1992; Raber et al., 1994). However, the IL-6-
induced ACTH response was significantly suppressed by intrace-
rebroventricular injection of antibodies against either CRF or
AVP into the third ventricle (Kageyama et al., 1995).

In general, activation of the HPA axis is characterized by
stimulation of CRF neurons, which can coproduce AVP, in the
PVN of the hypothalamus and by secretion of these ACTH
secretagogues from secretory terminals in the external zone of
the median eminence. This, in turn, stimulates ACTH release
from the anterior pituitary and subsequently causes the secretion
of adrenal steroids. A single exposure to LPS, IL-1, brain surgery,
or electric footshocks increases the AV P stores in terminals of
CRF neurons in the external zone of the median eminence
(Schmidt et al., 1995, 1996). During chronic or repeated stress,
there is a shift from non-AV P-producing to AV P-producing CRF
neurons, an increase in AV P vesicles in the median eminence (De
Goeij et al., 1992a,b,c; Bartanusz et al., 1993), and release of AVP
but not of CRF (Plotsky and Sawchenko, 1987; De Goeijj et al.,
1992a; Aguilera, 1994). This is consistent with the proposed role
for AVP in maintaining the activity of the HPA axis after
repeated stimulation (Hashimoto et al., 1988; Hauger et al., 1988;
Scaccianoce et al., 1991; Lightman, 1994). The increased plasma

L}

Figure 3. Histological appearance of the adrenal glands from wild-type
(+/+) (A) mice and heterozygous (+/7g) (B) IL-6 transgenic mice. The
adrenal histology was determined as described in Materials and Methods.
Arrows indicate the corticomedullary junction. Note that the cortex of the
IL-6 transgenic mouse specimen is approximately double the thickness of
the cortex of the wild-type control specimen and that there are both an
increased number of cells (in the glomerulosa layer) and a hypertrophic
response with nuclei spaced farther apart (in the layers reticularis and
fasciculata). C, Cortex; M, medulla. Scale bar, 25 m.

AVP levels in the stressed IL-6 transgenic mice suggest a pivotal
role for AVP in modulating the HPA axis after acute immobili-
zation stress but do not exclude a role for CRF after other
stressors in this model.

The finding of increased plasma AV P levels in the IL-6 trans-
genic mice suggests that IL-6 activates the magnocellular AVP
neurons, which directly secrete AVP into the general circulation
through the vasculature of the posterior pituitary. The elevated
stress-induced plasma AV P levels in the IL-6 transgenic mice may
contribute to the hyperplasia of the adrenal gland. Intraperitoneal
administration of vasopressin induces neural modulation of
changes in catecholamines in the pigeon adrenal medulla (Ma-
hata and Ghosh, 1991) and increases plasma corticosterone in
addition to basal and ACTH-stimulated corticosterone secretory
activity of zona fasciculata cells (Mazzocchi et al., 1995). A role
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Figure 4. Diagram of proposed HPA axis modulation in IL-6 transgenic
mice. This study demonstrates that chronic expression of IL-6 in the CNS
can elevate plasma corticosterone with a smaller increase in the ACTH
response compared with the controls, similar to the reported blunting of
ACTH but not cortisol responses under pathophysiological conditions of
high brain levels of IL-6 observed in humans. The increase in plasma
AVP in the IL-6 transgenic mice may reflect activation of the magnocel-
lular AV P neurons by IL-6 in this model (2). The adrenal gland could be
directly activated by AVP or sensitized to ACTH ().

for direct activation of AVP at the level of the adrenal gland is
supported by the reported stimulation by AVP of inositol phos-
phates in adrenal medullary cultures (Bunn et al., 1990) and by
increases in cytosolic free calcium (Larcher et al., 1992a). In
addition, vasotocin (AVT), the amphibian counterpart of AVP
produced by adrenochromaffin cells, stimulates corticosterone
secretion in vitro from frog adrenocortical cells (Larcher et al.,
1992b), which are homologous to the glomerulosa layer of the
mammalian adrenal cortex (Delarue et al., 1981). Interestingly,
the IL-6 transgenic mice exhibit hypertrophy in the glomerulosa
layer (Fig. 3), and prolonged AVP administration was shown to
stimulate this layer in the rat by promoting both hypertrophy and
hyperplasia of the parenchymal cells (Payet and Lehoux, 1980;
Payet et al., 1984; Lesniewska et al., 1991), whereas AVP antag-
onists depress the growth and secretory capacity of this layer
(Mazzochi et al., 1995).

The elevated plasma corticosterone levels in the IL-6 trans-
genic mice were achieved with a smaller increase in the ACTH
response compared with the controls. Downregulation of pitu-
itary CRF (Tizabi and Aguilera, 1992) and AV P receptors (Agu-
ilera, 1994) might be involved in desensitization of the pituitary
ACTH response. The inhibitory effect of chronic osmotic stimu-
lation on ACTH secretion despite high circulating levels of AVP
has been proposed to result from a diminished activity of parvi-
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cellular PVN neurons and downregulation of pituitary AVP
receptors (Aguilera, 1994). This downregulation of the pituitary
CRF and AVP receptors might be caused either by prolonged
stimulation of ACTH secretagogues or by an altered sensitivity to
glucocorticoid feedback inhibition.

Modulation of the HPA axis in mice centrally expressing IL-6
could contribute to the pathology found in these mice (Campbell
et al., 1993; Chiang et al., 1994; Heyser et al., 1997). Glucocorti-
coids can induce neuropathological alterations (Landfield, 1987;
DeLeon et al.,, 1988; Sapolsky, 1992; Starkman et al., 1992; for
review, see Sapolsky, 1996), which might involve the effect of
corticosterone on brain-derived neurotrophic factor (Segal et al.,
1995; Smith et al., 1995) and interaction with various transcription
factors (Auphan et al., 1995; Scheinman et al., 1995; Wilckens,
1995). IL-1 may also contribute to the modulation of the HPA,
because there is concurrent IL-1a/8 mRNA expression with the
transgenic IL-6 expression (Chiang et al., 1994).

In summary, we found that transgenic expression of IL-6 in the
CNS modulates the HPA axis. These findings support a role for
IL-6 in interactions between the immune system and the nervous
system not only at the peripheral (Straub et al., 1995) but also at
the central level. Increased corticosterone levels in stressed IL-6
transgenic mice are associated with increased adrenal corticoste-
rone content and plasma AV P levels and are paralleled by hyper-
plasia of the adrenal cortex and medulla. The decreased ACTH
response together with the adrenal hyperplasia in the IL-6 trans-
genic mice suggests direct activation at the level of the adrenal
gland, which may be directly activated by AVP or sensitized by
ACTH (Fig. 4). The exact mechanism of the HPA axis modula-
tion by AV P remains to be determined, but these data support an
important role for AVP in acute immobilization stress under
conditions of chronically elevated brain levels of IL-6.
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