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Abstract
We have examined induction of neuropeptide expression in adrenal medulla after treatment of mice
with lipopolysaccharide (LPS), a model for septic shock, which activates both immune and stress
responses in vivo. Messenger RNAs encoding vasoactive intestinal polyeptide (VIP) and galanin,
both modulators of steroidogenesis in neighboring adrenal cortex, are up-regulated at 24 hours (eight-
fold for VIP and two-fold for galanin) after LPS injection, and remain elevated for the following 24
hours. Up-regulation of VIP and galanin by LPS is abrogated in pituitary adenylate cyclase-activating
polypeptide (PACAP)-deficient mice, suggesting an interaction between LPS, or LPS-induced
cytokines, and PACAP released in adrenal medulla from the splanchnic nerve. Treatment of cultured
chromaffin cells with 100 nM PACAP and 10 nM tumor necrosis factor-alpha (TNF-α), a cytokine
whose production is elevated by LPS, results in long-term synergistic up-regulation of VIP and
galanin mRNA. PACAP blocks the earlier induction by TNF-α of mRNA encoding inhibitor of NF-
κB alpha (IκBα, normally a negative autoregulator of TNF-α signaling through nuclear factor-κB
(NF-κB), without affecting the induction of TNF-α–induced protein 3 (TNFAIP3), another NF-κB-
dependent gene induced by TNF-α in chromaffin cells. By acting downstream of NF-κB to inhibit
IκBα gene induction by TNF-α, PACAP may block IκBα-dependent negative autoregulation of TNF-
α-signaling through NF-κB, prolonging TNF-α-dependent signaling to neuropeptide-encoding genes
in chromaffin cells. This mechanism may also underlie PACAP-dependent neuropeptide gene
induction by LPS in vivo.
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1. Introduction
The adrenal medulla produces and secretes both catecholamines and neuropeptides in response
to metabolic and psychogenic stress (Wong and Tank, 2007). Catecholamines released by both
acetylcholine and PACAP secreted from the splanchnic nerve play an important role in
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glucohomeostasis during metabolic stress (Hamelink et al., 2002). Catecholamines, released
from both adrenal medulla and sympathetic nerves, can directly affect both the balance between
humoral and cellular immune response, and overall immune activation (Elenkov et al., 2000).
Several neuropeptides are also stored in and secreted from chromaffin cells, and their
expression is increased by splanchnic nerve firing during metabolic stress (Fischer-Colbrie et
al., 1992; Stroth et al., 2007). Two of these, galanin and VIP, are reported to affect steroid
production by adrenocortical cells (Andreis et al., 2007; Bornstein et al., 1996; Ehrhart-
Bornstein et al., 1991). This raises the question of whether the expression of adrenomedullary
neuropeptides is regulated under conditions of septic shock, and could modulate the
inflammatory response by enhancing steroidogenesis in the neighboring adrenal cortex, or
altering the function of immune cells trafficking the gland (Fischer-Colbrie et al., 2005; Goetzl
et al., 2008; Yadav and Goetzl, 2008).

The regulation of biosynthesis of galanin and VIP by metabolic stress in adrenal medulla
requires the presence of the slow transmitter PACAP (Stroth et al., 2007), released along with
acetylcholine during high-frequency firing of the splanchnic nerve. Thus trans-synaptic
signaling through PACAP could potentially provide a permissive signal for cytokine-specific
regulation of neuropeptide biosynthesis under inflammatory conditions, especially as
prolonged cytokine elevation is known to elicit, over time, a hypoglycemia which could trigger
a delayed rise in PACAP and acetylcholine release from the splanchnic nerve (Oguri et al.,
2002). To address this question, we assessed the interplay between cytokine production and
PACAP-mediated neurotransmission in neuropeptide production by the adrenal medulla. We
examined neuropeptide mRNA induction in the adrenal gland in wild-type and PACAP-
deficient mice, 24–48 hours after administration of LPS, at a dose chosen to mimic an episode
of septic shock (Ulloa and Tracey, 2005; Zacharowski et al., 2006). Our findings indicate that
PACAP innervation is required for activation of VIP and galanin biosynthesis in this model
for septic shock. These results reveal a potential locus of steroid regulation by adrenomedullary
neuropeptides during systemic inflammation. Synergistic induction of VIP and galanin by
TNF-α and PACAP was examined in chromaffin cells in vitro, along with modulation of
induction of TNF-α-responsive genes in the presence of PACAP. Results obtained suggest that
PACAP augments TNF-α-dependent neuropeptide gene induction, and that this occurs through
suppression of IκBα transcription, attenuating autoinhibitory mechanisms involved in TNF-
α signaling through NF-κB.

2. Materials and methods
2.1. Animals

Male mice (age 6–9 weeks) were used in the present study. Animals harboring the PACAP
knock-out allele (Hamelink et al., 2002) were fully backcrossed onto the C57BL/6N strain
background, and homozygous PACAP-deficient (KO) mice were age-matched with wild-type
(WT) controls for all treatment groups. Animals were housed in a temperature- and humidity-
controlled facility with 12 h light/dark cycle (lights off at 3:00 p.m.) and had access to chow
and water ad libitum. Treatments were performed between 10:00–11:30 a.m. All experiments
were approved by the NIMH Animal Care and Use Committee.

2.2. LPS treatments
Animals were randomized (n=8 per group) and treated where indicated with LPS (i.p.; 1 mg/
kg of a 0.25 mg/ml solution in saline, of Escherichia coli, serotype 0.111:B4, Sigma–Aldrich,
St. Louis, MO), or saline (i.p.) for 24 or 48 h, after which animals were euthanized by cervical
dislocation followed by decapitation, and the adrenal glands collected.
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2.3. Bovine chromaffin cells (BCCs) culture and drug treatments
Primary cultures of BCCs were obtained after retrograde perfusion of bovine adrenal glands
with 0.1% collagenase (Worthington Biochemical, Lakewood, NJ) and 30 U/ml DNAse
(Sigma-Aldrich), followed by dissociation of the digested adrenal medulla. The cells were
cultured in DMEM (Invitrogen, Grand Island, NY) supplemented with 5% fetal calf serum and
100 U/ml penicillin-streptomycin, 2 mM glutamine, 10 μg/ml cytosine β-D-arabinofuranoside,
and 100 U/ml nystatin. Chromaffin cells were purified by differential plating as described
previously (Anouar et al., 1994). Cells were then plated in the same medium as above at a
density of 1.5 × 106 cells/ml, 2 ml/well and a density of 0.75 × 106, 1.5 ml/well, in poly-D-
lysine-coated 6-well and 12-well plates respectively and treated with LPS (10 μg/ml, Sigma-
Aldrich) TNF-α (10 nM, PeproTech, Rocky Hill, NJ) and/or PACAP-38 (100 nM, Phoenix
Pharmaceuticals, Burlingame, CA).

2.4. RNA extraction and Q-RT-PCR
Total RNA was harvested and extracted from individual BCCs culture wells or two adrenal
glands by adding TRIzol-Reagent (Invitrogen, Carlsbad, CA) using the method of
Chomczynski and Sacchi (Chomczynski and Sacchi, 1987), or by using the RNeasy kit
(Qiagen, Maryland) and approximately 2 μg of total RNA was submitted to DNase I (RNase-
free; Invitrogen) digestion and reverse transcribed using random hexamers pdN6 (Invitrogen)
and SuperScript II RNase H− reverse transcriptase (Invitrogen). Gene-specific forward and
reverse primers were chosen using Primer 3 Input
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi), to amplify in each case across an
exon-exon junction in order to avoid generation of same-sized amplicons from contaminating
genomic DNA. Mouse primers: 5′-CTGAGCGACCACCATGTCTA-3′ and 5′-
ACAGGAAAGTGACCCCAGTG-3′ for aldolase A (ALDOA); 5′-
CACAGCAGCTTTGAGGATGA-3′ and 5′-ATGGGGGACTCTTGGTTAGG-3′ for
chromogranin A (CgA); 5′-AGTGTGCTGTTCTCTCAGTCG-3′ and 5′-
GCCATTTTCTGCTAAGGGATTCT-3′ for VIP; 5′-GGCAGCGTTATCCTGCTAGG-3′ and
5′-CTGTTCAGGGTCCAACCTCT-3′ for galanin; bovine primers: 5′-
TCCTCTCAATCCTGCGACATC-3′ and 5′-TCCTCGTAACTGCTGTGCTTCTT-3′ for
CgA; 5′-GACAGCCACAGGTCATTTCAA-3′ and 5′-GCCGGGCTTCGTCTTCA-3′ for
galanin; 5′-TTGAGTCCCTTATTGGAAAACGA-3′ and 5′-
AGCATCTGAGTGGCGTTTGA-3′ for VIP; 5′-ACCTGATGGTTACATGTCACTCA-3′
and 5′-GGGAAGGTTATTCAAAATTTGATGA-3′ for IκBα 5′-
TGCTACGACACTCGGAACTG-3′ and 5′-GGAGCAAAATTGGAACCAGA-3′ for
TNFAIP3. Real time PCR (Q-RT-PCR) was performed in a premade reaction mix in the
presence of the transcribed cDNA and 10 nM of specific primers, using the SYBR green
chemistry and an iCycler real-time detection system (Bio-Rad, Hercules, CA). Relative
amounts of mRNA were determined from standard curve generated using dilutions of the
cDNA and by normalizing against a non-variable control transcript, ALDOA or CgA, that was
analyzed in parallel on the same Q-RT-PCR.

2.5. Statistical analysis
For comparison among treatment groups, a one-way ANOVA was performed, and Tukey or
Dunnett multiple comparisons post-tests were used when comparing multiple treatment groups,
using GraphPad Prism 4.0. For comparisons between two groups a t-test was performed. A p
value of <0.05 was taken as statistically significant.
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3. Results
3.1. Up-regulation of VIP and galanin in mouse adrenal gland after LPS challenge

To determine if adrenomedullary peptides are regulated under conditions of septic shock, we
measured the level of VIP, galanin and CgA mRNA in adrenal gland in response to LPS
challenge. Studies were performed by injecting C57BL/6 male mice with LPS (1 mg/kg) or
saline solution. Adrenal glands were collected after 24 and 48 h, and the expression of VIP,
galanin and CgA was analyzed by Q-RT-PCR. LPS induced a significant stimulation, ranging
from 6- to 8-fold, of VIP mRNA levels at 24 h and 48 h (Fig. 1, upper panel). In parallel, galanin
mRNA is up-regulated by LPS treatment at 24 and 48 h (Fig. 1, middle panel). Chromogranins,
including CgA, represent the main secretory granule component of chromaffin cells. LPS
treatment did not affect CgA mRNA levels (Fig. 1, lower panel), suggesting a specific
regulatory effect rather than a general up-regulation of the secretory machinery of the
chromaffin cell.

3.2. Up-regulation of VIP and galanin mRNA in adrenal gland does not occur in PACAP-
deficient mice

In vivo studies were performed by injecting LPS (1 mg/kg) into PACAP knock-out (KO) and
wild-type (WT) mice. After 24 h, adrenal glands were collected and the expression of galanin
and VIP mRNA was analyzed by Q-RT-PCR. Our results show that galanin and VIP mRNA
levels do not increase after LPS treatment in PACAP KO mice (Fig. 2A, B), indicating that
LPS-induced elevation of the mRNAs encoding these neuropeptides occurs via a PACAP-
dependent mechanism.

3.3. TNF-α but not LPS stimulates the expression of neuropeptides in cultured primary
chromaffin cells

We have previously shown that TNF-α increases VIP and galanin mRNA levels in chromaffin
cells in vitro (Ait-Ali et al., 2004). Elevation of serum TNF-α biosynthesis is known to occur
after LPS treatment in vivo and in cultured immune cells exposed to LPS (Papadakis and
Targan, 2000; Ulloa and Tracey, 2005). Chromaffin cells also respond to treatment with LPS
by induction of iNOS and eNOS (Perez-Rodriguez et al., 2009). TNF-α as well as LPS itself
are therefore reasonable candidates for neuropeptide regulation in the adrenal gland in vivo
after LPS injection. We measured the induction of VIP and galanin mRNA in cultured BCCs
after treatment with either LPS (10 μg/ml), or TNF-α (10 nM), doses similar to those
administered in vivo (for LPS), and expected to occur after LPS administration in vivo(for TNF-
α. Our results show that TNF-α, but not LPS, increases the expression of both VIP and galanin
mRNA after 24 h of treatment (Fig. 3A, B).

3.4. TNF-α and PACAP synergistic up-regulation of VIP and galanin in BCCs
To determine whether an interaction between TNF-α and PACAP regulation of neuropeptide
biosynthesis occurs at the level of the chromaffin cell itself, we measured induction of
neuropeptide mRNA levels in BCCs 48 h after treatment with PACAP, TNF-α, or a
combination of both first messengers (Fig. 4A, B). Treatment of chromaffin cells with a
combination of PACAP (100 nM) and TNF-α (10 nM) revealed a synergistic increase in both
VIP and galanin mRNA levels after 48 h (Fig. 4A, B), suggesting that maximal stimulation of
VIP and galanin mRNA in vivo after LPS may be a result of simultaneous exposure of
chromaffin cells to both the slow transmitter PACAP, and the proinflammatory cytokine TNF-
α.
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3.5. PACAP-dependent attenuation of TNF-α induction of IκBα mRNA
Treatment with TNF-α (10 nM, 24 h) stimulates a number of NF-κB-dependent genes including
IκBα and TNFAIP3 mRNA (Ait-Ali et al., 2008) in chromaffin cells. We confirmed here
regulation of these two genes by TNF-α, and then examined the effects of co-treatment with
PACAP on induction of each of these two transcripts by TNF-α. PACAP inhibited TNF-
αinduction of IκBα mRNA (Fig. 5A), but had no effect on TNF-α elevation of TNFAIP3 mRNA
(Fig. 5B). These findings suggest that PACAP enhances NF-κB-dependent induction of
neuropeptide gene transcription by TNF-α by inhibiting the transcription of IκBα at a locus
downstream of the activation of NF-κB itself.

4. Discussion
In this report we have shown that VIP and galanin mRNA are induced by LPS administration
in vivo, and that this induction does not occur in mice deficient in PACAP expression. PACAP
is co-released, with acetylcholine, from the splanchnic nerve innervating the adrenal medulla.
It has previously been demonstrated to be required for regulation of tyrosine hydroxylase
enzymatic activity, which helps support sustained catecholamine secretion, without depletion
of catecholamine stores, from the adrenal medulla during episodes of prolonged metabolic
stress (Hamelink et al., 2002). Tai et al. have recently shown that restraint stress, although
eliciting massive release of adrenomedullary catecholamines, does not result in epinephrine
depletion from the adrenal gland (Tai et al., 2007). These workers postulated that induction of
phenylethanolamine N-methyltransferase could be responsible for the compensatory increase
in catecholamine biosynthesis that prevents exhaustion of epinephrine stores. It is not yet
known if PACAP is required for PNMT induction in stress, although PACAP induces PNMT
biosynthesis in cultured BCCs (Tonshoff et al., 1997).

Biosynthesis of neuropeptides present in adrenal chromaffin cells is also increased after reflex
stimulation of the splanchnic nerve induced by hypoglycemia (Fischer-Colbrie et al., 1992;
Kanamatsu et al., 1986). Physiological role(s) suggested for neuropeptide secretion from
chromaffin cells include enhancement of adrenocortical steroidogenesis, of particular
importance in down-regulating the inflammatory response (Andreis et al., 2007; Bornstein et
al., 1996; Ehrhart-Bornstein et al., 1991) and autocrine regulation of catecholamine secretion
itself (Mahata et al., 2000; Zhou and Livett, 1990). Local paracrine neuropeptide functions,
particularly for VIP and galanin, include protection by VIP, at very low concentrations, of
neuroendocrine cells from immunocytotoxicity elicited by LPS (Brenneman, 2007; Li et al.,
2005), and regulation of monocyte/macrophage and lymphocyte function during inflammation
(Arranz et al., 2008; Fischer-Colbrie et al., 2005; Goetzl et al., 2008; Su et al., 2003). VIP in
particular can elicit potent effects on macrophage function, including down-regulation of TNF-
α secretion, through induction of astrocyte-derived neurotrophic factor (ADNF) (Quintana et
al., 2006).

PACAP-dependent regulation of VIP and galanin biosynthesis in septic shock is predicted from
the observation that hypoglycemia occurs after endotoxin administration (Oguri et al., 2002).
This would be expected to cause reflex splanchnic nerve stimulation and subsequent PACAP
release in the adrenal medulla, leading to induction of biosynthesis of VIP and galanin as
observed following insulin shock in rodents (Fischer-Colbrie et al., 1992; Stroth et al., 2007).
Epinephrine secretion is in fact increased in septic shock (Qi et al., 1991), but is not as prolonged
or intense as that occurring after insulin administration. Thus, secretion of PACAP alone,
although clearly required, may be insufficient on its own for the pronounced and prolonged
up-regulation of neuropeptide mRNAs observed here after LPS. The much greater effects of
TNF-α plus PACAP, in comparison to either TNF-α or PACAP alone, on both VIP and galanin
induction in culture chromaffin cells, suggests to us that PACAP by itself is not mediating
neuropeptide induction in vivo. This is especially the case for VIP mRNA, for which induction

Ait-Ali et al. Page 5

Neuropharmacology. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by insulin shock is considerably lower (2–2.5 fold; N. Stroth and C. Hamelink, unpublished
observations) than induction by LPS (8 fold; this report) in adrenal gland in vivo.

LPS exerts its primary effects via activation of Toll like receptors (TLRs), transmembrane
proteins that function as pattern-recognition in detection of and response to microbial ligands
(Imler and Zheng, 2004; Takeda et al., 2003). TLR-2 and TLR-4 are the most common members
of the TLR family (Misch and Hawn, 2008), with TLR-4 generally implicated in LPS
signalling, innate immunity, and inflammation, and TLR-2 is involved in the recognition of
Gram-positive bacteria (Takeda and Akira, 2007). Exposure of chromaffin cells to LPS results
in iNOS and nNOS induction through activation of NF-κB, but the nature of the TLR mediating
these effects is unknown (Perez-Rodriguez et al., 2009). In any event, LPS itself does not appear
to be directly involved, at the level of the chromaffin cell, in LPS-mediated adrenal
neuropeptide induction, because direct exposure of chromaffin cells to LPS did not elicit
induction of galanin mRNA.

We have previously shown that proinflammatory cytokines such as IL-1 and TNF-α
significantly increase the biosynthesis of neuropeptides in isolated chromaffin cells (Ait-Ali
et al., 2004; Eskay and Eiden, 1992), and appear to do so through activation of NF-κB via
TNFR2 receptor signaling (Ait-Ali et al., 2008). We therefore examined the interaction
between TNF-α and PACAP in stimulation of VIP and galanin biosynthesis in isolated BCCs,
and found that PACAP and TNF-α exert strongly synergistic effects on both galanin and VIP
biosynthesis. It is therefore quite plausible that LPS signals to the cells of the adrenal medulla
indirectly through cytokines such as TNF-α, synergizing with PACAP released from the
splanchnic nerve in response to hypoglycemia that develops several hours after administration
of LPS (Oguri et al., 2002). Here we have directly demonstrated the requirement for PACAP
in this regulation. Similar experiments to demonstrate that TNF-α is the cytokine that acts with
PACAP, i.e. blockade of neuropeptide induction by LPS after inhibition of TNF-α biosynthesis
or receptor action in vivo, would be highly informative for establishing this mechanism in vivo.

PACAP-dependent induction of VIP and galanin mRNA after LPS in vivo is prolonged, similar
to TNF-α induction of these peptides, and PACAP synergy with TNF-α, in bovine chromaffin
cells in vitro. Synergy between PACAP and TNF-α signaling could be the result of PACAP
augmentation of TNF-α or TNF-α potentiation of PACAP signaling mechanisms, since both
independently stimulate induction of both VIP and galanin biosynthesis. Our data suggest a
mechanism for TNF-α/PACAP synergism that involves PACAP modulation of TNF-α
signaling auto-inhibition through IκBα In chromaffin cells, delayed and sustained activation
of neuropeptide gene expression by TNF-α appears to depend upon a unique mode of persistent
activation of NF-κB and NF-κB-dependent genes encoding the NF-κB inhibitory proteins,
IκBα and TNFAIP3 (Ait-Ali et al., 2008). These proteins exert strong auto-inhibitory effects
on NF-κB trans-activation via binding and nuclear export of NF-κB (Sun et al., 1993), or
through inhibition of ongoing IκBα ubiquitination/degradation (Lee et al., 2000). Co-treatment
with PACAP and TNF-α strongly attenuated IκBα mRNA induction by TNF-α at 24 h, while
PACAP was without effect on TNFAIP3 induction. It is not clear how PACAP could
differentially affect these two NF-κB targets. Since both genes respond strongly to NF-κB
through NF-κB binding sites in their promoters (Ito et al., 1994; Lipniacki et al., 2004), it seems
unlikely that PACAP acts via blockade of NF-κB-dependent induction of IκBα. Rather, the
differential effects of PACAP on induction of these two strongly NF-κB-dependent genes by
TNF-α suggests that PACAP decreases IκBα transcription, and thereby prolongs TNF-α action
on neuropeptide gene induction, through actions elsewhere in the TNF-α/NF-κB/IκBα
signalling pathway, such as modulation of activity of a co-activation unique to the IκBα
promoter.
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Fig. 1.
VIP and galanin, but not CgA mRNA, are upregulated in adrenal gland after 24 and 48 h LPS
challenge. C57BL/6 males were injected with LPS (1 mg/kg) or saline solution. After 24 h and
48 h, adrenal glands were collected and the expression of VIP (upper panel), galanin (middle
panel) and CgA (lower panel) was analyzed by Q-RT-PCR. Results are expressed as fold
increase over corresponding control values and represent means ± SEM of four or five
determinations for each condition. NS, P>0.05; *, P<0.05; **, P<0.01 vs. the corresponding
control (Student’s t test).
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Fig. 2.
LPS significantly increases galanin and VIP mRNA levels, by a PACAP-dependent
mechanism. PACAP KO and WT mice were injected with LPS (1 mg/kg) or saline solution
and adrenal glands were collected after 24 h. VIP (A) and galanin (B) mRNA levels, determined
by Q-RT-PCR, are expressed as fold increase over control wild type mice values and represent
means ± SEM of four or five determinations for each condition from the mean of two different
experiments. NS, P>0.05; *, P<0.05 vs. the corresponding control (one-way ANOVA test,
Tukey posttest).
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Fig 3.
VIP and galanin mRNA are stimulated by TNF-α but not by LPS in BCCs after 24 h. BCCs
were exposed to either TNF- α (10 nM), or LPS (10 μg/ml) for 24 hours. VIP (A) and galanin
(B) mRNA levels, determined by Q-RT-PCR, are expressed as fold increase over
corresponding control values and represent means ± SEM of three determinations for each
condition. NS, P>0.05; *, P<0.05 vs. the corresponding control (one-way ANOVA test,
Dunnett post test).

Ait-Ali et al. Page 12

Neuropharmacology. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
PACAP and TNF-α synergistically up-regulate neuropeptide gene expression. BCCs were
exposed to either TNF-α (10 nM), PACAP (100 nM) or both agents, for 48 hours. VIP (A) and
galanin (B) mRNA levels, determined by Q-RT-PCR, are expressed as fold increase over
corresponding control values and represent means ± SEM of four determinations for each
condition from one experiment representative of three different experiments. **, P<0.01; ***,
P<0.001 combined treatment (PACAP plus TNF-α)vs. individual treatment (PACAP or TNF-
α) using one-way ANOVA test, with Tukey posttest.
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Fig. 5.
PACAP attenuates TNF-α induction of IκBα but not TNFAIP3 mRNA. BCCs were exposed
to either TNF-α (10 nM), PACAP (100 nM) or both agents, for 24 hours. IκBα (A) and
TNFAIP3 (B) mRNA levels, determined by Q-RT-PCR, are expressed as fold increase over
corresponding control values and represent means ± SEM of four determinations for each
condition from one experiment representative of three different experiments. NS, P>0.05; *,
P<0.05; ***, P<0.001 vs. the corresponding control (one-way ANOVA test, Tukey posttest).
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