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Suppression of Proinflammatory Cytokines Interleukin-103
and Tumor Necrosis Factor-a in Astrocytes by a V,
Vasopressin Receptor Agonist: A cAMP Response Element-
Binding Protein-Dependent Mechanism
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Previous research from our laboratory has demonstrated that V, vasopressin receptor agonist (V, agonist) induces a complex intracel-
lular Ca**-signaling cascade in cortical astrocytes that is initiated by G-protein-coupled V,, vasopressin receptor-mediated cytoplasmic
and nuclear Ca*" rise and converges during activation of the nuclear transcription factor cAMP response element-binding protein
(CREB). In the current study, we pursued the downstream functional consequences of V, agonist-induced Ca**-signaling cascade for
gene expression. Because astrocytes can exert immune effects analogous to immune cells in the periphery, we investigated V, agonist
regulation of cytokine gene expression in astrocytes. Results from gene array studies indicated that V, agonist dramatically decreased the
mRNA level of five cytokines. Two prominent proinflammatory cytokines, interleukin-18 (IL-1[3) and tumor necrosis factor-c (INF-«),
were selected for detailed analysis, and their expression was also confirmed with reverse transcriptase-PCR. Furthermore, ELISA analy-
ses demonstrated that the peptide level of IL-18 and TNF-c in the astrocyte medium was also decreased in response to V, agonist. Using
CREB antisense to determine the causal relationship between V, agonist-induced CREB activation and suppression of IL-13 and TNF-c,
we demonstrated that decreased IL-1[3 and TNF-« gene expression was dependent on upstream CREB activation. V, agonist-induced
decrease of cytokine release from cortical astrocytes was also shown to be neuroprotective in cortical neurons. To our knowledge, this is
the first documentation of V, agonist modulation of cytokine gene expression in any cell type. Implications for vasopressin as an
antipyretic agent and the role of vasopressin in neurodegeneration, autoimmune diseases, stress, and neuropsychiatric behaviors are
discussed.
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Introduction sopressin in Brattleboro rats elevates baseline natural killer cell
One of the most important functions of vasopressin that has ~ activity (Yirmiya et al., 1989). o .

received considerable attention within the last several years is its The long-held theory 'Of Vasopressin 1mmun0m9dulat19n
immune modulatory capabilities. It has been suggested that brain ~ Proposes  that Vasopressin m(?dulates adrenocorticotropin
vasopressin is involved in stress-induced suppression of the im- ~ (ACTH) release, which in turn stimulates the adrenal glands to

mune function in rats by suppressing the proliferative response of releas.e gluco'corticoids that suppress the immune system by sup-
splenic T cells and natural killer cell cytotoxicity (Shibasaki etal., ~ PresSing prmnﬂammatoq cytokines (Stefrnb'erg,. 1?97)- Despite
1998). Moreover, rabbits immunized against vasopressin develop the findings of vasopressin receptor localization in immune cells

autoimmune alterations in neurohypophysis, as evidenced by in- ifl the ’t?rain, such as astrocytes ar}d microglia, and in immu.ne
filtration by immune cells and extracellular deposits of immuno- ~ tissues ‘the per1phe}ry, such as in 'fhe human thYmQS’ .WhICh
globulins (Cau and Rougon-Rapuzzi, 1979), and the lack of va- ~ plays a pivotal role in the maturation and differentiation of

T-lymphocytes (Melis et al., 1993), investigation of direct effects
of vasopressin on immune cells has been minimal.
One of the cell types in the CNS that regulates immune re-
Received Nov. 3, 2003; revised Dec. 12, 2003; accepted Dec. 15, 2003. sponse in brain is astrocytes (Dong, 2001). Although still contro-
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Table 1. Densitometric quantification of V, agonist-induced cytokine gene
suppression

Cytokines -1 I-18 IL-2 TNF-«¢

80.78%  8521%  86.86% 88.20% 75.23%

Astrocytes were treated in the absence or presence of 100 nm V; agonist for 24 hr followed by inflammatory cytokine
GEArray analysis. Densitometric quantification of V; agonist-induced cytokine gene expression was analyzed with
Un-Scan-It gel image software and expressed as percentage of control gene expression.

Lymphotoxin-B

Percentage of control

cytes could function as antigen-presenting cells. During stimula-
tion, astrocytes can also express costimulatory molecules, includ-
ing CD40, B7-1, and B7-2, that are essential for activation of
naive T cells (Nikcevich et al., 1997). Furthermore, astrocytes are
potent producers of a number of cytokines and chemokines
(Dong, 2001). Among the cytokines expressed by astrocytes,
interleukin-183 (IL-18) and tumor necrosis factor-a (TNF-«)
have received considerable attention recently because of their
proinflammatory effects in the CNS.

Previous studies from our laboratory revealed that V,, vaso-
pressin receptor (V,,R) activation induces a significant rise in
both cytoplasmic and nuclear Ca** concentrations in astrocytes
(Zhao and Brinton, 2002). Furthermore, V,,R activation leads to
a complex signaling cascade involving activation of PKC,
CaMKII (calcium calmodulin-dependent protein kinase II), and
ERK1/2 (extracellular signal-regulated kinase), which results in
cAMP response element-binding protein (CREB) activation in
the nucleus (Zhao and Brinton, 2003). The present study sought
to determine the downstream consequences of vasopressin re-
ceptor activation of the Ca**—kinases—CREB cascade. Because of
the immune function of astrocytes and the immunoregulatory
function of vasopressin in the periphery, we investigated the im-
pact of a V, agonist (V,a) on the immune function of cortical
astrocytes, specifically modulation of cytokine expression. Using
gene array, reverse transcriptase (RT)-PCR, and ELISA, we dem-
onstrated that V, agonist suppressed expression of a number of
cytokines, especially the two important proinflammatory cyto-
kines IL-1$ and TNF-« at both mRNA and protein levels. Fur-
thermore, suppression of both IL-13 and TNF-« was dependent
on upstream CREB activation, and decreased IL-1 and TNF-«
release from astrocytes was neuroprotective.

Materials and Methods

Cell culture preparation. Primary cultures of cortical astrocytes and neu-
rons were prepared following the methods described previously (Zhao
and Brinton, 2003; Zhao et al., 2003). Briefly, cortices were dissected
from the brains of embryonic day 18 (E18) Sprague Dawley rat fetuses.
The tissue was treated with 0.05% trypsin in HBSS (5.4 mm KCI, 0.4 mm
KH,PO,, 137 mm NaCl, 0.34 mm Na,HPO,*7H,0, 10.0 mm glucose, 10.0
mM HEPES) for 5 min at 37°C. After incubation, trypsin was inactivated
with cold 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA)-
containing DMEM (Invitrogen) supplemented with 10 mm NaHCO3, 5
U/ml penicillin, 5 pug/ml streptomycin, and 10% F12 nutrient medium
for 3 min at 37°C. Tissue was then washed with HBSS twice and dissoci-
ated by repeated passage through a series of fire-polished constricted
Pasteur pipettes. For astrocyte culture, cells were plated at a concentra-
tion of 1 X 10° cells/ml in 10% FBS-containing DMEM in 25 mm flasks,
and the cultures were maintained at 37°C with 5% CO,. After 3-7 d in

Table 2. Oligonudleotide primers used for cDNA amplification
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culture, glial cells were shaken at 220 rpm for 16 hr to remove oligoden-
drocytes and microglia. The attached astrocytes were then trypsinized
and plated onto poly-p-lysine (10 pg/ml)-coated 60 mm Petri dishes and
cultured in the same medium at 37°C with 5% CO, for 2-5 d before
experiments. For neuronal culture, 10° cells/ml were plated onto poly-
D-lysine-coated 24-well culture plates for lactate dehydrogenase (LDH)
analyses, whereas between 20,000 and 40,000 cells were seeded onto poly-
D-lysine-coated 4-well chamber slides for terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL) anal-
yses. Neurons were grown in neurobasal medium (NBM; Invitrogen)
supplemented with B27, 5 U/ml penicillin, 5 ug/ml streptomycin, 0.5 mm
glutamine, and 25 um glutamate at 37°C in 10% CO,. The culture media
were exchanged with glutamate-free NBM 3 d after the day of cell culture,
and the cortical neurons were fed with glutamate-free NBM twice weekly
before experiments.

Inflammatory response cytokine gene array. Cortical astrocytes grown
on poly-D-lysine-coated dishes were serum deprived overnight and then
treated with V, agonist or control vehicle for 24 hr. After treatment,
astrocytes were rinsed twice with ice-cold PBS, and total RNA was ex-
tracted using TRIzol (Invitrogen) according to the instructions of the
manufacturer and resuspended in 10 ul of DEPC-treated water. RNA
concentration was determined using a BioPhotometer (Eppendorf Sci-
entific, Hamburg, Germany). The gene expression profile of inflamma-
tory cytokines was determined using an inflammatory response cytokine
pathway-finder GEArray system (mGEA1013030; Super Array, Be-
thesda, MD), which detects 23 genes involved in inflammatory responses
and two housekeeping genes, B-actin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Briefly, total RNA was used as templates for
biotinylated probe synthesis. Each total RNA sample (8 ng) was com-
bined with 2 ul of GEA primer mix and preheated at 70°C for 2 min.
Twenty microliters of master labeling mix (containing 8 ul of 5X GEA-
labeling buffer, 4 ul of 1 mm biotin-16-dUTP, 1 ul of RNase inhibitor,
100 U of Moloney murine leukemia virus reverse transcriptase, and 5 ul
of RNase-free H,0) was added to each sample, and the labeling reaction
was conducted at 42°C for 2 hr. The labeled cDNA probe was then hy-
bridized with the inflammatory cytokine GEArray membrane containing
prespotted cDNA fragments at 68°C overnight with continuous agita-
tion. The size of the cDNAs spotted on the array varies from gene to gene
but is usually between 250 and 600 base pairs. The membrane was then
washed at 68°C twice with prewarmed solution 1 (2X SSC, 1% SDS) and
twice with prewarmed wash solution 2 (0.1X SSC, 0.5% SDS) for 20 min
each. The membrane was blocked with 10 ml of GEA-blocking solution
for 40 min and incubated with 1:5000 to 1:10,000 diluted alkaline phos-
phatase—streptavidin for 40 min. After extensive washes, the membrane
was incubated with disodium 2-chloro-5-(4-methoxyspiro{1,2-
dioxetane-3,2'-(5'-chloro) tricyclo[3.3.1.1.>”]decan}-4-yl)-1-phenyl phos-
phate-Star for 2-5 min and exposed to x-ray film. The relative expression
level of each gene was determined by comparing the signal intensity of
each gene in the array after normalization to the signal of housekeeping
genes (-actin and GAPDH. Densitometric quantification of the array
was performed with Un-Scan-It gel image software (Silk Scientific,
Orem, UT). The limitation of this method is that the arrays are prespot-
ted with mouse cytokine cDNAs. Although the arrays are developed
using homology sequences between rats and mice and the sequences of
the mouse genes on this array have a CLUSTAL W score of at least 80
when compared with the sequence of the corresponding rat gene, it is
possible that some biotinylated cDNAs do not hybridize with sequences
on the arrays and, therefore, we might not be able to detect all of the
genes.

RT-PCR. Cortical astrocytes grown on poly-p-lysine-coated culture

Sense primer Antisense primer
mRNA 5 3’ 5 3’ Anneal temperature PCR target Cycles
IL-1B GCACCTTCTTTTCCTTCATC (TGATGTACCAGTTGGGGAA 55°C 448 bp 40
GGCAGGTCTACTTTGGAGT-
TNF-a CATTGC ACATTCGGGGATCCAGTGAGTTCCG 56°C 319bp 40
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dishes for 2-5 d were serum deprived overnight and treated with V,
agonist and various pharmacological agents for appropriate periods. Af-
ter treatment, total RNA was extracted from astrocytes using TRIzol
(Invitrogen) according to the instructions of the manufacturer and re-
suspended in 10 ul of DEPC-treated water. RNA concentration was de-
termined using a BioPhotometer (Eppendorf Scientific). Four micro-
grams of RNA was reverse-transcribed to generate cDNA using random
hexamer primers and SuperScript II (Invitrogen). PCR was conducted
using a RoboCycler (400864; Stratagene, La Jolla, CA). Primer sequences
and annealing temperatures for [L-13 and TNF-a PCR are listed in Table
2. PCR products and a 1 kb DNA molecular weight marker were then
electrophoresed on a 1% agarose gel, and the gel was visualized and
photographed under UV light. Un-Scan-It gel image software (Silk Sci-
entific) was used for the quantitative analyses.

Western immunoblotting. Protein concentration was determined by
the BCA method. An appropriate volume of 4X sample buffer was added
to the protein samples, and samples were boiled at 95°C for 5 min. Sam-
ples (25 g of proteins per well) were loaded on a 10% SDS-PAGE gel and
resolved by standard electrophoresis at 90 V. Proteins were then electro-
phoretically transferred to Immobilon-P polyvinylidene difluoride
membranes overnight at 32 V at 4°C. Membranes were blocked for 1 hr at
room temperature in 10% nonfat dried milk in PBS containing 0.05%
Tween 20 (PBS-T), incubated with appropriate primary antibodies
against phospho-CREB (pSer '**; mouse monoclonal, 1:2000; Cell Sig-
naling Technology, Beverly, MA), CREB (rabbit polyclonal, 1:1000; Cell
Signaling Technology), or B-actin (mouse monoclonal, 1:200; Santa
Cruz Biotechnology, Santa Cruz, CA) at temperatures and times speci-
fied by the antibody providers. All primary antibodies were dissolved in
PBS-T with 1% horse serum for mouse monoclonal antibodies or 1%
goat serum for rabbit polyclonal antibodies. After washing in PBS-T, the
membranes were incubated with horseradish peroxidase-conjugated
anti-mouse IgG (1:5000; Vector Laboratories, Burlingame, CA) in PBS-T
with 1% horse serum or anti-rabbit IgG (1:5000; Vector Laboratories) in
PBS-T with 1% goat serum for 1 hr. Immunoreactive bands were visual-
ized by TMB detection kit (Vector Laboratories) and quantified using
Un-Scan-It gel image software (Silk Scientific). After transfer, gels were
stained with Coomassie blue (Bio-Rad, Hercules, CA) to double-check
equal protein loading.

CREB antisense treatment. The contribution of CREB on the V,
agonist-induced suppression of IL-13 and TNF-« was determined by
examining the influence of 200 nm CREB antisense, sense, and random
oligonucleotides. The sequences of the oligonucleotides were 5'TGGT-
CATCTAGTCACCGGTG3' for CREB antisense, 5" CACCGGTGACTA-
GATGACCA3' for CREB sense, and 5'TGCTGAACTTGTCGC-
CAGTG3' for the random oligonucleotide. The CREB antisense oligo-
nucleotide (AS) has been used in several previous studies and has been
shown to attenuate CREB expression (Konradi et al., 1994; Konradi and
Heckers, 1995; Guzowski and McGaugh, 1997; Murphy and Segal, 1997;
White et al., 2000). The phosphorothioate-modified HPLC-purified oli-
gonucleotides were transfected into cortical astrocytes in the presence of
a transfection reagent oligofectamine (Invitrogen) in Opti-MEM I re-
duced serum medium (Opti-MEM; Invitrogen). Briefly, astrocytes were
washed with Opti-MEM once before addition of oligonucleotides and
oligofectamine. The volume ratio of oligofectamine/oligonucleotide (20
M stock) used for transfection studies was 3:10. After an overnight
incubation, astrocytes were treated with V, agonist or lipopolysaccharide
(LPS) for 24 hr in fresh Opti-MEM with fresh oligonucleotides and oli-
gofectamine added before RNA or medium collection for RT-PCR or
ELISA analyses.

ELISA. Cortical astrocytes grown on poly-D-lysine-coated dishes for
2-5 d were serum-deprived overnight and treated with V, agonist and
various pharmacological agents for appropriate periods. After treatment,
the medium was collected from cortical astrocytes. ELISA was conducted
using Quantikine IL-18 or TNF-a ELISA system (R & D Systems, Min-
neapolis, MN). Briefly, a monoclonal antibody specific for rat IL-18 or
TNEF-a was precoated onto a microplate. Fifty microliters of assay diluent
were added to each well of the microplate. Fifty microliters of standards,
controls, or samples were pipetted into the wells and incubated for 2 hr at
room temperature. After extensive washing to remove any unbound sub-
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stances, an enzyme-linked polyclonal antibody specific for rat IL-18 or
TNF-a (100 pl) was added to each well and incubated for 2 hr at room
temperature. The wells were extensively washed to remove any unbound
antibody-enzyme reagent, and 100 ul of substrate solution was added to
each well to incubate for 30 min at room temperature in the dark. One
hundres microliters of stop solution was then added to each well, and the
optical density of each well was read at 450 nm using a microplate reader
(Molecular Devices, Sunnyvale, CA).

Efflux assay of LDH. Cortical neuronal cultures grown in 24-well plates
in NBM were treated with astrocyte-conditioned medium (ACM) and
various cytokines for 24 hr followed by medium change to NBM. LDH
release into the NBM culture media was measured 24 hr later using a
cytotoxicity detection kit from Boehringer Mannheim (Indianapolis,
IN), and absorption was read at 490 nm.

TUNEL analysis. Apoptosis was determined using TUNEL. Cortical
neuronal cultures grown on 4-well chamber slides were treated with
astrocyte-conditioned medium and various cytokines for 24 hr. The
treated cells were rinsed with PBS and fixed with 95% methanol for 5 min
at 4C°. Subsequently, neurons were incubated with the TUNEL reaction
mixture (In Situ Cell Death Detection kit; fluorescein; Boehringer Mann-
heim) for 60 min at 37°C. After washing with PBS for three times, neu-
rons were mounted with mounting medium containing 4,6'-
diamidino-2-phenylindole (DAPI; Vector Laboratories) to stain the
nucleus. Apoptosis was qualified by fluorescence microscopy.

Chemicals. V, agonist ([Phe® Orn®]-oxytocin) was purchased from
Bachem Bioscience (King of Prussia, PA). LPS was obtained from Sigma
(St. Louis, MO). CREB antisense, sense, and random oligonucleotides
were purchased from Integrated DNA Technologies (Coralville, IA).

Data analysis. Data were presented as group means = SEM. RT-PCR,
ELISA, and LDH data were expressed as the percentage relative to un-
stimulated controls run in the same experiment. Statistical analysis was
performed by Student’s ¢ test or by one-way ANOVA followed by New-
man—Keuls post hoc analysis.

Results

To selectively activate the V,a vasopressin receptor in cortical
astrocytes, a specific V, vasopressin receptor agonist, [Phe?,
Orn®]-oxytocin, was used in the present study. Our previous
studies showed that both the endogenous arginine vasopressin
and the V, agonist exerted comparable effects in raising intracel-
lular Ca*" level and kinase activation at 100 nM (Zhao and Brin-
ton, 2002, 2003). V, agonist used throughout the study was based
on our previous dose-response analyses that determined 100 nm
as the optimal concentration for V, agonist-induced intracellular
Ca** signaling (Zhao and Brinton, 2002).

Suppression of inflammatory cytokines gene expression in
response to V, agonist in cortical astrocytes

Astrocytes, which can function as immune cells in the brain,
produce a variety of cytokines and chemokines. To investigate the
impact of V| agonist on the immune function of astrocytes, the
expression profile of inflammatory cytokines was investigated
using an inflammatory response cytokine GEArray system, which
determines gene expression of 23 inflammatory cytokines. Each
cytokine is represented by two consecutive spots on the control
and the V, agonist membranes containing prespotted cDNA
fragments. The array set shown in Figure 1 is a representative of
two independent experiments. Expression of five cytokines was
decreased in response to 100 nM V; agonist, including IL-1« (Fig.
1, 1E, 1F), IL-1B (24, 2B), IL-2 (2C, 2D), lymphotoxin-B (5E,
5F), and TNF-a (8A, 8B) shown in white boxes. The percentage
of cytokine expression relative to control is shown in Table 1.
Expression of cytokines shown in the black boxes, including
GRO1 oncogene (Fig. 1, 1C, 1D), IL-6 (3C, 3D), TGFB1 (7A, 7B),
and TGFB3 (7E, 7F), was unchanged. Expression of the house-
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Figure 1.  Profile of inflammatory cytokine gene expression in response to V; agonist in
cortical astrocytes. Astrocytes were treated in the absence or presence of 100 nm V, agonist for
24 hrfollowed by inflammatory cytokine GEArray analysis. Each cytokine is represented by two
consecutive spots on both membranes. This array is representative of two independent analy-
ses. Expression of a number of cytokines was decreased, including IL-1c (1, 1F), IL-18 (2A,
2B), IL-2(2C, 2D), lymphotoxin-B (SE, 5F), and TNF-cx (8A, 8B), which are shown in white boxes.
Expression of cytokines shown in the black boxes, including GRO1 oncogene (1€, 1D), IL-6 (3C,
3D), TGFB1 (7A, 7B), and TGFB3 (7E, 7F), were unchanged. Housekeeping genes, including
[-actin (3G, 4G) and GAPDH (5G, 6G, 7G, 8E, 8F, 8G), were consistent between two membranes.

CTRL V,a

LPS LPS+V, a

B-actin

140 - *
120 -
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80 4

% of Control IL-13 mRNA Level

0 A T T T
CTRL V,a LPS LPS+V, a

Figure 2.  Suppression of IL-13 gene expression by V; agonist is confirmed by RT-PCR. As-
trocytes were treated in the absence or presence of V, agonist (100 nm) or LPS (50 ng/ml) for 24
hrfollowed by RNA extraction and RT-PCR for IL-1/3. PCR products were then run on an agarose
gel to determine the expression level of IL-13. The percentage change of IL-1/3 gene expression
relative to control (CTRL) is presented in the bar graph. Each bar represents the mean == SEM
(n = 3 for each condition). *p << 0.05 versus control; ~p < 0.05 versus LPS-treated culture.

keeping genes B-actin (Fig. 1, 3G, 4G) and GAPDH (5G, 6G, 7G,
8E, 8F, 8G) were consistent across both conditions.

To confirm the gene array data on suppression of IL-18 by V,
agonist, semiquantitative RT-PCR was conducted. Furthermore,
to determine whether V, agonist also prevents toxin-stimulated
inflammatory response, astrocytes were treated with LPS (50 ng/
ml), a bacterial endotoxin known to induce cytokine upregula-
tion in a number of immune cells (Raetz and Whitfield, 2002),
and the impact of V; agonist on LPS-upregulated IL-13 expres-
sion was investigated (Fig. 2). Primer sequences and annealing
temperatures for IL-13 PCR are listed in Table 2. RT-PCR statis-
tical data from three independent experiments indicate that V,a
significantly decreased IL-13 mRNA level (78.29 = 3.36% rela-
tive to control; *p < 0.05 compared with control), consistent with
the gene array data. When astrocytes were stimulated with LPS,
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Figure 3.  Suppression of TNF-cx gene expression by V, agonist is confirmed by RT-PCR.
Astrocytes were treated in the absence or presence of V; agonist (100 nw) or LPS (50 ng/ml) for
24 hr followed by RNA extraction and RT-PCR for TNF-cx. PCR products were then run on an
agarose gel to determine the expression level of TNF-cv. The percentage change of TNF-« gene
expression relative to control (CTRL) is presented in the bar graph. Each bar represents the
mean = SEM (n = 3 for each condition). *p << 0.05 versus control; "p << 0.05 versus LPS-
treated culture.

IL-1B mRNA increased significantly (123.68 * 7.61% relative to
control; *p < 0.05 compared with control). V, agonist treatment
significantly reduced IL-18 mRNA induction compared with the
LPS alone-treated cultures (101.59 * 7.51% relative to control;
*p < 0.05 compared with LPS alone).

Confirmation of TNF-a suppression by V, agonist was also
investigated using RT-PCR (Fig. 3). Cortical astrocytes were
treated the same as for the IL-13 mRNA analysis. Primer se-
quences and annealing temperatures for TNF-a PCR are also
listed in Table 2. Statistical analysis of three independent experi-
ments indicated that V, agonist significantly decreased TNF-a
mRNA level (80.87 * 5.15% relative to control; *p < 0.05 com-
pared with control), which is consistent with the gene array data.
As expected, LPS significantly upregulated TNF-« gene expres-
sion (122.82 * 1.86% relative to control; *p < 0.05 compared
with control), which was reversed to control level by 100 nm V,
agonist treatment (103.79 = 4.77% relative to control; *p < 0.05
compared with LPS alone).

Suppression of IL-1f3 and TNF-a gene expression in

response to V, agonist is dependent on transcription

factor CREB activation

CREB is a multifunctional leucine zipper-containing transcrip-
tion factor involved in the regulation of a variety of genes. Fur-
thermore, it has been suggested that CREB is involved in suppres-
sion of cytokine gene expression in other systems (Delgado et al.,
1998; Perez et al., 1999; Cho et al., 2001). Our previous studies on
V, agonist-induced nuclear-signaling cascade demonstrated that
CREB is significantly activated in cortical astrocytes in response
to V; agonist in a time-dependent manner (Zhao and Brinton,
2003), which is confirmed in the current study and shown in
Figure 4 A.
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To determine whether CREB is re-
quired for V, agonist-induced suppression
of IL-13 and TNF-« gene expression in
astrocytes, CREB AS was used to knock
down CREB in astrocytes. CREB sense oli-
gonucleotide (S) and a random oligonu-
cleotide (R) were also used to rule out non-
specific effects of CREB antisense. First, to
ensure the efficiency of CREB antisense to
knock down CREB, CREB protein level
was determined after the CREB antisense,
sense, or random oligonucleotides treat-
ment overnight. Western blot analysis re-
vealed that CREB protein level was signifi-
cantly decreased after CREB antisense
treatment, although it was not affected by
CREB sense or random oligonucleotides.
Protein levels were normalized against
[B-actin protein content. Statistical analysis
of optical density from three independent
experiments indicated that CREB antisense

A

300
250 -
200
150
100 -
50
0 -

CTRL 5

() Percent of Control CREB Activation

induced ~50% suppression in CREB pro-  y,a = 4
tein level (Fig. 4 B) (percentage * relativeto LP§ = =
control; *p < 0.05). Impact of the CREB an- AS - -

tisense on IL-18 and TNF-a mRNA level S - =
was investigated using RT-PCR. Cortical as- R " N
trocytes were transfected overnight with var-
ious oligonucleotides followed by treatment
with V, agonist and LPS for 24 hr. Statistical
analysis of RT-PCR data on IL-183 from
three independent experiments indicated
that CREB antisense completely blocked V,
agonist-induced suppression of IL-13 gene
expression (Fig. 4C) (AS+Via, 104.06 *
3.60% relative to control, compared with
V,a), whereas CREB sense and random oli-
gonucleotides had no effect (Fig. 4C, com-
pare V,a with S+V,a or R+V,a). Similarly,
CREB antisense completely reversed V, ago-
nist inhibition of LPS induction of IL-183
(Fig. 4C) (ASH+LPS+V, a, 129.91 * 4.00%
relative to control, compared with
LPS+V,a), whereas CREB sense and ran-
dom oligonucleotides had no effect (Fig. 4C,
compare LPS+V,a with S+LPS+V,a or
R+LPS+V,a).

We also determined the role of CREB
on V, agonist-induced suppression of
TNF-a (Fig. 5). Cortical astrocytes were
treated the same as for IL-1f3 analyses. Sta-
tistical analysis of RT-PCR data on TNF-«
from three independent experiments indi-
cated that V, agonist-induced suppression
of TNF-a gene expression was completely abolished by CREB
antisense (Fig. 5) (AS+V,a, 99.52 * 6.21% relative to control,
compared with V,a), whereas it was not affected by CREB
sense and random oligonucleotides (Fig. 5, compare V,a with
S+V,a or R+V,a). Similarly, CREB antisense completely
abolished V, agonist repression of LPS-upregulated TNF-«
(Fig. 5) (AS+LPS+V,a, 121.16 = 5.26% relative to control,
compared with LPS+V,a), whereas CREB sense and random
oligonucleotides had no effect (Fig. 5, compare LPS+V,a with
S+LPS+V,a or R+LPS+V,a).
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V; agonist-induced suppression of IL-1/3 is dependent on CREB activation. A, Western blot data on V, agonist-
induced CREB activation in cortical astrocytes. Each bar represents the mean == SEM (n = 3 for each condition). *p << 0.05 versus
control (CTRL). B, Western blot data on CREB level after CREB antisense, sense, and random oligonucleotide treatment for over-
night. CREB AS was used to knock down CREB in the cortical astrocytes. S and R were used as control conditions to rule out
nonspecific effects of CREB antisense. Each bar represents the mean == SEM (n = 3 for each condition). *p << 0.05 versus control.
(, Astrocytes were treated according to the indicated conditions for 24 hr followed by RNA extraction and RT-PCR on IL-183. Each
bar represents the mean == SEM (n = 3 for each condition). *p < 0.05 versus control; *p << 0.05 versus LPS-treated culture.

V, agonist-induced decrease of IL-1f3 and TNF-« detected in
the medium of cortical astrocytes and its dependence on
CREB activation

As shown above, V, agonist decreased the mRNA level of IL-13
and TNF-« in astrocytes. We next pursued whether the products
of IL-18 and TNF-« gene expression were altered in response to
V, agonist. IL-18 and TNF-« are released into the extracellular
medium after synthesis and cleavage of their precursors to gen-
erate mature active peptides by IL-13-converting enzyme and
TNF-a-converting enzyme, respectively (Dinarello, 1994; Black
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Figure 6. V, agonist-induced decrease of IL-103 detected in the medium of cortical astro-
cytesand its dependence on CREB activation. Astrocytes were treated according to the indicated
conditions for 24 hr followed by medium collection and ELISA analysis on IL-1[3. Results are
expressed as mean = SEM percentage change of IL-1/3 level in the medium relative to control
(CTRL) and are representative of three separate experiments. n = 3 for each condition; *p <
0.05 versus control; ™ p < 0.05 versus LPS-treated culture. The measured value for the control
IL-18 level in the medium was 131.43 = 9.09 pg/ml.

et al., 1997; Moss et al., 1997). We conducted cytokine-specific
ELISA to determine the level of IL-18 and TNF-« in the astrocyte
medium. Statistical analysis of IL-1 relative to control is shown
in Figure 6 and is representative of three independent experi-
ments. V, agonist treatment of astrocytes significantly decreased
IL-1P peptide level in the medium (43.69 * 17.51% relative to
control; *p < 0.05 compared with control). LPS-stimulated
IL-1B peptide upregulation (~250 pg/ml) was completely
blocked by treatment with V, agonist (~125 pg/ml; 97.16 =
2.95% relative to control; *p < 0.05 compared with LPS alone).

V; agonist-induced suppression of TNF-c¢is dependent on CREB activation. Astrocytes were treated according to the
indicated conditions for 24 hr followed by RNA extraction and RT-PCR on TNF-cx. CREB AS was used to knock down CREB in the
cortical astrocytes. S and R were used as control (CTRL) conditions to rule out nonspecific effects of CREB antisense. Each bar
represents the mean = SEM (n = 3 for each condition). *p << 0.05 versus control; ™p << 0.05 versus LPS-treated culture.
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The contribution of CREB to V, ago-
nist regulation of IL-183 peptide release
was investigated using CREB antisense,
sense, and random oligonucleotides.
CREB antisense completely blocked V,
agonist-induced decrease of IL-13 peptide
in the medium derived from treated astro-
cytes (AS+V,a, 97.35 = 2.07% relative to
control, compared with V,a), whereas
CREB sense and random oligonucleotides
had no effect (compare V,a with S+V,aor
R+V,a). Similarly, V, agonist inhibition
of LPS induction of IL-18 peptide in the
astrocytes medium was completely re-

+ versed by CREB antisense (AS+LPS+V;a,
166.95 £ 21.68% relative to control, com-
pared with LPS+V,a), whereas CREB
sense and random oligonucleotides had no

* effect (Fig. 6, compare LPS+V,a with
S+LPS+V,aor R+LPS+V,a).

TNEF-a level in astrocyte medium after
V, agonist treatment was also investigated
using ELISA (Fig. 7). Statistical analysis of
TNEF-a relative to control is shown in Fig-
ure 7 and is representative of three inde-
& pendent experiments. V; agonist signifi-
cantly decreased TNF-a peptide level in
the medium (37.94 *= 8.71% relative to
control, *p < 0.05 compared with control)
and significantly reversed LPS induction
of TNF-a from ~100 to 50 pg/ml (98.19 =
0.82% relative to control; “p < 0.05 com-
pared with LPS alone). CREB antisense
completely abolished V, agonist-induced TNF-« peptide level
decrease (AS+V,a, 90.80 £ 11.57% relative to control, compared
with V,a), whereas CREB sense and random oligonucleotide had
no effect (compare V,a with S+V,a or R+V,a). Similarly, CREB
antisense completely abolished V, agonist inhibition of LPS in-
duction of TNF-a peptide (AS+LPS+Va, 185.43 *+ 16.10% rel-
ative to control, compared with LPS+V,a), whereas CREB sense
and random oligonucleotides had no impact on the V, agonist
effect (Fig. 7, compare LPS+V,a with S+LPS+V,a or
R+LPS+V,a).

Impact of decreased cytokine release from astrocytes on
cortical neuronal survival

To determine the impact of reduced astrocyte cytokine release on
neuronal survival, ACM was harvested and applied to cortical
neurons followed by assessment of LDH release to determine the
plasma membrane integrity of neurons. LDH is a stable cytoplas-
mic enzyme present in all cells, including neurons, and is rapidly
released into media after plasma membrane damage. Cortical
astrocytes were treated with LPS and V, agonist for 24 hr. ACM
was then harvested and applied to cortical neurons for 24 hr (Fig.
8). After treatment with LPS-treated ACM, LDH release in neu-
ronal medium was significantly increased compared with control
(139.29 = 2.50%; *p < 0.05 compared with control), which was
reversed by treatment with medium collected from LPS+V,
agonist-treated astrocytes (101.44 * 3.02% relative to control).
To determine whether this neuroprotection exerted by V, agonist
was attributable to reduced cytokine release from astrocytes,
IL-1pB (125 pg/ml) and TNF-a (50 pg/ml) were added to cortical
neurons together with LPS+V, agonist-treated ACM. The doses
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Figure 7.V, agonist-induced decrease of TNF-c detected in the medium of cortical astro-
cytesandits dependence on CREB activation. Astrocytes were treated according to the indicated
conditions for 24 hr followed by medium collection and ELISA analysis on TNF-cv. Results are
expressed as mean == SEM percentage change of TNF-cx level in the medium relative to control
(CTRL) and are representative of three separate experiments. n = 3 for each condition; *p <
0.05 versus control; *p << 0.05 versus LPS-treated culture. The measured value for the control
TNF-c level in the medium was 48.58 = 2.95 pg/ml.
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Figure 8.  LDH analysis demonstrating neuroprotective effect of V; agonist-induced sup-
pression of IL-13and TNF-cragainst LPS-treated ACM. Cortical neurons grown in 24-well plates
were treated with ACM collected from LPS and V; agonist-treated cortical astrocytes followed
by LDH release analysis to determine the plasma integrity of neurons. Results are expressed as
mean = SEM percentage of control (CTRL) LDH release and are representative of three separate
experiments. LPS-treated ACM induced significantly higher LDH release than control, which
was reversed by medium collected from LPS+V; agonist-treated astrocytes. Addition of IL-13
(125 pg/ml) or TNF-cx (50 pg/ml) alone to neuronal cultures, together with LPS+V, agonist-
treated ACM, had no effect on V, agonist-induced neuroprotection, whereas the combination of
IL-18 and TNF-cx reversed it. Neurons did not recover from IL-18+TNF-ae-induced cytotoxic-
ity after cytokine removal. n = 12 per condition; *p << 0.05 compared with control cultures.

of IL-1 and TNF-a were chosen on the basis of the ELISA data
showing V, agonist-reduced IL-1f3 release by 125 pg/ml and
TNEF-a release by 50 pg/ml. IL-13 or TNF-« alone had no impact
on the neuroprotective effect of V, agonist, whereas the combi-
nation of these two proinflammatory cytokines was able to re-
verse the V, agonist-induced neuroprotection (136.53 = 21.41%
relative to control; *p < 0.05 compared with control), indicating
a synergistic effect of IL-13 and TNF-a. To investigate whether
neurons can recover from IL-183 plus TNF-a-caused toxicity,
cortical neurons were treated with LPS+V a-treated astrocyte-
conditioned medium supplemented with IL-18 plus TNF-« for
24 hr, and then the medium was changed to ACM without cyto-
kines, and neurons were incubated for an additional 24 hr. Figure
8 indicates that removing cytokines after 24 hr of cytokine pres-
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ence does not rescue the neurons from neurotoxicity (138.46 =
4.23% relative to control; *p < 0.05 compared with control).
Furthermore, astrocytes were also treated with V, agonist alone,
ACM+IL-18, ACM+TNF-a, and ACM+IL-18+TNF-« as
controls. Results from these control experiments show that V,
agonist alone, ACM+IL-18, or ACM+TNF-« did not have any
significant impact on LDH release compared with control-
treated neurons, although the combination of the two cytokines,
ACM+IL-1B8+TNF-q, caused significant increase in cell mem-
brane damaged evidenced by increased LDH release (140.43 =
1.37% relative to control; *p < 0.05 compared with control).
These results confirm our conclusion that IL-18 or TNF-« alone
is not neurotoxic, although the combination of IL-13 and TNF-«
exert significant toxicity to primary cortical neurons. These re-
sults also serve as controls to validate our conclusion that the V,
agonist-induced decrease of cytokine release from cortical astro-
cytes was shown to be neuroprotective in cortical neurons.

Besides LDH release, apoptotic cell death in response to ACM
was determined. TUNEL staining was used to detect DNA dam-
age in neurons undergoing apoptotic cell death. In addition,
DAPI was used to label neuronal nuclei to quantitate the total
number of neurons in the field (Fig. 9). Fluorescent images of
TUNEL staining show that LPS-treated ACM induced a marked
increase in the number of neurons undergoing apoptosis. The
increase in apoptotic cell death was blocked by V| agonist in that
LPS+V, agonist-treated ACM completely reversed the apoptotic
effect of LPS-treated ACM. To determine whether V, agonist-
induced prevention of apoptosis is attributable to reduced cyto-
kine release from astrocytes, IL-18 (125 pg/ml) and TNF-a« (50
pg/ml) were added to cortical neurons together with LPS+V,
agonist-treated ACM followed by TUNEL analysis of apoptotic
cell death. IL-183 or TNF-« alone had no impact on V, agonist-
induced neuroprotection, whereas the combination of these two
proinflammatory cytokines synergistically reversed V, agonist-
induced prevention of neuronal apoptosis. Removing cytokines
after 24 hr of cytokine presence does not rescue the neurons from
neurotoxicity.

Discussion

In the present study, we pursued the functional significance of the
complex signaling cascade activated by V, agonist in astrocytes by
investigating the impact of V, agonist on the immune function of
astrocytes, focusing on regulation of inflammatory cytokine pro-
duction in astrocytes. Results of these analyses indicate that V,
agonist suppresses IL-13 and TNF-« expression at both mRNA
and secreted peptide levels, which requires upstream activation of
transcription factor CREB. Furthermore, reduced IL-13 and
TNF-« release from astrocytes was shown to be neuroprotective
against LPS inflammatory insults. This study provides a func-
tional consequence of the V, agonist-activated Ca*" and kinase
complex signaling cascade that leads to CREB activation in
astrocytes (Zhao and Brinton, 2002, 2003). Specifically, results
of this investigation indicate that V, agonist acts as an immune
modulator to repress proinflammatory cytokine expression in
astrocytes and suggest that V, agonist could exert an anti-
inflammatory effect in vivo.

On the basis of our findings, vasopressin, a neuropeptide hor-
mone, can be added to the growing list of neuropeptides and
hormones that modulate the immune responses in the CNS.
Thus far, that list of peptide immune regulators includes vasoac-
tive intestinal peptide (VIP) and the pituitary adenylate cyclase-
activating polypeptide (PACAP), the primary immunomodula-
tory function of which is also anti-inflammatory in nature. VIP
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and PACAP have been found to suppress LPS-induced produc-
tion of proinflammatory cytokines TNF-« and IL-6 (Delgado et
al., 1998). There are other hormones that also exert an immuno-
modulatory function in the CNS, such as estrogen. Estrogen ex-
hibits anti-inflammatory effects on immune cells and prevents
LPS-induced inflammatory response in the brain (Bruce-Keller
et al., 2000; Vegeto et al., 2001).

Potential functional implications of V, agonist-induced
suppression of IL-1f3 and TNF- in astrocytes
The finding of V, agonist suppression of proinflammatory cytokine
production suggests that V; agonist is a potential direct immuno-
suppressive and anti-inflammatory molecule in the CNS. To under-
stand the potential functional implications of cytokine suppression,
a brief discussion of the role of IL-18 and TNF-« in the brain is
provided.

IL-1B and TNF-« are intimately associated with elements of
the acute phase immune responses, including fever, and are re-
sponsible for LPS (a potent bacteria-derived pyrogen)-induced

TUNEL analysis demonstrating neuroprotective effect of V, agonist-induced suppression of IL-103 and TNF-cr against
LPS-treated astrocyte-conditioned medium. Cortical neurons grown on 4-well chamber slides were treated with LPS and V,
agonist-treated ACM, and then neuronal apoptotic cell death was determined using fluorescent TUNEL analysis. Neuronal nuclei
were labeled with DAPI to quantitate total number of neurons. Medium collected from LPS-treated astrocytes induced massive
apoptotic cell death, which was reversed by medium collected from LPS+V, agonist-treated astrocytes. When the proinflam-
matory cytokines IL-163 (125 pg/ml) and TNF-cx (50 pg/ml) were added to neuronal cultures, together with LPS+V, agonist-
treated ACM, they alone had no impact on V; agonist-induced prevention of apoptotic cell death, whereas the combination of
IL-18 and TNF-« reversed the neuroprotective effect of V, agonist. Removing cytokines after 24 hr did not recover the cells from
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fever (Saigusa, 1990; Luheshi et al., 1997;
Luheshi, 1998). This is of particular inter-
est because vasopressin functions as an an-
tipyretic peptide (Naylor et al., 1988; Pitt-
man and Wilkinson, 1992; Pittman et al.,
1998). Pittman and colleagues found that
injection or infusion of exogenous vaso-
pressin into ventral septal area or central
medial amygdala reduces fever in most
mammals (Cooper et al.,, 1979a,b; Fed-
erico et al., 1992). Our demonstration of
V, agonist suppression of proinflamma-
tory cytokines IL-18 and TNF-« therefore
provides a potential mechanism underly-
ing vasopressin-mediated antipyretic ef-
fect. Of equal interest, Pittman et al. (1998)
also found that IL-1f is a potent stimula-
tor for vasopressin release to activate an
antipyretic pathway (Wilkinson et al.,
1994), forming a negative feedback loop.
Expression of cytokine genes IL-13 and
TNF-a has been linked to diverse forms of
brain injury and neurodegeneration. Re-
sults from the current study showed that
IL-1B and TNF-a synergistically induce
neuronal cell death in vitro, consistent
with other reports that exogenous addi-
tion of IL-13 and TNF-a causes neurotox-
icity (Chao et al., 1995; Yamasaki et al.,
1995; Barone et al., 1997; Hu et al., 1997;
Zhao et al., 2001). Conversely, inhibition
of IL-1B and TNF-« dramatically reduces
the damages (Loddick and Rothwell, 1996;
Barone et al., 1997; Nawashiro et al., 1997;
Mayne et al., 2001). IL-18 and TNF-« are
also associated with impairment of learn-
ing, memory, and cognition and are in-
volved in the pathogenesis of a variety of
neurodegenerative diseases including Alz-
heimer’s disease (AD) and Parkinson’s
disease (PD). In AD patients, increased
proinflammatory cytokines can cause in-
creased amyloid precursor protein pro-
duction and B-amyloid deposition (Grif-
fin and Mrak, 2002). Immunocytochemical analyses have shown
that these cytokines are closely associated with senile plaques
(Mehlhorn et al., 2000). This is of particular interest given the
increasing number of reports that show a beneficial effect of anti-
inflammatory drugs on the progression of AD (McGeer and Mc-
Geer, 1995; Breitner, 1996). In PD, increased levels of IL-183 and
TNEF-aare also found in postmortem PD brains and in 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine or 6-OHDA-induced ex-
perimental PD animals (Boka et al., 1994; Mogi et al., 1994; Na-
gatsu et al., 2000). Together, these data suggest that reducing
inflammatory cytokine production could be an effective thera-
peutic strategy for preventing or delaying the progression of these
neurodegenerative disorders and diseases. However, despite con-
sensus that cytokines themselves can be toxic, there has been
controversy over whether or not LPS, via cytokine release, kills
neurons in vivo. For example, studies published by Mouihate and
Pittman (1998) indicated that it didn’t, yet more recent studies
have argued that it does (Shibata et al., 2003). These conflicting
data are probably attributable to different animal species, or

DAPI
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more importantly, different cytokine network environments. Cy-
tokines interact with each other, and the spacial temporal expres-
sion patterns of different cytokines are pivotal in determining the
impact of these cytokines in pathophysiology. Cytokines operate
within a complex network and may act either synergistically or
antagonistically and can influence the production of other cyto-
kines. Therefore, more extensive studies on LPS neurotoxicity in
vivo are needed, and therapeutic intervention against inflamma-
tory cytokines should take into consideration the expression pro-
file of other cytokines.

Autoimmune diseases such as multiple sclerosis (MS) are also
associated with elevated levels of inflammatory cytokines. Exam-
ination of CSF and brain tissue from patients with MS has re-
vealed dramatic elevation of IL-13 and TNF-a compared with
controls (Merrill and Benveniste, 1996; Baranzini et al., 2000).
Moreover, these cytokines can either directly cause oligodendro-
cyte injury and demyelination (Carrieri et al., 1992) or induce T
cell activation, which leads to additional myelin sheath damage
(Martino et al., 1998).

Stress is usually associated with activation of the hypothalamic-
pituitary-adrenal (HPA) axis and suppressed immune function (Ir-
win, 1994; de Kloet, 2000). The long prevailing view proposes that
activated HPA axis leads to increased secretion of corticotropin-
releasing factor, which regulates ACTH secretion from pituitary.
The endocrine action of ACTH, in turn, stimulates the release of
adrenal stress hormone glucocorticoid, an immune suppressor.
However, vasopressin secretion is also a typical constituent of the
response to several types of stressors (Ebner et al., 1999; Altemus et
al,, 2001). The current finding of V, agonist-suppressed cytokine
production may be an alternative theory for suppressed immune
function in stress situations.

Inflammatory cytokines are also implicated in a variety of
psychiatric disorders such as schizophrenia, depressive disorders,
and even autism. Increased production of inflammatory cyto-
kines has been proposed to play a pivotal role in the pathogenesis
of schizophrenia, possibly because of the activation of immune
system in the CNS by these cytokines (Muller and Ackenheil,
1998). Both clinical and experimental studies indicate that de-
pression is associated with increased concentrations of IL-13 and
TNF-a in the CNS (Connor and Leonard, 1998). Interestingly,
the plasma vasopressin level is increased in patients with major
depression (van Londen et al., 1997), possibly acting via a
negative-feedback mechanism by suppressing the production of
proinflammatory cytokines. Autism (a pervasive developmental
disorder characterized by the following: impairment of social in-
teraction; language; restricted, repetitive, and stereotyped pat-
terns of behavior; interests; and activities) has been hypothesized
to be accompanied by activation of proinflammatory cytokines,
which could contribute to the etiology of some autistic symptoms
such as social withdrawal, suppression of exploratory behavior,
sleep disturbances, and mood alterations (Croonenberghs et al.,
2002).

CREB involvement in cytokine suppression

In the present study, CREB was found to be the pivotal transcrip-
tion factor involved in V, agonist suppression of IL-13 and
TNEF-a, which is consistent with findings from other laboratories.
CRE-like promoter sequence is found in the promotor region of
both IL-18 and TNF-« genes (Liu and Whisler, 1998; Perez et al.,
1999). Suppression of LPS-induced IL-18 and TNF-a by
N-acetyl-O-methyldopamine was found to be dependent on
CREB activation (Cho et al., 2001). VIP- and PACAP-induced
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repression of TNF-a expression was also demonstrated to involve
CREB (Delgado et al., 1998).

In conclusion, we demonstrated a novel anti-inflammatory
role for V, agonist in brain. We have shown that activation of the
V,aR leads to suppression of five inflammatory cytokines. De-
tailed analysis of V, agonist-induced suppression of two proin-
flammatory cytokines, IL-18 and TNF-«, demonstrated that the
neuroprotective molecule V, agonist suppresses IL-18 and
TNF-a at both the mRNA and released peptide levels viaa CREB-
dependent mechanism, and that suppression of inflammatory
cytokine suppression is neuroprotective. The potential therapeu-
tic implications of V, agonist as an anti-inflammatory agent are
currently under investigation.
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