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Abstract

The vasoactive intestinal peptide (VIP) and the pituitary adenylate cyclase-activating polypeptide (PACAP), two immuno-

modulatory neuropeptides, act as anti-inflammatory factors for activated microglia, by inhibiting the production of proinflam-

matory factors. In the present study the effects of VIP/PACAP on the MEKK1/MEK4/JNK transduction pathway and on the

subsequent changes in Jun family members, a transduction pathway clearly involved in the activation of microglia cells were ex-

amined. VIP/PACAP inhibit MEKK1 activity and the subsequent phosphorylations of MEK4, JNK, and c-Jun, which result in a

decrease in the AP-1 binding and a marked change in the composition of AP-1 complexes from c-Jun/c-Fos to JunB/c-Fos. Fur-

thermore, VIP stimulates JunB production in LPS-stimulated microglia. Both inhibition of the MEKK1/MEK4/JNK pathway,

leading to a reduction in phosphorylated c-Jun, and the stimulation of JunB are mediated through the specific VPAC1 receptor and

cAMP/PKA pathway. The VIP/PACAP interference with the stress-induced SAPK/JNK pathway in activated microglia may

represent a significant element in the regulation of inflammatory response in the CNS by endogenous neuropeptides. � 2002 Elsevier

Science (USA). All rights reserved.
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Under normal conditions, brain microglia, the onto-
genetic and functional equivalents of mononuclear
phagocytes in somatic tissues [1], are involved in im-
mune surveillance and host defense against infectious
agents. However, in response to brain injury, infection,
or inflammation, microglia become readily activated, in
a way similar to peripheral tissue macrophages, a pro-
cess which includes differentiation and probably inva-
sion and proliferation. Activation of microglia is a
histopathological hallmark of several neurodegenerative
diseases, including Alzheimer’s and Parkinson’s dis-
eases, multiple sclerosis, and the AIDS dementia com-
plex [1]. Pathological microglial activation, in response
to proinflammatory cytokines or antigens such as LPS,
is believed to contribute to progressive damage in neu-
rodegenerative diseases through the release of proin-
flammatory and/or cytotoxic factors, including TNFa,

IL-1b, IL-6, IL-12, and nitric oxide (NO). Hence, it is
important to unravel mechanisms regulating the mi-
croglia activation of inflamed brain parenchyma to
provide insights into efficient therapeutic intervention.
Secretion of proinflammatory products is later followed
by the production of anti-inflammatory cytokines such
as IL-10 and TGFb. Since 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 structur-

ally related peptide, the pituitary adenylate cyclase-
activating polypeptide (PACAP), are two neuropeptides
that elicit a broad spectrum of biological functions, in-
cluding action on natural and acquired immunities [2],
although their primary immunomodulatory function is
anti-inflammatory in nature. VIP and PACAP inhibit
cytokine production and proliferation in T cells, and
several macrophage functions, including phagocytosis,
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respiratory burst, and chemotaxis [2], as well as LPS-
induced IL-6, TNFa, IL-12, NO, and chemokine pro-
duction [3–7]. Similarly, we have recently demonstrated
that both neuropeptides act as two potent microglia-
deactivating factors by inhibiting the production of
LPS-induced proinflammatory mediators (Delgado
et al., submitted). The inhibition of proinflammatory me-
diators is responsible, at least partially, for the protec-
tive effect of VIP and PACAP in vivo in a murine model
for septic shock [8], and might contribute to their role as
survival factors for neuronal cells in injury models ([9];
Delgado et al., submitted). The effects of VIP and PA-
CAP on the expression of microglia-derived factors are
exerted at a transcriptional level. However, although
several of the transcriptional factors regulated by VIP
and PACAP have been identified, the affected upstream
transduction pathways are less clear. We have recently
shown that VIP/PACAP inhibit IRF-1 transcription by
interfering with the Jak1/STAT1 transduction pathway
and inhibit NFjB translocation by preventing IkB
phosphorylation and subsequent degradation (Delgado
et al., submitted).
Stimulation of microglia leads to the activation of all

three MAPK cascades, i.e., the mitogen-activated pro-
tein kinase (MAPK; ERK), the stress-activated protein
kinase (JNK), and the p38 kinase [10,11]. JNK regulates
the activity of several transcription factors such as c-
Jun, ATF2, and ELK-1. JNK itself is activated in re-
sponse to stress signals such as osmotic and heat shock,
UV light, protein synthesis inhibitors, DNA-damaging
drugs and proinflammatory cytokines [12,13]. The acti-
vation of JNK is mediated through phosphorylations of
threonine and tyrosine residues by the upstream MAPK
kinases MKK4/7 (MEK4/7) (reviewed in [14]). MKK4
activation is regulated in turn by phosphorylation of the
upstream MAPK kinase kinase (MEKK1). Activation
of the MEKK1/MKK4/JNK pathway by LPS is in-
volved in the upregulation of several proinflammatory
factors [14].
In this study, I examine the effects of VIP/PACAP on

the MEKK1/MKK4/JNK cascade in activated micro-
glia. I conclude that VIP and PACAP inhibit MEKK1,
MKK4, and JNK activities, and the subsequent binding
of the transcriptional factor AP-1, by changing the
composition of the AP-1 complex from c-Jun/c-Fos to
JunB/c-Fos. The VIP/PACAP effect is mediated through
the VIP/PACAP receptor VPAC1 and is cAMP-depen-
dent.

Materials and methods

Reagents. Synthetic VIP and PACAP38 were purchased from

Novabiochem (Laufelfingen, Switzerland). The VPAC1-antagonist

[Ac-His1, D-Phe2, K15, R16, L27] VIP [3–7]-GRF [8–27] was donated by

Dr. Patrick Robberecht (Universite Libre de Bruxelles, Belgium).

Calphostin C, lipopolysaccharide (LPS from Escherichia coli 055:B5),

and forskolin were purchased from Sigma Chemicals (St. Louis, MO)

and H89 from ICN Pharmaceuticals (Costa Mesa, CA). Recombinant

c-Jun kinase (JNK, 1–338)-tagged fusion protein and antibodies

against JNK, c-Jun, JunB, c-Fos, and MEK4 were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA). c-Jun (1–89)-tagged fu-

sion protein and Abs against phosphorylated MEK4 were purchased

from New England Bio Labs (Beverly, MA).

Cell cultures. Microglial cell cultures were prepared as previously

described [15]. Purified microglial cell cultures comprised of a cell

population in which >98% stained positively with MAC-1 antibodies

(Boehringer–Mannheim Biochemicals, Indianapolis, IN) and <2%

stained positively with antibodies specific to the astrocyte marker glial

fibrillary acid protein (Sigma). Microglial monolayers were stimulated

with LPS ð1lg=mlÞ in the presence or absence of VIP or PACAP38
ð10�8MÞ for various times at 37 �C in a humidified incubator with 5%
CO2.

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were

prepared by the mini-extraction procedure as previously described [4].

Oligonucleotides corresponding to the consensus AP-1 (50-AG-

CTTGATGACTCAGC CGGAA-30) were annealed after incubation

for 5min at 85 �C in 10mM Tris–HCl, pH 8.0, 5mM NaCl, 10mM

MgCl2, and 1mM DTT. Double-stranded oligonucleotides (50 ng)

were end-labeled with [c-32P]ATP by using T4 polynucleotide kinase. I
used 20,000–50,000 cpm of double-stranded oligonucleotides, corre-

sponding to approximately 0.5 ng, for each reaction. The binding re-

action mixtures ð15llÞ contained: 0.5–1 ng DNA probe, 5lg nuclear
extract, 2lg poly(dI–dC) �poly(dI–dC) and binding buffer (50mM

NaCl, 0.2mM EDTA, 0.5mM DTT, 5% glycerol, and 10mM Tris–

HCl, pH 7.5). The mixtures were incubated on ice for 15min before

adding the probe, followed by another 20min at room temperature.

Samples were loaded onto 4% nondenaturing polyacrylamide gels and

electrophoresed in TGE buffer (50mM Tris–HCl, pH 7.5, 0.38M

glycine, and 2mM EDTA) at 100V, followed by transfer to Whatman

paper, drying under vacuum at 80 �C, and autoradiography. In com-
petition with antibody supershift experiments, the nuclear extracts

were incubated for 15min at room temperature with the specific an-

tibody ð1lgÞ or competing cold oligonucleotide (50-fold excess) before
the addition of labeled probe.

Immunoblotting, immunoprecipitation, and kinase assays. Cell ly-

sates were prepared by lysing 5� 106 cells in lysis buffer (20mM HE-

PES, pH 7.4, 150mM NaCl, 2mM EGTA, 50mM glycerol phosphate,

1% Triton X-100, 10% glycerol, 1mM DTT, 2lg=ml leupeptin,
5lg=ml aprotinin, 1mM PMSF, 5mM NaF, 10mM p-nitrophenyl

phosphate, and 1mM Na3VO4). Cell lysates containing 20–30lg
protein were subjected to reducing SDS–PAGE (12.5%). After elec-

trophoresis, the gel was electroblotted in Tris–glycine buffer containing

40% methanol onto a reinforced nitrocellulose membrane (Schleicher–

Schuell, Keene, NJ). The membrane was blocked with TBS–T buffer

(10mM Tris, pH 8.0, 150mM NaCl, and 0.05% Tween 20) containing

5% milk powder for 1 h at room temperature and incubated with

primary antibodies (rabbit IgG) against MEK4 (1:1000), JunB (1:500),

or c-Jun (1:500), or with mouse IgG anti-phosphorylated MEK4

(1:500), in TBS–T containing 1% milk powder for 2 h at room tem-

perature. The membrane was washed with TBS–T and incubated with

secondary antibody: peroxidase-conjugated (goat anti-rabbit IgG or

rat anti-mouse IgG) at 1:5000 dilution for 1 h at room temperature.

After washing three times in TBS–T for 5min each, and once in TBS

for 5min, the membrane was drained briefly and developed with the

enhanced chemiluminiscence system (ECL, Amersham).

Endogenous JNK and MEK4 were immunoprecipitated from cell

lysates (150–250lg=sample) by incubation with 0:5lg of anti-JNK and
anti-MEK4 Abs, respectively, for 2 h at 4 �C. The immune complexes
were collected by incubation with protein A/G–Sepharose beads for

45min at 4 �C. The beads were extensively washed with the lysis buffer,
twice with LiCl buffer (500mM LiCl, 100mM Tris–HCl, pH 7.6, and

0.1% Triton X-100), and twice with kinase buffer (20mM MOPS, pH

7.6, 2mM EGTA, 10mM MgCl2, 1mM DTT, 0.1% Triton X-100,
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1mM p-nitrophenyl phosphate, and 1mM Na3VO4). The pelleted

beads were resuspended in kinase buffer with 15lM of ATP, 10lCi
[c-32P]ATP (3000Ci/mmol, Amersham, Arlington, IL), and with 5lg
recombinant c-Jun (for JNK assay), or 10lg recombinant JNK1 (for
MEK4 assay). The kinase reaction was performed at 30 �C for 30min
and stopped with 15ll 2XSDS sample buffer, boiled for 5min, and
subjected to SDS–PAGE (9%). Proteins were transferred onto a ni-

trocellulose membrane (Schleicher–Schuell) followed by autoradio-

graphy. The JNK and MEK4 activities were determined by

incorporation of 32P into their respective substrates (recombinant

c-Jun- and JNK1-tagged fusion protein). The phosphorylated proteins

were quantitated on a PhosphorImager. Equal loading was verified by

immunoblotting of cell lysates as described above.

Results and discussion

VIP/PACAP inhibit the MEKK1/MEK4/JNK cascade

Despite its central role in the regulation of immune
and inflammatory activities, as well as tissue remodeling
in the CNS, activated microglia may also play a
pathogenetic role in a variety of CNS diseases, involving
the secretion of microglia-derived proinflammatory
mediators [1]. Therefore, several microglia-deactivating
mechanisms are in place in normal circumstances. One
such mechanism involves neural immune interactions,
and particularly the neuropeptides VIP and PACAP.
Several recent reports indicated that VIP and PACAP
inhibit the production of microglia-derived proinflam-
matory agents such as TNFa, IL-6, IL-1b, NO, and
chemokines, and stimulate the production of anti-in-
flammatory cytokine IL-10 [3–7]. The regulation of
these factors occurs at the transcriptional level and
several transcriptional factors including NFjB and IRF-
1 were shown to be affected by VIP/PACAP (Delgado
et al., submitted).
In this study I examined the effects of VIP/PACAP on

the MEKK1/MEK4/JNK transduction pathway, re-
sponsible for the ultimate phosphorylation and activa-
tion of c-Jun and the subsequent transcription of several
proinflammatory mediators [14]. LPS induces all three
MAPK pathways in macrophages and microglia, i.e., the
classical ras-raf-1-MEK1/2-Erk1/2, the stress-induced
rac-MEKK1-MEK4/7-JNK1/2 pathway and the
MKK3/6-p38 kinase pathway [10,11]. Activation of
the JNK in response to LPS involves a cascade in which
the upstream activator MEKK1 phosphorylates and
activates MEK4, which in turn phosphorylates and ac-
tivates JNK [16–18]. Phosphorylation of c-Jun by JNK
increases the transactivating properties of this protein
[14,19]. I first examined the JNK activity in whole cell
extracts by using an immune complex kinase assay.
Whereas c-Jun was weakly phosphorylated in unstimu-
lated microglia, the c-Jun phosphorylation increased
within 30min and peaked 60min after LPS stimulation
(Fig. 1A, upper panel). Previous dose–response experi-
ments established that the optimal concentrations of VIP

and PACAP for the inhibition of microglia-derived cy-
tokines were 10�7–10�8M. Therefore I used 10�8M VIP
or PACAP in all our experiments. Treatment with VIP or
PACAP significantly reduced the JNK activity at all time
points. In contrast, I observed no significant differences
in the c-Jun protein levels (Fig. 1A, lower panel). Since c-

Fig. 1. VIP and PACAP inhibit the MEKK1/MEK4/JNK signaling

pathway in LPS-stimulated microglia. Microglia cells ð2� 107 cellsÞ
were incubated with medium (unstimulated), or activated with LPS

(1 g/ml), in the presence or absence of VIP ð10�8MÞ or PACAP
ð10�8MÞ. (A) VIP and PACAP inhibit JNK activity. At different time

points JNK activity was assayed in an in vitro kinase assay with c-Jun

as substrate (P-c-Jun). As control, the amounts of c-Jun were deter-

mined by immunoblotting with an anti-c-Jun Ab (c-Jun). One repre-

sentative experiment of four independent assays is shown. Right panel,

JNK activity is expressed as arbitrary densitometric units. Data are

presented as means� SD of four independent assays. (B) VIP and

PACAP inhibit MEK4 activity. At 10, 20, and 45min, MEK4 activity

was assayed in an in vitro kinase assay with JNK as substrate (P-JNK).

As control, the amounts of MEK4 and JNK were determined by im-

munoblotting. One representative experiment of four independent as-

says is shown. Right panel, MEK4 activity is expressed as arbitrary

densitometric units. Data are presented as means� SD of four inde-

pendent assays. (C) VIP and PACAP inhibit the MEKK1 activity. At

5, 10, and 30min, the MEKK1 activity was assayed by Western blot

using a specific antibody against phosphorylated-MEK4. As control,

the amounts of MEK4 were determined by immunoblotting. One

representative experiment of four independent assays is shown.
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Jun phosphorylation is the result of a cascade involving
MEKK1/MEK4/JNK, I examined the effect of VIP and
PACAP on the MEK4 activity in an in vitro kinase assay
with JNK as substrate. Treatment with LPS resulted in a
time-dependent increase inMEK4 activity (Fig. 1B). VIP
and PACAP significantly inhibited the MEK4-mediated
phosphorylation of JNK without affecting the MEK4
protein levels (Fig. 1B). Finally, I investigated the effect
of VIP and PACAP on the MEKK1 activity, the up-
stream regulator in this kinase cascade. Since MEK4 is
phosphorylated by MEKK1, I determined the levels of
phosphorylated MEK4 in whole cell extracts by Western
blot. LPS stimulated in a time-dependent manner the
phosphorylation of MEK4 and VIP or PACAP signifi-
cantly reduced the levels of phosphorylated MEK4 (Fig.
1C). I conclude that the VIP/PACAP inhibition of c-Jun
phosphorylation is mediated through the effects of the
two neuropeptides on the MEKK1/MEK4/JNK cas-
cade.

Role of VPAC1 and cAMP in the inhibition of MEKK1/
MEK4/JNK by VIP/PACAP

Three types of VIP/PACAP receptors have been
cloned, i.e., VPAC1 and VPAC2, which express similar
affinities for VIP and PACAP and PAC1, the PACAP-
preferring receptor which has an affinity approximately
a thousand fold higher for PACAP [20]. Our previous
studies identified VPAC1 as the major mediator of VIP/
PACAP effects on microglia-derived cytokines (Delgado
et al., submitted). I examined the role of VPAC1 in the
inhibition of the MEKK1/MEK4/JNK pathway by us-
ing a specific VPAC1 antagonist [21]. Also, since
VPAC1 activates the adenylate cyclase, I determined the
effect of the specific PKA inhibitor, H89. Both the
VPAC1-antagonist and H89 reversed the inhibitory ef-
fects of VIP on the LPS-induced phosphorylation of
MEK4, JNK, and c-Jun (Fig. 2), suggesting that the VIP
inhibition is mediated through VPAC1 and the cAMP/
PKA pathway. This is supported by the fact that fors-
kolin (a cAMP-inducing agent) exerts a similar effect
with VIP (Fig. 2).

Reduction in AP-1 binding by VIP and PACAP

As a consequence of JNK inhibition, the levels of
phosphorylated c-Jun decrease in microglia treated with
VIP or PACAP. Changes in c-Jun lead to changes in the
composition of various transcriptional complexes. The
most common are the Jun/Fos heterodimers that bind to
the TPA-response elements (AP-1 sites) in the promoters
of various genes [22]. In addition to c-Jun and c-Fos,
other members of these families may form heterodimers
with different levels of transactivating activity. For
example, while heterodimers containing c-Jun are good
transactivators, those containing JunB may act as

transcriptional inhibitors. Since VIP and PACAP inhibit
c-Jun phosphorylation, I examined whether the neuro-
peptides regulate the composition of AP-1 complexes,
and their binding capacity. Treatment of microglia cells
with LPS led to a strong AP-1 binding compared to
unstimulated cells and treatment with VIP or PACAP
decreased this binding (Fig. 3A, left panel). The oli-
gonucleotide specificity was confirmed by the lack of
binding in the presence of excess unlabeled AP-1 oli-
gonucleotide (AP-1), in contrast to a nonspecific oli-
gonucleotide (NFjB) (Fig. 3A, right panels). Supershift
experiments with specific antibodies were used to de-
termine the composition of the AP-1-binding complexes.
In LPS-stimulated cells, anti-c-Jun or anti-c-Fos re-
duced significantly the intensity of the AP-1 band and
led to the appearance of slower migrating bands. The
anti-JunB Ab had a much lesser effect. No supershift
was observed using an irrelevant Ab (anti-p65 Ab) (Fig.
3B). Treatment with VIP or PACAP results in the re-
placement of c-Jun with JunB, since no supershift was
observed with anti-c-Jun Abs, whereas a major super-
shift occurred with anti-JunB Abs (Fig. 3B). In contrast,
VIP and PACAP did not affect c-Fos binding to the AP-
1 element (Fig. 3B). These results indicate that VIP/

Fig. 2. Involvement of VPAC1 and cAMP/PKA in the VIP/PACAP

inhibition of the MEKK1/MEK4/JNK pathway. Microglia cells

ð2� 107 cellsÞ were stimulated with LPS (1lg=ml) in the absence (lane
1) or presence of VIP (10�8M, lanes 2, 3, and 4) or forskolin (10�6M,

lane 5). The VPAC1-antagonist (10�6M, lane 3) or H89 (100 nM, lane

4) was added simultaneously with VIP ð10�8MÞ. The kinase activities
of JNK, MEK4, and MEKK1 were assayed after 30, 20, and 15min

incubation, respectively, as described in Fig. 1. As control, the

amounts of JNK and MEK4 were determined by immunoblotting.

One representative experiment of four is shown.
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PACAP induce a change in the AP-1 composition from
c-Jun- to Jun B-containing complexes and a decrease in
the AP-1 binding.

VIP and PACAP increase JunB protein levels in LPS-
stimulated macrophages

To determine whether VIP and PACAP increase
JunB expression in LPS-stimulated microglia, I mea-
sured the JunB protein levels by Western blot. Although
no JunB protein was detectable in unstimulated cells,
increased levels of JunB are present in LPS-stimulated
cells. VIP and PACAP strongly stimulate the expression
of JunB protein (Fig. 4A). The stimulatory effect of VIP
was reversed by the VPAC1 antagonist and H89 (Fig.
4B), again suggesting the participation of VPAC1 and of
the cAMP/PKA pathway. This is supported by the fact
that forskolin has a similar stimulatory effect on JunB
(Fig. 4B). JunB was classified as a negative transcrip-
tional regulator [23], based on amino acid changes in its
DNA-binding and dimerization domains, which lead to
JunB/c-Jun heterodimers with low DNA-binding acti-
vity [24]. Alternatively, it has been proposed that JunB
competes with c-Jun for JNK binding, leading to a re-
duction in c-Jun activation. This is supported by the fact
that JunB contains an intact JNK-binding domain and
can be phosphorylated by JNK. In either case, the VIP/
PACAP upregulation of JunB leading to the replace-
ment of the transcriptionally active c-Jun in the AP-1
complexes could result in the silencing of certain pro-
moters. A similar observation was reported for LPS-
stimulated macrophages and activated T cells [25,26].
In conclusion, the present study shows that binding

of VIP or PACAP to VPAC1 receptors inhibits the LPS-
stimulated JNK/AP-1 transactivating signaling in
microglia by inhibiting the MEKK1 activity through a
cAMP-dependent mechanism. In addition, VIP in-
creases the levels of JunB, leading to the replacement of
c-Jun with JunB in complexes binding to the AP-1 sites,
and to a decrease in binding and subsequent transacti-

vating activity. The MEKK1/MEK1/JNK pathway may
not be the only MAP kinase pathway affected by VIP
and PACAP. Since one of the major effects of VIP/
PACAP is the inhibition of NFjB translocation and
since LPS activation of NFjB in microglia cells appears
to be mediated through the p38 MAPK, it is tempting to
speculate that VIP/PACAP might also affect the p38
MAPK pathway.
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Fig. 4. VIP and PACAP stimulate the JunB protein expression in LPS-

stimulated microglia. (A) Microglia cells ð2� 107 cellsÞ were incubated
with medium (unstimulated) or activated with LPS ð1lg=mlÞ, in the
presence or absence of VIP ð10�8MÞ or PACAP ð10�8MÞ. After 2 h
incubation, the JunB protein was analyzed by Western blot. One

representative experiment of four is shown. (B) VIP-induced JunB

expression is mediated through VPAC1 and cAMP/PKA. Microglia

cells ð2� 107 cellsÞ was stimulated with LPS (1lg=ml) in the absence
(lane 1) or presence of VIP (10�8M, lane 2) or forskolin (10�6M, lane

5). VPAC1-antagonist (10�6M, lane 3) or H89 (100 nM, lane 4) were

added simultaneously with VIP ð10�8MÞ. The expression of JunB
protein was assayed 90min later by Western blot. One representative

experiment of three is shown.

Fig. 3. VIP and PACAP alter the composition of AP-1-binding complexes. (A) VIP and PACAP decrease AP-1 binding. Microglia cells ð2� 107 cellsÞ
were incubated with medium (unstimulated) or activated with LPS ð1lg=mlÞ, in the presence or absence of VIP ð10�8MÞ, or PACAP ð10�8MÞ. After
2 h incubation, nuclear extracts were isolated and AP-1 binding was assessed by EMSA using a radiolabeled oligonucleotide containing the consensus

AP-1 site. Specificity was assessed by adding a 50-fold excess of unlabeled homologous (AP-1), or nonhomologous (NFjB) oligonucleotide (Comp).
(B) Identification of the proteins bound to the AP-1 site. Nuclear extracts were incubated with polyclonal Abs ð1lgÞ against p65, c-Jun, c-Fos, or
JunB for 20min before adding the probe. Arrow indicates the AP-1 binding. Supershifted c-Fos-, JunB-, and c-Jun-specific bands are also indicated.

Similar results were observed in four independent experiments.
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