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Astrocyte-Targeted Production of Interleukin-12 or
Experimental Autoimmune Encephalomyelitis
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Interleukin (IL)-12 and interferon (IFN)-y are impli-
cated in the pathogenesis of immune disorders of the
central nervous system (CNS). To define the basis for
the actions of these cytokines in the CNS, we exam-
ined the temporal and spatial regulation of key signal
transducers and activators of transcription (STATSs)
and suppressors of cytokine signaling (SOCS) in the
brain of transgenic mice with astrocyte production of
IL-12 or in mice with experimental autoimmune en-
cephalomyelitis (EAE). In healthy mice, with the ex-
ception of STAT4 and STATG , the expression of a num-
ber of STAT and SOCS genes was detectable. However,
in symptomatic transgenic mice and in EAE signifi-
cant up-regulation of STAT1, STAT2, STAT3, STAT4,
IRF9, and SOCS1 and SOCS3 RNA transcripts was ob-
served. Although the increased expression of STAT1
RNA was widely distributed and included neurons,
astrocytes, and microglia, STAT4 and STAT3 and
SOCS1 and SOCS3 RNA was primarily restricted to the
infiltrating mononuclear cell population. The level
and location of the STAT1, STAT3, and STAT4 proteins
overlapped with their corresponding RNA and addi-
tionally showed nuclear localization indicative of ac-
tivation of these molecules. Thus, in both the glial
fibrillary acidic protein-IL-12 mice and in EAE the CNS
expression of key STAT and SOCS genes that regulate
IL-12 (STAT4) and IFN-y (STAT1, SOCS1, and SOCS3)
receptor signaling is highly regulated and compart-
mentalized. We conclude the interaction between
these positive and negative signaling circuits and
their distinct cellular locations likely play a defin-
ing role in coordinating the actions of IL-12 and
IFN-y during the pathogenesis of type 1 immune
responses in the CNS. (Am J Pathol 2002,
160:271-288)

The heterodimeric cytokine interleukin-12 (IL-12) is a
dominant regulator of cell-mediated immunity necessary
for host defense against microbial infection and is impli-
cated in the pathogenesis of certain autoimmune dis-
eases."? In the central nervous system (CNS), the patho-
genesis of multiple sclerosis and the animal model of
experimental autoimmune encephalomyelitis (EAE), are
closely linked to the influence of IL-12 and the develop-
ment of a type 1 cellular immune response.®® IL-12 is
produced by a number of cells including microglia and
astrocytes that are intrinsic to the CNS.°~® Principal
among its actions is the ability of IL-12 to stimulate natural
killer (NK) cell activity, to drive the expansion of CD4*
Th1 cells, and induce interferon (IFN)-y production from
both cells types.”? IFN-y itself is an important down-
stream effector of most, but not all, of the responses
evoked by IL-12.°

The many and distinct actions of cytokines such as
IL-12 and IFN-vy result from their binding to specific cell
surface receptors that are coupled to the activation of
unique signal transduction pathways. For a significant
number (>30) of cytokines (eg, IL-2, IL-3, IL-4, IL-6,
IL-10, IL-12, IFN-«, IFN-B, IFN-vy, and granulocyte mac-
rophage-colony stimulating factor), growth factors, and
hormones (eg, growth hormone, prolactin, leptin, platelet-
derived growth factor, and epidermal growth factor), the
molecular participants in these pathways have been
identified as belonging to two families of cytoplasmic
proteins known as the Janus kinases (JAKs) and the
signal transducers and activators of transcription
(STAT).'9='2 Currently, four JAK (JAK1 and JAK2 and
TYK1 and TYK2) and seven STAT (STAT1, STATZ2,
STAT3, STAT4, STAT5a, STATSb, and STAT6) proteins
have been identified. On binding of ligand, JAKs associ-
ate with the receptor chain and are activated by tyrosine
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phosphorylation. These kinases then activate the cyto-
plasmic tails of the receptor by phosphorylating target
tyrosine residues. Depending on the receptor involved
and the tyrosine site phosphorylated, docking then oc-
curs of a specific STAT molecule via its SH2 domain
leading to phosphorylation of the STAT protein by the
receptor-associated JAK. This process then results in the
recruitment of a further STAT molecule that also under-
goes tyrosine phosphorylation. These activated STAT
molecules dissociate from the receptor and form dimers
with each other that then translocate to the nucleus and
bind to specific target DNA sequences involved in mod-
ulating gene transcription.

IL-12 induces tyrosine phosphorylation and ho-
modimerization of STAT4 and STAT3 in T cells and NK
cells.’® ' However, STAT4 signaling seems to be primar-
ily involved in mediating the actions of IL-12 because the
loss of STAT4 function in mice is associated with severely
impaired Th1 and NK cell function, reduced production of
IFN-y, and increased susceptibility to infectious dis-
gase.'®'® In contrast to IL-12, IFN-y promotes tyrosine
phosphorylation and homodimerization of STAT1 that
translocates to the nucleus and binds to a conserved
sequence motif named the y-activated sequence or GAS.
The critical role of this signaling pathway for IFN-medi-
ated responses has been clarified in mice with a targeted
disruption of the STATT gene."”'® These animals exhibit
increased susceptibility to viral and other infectious dis-
eases and cultured fibroblasts derived from these mice
are unresponsive to IFN-v.

More recently it has become clear the JAK/STAT signal
transduction pathway is also subject to negative regula-
tion. Members of the recently discovered family of mole-
cules termed the suppressors of cytokine signaling
(SOCS)'®~2") inhibit cytokine-activated JAK/STAT signal-
ing. The SOCS family contains at least eight members,
SOCS1 to SOCS7 and cytokine-inducible Src homology 2
(SH2) domain-containing protein (CIS). Expression of the
SOCS genes can be induced by a wide range of cyto-
kines and may thus constitute a physiological negative
feedback loop in the regulation of cytokine-mediated ac-
tions.?223 Although the signaling pathways affected by
many of the SOCS molecules are unknown, studies in
mice with targeted disruptions of the SOCS7, SOCS2, or
SOCS3 genes reveal pivotal roles for these molecules in
IFN-v,242% growth hormone/IGF-1,2¢ and erythropoietin
signaling,?” respectively. In the case of IL-12, a specific
suppressor of the STAT4-signaling pathway remains to
be identified.

For cytokines such as IL-12 and IFN-y that are known
to be central modulators of type 1 cellular immune re-
sponses, the activity of the JAK/STAT pathway, which
ultimately determines how a cell responds, depends on
the balance between positive and negative regulatory
inputs. Despite this, to date, very little is known about the
cellular location or regulation of the expression of key
STAT and SOCS family members in the CNS during im-
munoinflammatory disease. Therefore, to begin to ad-
dress these issues, here we examined the temporal and
spatial regulation of STAT and SOCS gene expression in
a recently developed transgenic mouse model with IL-12

production under the transcriptional control of the glial
fibrillary acidic protein (GFAP) promoter and thus tar-
geted to astrocytes in the CNS.28 These mice develop a
spontaneous neuroimmune disease characterized by an
adult-onset of progressive wasting, ataxia, ruffled fur,
hunched posture, and premature death. The correspond-
ing neuropathological alterations include neurodegen-
eration, demyelination, meningoencephalitis, gliosis, and
severe calcification. Inflammatory lesions can be seen
both in the parenchyma and perivascular locations. The
infiltrating cells in these lesions are primarily activated
CD4" and CD8* T cells and NK cells that produce IFN-vy.
This transgene-encoded [IL-12-driven autoimmune dis-
ease is characteristic of a type 1 cell-mediated immune
disease and shares many similarities at the molecular
and cellular levels with EAE. Therefore, to determine the
extent to which these two models also share their molec-
ular-signaling circuitry we also examined the temporal
and spatial regulation of the STAT and SOCS gene ex-
pression in mice with myelin oligodendrocyte glycopro-
tein-EAE.

Materials and Methods

Animals

Hemizygous transgenic mice expressing the combina-
tion of the IL-72 p35 and p40 subunit genes or the IL-12
p40 gene alone in astrocytes were generated as recently
described.?® The stable GFAP-IL12 transgenic mouse
line GF-IL12 (expressing the IL-12 p35 plus IL-12 p40
genes), produces chronic low levels of bioactive IL-12
whereas the GF-p40 (expressing the IL-12 p40 gene
alone) line produces IL-12 p40. All mice were on the
C57BL6 X SJL hybrid background. Nontransgenic wild-
type (control) mice were obtained from the breeding of
the GF-IL12 and GF-p40 lines. GF-IL12 mice studied
were between 2 to 4 or 6 to 12 months of age correspond-
ing to before or after the onset of spontaneous CNS
disease, respectively. Transgenic animals with CNS dis-
ease that were used in our study all had evidence of
moderate to severe ataxia, a disease stage that typically
was reached from 1 to 2 months after the initial appear-
ance of gait disturbance. It should be noted that GF-p40
mice do not develop CNS disease at any age.

C57BL6 mice used for the induction of EAE (see be-
low) were obtained from the rodent breeding colony of
the Scripps Research Institute (La Jolla, CA).

Induction of MOG-EAE

On day 0 C57BL6 mice were immunized subcutaneously
into the rear flanks with an emulsion of 100 wl of
MOG;s_s6 Peptide (3 mg/ml; Research Genetics, Hunts-
ville, AL) in 100 wl of complete Freund’s adjuvant (CFA)
supplemented with 4 mg/ml Mycobacterium tuberculosis
H37RA (Difco, Detroit, Ml). In addition, each mouse re-
ceived an intraperitoneal injection of 500 ng of pertussis
toxin (Sigma Chemical Co., St. Louis, MO) on days 0 and
2. Initially, animals were observed every second day then
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Table 1. STAT and SOCS cDNA Target Sequences Used to Derive Multiprobe RPA Sets

Gene family Protected fragment (bp) Target sequence GenBank no.

Signal transduction and activation of transcription
STAT1 250 121-371 06924
STAT3 225 301-526 u06922
STAT4 300 361-661 U06923
STAT5a/b 200 781-991 U21103
STAT6 185 421-606 L47650
IRF9/p48 150 481-631 U51992
STAT2 135 520-655 AF206162

Suppressor of cytokine signaling
SOCSH1 294 301-595 U88325
SOCSs2 164 401-564 usg327
SOCS3 250 121-371 U88328
SOCS5 125 81-206 AF033187
PIAS1 225 371-596 AF077950

after 6 days every day. The disease severity was scored
as follows: 0, no disease; 0.5, partial loss of tail tonus; 1,
complete tail atony; 2, hind limb paraparesis; 3, hind limb
paralysis; 4, moribund; and 5, death.

Antibody and Lectin Reagents

Rabbit polyclonal antibodies against cow GFAP (diluted
1:2000; DAKO, Carpinteria, CA), and human CD3 (dilut-
ed 1:500, DAKO) were used in the immunohistochemical
identification of astrocytes and T cells, respectively.
Monoclonal antibody against human phosphorylated
neurofilament (SMI33, diluted 1:1000; Sternberger, Luth-
erville, MD) and lectin from Lycopersicon esculentum (to-
mato biotin-labeled, diluted 1:100; Sigma Chemical Co.)
were used to identify neurons and macrophage/micro-
glia, respectively. Rabbit polyclonal antibodies were
used against STAT1 (Santa Cruz Biotechnology, Santa
Cruz, CA), STAT2 (kindly provided by Dr. Christian Schin-
dler, Columbia University, New York, NY), STAT3 (Zymed
Laboratories, South San Francisco, CA), and STAT4 (Up-
state Biotechnology, Lake Placid, NY, and Chemicon
International, Temecula, CA). A nonimmune rabbit serum
used as a negative control was obtained from Pharmin-
gen, San Diego, CA.

RNA Preparation

Animals were euthanized and the brain removed and
dissected into the forebrain (cerebrum and olfactory
bulb) and hindbrain (cerebellum and brain stem). For
EAE experiments (see below) the spinal cord was also
collected. All tissues were then immediately snap-frozen
in liquid nitrogen and stored at —80°C pending RNA
extraction. Poly(A)" RNA was isolated according to a
previously published method.?®

RNase Protection Assays

RNase protection assays (RPAs) for the detection of cy-
tokine RNAs were performed as described previously.3°
The RNA samples were hybridized with labeled cytokine
probe sets ML113" and ML26 (kindly provided by Dr.

Monte Hobbs, The Scripps Research Institute) as de-
scribed previously.?® For the detection of gene expres-
sion for members of the STAT and SOCS families, new
multiprobe sets were constructed. The targeted genes
comprising these probe sets and their specific sequence
locations are given in Table 1. The targeted sequences
for each gene probe were synthesized by reverse tran-
scriptase-polymerase chain reaction from liver or spleen
of lipopolysaccharide-treated mice using specific oligo-
nucleotide primers flanked with Hindlll (antisense primer)
and EcoRl (sense primer) sites. The primers were de-
signed to generate fragments of desired length that could
be separated on a standard polyacrylamide sequencing
gel. After polymerase chain reaction, the amplified frag-
ments were incubated with polynucleotide kinase (Pro-
mega, Madison, WI) and ligated with T4 ligase (Promega)
and subsequently digested with Hindlll/EcoRI (Promega),
and then ligated into pGEM4 (Promega). The specific
identity of each cDNA clone was verified by sequencing
analysis. The genomic clone RPL32-4A,°? kindly pro-
vided by Dr. Monte Hobbs (The Scripps Research Insti-
tute) served as a probe for the ribosomal protein L32 and
was included as an internal control for RNA loading. For
quantitation, densitometric analysis of each band was
performed on scanned autoradiographs using NIH Im-
age 1.57 software. Expression of the individual mRNA
density was normalized to that of L32 and the mean + SE
was calculated using Microsoft Excel 98 (Microsoft Cor-
poration, Seattle, WA).

Immunoblotting

The cerebellum was removed and immediately solubi-
lized in lysis buffer containing 1% IGEPAL CA-630 (oc-
tylphenoxy polyethoxy-ethanol), 10 mmol/L Hepes, 10
mmol/L KCI, 0.1 mmol/L ethylenediaminetetraacetic acid
(EDTA), 0.5 mmol/L dithiothreitol, 50 mmol/L NaF, 1
mmol/L NagVO,, 10 mmol/L B-glycerophosphate, 4.5
mmol/L Na-pyrophosphate (all from Sigma Chemical
Co.), and 1 EDTA-free protease inhibitor cocktail tablet
(Roche Diagnostics Corp., Indianapolis, IN)/10 ml. After
solubilization samples were clarified by centrifugation at
4000 X g for 15 minutes, the supernatant was kept as
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cytoplasmic protein. After washing twice with lysis buffer,
the pellet was resuspended in nuclear extraction buffer
containing 25% glycerol, 10 mmol/L Hepes, 420 mmol/L
NaCl, 0.1 mmol/L EDTA, 0.5 mmol/L dithiothreitol, 50
mmol/L NaF, 1 mmol/L NagVO,, 10 mmol/L B-glycero-
phosphate, 4.5 mmol/L Na-pyrophosphate, and 1 EDTA-
free protease inhibitor cocktail tablet (Roche)/10 ml. The
pellet was extracted by vortexing for 20 seconds every 5
minutes during a 40-minute incubation on ice. After cen-
trifugation at 4000 X g for 15 minutes, the supernatant
was kept as nuclear protein extract. The protein concen-
tration of the cytoplasmic and nuclear extracts was de-
termined using a protein quantification kit (BioRad, Her-
cules, CA). Before fractionation and blotting, the extracts
were stored at —70°C. Gel electrophoresis, blotting, and
immunostaining were performed as described previous-
|y.28

In Situ Hybridization and Immunohistochemistry

Mice were perfused intracardially with ice-cold saline
followed by either 4% buffered paraformaldehyde or
Zamboni’s fixative. Brains were removed, postfixed over-
night in the same fixative, dehydrated through graded
alcohol solutions, and embedded in paraffin. In some
cases where indicated, brains were removed after saline
perfusion and placed in Bouin’s fixative for 24 hours
before further processing as described above.

In situ hybridization was performed on paraformalde-
hyde-fixed brain sections with **P-labeled cRNA probes
transcribed from the appropriately linearized STAT or
SOCS cDNA containing ribovectors that were con-
structed for the RPA described above and in Table 1.
Dual-labelin situ hybridization and immunohistochemistry
was performed as described previously.®®

For immunohistochemical detection of the STAT and
SOCS proteins, sections were deparaffinized, rehydrated
in graded alcohol, rinsed in phosphate-buffered saline
(PBS), and blocked for 1 hour at room temperature in PBS
containing 3% fetal bovine serum, 3% goat serum, and
0.1% IGEPAL CA-630. The sections were then incubated
overnight at 4°C with primary antibody diluted in blocking
buffer. The sections were then washed in PBS and incu-
bated with anti-rabbit avidin-biotinylated horseradish per-
oxidase complex (ABC kit; Vector, Burlingame, CA) used
according to the manufacturer’s instructions. After wash-
ing in PBS, staining reactions used 3,3-diaminobenzidine
(Sigma Chemical Co.) as substrate. Finally, the sections
were counterstained with Mayer’'s hematoxylin, dehy-
drated through graded alcohol, and air-dried. After cov-
erslipping, slides were examined by bright-field micros-
copy. Controls for specificity included incubation of the
sections with a nonimmune rabbit serum as well as omis-
sion of the primary antibody.

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assay for STAT1 DNA-bind-
ing protein was performed with whole-cell extracts essen-
tially as described previously.®* Whole-cell extracts were

prepared from freshly removed cerebella. After homoge-
nization of the tissue in lysis buffer (10% glycerol, 0.5%
IGEPAL CA-630, 50 mmol/L Tris, pH 8.0, 100 mmol/L
NaCl, 0.5 mmol/L dithiothreitol, 0.1 mmol/L NazVO,, 50
mmol/L NaF, 4 mmol/L B-glycerophosphate, 4 mmol/L
Na-pyrophosphate, and 1 EDTA-free protease inhibitor
cocktail tablet (Roche)/10 ml) the samples were incu-
bated on ice for 60 minutes. After centrifugation at
4000 X g for 5 minutes, the supernatant was kept as
whole-cell extract. The protein concentration was deter-
mined as described above, and the extracts were stored
at —80°C after snap-freezing in liquid nitrogen.

Binding reactions consisted of 5 ug of whole-cell ex-
tract in DNA-binding buffer (20 mmol/L Hepes, pH 7.9, 40
mmol/L KCI, 0.5 mmol/L dithiothreitol, 0.1 mmol/L EGTA,
4% Ficoll, 2 ug/ml poly-di/dC, 1 mg/ml bovine serum
albumin) and 1 X 10° cpm Klenow-labeled human IRF-1
GAS probe in a 20-ul reaction volume. Reactions were
performed at room temperature for 20 minutes. Super-
shifting polyclonal antibody (2 ng) was added to some
samples and incubated for an additional 30 minutes at
room temperature. DNA-binding complexes were re-
solved by nondenaturing 4 to 12% gradient polyacryl-
amide gel electrophoresis. The IRF GAS DNA probe used
in this assay was as follows: gatcATTTCCCCGAAAT.

Results

Cytokine Gene Expression in the Brain of
Symptomatic GF-IL12 Transgenic Mice

Adult GF-IL12 but not GF-p40 (expressing only the p40
subunit of IL-12 in astrocytes) mice develop a spontane-
ous neurological disorder characterized by weight loss,
hunched posture, ruffled fur, ataxia, and muscle atro-
phy.2® Multiprobe RPAs were used to determine cytokine
gene expression in forebrain and hindbrain from wild-
type, GF-p40, presymptomatic, and symptomatic GF-
IL12 mice (Figure 1, A and B). Levels of IL-12 p40 mRNA
were high in GF-p40 mice, very low in presymptomatic
GF-IL12 mice, and not detectable in wild-type controls
(Figure 1A). The level of IL-12 p40 mRNA was, however,
increased markedly in the hindbrain of symptomatic GF-
IL12 animals. Much lower levels of IL-12 p40 were also
present in the forebrain of these animals. Similar levels of
IL-12 p35 mMRNA were observed in both wild-type and
transgenic mice with the exception of the hindbrain and
forebrain of symptomatic GF-IL12 animals in which levels
of this cytokine transcript were elevated. The expression
of the type 1-cytokine genes, IFN-vy, tumor necrosis fac-
tor, and IL-1a was induced in symptomatic GF-IL12 mice
only, with high levels in the hindbrain and lower levels in
the forebrain (Figure 1B). Transforming growth factor-g
mRNA was detectable in both brain regions from all
animals, but increased up to fivefold in hindbrain from
symptomatic GF-IL12 mice (Figure 1A). In all, these find-
ings confirm and extend our previous observations®® and
indicated that significant induction of the type 1 cytokines
IL-1, IFN-vy, and tumor necrosis factor and the counter-
regulatory cytokine-transforming growth factor-B, oc-
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Figure 1. Expression of a number of cytokine genes was altered in the brain
of symptomatic GF-IL12 transgenic mice. In this experiment, poly (A™) RNA
was isolated from forebrain and hindbrain of wild-type or GF-p40 and
presymptomatic (pres) or symptomatic (sym) GF-IL12 transgenic mice and
10 pg analyzed by RPA as outlined in Materials and Methods.

curred in symptomatic GF-IL12 animals only and over-
laps with the expression of the IL-12 p40 and IL-12 p35
genes.

Constitutive and Regulated Expression of STAT
Genes in the Brain of GF-IL12 Transgenic Mice

The STATSs are pivotal components of the signaling path-
way for a number of type 1-cytokines including IL-12 and
IFN-vy, however, little is known about the expression of
these genes in the CNS or their role and regulation during
chronic inflammatory disease. To begin to address this
issue, a multiprobe RPA with probes to all of the known
murine STAT genes (STATT to STAT6) was developed to
analyze STAT gene expression in the brain (Figure 2A).
With the exception of STAT4 and STAT6 whose expres-
sion was very low to undetectable, expression of the
remaining STAT genes, as well as IRF9, was readily de-
tectable in the brain from wild-type and GF-p40 mice. In
presymptomatic GF-IL12 mice, with the exception of a
small increase in STAT1 and IRF9 mRNAs in the hind-
brain, little or no detectable alterations were observed in
the expression of the other STAT genes. By contrast, in
the hindbrain from symptomatic GF-IL12 mice, increased
expression was noted for all of the STAT genes and for
the IRF9 gene. This was most prominent in the hindbrain
for STAT1 (increased 18-fold), STAT4 (increased 35-
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fold), and IRF9 (increased fivefold). In the forebrain,
STAT1 and STAT4 were increased sevenfold and 2.5-
fold, respectively (not shown). These findings establish
that with the possible exception of STAT4 and STAT6,
there is constitutive expression of all of the STAT genes
as well as the IRF9 gene in the normal mouse brain.
Furthermore, in addition to STAT4 and STAT1 that are
central signaling molecules for IL-12 and IFN-y, respec-
tively, expression of STAT2, STAT3, and IRF9 was also
markedly up-regulated in the brain after the induction of
the cellular immune response in the brain of the GF-IL12
mice. Finally, the location of the increased STAT gene
expression in the GF-IL12 brain overlapped with the lev-
els and sites of cytokine gene expression with highest
expression in the hindbrain regions.

Increased STAT-mRNA Is Paralleled by the
Corresponding Protein in the Brain of GF-IL12
Mice

We asked whether the increased STAT mRNA expression
in the brain of GF-IL12 mice resulted in similar changes in
protein production. To address this question, Western
blots were performed for STAT1, STAT2, STAT3, STAT4,
and STATS5 (Figure 3). Constitutive production of STAT1,
STAT2, STAT3, and STAT5 but not STAT4 was detectable
in extracts of cerebellum from all groups of mice. How-
ever, in symptomatic GF-IL12 mice, whereas STAT5a/b
protein levels remained unaltered, those for STAT1 and
STAT2 were markedly increased and STAT3 moderately
increased. In addition, STAT4 protein was clearly present
in cerebellum from symptomatic GF-IL12 mice. These
findings demonstrate that there is co-ordinate up-regula-
tion in STAT mRNA and protein production in the cere-
bellum of the GF-IL12 mice. Furthermore, the changes in
these STAT proteins showed good overlap with the cor-
responding alterations in STAT RNA levels.

Differential Anatomical and Cellular Localization
in the Expression of the STAT4 and STAT1
Genes in the Brain of GF-IL12 Mice

To further determine the gross anatomical localization of
the STAT genes in the brain, in situ hybridization was
performed (Figure 2C). No detectable STAT4 hybridiza-
tion above background levels was observed in brain from
wild-type, GF-p40, or presymptomatic GF-IL12 mice.
However, in brain from symptomatic GF-IL12 mice strong
hybridization of the STAT4 cRNA probe was observed in
focal areas of the cerebellum (Figure 2C; arrowheads).
Adjacent sections hybridized with a STAT1 cRNA probe
revealed near background levels of signal in brain from
wild-type and GF-p40 mice. In brain from presymptom-
atic GF-IL12 mice, hybridization of a highly focal nature
was sometimes observed in the cerebellum. In contrast to
STAT4, STAT1 hybridization in brain from symptomatic
GF-IL12 mice showed a more widespread and diffuse
pattern being localized predominantly to the cerebellum,
brain stem, basal ganglia, cortex, and hippocampus (Fig-
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Figure 2. Regulation and anatomy of S7AT and SOCS gene expression in the brain of GF-IL12 mice. RNase protection assays for STAT (A) and SOCS (B) RNA
used poly (A*) RNA isolated from the hindbrain of wild-type or GF-p40 and presymptomatic (pres) or symptomatic (sym) GF-IL12 transgenic mice and 5 ug were
analyzed as outlined in Materials and Methods. Quantitative analysis of RNA levels in A and B was performed by densitometry of scanned autoradiographs using
NIH Image 1.57 software. The density level for each RNA band was normalized to the respective level of L32 RNA and the mean * SEM calculated. With the
exception of the SOCS2, SOCS5, and PIAS-1 genes, the levels of RNA were significantly increased (P < 0.05 or less; Student’s #test) in the hindbrain of symptomatic
GF-IL12 mice compared with wild-type, GF-p40, and presymptomatic GF-IL12 mice. Anatomical localization of STAT (C) and SOCS (D) gene expression in the
brain. Autoradiographic film images (5-day exposure) of sagittal sections (10 wm) from wild-type or GF-p40 and presymptomatic (pres) or symptomatic (sym)
GF-IL12 transgenic mice. Sections were hybridized with **P-labeled antisense RNA probes as outlined in the Materials and Methods section. Focal areas of probe
hybridization are indicated by the arrowheads for STAT4, SOCS1, and SOCS3 RNAs.

ure 2C). Hybridization with a STAT3 cRNA probe re-
vealed a similar pattern and anatomical distribution as
seen for STAT4 being detectable in brain from symptom-
atic GF-IL12 mice only (not shown).

To identify which cells in the brain of the symptomatic
GF-IL12 mice were expressing the STAT4 and STAT1
genes, combined in situ hybridization and immunohisto-
chemistry for various cell types was performed. Com-
pared with wild-type (Figure 4A), in symptomatic GF-IL12
mice, expression of STAT4 RNA was highly restricted
being localized to infiltrating CD3* (Figure 4B; arrows)
and CD3™ mononuclear cells only. STAT4 RNA was nei-
ther detectable in neurons (not shown), nor in astrocytes
(not shown). On the whole lectin-positive microglial cells
were also negative for STAT4 RNA (Figure 4D; arrow-
heads). Compared with wild-type brain and STAT4,
STAT1 RNA was widely expressed in symptomatic GF-
IL12 mice being detectable in astrocytes (Figure 5B;
arrows), various neuronal populations including cerebel-
lar granule and molecular layer neurons, motor neurons
in the brain stem (Figure 5D; arrows), and neurons of the

dentate gyrus and at high levels in infiltrating CD3™ (Fig-
ure 5H; arrows) and CD3™ mononuclear cells. Lower
levels of STAT1 RNA were also found in scattered micro-
glia (Figure 5F; arrows) and particularly in the cerebellum
and brain stem.

These experiments highlighted cellular compartmen-
talization in the spatial expression of the STAT4 and
STATT genes in the CNS with the former being highly
restricted to the infiltrating leukocyte population whereas
the latter is widespread and in addition to the infiltrating
leukocytes included neurons, astrocytes, and macro-
phage/microglia.

In Situ Protein Localization and Evidence for
Functional Activation of STAT4, STAT1, and
STAT3

Functional activation of the STAT proteins is associated

with their dimerization and translocation into the nucleus.
Immunostaining for STAT4, STAT1, and STAT3 was per-
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Figure 3. The level of different STAT proteins was increased in the hindbrain
of symptomatic GF-IL12 mice. Immunoblot analysis was performed as out-
lined in the Materials and Methods section on lysates of hindbrain (cerebel-
lum plus brain stem) prepared from wild-type or GF-p40 and presymptom-
atic (pres) or symptomatic (sym) GF-IL12 transgenic mice.

formed to visualize the cellular and subcellular localiza-
tion of these proteins (Figure 6). Similar to the expression
of STAT4 RNA, STAT4 protein was not detectable in brain
from wild-type, GF-p40, or presymptomatic GF-IL12 (Fig-
ure 6C) mice. However, in symptomatic GF-IL12 mice,
expression of STAT4 protein was readily detected and
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localized entirely to the infiltrating mononuclear cells (Figure
6D). Staining for STAT4 protein in the majority of positive
cells was seen in both the cytoplasm and nucleus (Figure
6D; arrows). Staining for STAT3 protein was also only de-
tectable in infiltrating mononuclear cells in brain from symp-
tomatic GF-IL12 mice (Figure 6B). However, compared with
STAT4, the number of cells positive for STAT3 protein was
markedly less and these tended to be larger cells located at
the boundaries of the inflammatory infiltrates. Nonetheless,
STAT3-positive cells also displayed cytoplasmic and nu-
clear staining (Figure 6B; arrows).

In contrast to STAT4 and STAT3, STAT1 protein was
expressed more widely throughout the brain of symptom-
atic GF-IL12 mice (Figure 7). Compared with similarly
stained brain from wild-type mice, in symptomatic GF-IL12
mice dense staining of the neuropil was seen particularly in
the cerebellum where numerous cells present also dis-
played nuclear staining (Figure 7B; arrow). Surprisingly
however, and despite expressing high levels of RNA (see
above), infiltrating mononuclear cells exhibited little STAT1
protein (Figure 7B; asterisk). In addition to neurons, numer-
ous cells in periventricular subcortical white matter tracts
corresponding morphologically to oligodendrocytes exhib-
ited nuclear staining for STAT1 (Figure 7C; arrows). In
symptomatic GF-IL12 mice, astrocytes (Figure 7D; arrows)
and microglia (Figure 7D; arrowheads) were also found to
have increased STAT1 protein levels.

Figure 4. Cellular localization of STAT4 RNA expression in the brain of wild-type (A and C) or symptomatic GF-IL12 (B and D) mice. Double-labeling experiments
using in situ hybridization with 3*P-labeled antisense STAT4 RNA probe and immunostaining for CD3 (A and B) or binding of tomato lectin (C and D). In B, the
arrows indicate some representative cells positive for CD3 and STAT4. In D, STAT4 RNA-positive cells were negative (arrows) for lectin binding. In D,
lectin-positive cells are denoted by the arrowheads. Original magnifications, X400.
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Figure 6. Restricted cellular distribution and nuclear localization of the STAT3 and STAT4 proteins in the brain of symptomatic GF-IL12 mice. Sections from
Bouin’s-fixed brain were immunostained with polyclonal antibody against either murine STAT3 (A and B) or STAT4 (C and D) protein as described in Materials
and Methods. Although no staining was detectable in brain from wild-type mice (A and C), numerous immunostained cells are evident in mononuclear cell
infiltrates in cerebellum from a symptomatic GF-IL12 mouse (B and D). Both STAT3-positive (B) and STAT4-positive (D) cells exhibit nuclear staining (arrows).

Original magnifications, X600.

These immunohistochemical studies illustrated further
the compartmentalized expression of STAT3 and STAT4
versus widespread expression of STAT1 in the brain of
the GF-IL12 mice. The nuclear localization observed for
STAT4, STAT3, and STAT1 is consistent with the activa-
tion of these transcriptional factors. With the exception of
STAT1 in the infiltrating mononuclear cell population,
STAT protein localization also showed good concor-
dance with the corresponding STAT RNA.

Because STAT1 was by far the most abundant of all of
the STAT proteins examined in the brain of the symptom-
atic GF-IL12 mice, further evidence for its activation was
sought by electrophoretic mobility shift assay. Total pro-
tein extracts prepared from the cerebellum of wild-type or
symptomatic GF-IL12 mice were examined for the pres-
ence of STAT1-GAS-binding complexes (Figure 8). Com-
pared with wild-type controls, extracts from the GF-IL12
mice contained a unique binding complex (Figure 8;
arrow) that had a similar size to a positive control STAT1-
binding complex present in whole-cell extract prepared
from IFN-y-stimulated Hela cells. The binding of the

unigue complex to the GAS probe present in the GF-IL12
samples could be prevented by the addition of a STAT1
antibody but not by an antibody to nuclear factor-«B. The
apparent reduced level of binding in the presence of the
nuclear factor-«B antibody evident in Figure 8 was not
found in repeated experiments. Finally, addition of unla-
beled GAS probe to the binding reaction resulted in a
dose-dependent reduction in binding activity. The pres-
ence of STAT1 protein-GAS DNA-binding complexes in
the cerebellum of the GF-IL12 mice further confirms the
functional activation of this signaling pathway.

SOCST and SOCS3 Gene Expression Is Up-
Regulated and Localized Mainly to Infiltrating
Mononuclear Cells in Symptomatic GF-IL12
Mice

Cytokine signaling via the JAK/STAT pathway is subject
to negative feedback control by a variety of molecules

Figure 5. Cellular localization of STAT1 RNA expression in the brain of wild-type (A, C, E, and G) or symptomatic GF-IL12 (B, D, F, and H) mice. Double-labeling
experiments using #n situ hybridization with **P-labeled antisense STAT1 RNA probe plus immunostaining for GFAP (A and B), neurofilament (C and D), and
CD3 (G and H) or binding of tomato lectin (E and F) were performed as described in Materials and Methods. The arrows in each panel indicate double-positive

cells. Original magnifications: X600 (A-F); X400 (G and H).
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Figure 7. Wide cellular distribution and nuclear localization of STAT1 protein in the brain of symptomatic GF-IL12 mice. Sections from Bouin’s-fixed brain were
immunostained with polyclonal antibody against murine STAT1 protein as described in Materials and Methods. Little staining was detectable in brain from wild-type mice
(A). By contrast, in GF-IL12 brain (B, C, and D), strong, diffuse staining of neuropil was evident in the molecular layer of the cerebellum (B) with many nuclei exhibiting
nuclear staining (arrow). However, in the same section, the majority of infiltrating mononuclear cells (shown here in the subarachnoid space) had only low staining (B,
asterisks). In subcortical white matter adjacent to the lateral ventricle (C, arrows), nuclei with the morphological and spatial characteristics corresponding to
oligodendrocytes, showed strong nuclear staining for STAT1. Cytoplasmic staining of cells with the morphological characteristics of astrocytes (D, arrows) and
surrounding cells with strong nuclear staining (D, arrowheads) is shown in the hippocampal region. Original magnifications, X400.

that either prevent activation of the STAT proteins or
prevent their binding to target DNA sequences. Little, if
anything, is known about the expression of these genes
in the CNS or their role in regulating cytokine signaling
during inflammatory disease. As a first step toward ex-
amining this important regulatory pathway, a multiprobe
RPA was developed that permitted the detection of
SOCS1, SOCS2, SOCS3, SOCS5, and PIAS-1 gene ex-
pression in the brain (Figure 2B). In brain from wild-type,
GF-p40, presymptomatic, and symptomatic GF-IL12
mice high constitutive expression of PIAST and SOCS2
and low constitutive expression of SOCS5 was detect-
able. Low constitutive expression of the SOCS7 and
SOCS3 genes was also found in the forebrain (not
shown), and in the case of SOCS7 but not SOCS3, the
hindbrain from wild-type, GF-p40, and presymptomatic
GF-IL12 mice (Figure 2B). However, in symptomatic GF-
IL12 mice there was a marked increase in the expression
of the SOCS1 and SOCS3 mRNA that was primarily re-
stricted to the hindbrain (Figure 2B).

To determine the gross anatomical localization of the
SOCST and SOCS3 genes, in situ hybridization was per-
formed (Figure 2D). No detectable SOCS1 or SOCS3 hy-
bridization above background levels was observed in brain
from wild-type, GF-p40, or presymptomatic GF-IL12 mice.

However, in brain from symptomatic GF-IL12 mice strong
hybridization of the SOCS1 and SOCS3 cRNA probes was
seen in focal areas of the cerebellum with a similar pattern
and anatomical distribution as shown for STAT4 gene ex-
pression. Further analysis was performed using dual-label
in situ hybridization and immunohistochemistry to identify
which cells in the brain expressed the SOCS7 (Figure 9; A,
B, and C) and SOCS3 (Figure 9; D, E, and F) genes. No
hybridization signal above background levels was detect-
able in brain from wild-type mice for either SOCS1 (Figure
9A) or SOCSS (Figure 9D). In contrast, strong hybridization
signal was detectable for these genes in brain from the
symptomatic GF-IL12 mice. SOCS1 RNA was expressed
predominantly by CD3* (Figure 9B; arrows) and CD3~
(Figure 9B; arrowhead) cells and rarely by lectin-positive
cells (Figure 9C; arrow). Similarly, SOCS3 RNA was also
expressed predominantly by CD3™ (Figure 9E; arrows) and
CD3™ (Figure 9E; arrowhead) cells. Increased numbers of
lesion-associated (Figure 9F; arrows) but not parenchymal
(Figure 9F; arrowhead) lectin-positive cells also expressed
SOCS3 RNA. These experiments revealed that expression
of the SOCS1 or SOCS3 RNA was primarily restricted to the
infiltrating CD3™ and CD3~ mononuclear cells and to a
small number of lesion-associated macrophage/microglia.
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Figure 8. STAT1-dependent, IRF-1y-activated sequence (GAS) DNA-binding
activity in protein extracts of brain from GF-IL12 mice. Whole protein extracts
were prepared from freshly removed cerebellum from wild-type or symp-
tomatic GF-IL12 mice. Extracted protein was analyzed by electrophoretic
mobility shift assay using **P-labeled IRF-1 GAS-containing oligonucleotide
probe and DNA-binding complexes were resolved by nondenaturing 4 to
12% gradient polyacrylamide gel electrophoresis and visualized by autora-
diography as described in Materials and Methods. Specificity of binding was
assessed either by the addition to the protein extracts before the binding
assay of anti-STAT1 or nuclear factor-«B antibody or of a 10-fold (GAS 1) or
100-fold (GAS 10) excess of unlabeled GAS oligonucleotide. The positive
(+ve) control was whole-cell extract prepared from IFN-y-stimulated HeLa
cells kindly provided by Dr. Christian Schindler (Columbia University, New
York, NY).

Expression of the STAT and SOCS Genes Is
Highly Regulated in CNS of Mice with EAE and
Shows Concordance with Symptomatic GF-
IL12 Mice

MOG-EAE is an inflammatory demyelinating disease per-
petrated by CD4"Th1 cells reactive to components of the
myelin sheath in whose pathogenesis IL-12 plays an
essential role.* We therefore examined the regulation of
the STAT and SOCS genes in mice in different CNS
regions and at different phases in the development of
MOG-induced EAE (Figure 10, A and B). With the excep-
tion of STAT5 and STAT6 whose expression remained
unaltered, significant increases in the expression of
STAT1, STAT2, STAT3, STAT4, and IRF9 was seen at the
height (day 14) of clinical disease in all CNS regions and
declined during the remission phase (day 28) (Figure
10A). Significant increases in the expression of STATT,
STAT3, and STAT4 were also found, particularly in the
cerebellum, at day 6 after MOG immunization and before
the development of clinical EAE. In situ hybridization anal-
ysis of brain sections from mice with EAE (day 14)
showed widespread expression of STAT1 RNA through-
out the brain and spinal cord, whereas expression of
STAT4 RNA was limited and localized to highly focal
areas in the cerebellum, brain stem, and spinal cord
(Figure 10; arrows). Further analysis of STAT4 and STAT1
protein was performed by immunohistochemical staining
of brain sections from control mice or mice with EAE
(Figure 11). Although not detectable in the control brain
(Figure 11A), high levels of STAT4 protein were present in
the cytoplasm and nucleus of a subset of cells present in
the mononuclear cell infiltrates (Figure 11B; arrows). By
contrast, and in comparison with the control (Figure 11;
C, E, and G), STAT1 protein was markedly increased in
various cell types (Figure 11; D, F, and H). Similar to the
GF-IL12 mice, oligodendrocytes in periventricular white
matter (Figure 11D; arrows) and hippocampal astrocytes
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(Figure 11F; arrows) were both positive for STAT1. Al-
though not evident at these high magnifications, infiltrat-
ing mononuclear cells were prominent in the choroid
plexus and blood vessels adjacent to the ventricle. In
contrast with the GF-IL12 mice, infiltrating mononuclear
cells in EAE displayed high levels of STAT1 protein (Fig-
ure 11H).

Of the SOCS genes examined, only the expression of
SOCS1 and SOCS3 was altered during EAE. The levels of
these transcripts increased significantly in cerebellum
and spinal cord at the height of disease (day 14) and then
declined, but remained increased above control levels
during the remission phase (Figure 10B). Finally, in situ
localization analysis for these genes revealed highly re-
stricted and focal expression in spinal cord and cerebel-
lum of mice with EAE (Figure 10C; arrows).

To summarize, and in comparison with the GF-IL12
mice, we found in EAE that there is remarkable parallel-
ism in the regulation and localization of the STAT and
SOCS genes that are predominantly involved in IL-12R
and IFN-yR-mediated signaling.

Discussion

Multiple sclerosis and EAE are closely linked to the influ-
ence of IL-12, IFN-y, and the development of type 1
cellular immune responses.*353%¢ STAT437:38  gnd
STAT1'239 are known to be pivotal components of the
molecular circuitry involved in IL-12 and IFN-vy signaling,
respectively. Currently, little is known about the biology of
these key molecular transducers of IL-12 and IFN-vy sig-
naling during actual cellular immune responses in vivo.
We have documented here that both STAT4 and STAT1
expression is highly regulated and exhibits cellular com-
partmentalization in the brain of transgenic mice under-
going a spontaneous type 1 cellular autoimmune re-
sponse that is induced by the astrocyte-targeted
expression of IL-12 or in mice with EAE. The cerebral
expression of the STAT2- and STAT3-signaling molecules
as well as IRF9 was also up-regulated in these models.
Additionally, we demonstrated that the cerebral expres-
sion of two molecules known to be involved in the phys-
iological feedback down-regulation of the JAK/STAT-sig-
naling pathway, namely SOCS1 and SOCSS3, was
increased and restricted primarily to the CNS-infiltrating
mononuclear cell population during the evolution of type
1 immune responses in these models.

STAT4 is expressed by NK cells, T cells, monocytes,
dendritic cell, and spermatogonia.*® It is now well estab-
lished that IL-12 induces STAT4 activation in T cells and
NK cells and this process is critical in the initiation and
control of cellular immunity by this cytokine.'>'® The
extent to which IL-12 exerts actions on cells intrinsic to
the CNS, and indeed, in other tissues, is unknown. In the
GF-IL12 mice before the initiation of the immune re-
sponse there are no detectable molecular and cellular
alterations suggesting that IL-12 exerts little if any direct
effects in the CNS. This correlates well with our observa-
tion here that there is an absence of detectable STAT4
gene expression by cells intrinsic to this tissue. Moreover,
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Figure 9. Restricted cellular distribution of SOCS1 and SOCS3 RNA in the brain of symptomatic GF-IL12 mice. Double-labeling experiments using in situ
hybridization with **P-labeled antisense SOCS1 (A, B, and C) or SOCS3 (D, E, and F) RNA probe plus immunostaining for CD3 (A, B, D, and E) or binding of
tomato lectin (C and F) were performed as described in Materials and Methods. Background levels of hybridization were detectable to brain sections from the
wild-type animal (A and D). In contrast, areas of high hybridization were observed in brain sections from the GF-IL12 mice (B, C, E, and F) and corresponded
to mainly infiltrating CD3" (arrows) and CD3~ (arrowheads) mononuclear cells and a small number of lesion-associated lectin® cells (arrows). Original

magnifications, X400.

the restricted localization of activated STAT4 to the CNS-
infiltrating mononuclear cell population in both the GF-
IL12 mice and in EAE, argues further that these immune
cells are the primary targets for the action of IL-12. In
these cells, the engagement of the IL-12R with its ligand
likely results in the activation of the STAT4-signaling path-
way and subsequent modulation of gene transcription
including the induction of IFN-y gene expression and
protein production. In ongoing studies, we are using mice

with a targeted disruption of the STAT4 gene'® to directly
test the validity of this hypothesis.

IL-12 also activates STAT3 in T cells and NK cells, ' '#
however, the role of this signaling molecule in mediating
the effects of IL-12 is unknown. In contrast to STAT4,
STATS3 is expressed constitutively in the normal rodent
brain*'2 and is up-regulated with nuclear translocation
in astrocytes and macrophage/microglia after excitotoxic
injury in vivo.*® Here we found that similar to STAT4,
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Figure 10. Regulation and anatomy of STAT and SOCS gene expression in the CNS of mice with EAE. Cerebrum (C), cerebellum (CB), and spinal cord (SC) were
removed at the times shown from mice after immunization with MOG-peptide. Poly (A™) (cerebrum and cerebellum) or total (spinal cord) RNA was then extracted
and 5 pg or 10 pg, respectively, analyzed by RPA for the detection of STAT (A) or SOCS (B) RNA as outlined in Materials and Methods. Densitometric analysis
of each band was performed on scanned autoradiographs and quantitated using NIH Image 1.57 software. The density level for each RNA was normalized to the
respective level of L32 RNA and the mean plus SEM calculated using Microsoft Excel. For statistical significance asterisks indicate 7 < 0.05 or less (Student’s /-test)
compared with corresponding control (day 0). Anatomical localization (C) of STAT1 and STAT4 or SOCS1 and SOCS3 gene expression in the brain during EAE.
Autoradiographic film images (5-day exposure) of sagittal sections (10 um) from control mice or mice with EAE. Sections were hybridized with **P-labeled
antisense RNA probes as outlined in Materials and Methods. Focal areas of probe hybridization are indicated by the arrows for STAT4, SOCS1, and SOCS3 RNAs.

up-regulated STAT3 protein expression and nuclear lo-
calization was restricted primarily to the infiltrating mono-
nuclear cell population and not detectable in resident
brain cells of the adult mouse. The lower numbers and
different location of the STAT3-containing cells within the
infiltrates suggests they may represent a distinct 1L-12
target population of leukocytes from those that express
STAT4. The extent to which IL-12 actions in the CNS of
the GFAP-IL12 mouse or in EAE are mediated via the
STAT3-signaling pathway is unclear. By default, insights
to this might come from our ongoing studies of GFAP-
IL12 mice deficient for the STATA4.

The stimulation of IFN-y production from Th1 cells and
NK cells is a key action of IL-12 in the development of
type 1 cellular immune responses.®“** Consistent with
this, in a previous®® and in the present study we have
documented IFN-y gene expression by infiltrating CD3™
and CD3™ (presumed NK) mononuclear cells in the CNS
of symptomatic GF-IL12 mice. In addition, IFN-y is found
in the CNS during a variety of cell-mediated immune
responses including those associated with viral infec-
tion*>*% as well as in multiple sclerosis and EAE.®%47
IFN-y has diverse actions in the CNS ranging from immu-
noregulation and inhibition of viral replication to modula-
tion of the function and viability of many neural cell types
including neurons, astrocytes, oligodendrocytes, and mi-
croglia.®>*849 |FN-y binding to its receptor promotes

tyrosine phosphorylation and homodimerization of STAT1
that then translocates to the nucleus and binds to GAS
sites activating gene transcription.>® Mice with targeted
disruption of the STATT gene lack responsiveness to
IFN-y.'7 "8 Studies in vitro show that IFN-y induction of the
class Il transactivator and MHC class I1,°° ICAM-1,5" and
MCP-152 genes in astrocytes, and the CD40°® and FAS®*
genes in microglia involves STAT1. STAT1 is known to be
present in the developing and adult CNS although its
cellular localization was not reported.*' Here we con-
firmed that there is low constitutive expression of the
STAT1 gene in the adult mouse CNS. However, this is
clearly not static as indicated by the markedly increased
levels seen in symptomatic GF-IL12 mice and in EAE. The
increased expression of STAT1 RNA and protein and its
nuclear translocation was widely disseminated both at a
regional and cellular level and included neurons, astro-
cytes, microglia, and oligodendrocytes. Despite this,
there was a relationship between the magnitude and
topography of STAT1 expression with the inflammatory
process. In the GF-IL12 mice, this was highest in the
cerebellum and brain stem where diffuse expression of
the STATT gene was observed by all of the neural cells
whereas expression was lowest in the frontal region of the
brain where a small number of more specialized cells
showed increased expression. We have previously noted®®
that the expression of the transgene encoded IL-12 and
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the development of immune pathology exhibit a similar
trend being highest and more widespread in the cerebel-
lum and brain stem and least so in the frontal regions of
the brain. Consistent with this, the cytokine RPA shown in
Figure 1 showed higher levels of IL-12 p40, p35, and
IFN-v in the cerebellum/brain stem compared with the
forebrain. IFN-y in particular is a good marker for the
presence of activated T cells and NK cells and therefore
reflects the extent of the inflammatory process. A further
point made by our findings is that there may be regional
differences in the regulation of STATT gene expression in
specific brain cells. Thus, although astrocytes located in
the hippocampus showed increased levels of STAT1 pro-
tein, in periventricular white matter where oligodendro-
cytes were clearly STAT1-positive this was not detected
in the astrocytes.

The presence of STAT1-GAS-binding complexes in
cerebellar extracts from symptomatic GF-IL12 mice fur-
ther confirmed the functional activation of the STAT1-
signaling pathway. STAT1 RNA and protein expression
can be significantly up-regulated in a variety of cells in
vitro, particularly by IFN-y®%°° and the type 1 IFNs®® and
this may be further augmented by tumor necrosis fac-
tor.%”-°8 The increased CNS expression of STAT1 in the
GF-IL12 mice and in EAE is most likely mediated directly
by IFN-y alone or in combination with other cytokines
such as tumor necrosis factor. Therefore, IFN-y and
STATH1 likely constitute a positive autoregulatory loop the
function of which is not known, but conceivably it might
amplify IFN-yR-activated STAT1-dependent responses to
include cells such as those intrinsic to the CNS that under
nonstimulated conditions have very low levels of STAT1.
Another possibility is that STAT1 has functions indepen-
dent of IFN-yR-mediated signaling.59:¢° Currently, we are
using mice with a targeted disruption of the STAT1 gene
to determine the precise function of STAT1 in IFN-y-
regulated gene expression and actions in the CNS of the
GF-IL12 mice as well as in EAE.

Of the remaining (ie, STAT2, STATS, and STAT6) STAT
genes examined, only the expression of STAT2 was ele-
vated significantly in the CNS of symptomatic GF-IL12
mice and in EAE. STAT2 activation is closely linked to
IFNe/B-receptor binding,®'~%® however, IFN-yR bind-
ing®* may also activate STAT2.%% Activated STAT2 asso-
ciates with STAT1 and IRF9 to form the transcriptionally
active complex IFN-stimulated gene factor-3 (ISGF3) that
binds to the interferon-stimulated response element se-
quence.®®%” |IRF9 expression was also increased in the
brain of symptomatic GF-IL12 mice and in EAE. Activa-
tion of both STAT2%® and IRF9 (which is also known as
p48 and ISGF3v)°°° gene transcription can be induced
directly by IFN-y. The finding that both STAT2 and IRF9
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were increased in the brain of symptomatic GF-IL12 mice
and in EAE raises the possibility these additional tran-
scriptional factors might also contribute to IFN-y- or other
cytokine-receptor-mediated signaling. Indeed, IRF9 can
associate with IFN-yR-activated STAT1 homodimers to
form a complex that mediates secondary responses by
binding to the interferon-stimulated response element.”®
However, because the affinity of this binding is somewhat
lower than for ISGF3, only a restricted subset of interfer-
on-stimulated response element-containing genes are
modulated by IFN-vy. At this time the precise function of
the STAT2 and IRF9 transcriptional factors in the genesis
of the cellular responses to IL-12 and IFN-y in the CNS
remains unknown.

Our findings with regard to the regulation of the STAT
genes in EAE somewhat agree with and extend on those
of Jee and colleagues.”’ However, in contrast to our
findings here, these workers found that the expression of
STAT1 protein was much more restricted being localized
to mainly neurons, whereas STAT4 or STAT3 proteins, in
addition to being found in neurons in the brain of healthy
rats showed increased expression in microglia and en-
dothelial cells or astrocytes, endothelial cells, and menin-
ges, respectively. We could neither confirm the constitu-
tive expression of STAT4 nor the nature of the cell types
expressing STAT4, STAT1, and STAT3 in EAE. There are
clear technical differences between the two studies that
might explain these dichotomies. In addition, in the stud-
ies of Jee at al”” rats were used. This raises the possibility
that there may be species differences in the regulation
and localization of the STAT genes.

Negative regulation of the JAK/STAT pathway is an
important process that contributes to the overall re-
sponse of cells to cytokine receptor-mediated signaling.
The SOCS and PIAS genes are cytokine-inducible and
the molecules they encode play a central role in the
down-regulation of cytokine receptor signaling.2"7273
Little is known concerning the temporal and spatial ex-
pression of these genes in immunoinflammatory diseases
of the CNS. Polizzotto and colleagues’ reported high
levels of SOCS2 RNA expression by neurons in the de-
veloping and adult CNS of mice. Studies in SOCS2-
deficient mice show this molecule is important in the
negative regulation of IGF-1 signaling and may therefore
play an important role in neuronal development.?® Here
we confirmed the high constitutive cerebral expression of
SOCS2 but also revealed even higher constitutive ex-
pression of PIAS1. PIAS1 binds to activated STAT1 and
blocks its DNA-binding activity and may be an important
negative regulator of IFN-R signaling.?® In the brain this
molecule might have a general role as a negative regu-
lator of signaling by IFN-y and perhaps other cytokines.

Figure 11. Distribution of STAT4 and STAT1 proteins in the brain during EAE. Sections from Bouin’s-fixed brain were immunostained with polyclonal antibody
against either murine STAT4 (A and B) or STAT1 (C-H) protein as described in Materials and Methods. Although little staining was detectable for STAT4 in brain
from control mice (A), numerous mononuclear cells were seen with strong cytoplasmic and nuclear staining in infiltrates in cerebellum (B, arrows) and spinal
cord from mice with EAE. Very low staining for STAT1 was observed in brain from control mice (C, E, and G). In brains from mice with EAE, STAT1 staining was
increased dramatically in most regions of the brain including subcortical periventricular white matter tracts (D), hippocampus (F), and cerebellum (H). In white
matter nuclei with the morphological and spatial characteristics corresponding to oligodendrocytes showed strong nuclear staining for STAT1 (D, arrows).
Cytoplasmic staining of cells with the morphological characteristics of astrocytes (F, arrows) is shown in the hippocampal region. Original magnifications: X400

(A-F); X100 (G and H).
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In contrast to SOCS2 and PIAS1, the expression of the
SOCS17T and SOCS3 genes that was very low in normal
brain, increased markedly in the brain of symptomatic
GF-IL12 mice and in EAE. In both models, this expression
was highly restricted and limited almost entirely to the
infiltrating mononuclear cell population. It should be
noted that despite our best efforts using antibodies from
different sources it was not possible to detect either the
SOCS1 or SOCS3 proteins. The difficulty in detecting
these SOCS proteins in vivo may reflect their instability
and rapid turnover.”® Structurally, SOCS1 and SOCS3
are similar to each other and not SOCS2.2° Moreover, in
vitro studies reveal that the SOCS1 and SOCS3 but not
the SOCS2 molecules are functionally promiscuous inhib-
iting signaling by a number of the same cytokines, includ-
ing IFN-v, IL-6, LIF, and granulocyte macrophage-colony
stimulating factor.”®”” However, mice with targeted dis-
ruptions of the SOCS7242° or SOCS3?” genes have di-
vergent phenotypes that highlight critical dominant pri-
mary roles for these molecules in IFN-y or erythropoietin
receptor signaling, respectively. Together, these obser-
vations suggest it is likely that the expression of SOCS1
and SOCSS3 noted by us in symptomatic GF-IL12 mice is
associated with a general down-regulation in the re-
sponses of the infiltrating mononuclear cells to IFN-y and
perhaps other cytokines. The importance of this regula-
tory process is dramatically illustrated by the case of
SOCST null mice. SOCS1 deficiency causes perinatal
lethality because of the uncontrolled emergence of acti-
vated T cells that produce high levels of IFN-y. Conse-
quently, target tissues that normally are able to down-
regulate IFN-yR signaling become susceptible to the
toxic actions of this cytokine.

In conclusion, we have defined the CNS expression
patterns and regulatory control of crucial components of
the signaling pathways that facilitate cellular communi-
cation in vivo by cytokines during the evolution of type 1
immunity. The results indicated that the expression of key
positive, ie, STAT, and negative, ie, SOCS, regulatory
factors involved in IL-12 (STAT4) and IFN-y (STATT,
SOCS1, and SOCS3) receptor-mediated signaling is
highly regulated and compartmentalized during active
immune responses in the CNS in both the GF-IL12 and
EAE models. These findings document great similarities
in the molecular and cellular pathological processes at
play in the brain in these two different models. Therefore,
the interaction between the positive (ie, STAT) and neg-
ative (ie, SOCS) signaling circuits and their distinct cel-
lular locations likely play a defining role in the actions of
IL-12 and IFN-y during the pathogenesis of type 1 im-
mune responses in the CNS.
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