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Microglia play a central role in the regulation of
immune and inflammatory activities, as well as tis-
sue remodeling in the central nervous system.
However, activation of microglia is a histopatho-
logical hallmark of several neurodegenerative dis-
eases. Pathological microglial activation is believed
to contribute to progressive damage in neurode-
generative diseases through the release of proin-
flammatory and/or cytotoxic factors, including tu-
mor necrosis factor � (TNF-�), interleukin (IL)-
1�, IL-6, IL-12, and nitric oxide (NO). Hence, it is
important to unravel mechanisms regulating mi-
croglia activation of inflamed brain parenchyma to
provide insights into efficient therapeutic interven-
tion. This study examines the role of two anti-
inflammatory neuropeptides, the vasoactive intes-
tinal peptide (VIP) and the pituitary adenylate cy-
clase-activating polypeptide (PACAP) on the
production of various proinflammatory factors by
endotoxin-stimulated microglia. VIP and PACAP
inhibit TNF-�, IL-1�, IL-6, and NO production by
lipopolysaccharide (LPS)-activated microglia. The
specific type 1 VIP receptor mediates the inhibi-
tory effect of VIP/PACAP, and cyclic adenosine
monophosphate is the major, second messenger
involved. VIP and PACAP regulate the production
of these proinflammatory factors at a transcrip-
tional level by inhibiting p65 nuclear translocation
and nuclear factor-�B-DNA binding. This effect is
mediated, as neuropeptides stabilize the inhibitor
I�B by inhibiting LPS-induced I�B-kinase activity.
Therefore, the inhibitory effects on the production
of proinflammatory mediators define VIP and
PACAP as “microglia-deactivating factors” with sig-
nificant, therapeutical potential for inflammatory/
degenerative brain disorders. J. Leukoc. Biol. 73:
155–164; 2003.
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INTRODUCTION

Microglia, the ontogenetic and functional equivalents of mono-
nuclear phagocytes in somatic tissues [1], are widely recog-

nized as cells that play a central role in the regulation of
immune and inflammatory activities, as well as tissue remod-
eling in the central nervous system (CNS). Microglia serve as
antigen-presenting cells of the CNS, control the proliferation of
astrocytes, produce cytokines and other soluble factors associ-
ated with an immunologic response, and remove tissue debris
during development and following brain trauma [2, 3]. How-
ever, these cells may also play a pathogenetic role in a variety
of CNS diseases, such as multiple sclerosis [4], Alzheimer’s
disease [5], Parkinson’s disease [6], and AIDS dementia [1,
7–9]. Although the precise mechanism by which microglia
mediate neuronal cell injury is incompletely understood, it has
been proposed that in response to proinflammatory cytokines or
antigens such as lipopolysaccharides (LPS), activated micro-
glia secrete inflammatory mediators such as nitric oxide (NO)
and proinflammatory cytokines, including tumor necrosis factor
� (TNF-�), interleukin (IL)-6, and IL-1�, which contribute to
pathophysiological changes associated with several neuroim-
munologic disorders [10–19]. Many studies have highlighted
the strict link between production of these factors and the
nature and intensity of the host inflammatory response in the
CNS. Secretion of proinflammatory products is followed later
by the production of anti-inflammatory cytokines such as IL-10
and tumor growth factor-�. As the intensity and duration of an
inflammatory process depend on the local balance between
pro- and anti-inflammatory factors, a number of regulatory
molecules termed microglia-deactivating factors have been the
focus of considerable research.

Vasoactive intestinal peptide (VIP) and the structurally re-
lated peptide, the pituitary adenylate cyclase-activating
polypeptide (PACAP), are two neuropeptides that elicit a broad
spectrum of biological functions, including actions on natural
and acquired immunity [20–23]. Although VIP and PACAP
affect a variety of immune functions, their primary, immuno-
modulatory function is anti-inflammatory in nature. VIP and
PACAP have been shown to inhibit cytokine production and
proliferation in T cells and to inhibit several macrophage
functions, including phagocytosis, respiratory burst, and che-
motaxis (reviewed in refs. [20–23]), as well as LPS-induced

Correspondence: Mario Delgado, Department Cell Biology, School of Biology,
Complutense University, Madrid 28040, Spain. E-mail: mariodm@bio.ucm.es

Received July 26, 2002; revised August 29, 2002; accepted September 27,
2002; doi: 10.1189/jlb.0702372.

Journal of Leukocyte Biology Volume 73, January 2003 155



IL-6, TNF-�, IL-12, NO, and chemokine production [24–31].
In agreement with their anti-inflammatory role, VIP/PACAP
were reported to protect mice from lethal endotoxemia, pre-
sumably by down-regulating endogenous, proinflammatory,
macrophage-derived mediators [32].

As microglia-derived inflammatory factors are involved in
controlling the nature and magnitude of the inflammatory re-
sponse in the CNS, in this study, we examine the effects of both
neuropeptides on TNF-�, IL-6, IL-1�, and NO production in
activated microglia. We also investigate the molecular mech-
anisms involved, including the specific receptors, the intracel-
lular signal pathways, and the nuclear-transactivating factors
that mediate the effect of VIP/PACAP. This study may further
clarify the role played by VIP and PACAP in the attenuation of
the inflammatory response.

MATERIALS AND METHODS

Reagents

Synthetic VIP and PACAP38 were purchased from Calbiochem-Novabiochem
(Laufelfingen, Switzerland). The PACAP receptor (PAC1)/type 2 VIP receptor
(VPAC2) antagonist (PACAP6–38) was obtained from Peninsula Laboratories
(Belmont, CA). The VPAC1 antagonist (Ac-His1, D-Phe2, K15, R16, L27) VIP
(3–7)-growth-hormone-releasing factor (GRF) (8–27) and the VPAC1 agonist
(K15, R16, L27) VIP (1–7)-GRF (8–27) were kindly donated by Dr. Patrick
Robberecht (Universite Libre de Bruxelles, Belgium). The VPAC2 agonist Ro
25–1553 Ac-(Glu8, Lys12, Nle17,Ala19, Asp25, Leu26, Lys27,28, Gly29,30, Thr31)-
VIP cyclo (21–25) was a generous gift from Drs. Ann Welton and David R.
Bolin (Hoffmann-La Roche, Inc., Nutley, NJ). The synthetic PAC1 agonist
maxadilan was a generous gift from Dr. Ethan A. Lerner (Massachusetts
General Hospital, Charlestown). Murine recombinant (mr)TNF-�, IL-6, and
IL-1� and capture and biotinylated antibodies against mIL-6 were purchased
from PharMingen (San Diego, CA). LPS (from Escherichia coli 055:B5), pro-
tease inhibitors, dibutiryl-cyclic adenosine monophosphate (db-cAMP), and
forskolin were purchased from Sigma Chemical Co. (St. Louis, MO), and
N-[2-(p-bromocinnamyl-amino)ethyl]-5-iso-quinolinesulfonamide (H89) was
from ICN Pharmaceuticals Inc. (Costa Mesa, CA). rI�B� (1–317) and anti-
bodies against p65, p50, I�B�, phosphorylated-I�B�, I�B-kinase (IKK�), and
cAMP response element-binding protein (CREB) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).

Cell cultures

Microglial cell cultures were prepared as described previously [33]. Briefly,
cerebral cortical cells from 1-day-old BALB/c mice were dissociated after a
30-min trypsinization (0.25%) and were plated in 75-cm2 Falcon culture flasks
in Dulbecco’s modified Eagle’s medium high-glucose formula (Life Technolo-
gies, Inc., Gaithersburg, MD) supplemented with 10% heat-inactivated fetal
calf serum (Gibco-BRL, Grand Island, NY), containing 10 mM HEPES buffer,
1 mM pyruvate, 0.1 M nonessential amino acids, 2 mM glutamine, 50 mM
2-mercaptoethanol, 100 U/ml penicillin, and 10 �g/ml streptomycin (complete
medium). The medium was replenished 1 and 4 days after plating, and on day
8 of culture, plates were shaken for 20 min at a speed of 200 rpm in an orbital
shaker to remove oligodendrocytes. On day 12 of culture, plates were shaken
again for 2 h at a speed of 180–200 rpm. Harvested cells were filtered through
a 20-�m nylon mesh, plated in a 60-mm petri dish, and incubated for 15 min
at 37°C. After extensive washing with culture medium, adherent cells (micro-
glia) were collected with a rubber policeman and were centrifuged (1000 rpm,
10 min). Purified microglial cell cultures were comprised of a cell population
in which �98% stained positively with MAC-1 antibodies (Boehringer Mann-
heim Biochemicals, Indianapolis, IN), and �2% stained positively with anti-
bodies specific to the astrocyte marker glial fibrillary acid protein (Sigma
Chemical Co.).

Microglia monolayers were incubated with complete medium and stimulated
with 500 ng/ml LPS in the presence or absence of VIP or PACAP38 (from

10�12 to 10�6 M) at 37°C in a humidified incubator with 5% CO2. Cell-free
supernatants were harvested at the designated time points and kept frozen
(-20°C) until cytokine and nitrite determination.

NO and cytokine assays

The activity of IL-1� was determined by bioassay using D-10 cells by means
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide colorimetric
assay [34]. TNF-� activity was measured by cytotoxicity to L929 cells as
described previously [35]. The content of IL-6 in the culture supernatants was
determined by specific sandwich enzyme-linked immunosorbent assays, as
described previously [24]. The production of NO was assessed as the accu-
mulation of nitrite in the culture supernatants using the colorimetric reaction
with the Griess reaction as described previously [27].

Electrophoretic mobility-shift assay (EMSA)

Nuclear extracts were prepared by the mini-extraction procedure as described
previously [27]. Briefly, microglia cells were cultured at a density of 107 cells
in six-well plates, stimulated as described above, washed twice with ice-cold
phosphate-buffered saline/0.1% bovine serum albumin, and harvested from the
dishes. The cell pellets were homogenized with 0.4 ml buffer A [10 mM
HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithio-
threitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 10 �g/ml apro-
tinin, 10 �g/ml leupeptin, 10 �g/ml pepstatin, and 1 mM NaN3]. After 15 min
on ice, Nonidet P-40 was added to a final 0.5% concentration, the tubes were
gently vortexed for 15 s, and nuclei were sedimented and separated from
cytosol by centrifugation at 12,000 g for 40 s. Pelleted nuclei were washed
once with 0.2 ml ice-cold buffer A, and the soluble nuclear proteins were
released by adding 0.1 ml buffer C (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM
EDTA, 1 mM EGTA, 25% glycerol, 1 mM DTT, 0.5 mM PMSF, 10 �g/ml
aprotinin, 10 �g/ml leupeptin, 10 �g/ml pepstatin, and 1 mM NaN3). After
incubation for 30 min on ice, followed by centrifugation for 10 min at 14,000
rpm at 4°C, the supernatants containing the nuclear proteins were harvested,
the protein concentration was determined by the Bradford method, and aliquots
were stored at -80°C for later use in EMSAs.

Double-stranded oligonucleotides (50 ng) corresponding to the nuclear
factor (NF)-�B sites from murine TNF-� (5�-CAAACAGGGGGCTTTCCCTC-
CTC-3�) [36], inducible NO synthase (iNOS; 5�-CCAACTGGGGACTCTC-
CCTTTGGGAACA-3�) [37], IL-6 (5�-ATGTGGGATTTTCCCATGAG-3�) [38],
and IL-1� (5�-AGAGCTGAATAATTCCCCAAA-3�) [39] were end-labeled
with [	-32P]adenosine 5�-triphosphate (ATP) by using T4 polynucleotide ki-
nase. For EMSAs with microglia nuclear extracts, 20,000–50,000 cpm double-
stranded oligonucleotides corresponding to 
0.5 ng were used for each reac-
tion. The binding-reaction mixtures (15 �l) were set up containing 0.5–1 ng
DNA probe, 5 �g nuclear extract, 2 �g poly(dI-dC).poly(dI-dC), and binding
buffer (50 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, 5% glycerol, and 10 mM
Tris-HCl, pH 7.5). The mixtures were incubated on ice for 15 min before
adding the probe, followed by another 20 min at room temperature. Samples
were loaded onto 4% nondenaturing, polyacrylamide gels and electrophoresed
in TGE buffer (50 mM Tris-HCl, pH 7.5, 0.38 M glycine, and 2 mM EDTA) at
100 V, followed by transfer to Whatman paper, drying under vacuum at 80°C,
and autoradiography. In competition and antibody-supershift experiments, the
nuclear extracts were incubated for 15 min at room temperature with the
specific antibody (1 �g) or competing cold oligonucleotide (50-fold excess)
before the addition of the labeled probe.

mRNA analysis

Murine, primary microglia cells were cultured at a concentration of 2 x 106

cells/ml in 100 mm tissue-culture dishes and were stimulated with LPS (500
ng/ml) in the presence or absence of VIP (10�8 M) or PACAP (10�8 M) for up
to 12 h. Cells were collected at different time points (0 and 12 h), and total
RNA was isolated using the Ultraspec RNA reagent (Biotecx, Houston, TX) as
recommended by the manufacturer. RNase protection assays (RPA) were
performed on 2.5–5 �g RNA using the Riboquant MultiProbe RNase protec-
tion assay system (PharMingen) following the manufacturer’s instructions.
TNF-� and iNOS mRNA levels were determined by Northern blot analysis
according to standard methods [26, 27]. The membranes were exposed to X-ray
films, and signal quantitation was performed in a PhosphorImager SI (Molec-
ular Dynamics, Sunnyvale, CA).
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Western blotting

For Western blot analysis, whole-cell lysates, cytoplasmic fraction, or nuclear
extract (see above) containing 20–30 �g protein were subjected to reducing
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
12.5%). After electrophoresis, the gel was electroblotted in Tris-glycine buffer
containing 40% methanol onto a reinforced nitrocellulose membrane (Schlei-
cher-Schuell, Keene, NH). The membrane was blocked with Tris-buffered
saline/Tween 20 (TBS-T) buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05%
Tween 20) containing 5% milk powder for 1 h at room temperature and was
then incubated with primary antibodies at dilutions ranging from 1:500 to
1:2000, rabbit anti-mouse immunoglobulin G (IgG) against I�B�, IKK�,
NF-�B p50, or NF-�B p65, or with mouse IgG against phosphorylated I�B� in
TBS-T containing 1% milk powder for 2 h at room temperature. The membrane
was washed with TBS-T and incubated with secondary antibody, peroxidase-
conjugated goat anti-rabbit IgG or rat anti-mouse IgG at a 1:5000 dilution for
1 h at room temperature. After washing three times in TBS-T for 5 min each
and once in TBS for 5 min, the membrane was drained briefly and subjected
to the enhanced chemiluminescence detection system (Amersham, Little Chal-
font, UK). The X-ray films were exposed for 5–20 min.

In vitro kinase assay

In vitro IKK� kinase assay was performed as described previously [40].
Briefly, whole-cell lysates were prepared by lysing 2 � 106 cells in 200 �l
lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM EGTA, 50 mM
glycerolphosphate, 1% Triton X-100, 10% glycerol, 1 mM DTT, 2 �g/ml
leupeptin, 5 �g/ml aprotinin, 1 mM PMSF, 5 mM NaF, 10 mM p-nitrophenyl
phosphate, and 1 mM Na3VO4). The cell lysates were kept on ice and
vigorously vortexed every 5 min for 20 min. The lysates were cleared by
centrifugation at 13,000 g for 3 min, and the supernatants were stored at
-80°C. Endogenous IKK� was immunoprecipitated from cell lysates (150–250
�g/sample) by incubation with 0.5 �g anti-IKK� antibody for 2 h at 4°C. The
immune complexes were collected by incubation with protein A/G-Sepharose
beads for 45 min at 4°C. The beads were extensively washed with lysis buffer,
twice with LiCl buffer, and twice with kinase buffer (20 mM MOPS, pH 7.6, 2
mM EGTA, 10 mM MgCl2, 1 mM DTT, 0.1% Triton X-100, 1 mM p-
nitrophenyl phosphate, and 1 mM Na3VO4). The pelleted beads were resus-
pended in 30 �l kinase buffer with 15 �M ATP and 10 �Ci [	-32P]ATP (3000
Ci/mmol) containing 5 �g rI�B�. The kinase reaction was performed at 30°C
for 30 min and stopped by the addition of 15 �l 2 x SDS sample buffer.
Following boiling for 5 min, the samples were subjected to SDS-PAGE (9%).

Proteins were transferred onto a nitrocellulose membrane (Schleicher-Schuell)
followed by autoradiography. The IKK� kinase activity was determined by the
incorporation of 32P into its substrate and quantitated by phosphoimaging.
Expression of the IKK� was verified by immunoblotting aliquots of cell lysates
as described above.

RESULTS

VIP and PACAP inhibit LPS-induced production
of proinflammatory factors by microglia

To determine the effect of VIP and PACAP on endotoxin-
induced chemokine production in the CNS, murine primary
microglia cells were activated with LPS, a potent activator of
cells of the monocyte/macrophage cell lineage, in the absence
or presence of various doses of VIP or PACAP, and the
amounts of different proinflammatory factors (TNF-�, IL-6,
IL-1�, and NO) released in the culture supernatants were
assayed at different time periods. Unstimulated microglia pro-
duce very low amounts of any cytokine (Fig. 1A). However,
LPS stimulation of microglia cultures resulted in a time-de-
pendent increase in the production of TNF-�, IL-6, IL-1�, and
nitrite, reaching peak levels between 8 and 16 h for TNF-�,
IL-6, and IL-1� and between 16 and 48 h for nitrite production
(Fig. 1A). VIP and PACAP inhibit, in a dose- and time-
dependent manner, the production of all proinflammatory fac-
tors by LPS-stimulated microglia (Fig. 1). Cytokine production
was significantly inhibited as early as 2 h, with maximum
inhibitory effect after 8–16 h of culture (Fig. 1A). However,
VIP/PACAP inhibition of NO production was exerted slightly
later (between 16 and 48 h; Fig. 1A). The dose-response curves
were similar for VIP and PACAP, showing maximal effects
around 10�8 M (Fig. 1B). The inhibitory effect of both neu-
ropeptides was observed over a wide range of LPS concentra-

Fig. 1. VIP and PACAP inhibit LPS-induced proinflammatory cytokine production by activated microglia. (A) Time-dependent inhibition. Primary microglia
(2x105 cells/ml) were stimulated with LPS (500 ng/ml) in the absence or presence of 10�8 M VIP or PACAP, and supernatants harvested at different time points
were assayed for cytokine content as described in Materials and Methods. (B) Dose-dependent inhibition. Primary microglia were stimulated with LPS (500 ng/ml)
and treated with various concentrations of VIP or PACAP for 16 h. The cytokine contents in the culture supernatants were determined as described in Materials
and Methods. Each result is the mean � SD of four separate experiments performed in duplicate.
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tions, showing maximal effect at 10–500 ng/ml LPS (data not
shown).

The inhibitory effects were not the result of a decreased
number of microglia cells, as neither VIP nor PACAP affected
cell numbers or the viability of stimulated microglia after 36 h
of culture (viabilities determined by trypan blue exclusion were
in the range of 87–92% with or without neuropeptides).

As the highest inhibition of production of most inflammatory
factors was obtained with microglia cultures stimulated with
500 ng/ml LPS, at a neuropeptide concentration of 10�8 M,
after 16 h of culture, we use these conditions in the rest of the
experiments.

Inhibition of cytokine production by VIP and
PACAP is mediated through VPAC1

Next, we investigated whether the inhibitory effect of VIP/
PACAP could be related to occupancy of specific receptors.
VIP and PACAP act through a family of receptors consisting of
VPAC1, VPAC2, and PAC1 [41]. Reverse transcriptase-poly-
merase chain reaction analysis indicates that murine primary
microglia express PAC1 and VPAC1 mRNA [42]. In contrast,
VPAC2 mRNA was not expressed even following LPS activa-
tion. A similar pattern of VIP/PACAP receptor expression was
observed in rat primary microglia [43] and in the two murine
microglia cell lines, EOC13 and BV2 [42]. To determine which
of the VIP/PACAP receptors is involved in the inhibition of
inflammatory cytokine production, we used specific receptor
agonists and antagonists. The effects of a VPAC1 agonist [44],
a VPAC2 agonist (Ro 25-1553) [45], and of maxadilan, a PAC1
agonist [46], were tested. The VPAC1 agonist but not the
VPAC2 or the PAC1 agonist inhibits the release of TNF-�,
IL-6, IL-1�, and nitrite, with a potency similar to that of
VIP/PACAP (Fig. 2A). In addition, we investigated the ability
of PACAP6–38, an antagonist specific for PAC1 and to a lesser
degree for VPAC2 [47], and of a specific VPAC1 antagonist
[48] to reverse the effects of VIP and PACAP. Increasing
concentrations of the antagonists (10�8–10�5 M) were added
simultaneously with 10�8M VIP or PACAP. The VPAC1 an-
tagonist reversed the effects of VIP/PACAP in a dose-depen-
dent manner (Fig. 2B). In contrast, PACAP6–38 did not reverse
the inhibitory effect (Fig. 2B). Together, these results indicate
that neuropeptides exert their action primarily through
VPAC1. In addition, the specificity of VIP and PACAP was
also confirmed by the fact that other members of the VIP
family, such as secretin and glucagon, as well as some VIP/
PACAP fragments (VIP1–12, VIP10–28, and PACAP6–38) did
not show any significant effect on TNF-�, IL-6, IL-1�, and NO
production (data not shown).

Intracellular signal pathways involved in the
inhibitory effect of VIP and PACAP on the
production of inflammatory mediators

The VPAC1 is coupled primarily to the adenylate cyclase
system [41], and LPS-induced production of some of these
inflammatory factors (i.e., TNF-�, IL-1�, IL-6, and NO) is
indeed inhibited in activated microglia by agents that increase
intracellular cAMP levels [49–53]. To determine whether in-
tracellular cAMP is involved in the inhibitory effect of VIP/

PACAP on cytokine production by activated microglia, we
investigated the effects of calphostin C [a protein kinase C
(PKC) inhibitor], H89 [a protein kinase A (PKA) inhibitor],
forskolin (a strict cAMP-inducing agent), and db-cAMP (a
cAMP analog). Forskolin and db-cAMP inhibit production of
TNF-�, IL-6, IL-1�, and nitrite in LPS-activated microglia in
a similar way as that of VIP and PACAP (Fig. 3A). In addition,
the involvement of cAMP is supported by the results obtained
with the two protein kinase inhibitors. In contrast to calphostin
C, H89 reverses the inhibitory effect of VIP/PACAP (Fig. 3B).

Fig. 2. The effect of VIP/PACAP is mediated through VPAC1. (A) Compar-
ative effects of VIP/PACAP receptor agonists on cytokine production. Primary
microglia were stimulated with LPS (500 ng/ml) in the presence or absence of
different concentrations of VIP, maxadilan (a PAC1 agonist), Ro 25-1553 (a
VPAC2 agonist), and (K15,R16,L27) VIP (1–7)-GRF (8–27; a VPAC1 agonist).
Supernatants collected 16 h later were assayed for cytokine production as
described in Materials and Methods. Percentage inhibition was calculated by
comparison with controls containing LPS alone. Each result is the mean � SD

of four experiments. Each sample was assayed in duplicate. (B) Effect of PAC1
and VPAC antagonists. Primary microglia were stimulated with LPS (500
ng/ml) and treated simultaneously with VIP or PACAP (10�8 M) and different
concentrations of the VPAC1 antagonist (Ac-His1,D-Phe2,K15,R16,L27) VIP
(3–7)-GRF (8–27) or the PAC1/VPAC2 antagonist (PACAP6–38). Supernatants
collected 16 h later were assayed for cytokine production as described in
Materials and Methods. The VPAC1 antagonist (10�6 M) and PACAP6–38

(10
�6

M) did not affect cytokine production in LPS-treated microglia. The
dotted line represents control values from cultures incubated with LPS alone.
Each result is the mean � SD of four experiments performed in duplicate.
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These results suggest that the inhibitory effect of VIP/PACAP
is mediated at least partially through increases in intracellular
cAMP.

VIP and PACAP regulate the production of
several inflammatory mediators by microglia
at the mRNA level

Having demonstrated that VIP and PACAP inhibit TNF-�,
IL-6, IL-1�, and NO production in murine microglia, we
sought to determine whether this action occurs at a transcrip-
tional level through the inhibition of mRNA expression. We
stimulated primary microglial cells with LPS in the presence or
absence of 10�8 M VIP or PACAP for 2, 6, 12, 18, and 24 h,
and total RNA was prepared and subjected to RPA and North-
ern blot analysis. Although no or very little cytokine mRNA is
detectable in unstimulated cells (Fig. 4), progressively in-
creased levels of TNF-�, IL-6, and IL-1� mRNA are present in
LPS-stimulated cells (up to 3–12 h; Fig. 4). In contrast to
neurons and endothelial cells that express a constitutive NOS,
microglia express an iNOS responsible for the prolonged, high-
output production of NO. An increased expression of iNOS
mRNA was observed in LPS-stimulated microglia (up to 12–24
h; Fig. 4). In addition, we observed an increased mRNA
expression of other proinflammatory cytokines such as IL-
12p40, IL-1�, IL-18, and macrophage inflammatory factor
(MIF) after activation of microglia with endotoxin (Fig. 4). At
all time points, VIP and PACAP significantly inhibited the
levels of TNF-�, IL-6, IL-1�, and iNOS mRNA (Fig. 4).
Similarly, both neuropeptides inhibited LPS-induced mRNA
expression of proinflammatory cytokines, such as IL-12p40,
IL-1�, IL-18, and MIF (Fig. 4). In contrast, VIP and PACAP
stimulated steady-state mRNA levels of some anti-inflamma-

tory cytokines such as IL-10 and IL-1Ra (Fig. 4). These results
indicate that both neuropeptides regulate the production of
several inflammatory mediators at the mRNA level.

VIP and PACAP prevent NF-�B binding to the
promoters of inflammatory cytokines and inhibit
the subsequent NF-�B-dependent
gene activation

Although the promoters of most of proinflammatory mediators
contain complex arrays of transactivating binding sites, NF-�B
appears to be essential for maximal cytokine transcription after
LPS stimulation [54]. In macrophages/monocytes, VIP and
PACAP inhibit production of several proinflammatory cyto-
kines by down-regulating NF-�B binding and transactivation
[26, 27, 31, 40]. To investigate whether VIP/PACAP affect
NF-�B binding, we used EMSAs. Stimulation of microglia with
LPS led to an increase in NF-�B binding to TNF-�, IL-6,
IL-1�, and iNOS promoters compared with unstimulated cells;
in all cases, treatment with VIP and PACAP significantly
inhibited the binding (Fig. 5A, left panels). The specificity of
the NF-�B binding was evident by the complete displacement
of the NF-�B/DNA-binding complexes in the presence of a
50-fold excess of unlabeled, homologous oligonucleotides in
the competition reactions (Fig. 5A, middle panels). In contrast,
a 50-fold excess of unlabeled, nonhomologous oligonucleotides
had no effects on this DNA-binding activity (Fig. 5A, middle
panels). Antibody supershift experiments were performed to
determine the composition of the NF-�B-binding factors. Ad-
dition of monospecific anti-p50 or anti-p65 Ab to the binding
reaction resulted in a marked reduction in the intensity of the
NF-�B band and led to the appearance of slow, migrating

Fig. 3. Intracellular signal pathways involved in the VIP/PACAP inhibition of cytokine production. (A) Effect of cAMP-inducing agents. Primary microglia were
stimulated with LPS (500 ng/ml) in the presence or absence of different concentrations of VIP, forskolin (FK), or db-cAMP. Supernatants collected 16 h later were
assayed for cytokine production. Percentage inhibition was calculated by comparison with control cultures incubated with LPS alone. Each result is the mean �
SD of five experiments performed in duplicate. (B) Comparative effects of calphostin C (a PKC inhibitor) and H89 (a PKA inhibitor). Microglia were stimulated with
LPS (500 ng/ml) and incubated with or without VIP or PACAP (10�8 M) in the absence or presence of different concentrations of calphostin C or H89. Supernatants
collected 16 h later were assayed for cytokine production. The dotted line represents control values from cultures incubated with LPS alone. Each result is the
mean � SD of four experiments performed in duplicate.
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bands, indicating that the NF-�B-binding complex is com-
posed primarily of p50/p65 heterodimers (Fig. 5A, right panel).

The primary level of control for NF-�B is mediated through
its interaction with the inhibitor I�B. VIP and PACAP could
inhibit NF-�B activity by blocking LPS-induced I�B degrada-
tion and subsequent NF-�B nuclear translocation. The levels
of cytoplasmic and nuclear p65 were determined by Western
blotting. As expected, p65 was predominantly localized in the
cytoplasm of unstimulated cells, and LPS induced a decrease
in the level of cytoplasmic p65 and an increase in nuclear p65
levels (Fig. 5B). VIP and PACAP abolished the LPS-induced
change in p65 levels (Fig. 5B), which indicates an inhibition of
p65 nuclear translocation by VIP and PACAP. Differences in
p65 protein levels were not a result of differences in protein
loading, as immunoblot analysis demonstrated similar levels of
p50. To further elucidate if the VIP/PACAP block in p65
nuclear translocation is caused by interference with the LPS-
induced degradation of I�B, we examined the cytoplasmic
I�B� levels. As expected, we observed a time-dependent I�B�

degradation, paralleled by an increase in I�B� phosphoryla-
tion in LPS-stimulated cells (Fig. 5C). VIP or PACAP blocks
the phosphorylation and subsequent degradation of I�B�
(Fig. 5C).

As the LPS activation of NF-�B requires IKK-mediated
phosphorylation of I�B�, we determined whether VIP and
PACAP inhibit IKK activity by using an in vitro kinase assay.
Stimulation of microglia cells with LPS resulted in a time-
dependent increase in IKK� activity, which was inhibited by
VIP and PACAP (Fig. 5D). No differences in IKK� expression
were observed (Fig. 5D).

These results demonstrate that VIP and PACAP inhibit
NF-�B nuclear translocation and subsequent DNA binding in
LPS-activated microglial cells by blocking the IKK-mediated
I�B phosphorylation/degradation.

As the inhibitory effect of VIP on TNF-�, IL-6, IL-1�, and
NO production by activated microglia is mediated primarily
through VPAC1 and cAMP, we determined the effect of the
VPAC1 antagonist and of the PKA inhibitor H89 on the
changes induced by VIP in �B-binding complexes and IKK
activity. The inhibitory activity of VIP on LPS-mediated
NF-�B binding, p65 nuclear translocation, and I�B phosphor-
ylation was completely reversed by the VPAC1 antagonist (Fig.
5E, lane 3) and by H89 (Fig. 5E, lane 4). These results suggest
that the inhibition of NF-�B binding by VIP is mediated
through VPAC1 and is cAMP-dependent. This is supported by
the fact that forskolin (a cAMP inducer) mimics the effect of
VIP on NF-�B binding, p65 nuclear translocation, and IKK
activity (Fig. 5E, lane 5).

DISCUSSION

Under normal conditions, brain microglia are involved in im-
mune surveillance and host defense against infectious agents.
However, in response to brain injury, infection, or inflamma-
tion, microglia readily become activated in a way similar to
peripheral-tissue macrophages, a process that includes differ-
entiation and probably invasion and proliferation. Activation of
microglia is a histopathological hallmark of several neurode-
generative diseases, including Alzheimer’s and Parkinson’s
diseases, multiple sclerosis, and the AIDS dementia complex
[1, 4–9]. Pathological microglial activation is believed to con-
tribute to progressive damage in neurodegenerative diseases
through the release of proinflammatory and/or cytotoxic factors,
including TNF-�, IL-1�, IL-6, IL-12, and NO. Hence, it is
important to unravel mechanisms regulating microglia activa-
tion of inflamed brain parenchyma to provide insights into
efficient therapeutic intervention. The present study shows that
VIP and PACAP, two well-known anti-inflammatory neuropep-
tides, inhibit TNF-�, IL-1�, IL-6, and NO production in acti-
vated microglia though the binding to the VPAC1 receptor and
the subsequent activation of the cAMP/PKA pathway.

Synthesis of all these proinflammatory factors is controlled at
several levels. Whereas post-transcriptional, translational, and
post-translational mechanisms play important roles, gene tran-
scription appears to be the primary regulatory site. The present
study indicates that the inhibitory effect of VIP and PACAP on
TNF-�, IL-1�, IL-6, and NO production occurs through the

Fig. 4. VIP and PACAP regulate cytokine mRNA expression by LPS-stim-
ulated microglia. Primary microglia were stimulated with LPS (500 ng/ml) in
the presence or absence 10�8 M VIP or PACAP. At different time points (6 h
for TNF-� blot, 12 h for RPA blot, 18 h for iNOS blot, left panel), the cells were
lysed and subjected to RPA or TNF-� and iNOS Northern blot analysis.
Results (mean�SD of two RPA and Norhtern blot assays performed on two
samples) are expressed in arbitrary densitometric units normalized for the
expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in each
sample.
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reduction in mRNA levels. Now the obligated question is how
VIP and PACAP regulate such a wide spectrum of inflamma-
tory mediators. The answer to this question could be found in
the fact that gene activation of most of these factors is largely
dependent on the activation of the pleiotropic transcription
factor NF-�B [54]. NF-�B consists mostly of p50/p65 het-
erodimers that are complexed to the inhibitor I�B in the
cytoplasm of unstimulated cells; stimuli such as LPS and
proinflammatory cytokines induce the phosphorylation and
degradation of I�B , followed by the release and subsequent
nuclear translocation of the p50/p65 heterodimers, which bind
to regulatory sequences in a variety of target genes [54]. The
present study indicates that VIP and PACAP inhibit LPS-
induced p65 nuclear translocation and its subsequent binding
to the �B motifs from promoters of TNF-�, IL-1�, IL-6, and
iNOS in microglia. The inhibition of p65 translocation by
VIP/PACAP is mediated through the stabilization of I�B� by
inhibiting I�B� phosphorylation and its subsequent degrada-
tion. This is accomplished through an inhibitory effect on

IKK�. Several reports have described a similar, inhibitory
effect of VIP and PACAP on the NF-�B complex regulating
other proinflammatory mediators in activated macrophages/
monocytes [26, 27, 31, 40] and microglia [42]. Whereas VIP/
PACAP inhibition of NF-�B binding in activated microglia is
entirely cAMP-dependent, previous reports have demonstrated
that in the case of activated macrophages and monocytes, the
inhibition of NF-�B nuclear translocation by both neuropep-
tides is mediated through a cAMP-independent mechanism
[26, 27, 31, 40]. These findings indicate that although micro-
glia are the ontogenetic and functional equivalents of mono-
cyte/macrophage lineage in the CNS, some differences exist
between these cells in the transduction pathways used by
VIP/PACAP in the regulation of the production of proinflam-
matory factors. In this sense, we have shown that similar to the
effect on cytokine production, VIP and PACAP regulate LPS-
induced production of proinflammatory chemokines [i.e., mac-
rophage-inflammatory protein -1� (MIP-1�), MIP-2, regulated
on activation, normal T expressed and secreted, monocyte

Fig. 5. VIP and PACAP prevent LPS-induced I�B
degradation and subsequent NF-�B nuclear trans-
location and DNA binding. (A) VIP and PACAP
inhibit NF-�B-DNA binding. Nuclear extracts were
prepared from primary microglia incubated for 2 h
with LPS (500 ng/ml) in the presence or absence of
VIP or PACAP (10�8 M). NF-�B binding was as-
sessed by EMSA using radiolabeled oligonucleo-
tides containing the mNF-�B site from the TNF-�,
IL-1�, IL-6, and iNOS promoters. (Middle panels)
Specificity was assessed by the addition of 50-fold
excess unlabeled, homologous (NF-�B; kB) or non-
homologous (CRE) oligonucleotides. (Right panels)
Identification of the proteins bound to the NF-�B
site by supershift assays. Nuclear extracts were
incubated with polyclonal antibodies against
CREB, p50, or p65 for 20 min before adding the
radiolabeled probe. Similar results were observed
in three independent experiments. (B) VIP and
PACAP inhibit LPS-induced p65 translocation. Pri-
mary microglia were incubated with medium alone
(unstimulated) or stimulated with LPS (500 ng/ml)
in the presence or absence of VIP or PACAP (10�8

M). After 1 h incubation, cytosolic (Cytosol) and
nuclear (Nucleus) proteins were extracted, and
Western blot analysis was performed for p50 and
p65 in cytoplasmic and nuclear extracts. One rep-
resentative experiment of three is shown. (C) VIP
and PACAP prevent LPS-induced I�B� phosphor-
ylation and subsequent degradation. Primary micro-
glia were stimulated with LPS (500 ng/ml) in the
presence or absence of VIP or PACAP (10�8 M).
The cytosolic amounts of I�B� (IkB) and phosphor-
ylated I�B� (P-IkB) at different time points were
determined by Western blot. One representative
experiment of three is shown. (D) VIP and PACAP
inhibit IKK� activity. Primary microglia were stim-

ulated with LPS (500 ng/ml) in the presence or absence of VIP or PACAP (10�8 M) for different time periods (10 min for blots in left panel). IKK� activity was
assayed in an in vitro kinase assay. (Right panel) IKK� activity is expressed as arbitrary densitometric units. Data represent the mean � SD of three independent
assays. As control, the amounts of IKK� were determined by immunoblotting with anti-IKK� Ab (Upper panel). (E) Receptors and intracellular pathways involved
in the VIP and PACAP regulation of NF-�B nuclear translocation and IKK activity. Primary microglia were activated with LPS (500 ng/ml) in the absence (lane
1) or presence of VIP (10�8 M, lane 2) or forskolin (Forsk; 10�6 M, lane 5). VPAC1 antagonist (10�7 M, lanes 3) or H89 (100 ng/ml, lane 4) was added
simultaneously with VIP (10�8 M). NF-�B binding for TNF-� and iNOS promoters was analyzed 1 h after stimulation by EMSA. After 1 h incubation, nuclear
proteins were extracted, and Western blot analysis was performed for p50, p65, and phosphorylated I�B (P-IkB) in nuclear extracts. IKK� activity (20 min after
stimulation) was analyzed with I�B� as substrate by using an in vitro kinase assay. One representative experiment of three is shown.
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chemoattractant protein-1, and MIP-1�] in microglia through a
mechanism entirely cAMP-dependent [42].

Activation of microglia and subsequent production of proin-
flammatory and cytotoxic factors (i.e., reactive nitrogen and
oxygen intermediates) have been attributed to increased neu-
rotoxicity in in vitro neuron-microglia cultures treated with
LPS or other inflammatory agents [55–57], suggesting that
microglia-derived factors such as TNF-�, IL-1�, IL-6, and NO
are important mediators of inflammation-mediated neurodegen-
eration. Therefore, the VIP/PACAP-mediated inhibition on the
production of proinflammatory mediators by activated micro-
glia may have a therapeutical potential in pathological condi-
tions of the CNS where an uncontrolled inflammatory response
is involved, i.e., mechanical injury of brain [1–3]. However, the
involvement of microglia-derived factors in neurodegeneration
is not so simple. The reaction of the CNS to trauma is a
predeterminant of the ability of the CNS to recover. Increase in
the levels of proinflammatory cytokines is a normal and early
feature of the CNS response to trauma [17–19]. However, it
remains controversial as to whether inflammation in the injured
CNS serves a beneficial or detrimental purpose [58, 59]. Sev-
eral reports demonstrate that the administration of inflamma-
tory cytokines to injured areas was neuroprotective or was the
promoter to the regeneration of axons [58, 59]. It also has been
reported that blood-derived macrophages modify the properties
of the CNS white matter near mechanical lesions to convert a
nonpermissive state to promoting axon growth [60]. In contrast,
a number of studies have shown that the involvement of proin-
flammatory mediators such as TNF, IL-1�, and NO in the
mediation of neuronal and oligodendrogial death exists (re-
viewed in refs. [1–3, 58]), that the treatment with anti-inflam-
matory agents limits CNS damage and improves recovery after
blunt spinal cord trauma [61], and that a correspondence of the
number of macrophages/microglia with the amount of tissue
damage exists [62]. It has been proposed that these differences
in the role of inflammation in the CNS could be structure/
region-specific and/or dependent of the varied stages of neu-
ronal degeneration [63, 64]. In addition, inflammation in the
CNS likely leads to the evolution of astrocyte reactivity and the
multiple beneficial or detrimental effects of astrogliosis [58]. In
this sense, we have recently demonstrated that both neuropep-
tides prevent in vitro and in vivo LPS- and mechanical trauma-
induced neuronal cell death, probably by inhibiting the pro-
duction of proinflammatory mediators by activated microglia
(Delgado et al., submitted for publication). Therefore, at least
in this study, the use of an anti-inflammatory factor, such as
VIP or PACAP, avoids neurodegeneration. Probably, this neu-
roprotective effect of VIP/PACAP is brain region-dependent,
as in comparison with other brain regions, the therapeutic
effect of both peptides was much more efficient in the mesen-
cephalic, especially around the periventricular nucleus, cau-
date putamen, and substantia nigra, where there exists a higher
proportion of microglia. It is interesting that the VIP/PACAP-
protective effect was especially selective for degeneration of
dopaminergic neurons in the substantia nigra, where selective
and progressive neuronal loss is characteristic of Parkinson’s
disease. In fact, recent experiments performed in our labora-
tory have demonstrated a neuroprotective role of VIP and
PACAP on a murine model of Parkinson’s disease by blocking

microglia activation (Delgado et al., submitted for publication).
Therefore, we postulate that the administration of VIP or
PACAP following acute trauma of the CNS could be beneficial,
at least in certain regions of the brain, preventing neuronal cell
loss in surrounding areas to the lesion. In addition, our study
invites important future directions, including the possible ther-
apeutic role of VIP in brain disorders, such as multiple scle-
rosis, Parkinson’s and Alzheimer’s diseases, and AIDS demen-
tia, where inflammatory response is uncontrolled. At this point,
interesting questions include: Which is the source of VIP and
PACAP in CNS? Are VIP/PACAP produced under inflamma-
tory conditions? Is intrinsic VIP able to prevent inflammatory
events?

As far as we know, the unique VIP/PACAP source in the
CNS is neuronal. Experiments performed in our laboratory
have demonstrated that microglia are unable to produce VIP,
even under inflammatory conditions (unpublished results). A
systemic, acute inflammation, such endotoxemia results in a
dramatic increase in serum and peritoneal VIP levels [32], and
neurons and lymphocytes are the main sources in such condi-
tions. Exogenous administration of VIP increases fivefold the
resistance to a determinant lethal dose of endotoxin [32]. In
addition, a recent report has demonstrated the involvement of
endogenously produced VIP in the survival of mice to endo-
toxic shock [65]. Although data are not available regarding the
production of VIP on inflammatory events in the CNS, we can
assume that during endotoxemia, certain brain regions, espe-
cially the circunventricular organs and parenchymal structures
surrounding them, are seriously affected by endotoxin, occur-
ring as a massive neurodegeneration, and similar to peripheral
tissues, endogenous-produced VIP/PACAP could participate,
together with other anti-inflammatory factors, in the neuropro-
tection of these areas. The effectiveness of such factors will
depend on the balance of proinflammatory/anti-inflammatory
mediators.

ACKNOWLEDGMENTS

This work was supported by grants PHS AI 041786–03 (D. G.)
and PM98–0081 (M. D., J. L.) and by the postdoctoral fellow-
ships from Johnson & Johnson (M. D.).

REFERENCES

1. Dixon, D. W., Mattiace, L. A., Kure, K., Hutchins, K., Lyman, X.,
Brosnan, C. F. (1991) Microglia in human disease, with an emphasis on
acquired immune deficiency syndrome. Lab. Invest. 64, 135–156.

2. Streit, W. J., Graeber, M. B., Kreutzberg, G. W. (1988) Functional
plasticity of microglia: a review. Glia 1, 301–307.

3. Gonzalez-Scarano, F., Baltuch, G. (1999) Microglia as mediators of in-
flammatory and degenerative diseases. Annu. Rev. Neurosci. 22, 219–
240.

4. Matsumoto, Y., Ohmori, K., Fujiwara, M. (1992) Microglial and astroglial
reactions to inflammatory lesions of experimental autoimmune encepha-
lomyelitis in the rat central nervous system. J. Neuroimmunol. 37, 23–33.

5. Rogers, J., Luber-Narod, J., Styren, S. D., Civin, W. H. (1988) Expression
of immune system-associated antigens by cells of the central nervous
system: relationship to the pathology of Alzheimer’s disease. Neurobiol.
Aging 9, 339–349.

162 Journal of Leukocyte Biology Volume 73, January 2003 http://www.jleukbio.org



6. McGeer, P. L., Itagaki, S., Boyes, B. E., McGees, E. G. (1988) Reactive
microglia are positive for HLA-DR in the substantia nigra of Parkinson’s
and Alzheimer’s disease brains. Neurology 38, 1285–1291.

7. Spencer, D. C., Price, R. W. (1992) Human immunodeficiency virus and
the central nervous system. Annu. Rev. Microbiol. 46, 655–693.

8. Dickson, D. W., Lee, S. C., Mattiace, L. A., Yen, S. C., Brosnan, C. F.
(1993) Microglia and cytokines in neurological disease, with special
reference to AIDS and Alzheimer’s disease. Glia 7, 75–83.

9. Merrill, J. E., Chen, I. S. Y. (1991) HIV-1, macrophages, glial cells, and
cytokines in AIDS nervous system disease. FASEB J. 5, 2391–2397.

10. Lipton, S. A., Yeh, M., Dreyer, E. B. (1994) Update on current models of
HIV-related neuronal injury: platelet-activating factor, arachidonic acid
and nitric oxide. Adv. Neuroimmunol. 4, 181–188.

11. Chao, C. C., Hu, S., Paterson, P. K. (1995) Modulation of human micro-
glial cell superoxide production by cytokines. J. Leukoc. Biol. 58, 65–70.

12. Ding, M., St. Pierre, B. A., Parkinson, J. F., Medberry, P., Wong, J. L.,
Rogers, N. E., Ignarro, L. J., Merrill, J. E. (1997) Inducible nitric-oxide
synthase and nitric oxide production in human fetal astrocytes and mi-
croglia. J. Biol. Chem. 272, 11327–11335.

13. Liu, J., Zhao, M., Brosnan, C. F., Lee, S. C. (1996) Expression of type II
nitric oxide synthase in primary human astrocytes and microglia: role of
IL-1� and IL-1 receptor antagonist. J. Immunol. 157, 3569–3576.

14. McManus, C. M., Brosnan, C. F., Berman, J. W. (1998) Cytokine induction
of MIP-1a and MIP-1b in human fetal microglia. J. Immunol. 160,
1449–1455.

15. Peterson, P. K., Hu, S., Salak-Johnson, J., Molitor, T. W., Chao, C. C.
(1997) Differential production of and migratory response to beta chemo-
kines by human microglia and astrocytes. J. Infect. Dis. 175, 478–481.

16. Lee, S. C., Liu, W., Dickson, D. W., Brosnan, C. F., Bernan, J. W. (1993)
Cytokine production by human fetal microglia and astrocytes. J. Immunol.
150, 2659–2667.

17. Taupin, V., Toulmond, S., Serrano, A., Benavides, J., Zavala, F. (1993)
Increase in IL-6, IL-1 and TNF levels in rat brain following traumatic
lesion. J. Neuroimmunol. 42, 177–185.

18. Bartholdi, D., Schwab, M. E. (1997) Expression of inflammatory cytokine
and chemokine mRNA upon experimental spinal cord injury in the mouse:
an in situ hybridization study. Eur. J. Neurosci. 9, 1422–1438.

19. Streit, W. J., Semple-Rowland, S. L., Hurley, S. D., Miller, R. C., Popo-
vich, P. G., Stokes, B. T. (1998) Cytokine mRNA profiles in contused
spinal cord and axotomized facial nucleus suggest a beneficial role for
inflammation and gliosis. Exp. Neurol. 152, 74–87.

20. Pozo, D., Delgado, M., Martinez, C., Guerrero, J. M., Leceta, J., Gomariz,
R. P., Calvo, J. R. (2000) Immunobiology of vasoactive intestinal peptide
(VIP). Immunol. Today 21, 7–11.

21. Ganea, D., Delgado, M. (2001) Inhibitory neuropeptides receptors on
macrophages. Microbes Infect. 3, 141–147.

22. Gomariz, R. P., Martinez, C., Abad, C., Leceta, J., Delgado, M. (2001)
Immunobiology of VIP: a review and therapeutical perspectives. Curr.
Pharm. Des. 7, 89–111.

23. Ganea, D., Delgado, M. (2002) Vasoactive intestinal peptide (VIP) and
pituitary adenylate cyclase-activating polypeptide (PACAP) as modulators
of both innate and adaptive immunity. Crit. Rev. Oral Biol. Med. 13,
229–237.

24. Martinez, C., Delgado, M., Pozo, D., Leceta, J., Calvo, J. R., Ganea, D.,
Gomariz, R. P. (1998) Vasoactive intestinal peptide and pituitary adenyl-
ate cyclase-activating polypeptide modulate endotoxin-induced IL-6 pro-
duction by murine peritoneal macrophages. J. Leukoc. Biol. 63, 591–601.

25. Delgado, M., Pozo, D., Martinez, C., Leceta, J., Calvo, J. R., Ganea, D.,
Gomariz, R. P. (1999) Vasoactive intestinal peptide and pituitary adenyl-
ate cyclase-activating polypeptide inhibit endotoxin-induced TNF� pro-
duction by macrophages: in vitro and in vivo studies. J. Immunol. 162,
2358–2367.

26. Delgado, M., Munoz-Elias, E. J., Kan, Y., Gozes, I., Fridkin, M., Brenne-
man, D. E., Gomariz, R. P., Ganea, D. (1998) Vasoactive intestinal peptide
and pituitary adenylate cyclase activating polypeptide inhibit TNF� tran-
scriptional activation by regulating NF-�B and CREB/c-Jun. J. Biol.
Chem. 273, 31427–31436.

27. Delgado, M., Munoz-Elias, E. J., Gomariz, R. P., Ganea, D. (1999) VIP
and PACAP prevent inducible nitric oxide synthase transcription in
macrophages by inhibiting NF-�B and interferon regulatory factor 1
activation. J. Immunol. 162, 4685–4696.

28. Dewit, D., Gourlet, P., Amraoui, Z., Vertongen, P., Willems, F., Robberecht,
P., Goldman, M. (1998) The vasoactive intestinal peptide analogue RO25–
1553 inhibits the production of TNF and IL-12 by LPS-activated mono-
cytes. Immunol. Lett. 60, 57–61.

29. Xin, Z., Subramaniam, S. (1998) Vasoactive intestinal peptide inhibits
IL-12 and nitric oxide production in murine macrophages. J. Neuroim-
munol. 89, 206–212.

30. Delgado, M., Munoz-Elias, E. J., Gomariz, R. P., Ganea, D. (1999) VIP
and PACAP inhibit IL-12 production in LPS-stimulated macrophages.
Subsequent effect on IFN	 synthesis by T cells. J. Neuroimmunol. 96,
167–181.

31. Delgado, M., Ganea, D. (2001) Inhibition of endotoxin-induced macro-
phage chemokine production by VIP and PACAP in vitro and in vivo.
J. Immunol. 167, 966–975.

32. Delgado, M., Martinez, C., Pozo, D., Calvo, J. R., Leceta, J., Ganea, D.,
Gomariz, R. P. (1999) Vasoactive intestinal peptide (VIP) and pituitary
adenylate cyclase-activating polypeptide (PACAP) protect mice from le-
thal endotoxemia through the inhibition of TNF� and IL-6. J. Immunol.
162, 1200–1205.

33. Chao, C. C., Molitor, T. W., Shuxian, H. (1993) Neuroprotective role of
IL-4 against activated microglia. J. Immunol. 151, 1473–1481.

34. Sawada, M., Suzumura, A., Yamamoto, H., Marunouchi, T. (1990) Acti-
vation and proliferation of isolated microglia by colony stimulating fac-
tor-1 and possible involvement of protein kinase C. Brain Res. 509,
119–124.

35. Sawada, M., Kondo, N., Suzumura, Z., Marunouchi, T. (1989) Production
of tumor necrosis factor-alpha by microglia and astrocytes in culture.
Brain Res. 491, 394–397.

36. Shakhov, A. N., Collart, M. A., Vassalli, P., Nedospasov, S. A., Jongeneel,
C. V. (1990) Kappa B-type enhancers are involved in lipopolysaccharide-
mediated transcriptional activation of the tumor necrosis factor alpha gene
in primary macrophages. J. Exp. Med. 171, 35–47.

37. Lowenstein, C. J., Alley, E. W., Raval, P., Snowman, A. M., Synder, S. H.,
Russel, S. W., Murphy, W. J. (1993) Macrophage nitric oxide synthase
gene: two upstream regions mediate induction by interferon-	 and lipo-
polysaccharide. Proc. Natl. Acad. Sci. USA 90, 9730–9734.

38. Shimizu, H., Mitomo, K., Watanabe, T., Okamoto, S., Yamamoto, K.
(1990) Involvement of a NF-kappa B-like transcription factor in the
activation of the interleukin-6 gene by inflammatory lymphokines. Mol.
Cell. Biol. 10, 561–568.

39. Goto, M., Katayama, K. I., Shirakawa, F., Tanaka, I. (1999) Involvement
of NF-�B p50/p65 heterodimer in activation of the human pro-interleu-
kin-1� gene at two subregions of the upstream enhancer element. Cytokine
11, 16–28.

40. Delgado, M., Ganea, D. (2001) Vasoactive intestinal peptide and pituitary
adenylate cyclase-activating polypeptide inhibit nuclear factor-�B-depen-
dent gene activation in human monocytes at multiple levels. J. Biol. Chem.
276, 369–380.

41. Harmar, A. J., Arimura, A., Gozes, I., Journot, L., Laburthe, M., Pisegna,
J. R., Rawlings, S. R., Robberecht, P., Said, S. I., Sreedharan, S. P., Wank,
S. A., Waschek, J. A. (1998) International Union of Pharmacology. XVIII.
Nomenclature of receptors for vasoactive intestinal peptide and pituitary
adenylate cyclase-activating polypeptide. Pharmacol. Rev. 50, 265–270.

42. Delgado, M., Jonakait, G. M., Ganea, D. (2002) Vasoactive intestinal
peptide and pituitary adenylate cyclase-activating polypeptide inhibit
chemokine production in activated microglia. Glia 39, 148–161.

43. Kim, W., Kan, Y., Ganea, D., Hart, R. P., Gozes, I., Jonakait, G. M. (2000)
Vasoactive intestinal peptide and pituitary adenylate cyclase-activating
polypeptide inhibit tumor necrosis factor-� production in injuried spinal
cord and in activated microglia via a cAMP-dependent pathway. J. Neu-
rosci. 20, 3622–3630.

44. Gourlet, P., Vandermeers, A., Vertongen, P., Ratche, J., De Neef, P.,
Cnudde, J., Waelbroeck, M., Robberecht, P. (1997) Development of high
affinity selective VIP1 receptor agonists. Peptides 18, 1539–1545.

45. Xia, M., Sreedharan, S. P., Bolin, D. R., Gaufo, G. O., Goetzl, E. J. (1997)
Novel cyclic peptide agonist of high potency and selectivity for the type II
vasoactive intestinal peptide receptor. J. Pharmacol. Exp. Ther. 281,
629–633.

46. Moro, O., Lerner, E. A. (1997) Maxadilan, the vasodilator peptide from
sand flies, is a specific pituitary adenylate cyclase activating peptide type
I receptor agonist. J. Biol. Chem. 272, 966–970.

47. Gourlet, P., Vandermeers-Piret, M. C., Rathe, J., De Neef, P., Robberecht,
P. (1995) Fragments of the pituitary adenylate cyclase-activating polypep-
tide discriminate between type I and II recombinant receptors. Eur.
J. Pharmacol. 287, 7–11.

48. Gourlet, P., De Neef, P., Cnudde, J., Waelbroeck, M., Robberecht, P.
(1997) In vitro properties of a high affinity selective antagonist of the VIP1
receptor. Peptides 18, 1555–1560.

49. Delgado, M., Ganea, D. (1999) VIP and PACAP inhibit IL-12 transcrip-
tion by regulating NF-�B and Ets transcriptional activators. J. Biol. Chem.
274, 31930–31940.

50. Delgado, R., Carlin, A., Airaghi, L., Demitri, M. T., Meda, L., Galimberti,
D., Lipton, J. M., Catania, A. (1998) Melanocortin peptides inhibit pro-
duction of proinflammatory cytokines and nitric oxide by activated micro-
glia. J. Leukoc. Biol. 63, 740–745.

Delgado et al. Anti-inflammatory actions of VIP and PACAP on microglia 163



51. Caggiano, A. O., Kraig, R. P. (1999) Prostaglandin E receptor subtypes in
cultured rat microglia and role in reducing lipopolysaccharide-induced
interleukin-1beta production. J. Neurochem. 72, 565–575.

52. Aloisi, F., De Simone, R., Columba-Cabezas, S., Levi, G. (1999) Opposite
effects of interferon-gamma and prostaglandin E2 on tumor necrosis factor
and interleukin-10 production in microglia: a role in the loop controlling
microglia pro- and anti-inflammatory activities. J. Neurosci. Res. 56,
571–580.

53. Yoshikawa, M., Suzumura, A., Tamaru, T., Takayanagi, T., Sawada, M.
(1999) Effects of phosphodiesterase inhibitors on cytokine production by
microglia. Mult. Scler. 5, 126–133.

54. Baldwin, A. S. Jr. (1996) The NF-�B and I-�B proteins: new discoveries
and insights. Annu. Rev. Immunol. 14, 649–683.

55. Chao, C. C., Hu, S., Molitor, T. W., Shaskan, E. G., Peterson, P. K. (1992)
Activated microglia mediate neuronal cell injury via a nitric oxide mech-
anism. J. Immunol. 149, 2736–2741.

56. Kim, W. G., Mohney, R. P., Wilson, B., Jeohn, G. H., Lui, B., Hong, J. S.
(2000) Regional difference in susceptibility to lipopolysaccharide-induced
neurotoxicity in the rat brain: role of microglia. J. Neurosci. 20, 6309–
6316.

57. Jeohn, G. H., Kong, L. Y., Wilson, B., Hudson, P., Hong, J. S. (1998)
Synergistic neurotoxic effects of combined treatments with cytokines in
murine primary mixed neuron/glia cultures. J. Neuroimmunol. 85, 1–10.

58. Yong, V. W. (1996) Cytokines, astrogliosis and neurotrophism following
CNS trauma. In Cytokines and The CNS: Development, Defense and Disease

(R. M. Ransohoff, E. N. Benveniste, eds.), Boca Raton, FL, CRC, 309–
324.

59. Schwartz, M., Moalem, G., Leibowitz-Amit, R., Cohen, I. R. (1999) Innate
and adaptive immune responses can be beneficial for CNS repair. Trends
Neurosci. 22, 295–299.

60. David, S., Bouchard, C., Tsatas, O., Giftochristos, N. (1990) Macrophages
can modify the nonpermissive nature of the adult mammaliam central
nervous system. Neuron 5, 463–469.

61. Hall, E. D., Braughler, J. M. (1982) Glucocorticoid mechanisms in acute
spinal cord injury: a review and therapeutic rationale. Surg. Neurol. 18,
320–327.

62. Carlson, S. I., Parrish, M. E., Springer, J. E., Doty, K., Dossett, L. (1998)
Acute inflammatory response in spinal cord following impact injury. Exp.
Neurol. 151, 77–88.

63. Lawrence, C. B., Allan, S. M., Rothwell, N. J. (1998) Interleukin-1� and
the interleukin-1 receptor antagonist act in the striatum to modify excy-
totoxic brain damage in the rat. Eur. J. Neurosci. 10, 1188–1195.

64. Hirschberg, D. L., Yoles, E., Belkin, M., Schwartz, M. (1994) Inflamma-
tion after axonal injury has conflicting consequences for recovery of
function: rescue of spared axons is impaired but regeneration is supported.
J. Neuroimmunol. 50, 9–16.

65. Martinez, C., Abad, C., Delgado, M., Arranz, A., Juarranz, M. G., Rodri-
guez-Henche, N., Brabet, P., Leceta, J., Gomariz, R. P. (2002) Anti-
inflammatory role in septic shock of pituitary adenylate cyclase-activating
polypeptide receptor. Proc. Natl. Acad. Sci. USA 99, 1053–1058.

164 Journal of Leukocyte Biology Volume 73, January 2003 http://www.jleukbio.org


