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Abstract
The trophic neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP) increases in
many different neuron types following injury; a response postulated to support cell survival and
regeneration. In acutely isolated cardiac ganglia, approximately 1% of the cardiac neurons exhibited
PACAP immunoreactivity whereas after 72 hours in culture, ~25% of the neurons were PACAP
immunoreactive. In contrast, there was no increase in vasoactive intestinal polypeptide (VIP)-
immunoreactive (IR) cells. Using a combination of immunocytochemical and molecular techniques,
we have quantified PACAP expression, during explant culture of guinea pig cardiac ganglia. Using
real time PCR, PACAP transcript levels increased progressively up to 48 hours in culture with no
further increase after 72 hours. PACAP transcript levels were reduced by neurturin at 48 hours in
culture but not after 24 or 72 hours in culture. In addition, neurturin partially suppressed the
percentage of PACAP-IR neurons after 72 hours in culture, an effect mediated by activation of the
phosphatidylinositol 3-kinase and mitogen activated protein kinase signaling pathways. The addition
of different known regulatory molecules, including CNTF, Il-1β, TNFα, bFGF, TGF βand NGF did
not increase the percentage of PACAP-IR neurons after 24 hours in culture; a result indicating that
the generation and secretion of these factors did not stimulate PACAP expression. The presence of
20 nM PACAP or 10 μM forskolin increased the percentage of PACAP-IR cardiac neurons in 24
hour cultures, but not in 72 hour cultures. Neither treatment enhanced the number of VIP-IR neurons.
The addition of the PAC1 receptor antagonist, M65 (100 nM) suppressed the 20 nM PACAP-induced
increase in percentage of PACAP-IR cells in 24 hour cultures indicating the effect of PACAP was
mediated through the PAC1 receptor. However, 100 nM M65 had no effect on the percentage of
PACAP-IR cells in either 24 or 48 hour cultures not treated with exogenous PACAP, suggesting that
endogenous release of PACAP likely did not contribute to the enhanced peptide expression. We
postulate that the enhanced PACAP expression, which occurs in response to injury is facilitated in
the explant cultured cardiac ganglia by the loss of a target-derived inhibitory factor, very likely
neurturin. In intact tissues the presence of neurturin would normally suppress PACAP expression.
Lastly, our results indicate that many common trophic factors do not enhance PACAP expression in
the cultured cardiac neurons. However, the stimulatory role of an, as yet, unidentified factor can not
be excluded.
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Pituitary adenylate cyclase activating polypeptide (PACAP) is a potent trophic and intercellular
signaling molecule, distributed widely throughout both the central and peripheral nervous
systems (Arimura, 1998;Vaudry et al, 2000). In control peripheral nervous system structures,
such as parasympathetic and sympathetic ganglia, dorsal root ganglia, vagal sensory ganglia
and spinal and cranial motor nuclei, limited numbers of neurons exhibit PACAP
immunoreactivity. However, PACAP expression increases markedly in these neurons
following axotomy or explant culture (Zhang et al, 1995,1996;Moller et al, 1997a,b;Zhou et
al, 1999;Pettersson et al, 2004). It is hypothesized that the increased expression of PACAP
may be a response to injury that supports cell survival and regeneration (Moller et al,
1997a,b;Armstrong et al, 2003;Boeshore et al, 2004;Pettersson et al, 2004;Suarez et al,
2006).

In acutely isolated guinea pig cardiac ganglia, all the intrinsic neurons are innervated by
extrinsic PACAP-IR fibers, but very few of the cardiac neurons exhibit PACAP
immunoreactivity (Braas et al, 1998;Calupca et al, 2000;Parsons et al, 2006). Following explant
culture, the extrinsic PACAP-IR fibers degenerate and the percentage of cholinergic neurons
expressing PACAP increases significantly (Calupca et al, 2000;Girard et al, 2006b).

Members of the glial derived family of trophic factors, particularly glial-derived neurotrophic
factor (GDNF) and neurturin, are key regulatory molecules determining the migration and
development of many parasympathetic ganglia, including the intrinsic cardiac ganglia
(Enomoto et al., 2000;Hiltunen et al., 2000;Hashino et al., 2001;Airaksinen et al., 2002). In
initial studies, we reported that the increase in PACAP-IR cardiac neurons is partially
suppressed by two members of the glial-derived neurotrophic family, neurturin and GDNF
(Girard et al, 2006b) although the intracellular signaling cascades mediating the effect of these
two trophic factors were not identified.

In the present study, we have quantified using a combination of immunocytochemical and PCR
techniques the time-dependent increase in PACAP expression that occurs when cardiac ganglia
are maintained in explant culture. Since we previously demonstrated that adult guinea pig
cardiac neurons preferentially expressed the neurturin specific receptor GFRα2 (Girard et al,
2006a), we also have analyzed potential signaling cascades underlying the neurturin
modulation of PACAP expression in cultured cardiac neurons. Our results show that the
neurturin-induced suppression of PACAP expression was mediated through the activation of
phosphatidylinositol 3-kinase and mitogen activated protein kinase pathways. Furthermore,
although a number of common regulatory or target-derived factors had no effect, the addition
of PACAP or forskolin in 24 hour cultures could promote PACAP expression.

A preliminary account of some aspects of this study was presented at the VIIth International
Symposium on VIP, PACAP and Related Peptides (Girard et al, 2006b).

EXPERIMENTAL PROCEDURES
Experiments were performed in vitro on atrial whole mount preparations containing the cardiac
ganglia from Hartley guinea pigs (either sex; 250–400 g) that were euthanized and
exsanguinated. Protocols for use of guinea pigs were approved by the University of Vermont
Institutional Animal Care and Use Committee. All efforts were made to minimize the number
of animals used and their suffering. The heart was quickly removed and placed in cold standard
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Krebs’ solution (in mM: 121 NaCl, 5.9 KCl, 2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, 1.2
NaH2CO4, 8 glucose). The pH was maintained at 7.4 by aeration with 95% O2 - 5% CO2.

Cardiac ganglia preparations were prepared as described previously (Mawe et al, 1996;Braas
et al, 1998;Calupca et al, 2000). The preparations were maintained in Sylgard-lined dishes with
oxygenated Krebs solution at 35 – 37°C. When prepared for immunocytochemistry, control
and cultured preparations were fixed in 2% paraformaldehyde containing 0.2% picric acid for
2 hours at room temperature (Mawe et al, 1996;Braas et al, 1998;Lynch et al, 1999;Calupca et
al, 2000;Parsons et al, 2006).

For culture, the cardiac ganglia explants were dissected under sterile conditions and then
maintained at 37°C in culture media consisting of DMEM-F12 (1:1) containing 10% horse
serum, gentamicin (10 μg/ml), amphotericin B (3.75 μg/ml), penicillin (100 units/ml) and
streptomycin (100 μg/ml) (Sigma Chemical Company, St. Louis, MO, USA) (Lynch et al,
1999;Calupca et al, 2000;Braas et al, 2004;Girard et al, 2006a). The preparations were placed
on a slowly rocking shaker table in a 37°C, 5% CO2 and 95% air incubator and kept for 24,
48, 72 or 96 hours with the culture media replaced every 24 hours.

Neurturin, Il-1β and TNFα were obtained from R&D Systems Inc. (Minneapolis, MN).
Recombinant rat CNTF (expressed as [his]6CNTFyyy in a bacterial expression vector) (Heller
et al, 1993), bFGF, TGF-β and NGF were generously supplied by Dr. Rae Nishi (Department
of Anatomy and Neurobiology, University of Vermont). Wortmannin, PD980059, forskolin
and veratridine (both from Calbiochem, La Jolla, CA) were prepared as stock solutions in
DMSO and diluted in culture media just prior to use. PACAP27, referred to simply as PACAP
throughout the text, was obtained from American Peptide Co, Sunnyvale CA. M65 was the
generous gift of Dr. Ethan Lerner (Harvard Medical School).

Immunohistochemistry
The cardiac ganglia preparations were immunolabeled using procedures described previously
(Mawe et al, 1996;Braas et al, 1998;Calupca et al, 2000;Parsons et al, 2006;Girard et al,
2006a,b). The fixed atrial tissue was washed in phosphate buffered saline, permeabilized with
0.5% Triton X-100 and incubated at 4°C overnight with primary antiserum (mouse monoclonal
anti-PACAP 1:10, from Dr. Jan Fahrenkrug, Copenhagen, Denmark; rabbit anti-VIP 1:100
from CURE Research Center, UCLA, Los Angeles, CA; goat anti-choline acetyl transferase
(ChAT) 1:100, obtained from Chemicon International, Temecula, CA; and rabbit anti-PGP 9.5
1:1000 from Ultraclomne Ltd, Isle of Wright, UK). All primary antisera have been used
extensively in our prior studies where specificity of staining was determined using the
appropriate control procedures (Mawe et al, 1996;Calupca et al, 2000;Parsons et al, 2006). The
preparations were washed and incubated for 2 hours at room temperature with FITC-conjugated
or Cy3-conjugated secondary antiserum (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA). Each cardiac ganglia preparation was washed, mounted with Citifluor (UKA
Chemical Laboratory, Canterbury, England) and viewed with a Nikon fluorescence
photomicroscope with HBO 100 watt UV light source and filters for FITC and Cy3.

Quantification of peptide-IR cardiac neurons
Quantification of PACAP-IR parasympathetic neurons present in the cardiac ganglia followed
procedures similar to those published previously (Lynch et al, 1999;Braas et al, 2004;Parsons
et al, 2006). The number of cardiac neurons in each preparation was determined by counting
ChAT-IR or PGP-9.5-IR cells (Mawe et al, 1996;Braas et al, 1998;Kennedy et al, 1998;Lynch
et al, 1999;Calupca et al, 2000;Braas et al, 2004,Parsons et al, 2006). The percentage of cardiac
ganglia neurons that expressed PACAP was then determined as a fraction of the total number
of neurons that were ChAT or PGP-95 immunoreactive: [(PACAP-IR neurons / ChAT-IR or
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PGP-95-IR neurons) X 100 = %]. This allowed comparison between different whole mount
preparations that contained varying numbers of neurons (Lynch et al, 1999).

Real time Quantitative Reverse transcription-polymerase chain reaction (Q-PCR)
Cardiac ganglia preparations were dissected under RNase-free conditions, and total RNA was
extracted from individual preparations using TRI REAGENT (Sigma, Saint Louis, MO, USA).
The total RNA quantity for each whole mount preparation was determined using a Nanodrop
ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE). 1 μg of RNA per
sample was used to synthesize complementary DNA with the Omniscript reverse transcription
(QIAGEN Inc., Valencia CA) and oligo-dT primers.

Real time PCR to quantify PACAP transcripts was performed as described previously (Girard
et al, 2002a;Braas et al, 2004;Girard et al, 2006a). The primers used were identical to those
published in our preliminary report (Girard et al, 2006b). Briefly, amplified guinea pig PACAP
DNA product from specific primers was ligated into pCR2.1 TOPO using TOPO TA cloning
kit (Invitrogen, Carlsbad, CA) to generate plasmids for peptide transcript standards. The
nucleotide sequences of the inserts were verified by automated fluorescent dideoxy dye
terminator sequencing (Vermont Cancer Center DNA Analysis Facility) and 10-fold serial
dilutions of stock plasmid were prepared to generate assay standard curves. Amplification of
the guinea pig cardiac ganglia cDNA templates and plasmid standards was performed using
SYBR Green Jumpstart Taq ReadyMix (Sigma, Saint Louis, MO, USA). Briefly, 1X buffer
was used containing 5 mM MgCl2, 200 μM dATP, dGTP, dTTP and dCTP, 0.625 U AmpliTaq
Gold and 300 nM of each primer in a final 25 μl reaction. Real-time quantitative PCR was
performed on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Norwalk, CT)
after optimization of cycling parameters which included SYBR Green I melting point analyses
(Girard et al, 2002a). Data were analyzed at the termination of each assay using Sequence
Detector 1.3 software (Applied Biosystems, Norwalk, CT). The increase in dye fluorescence
intensity (∆Rn) was plotted as a function of cycle number and the threshold cycle (CT) was
determined by the software as the amplification cycle at which ∆Rn first intersected the default
baseline setting. Transcript levels in each sample were calculated from the CT by interpolation
from the standard curve to yield the relative change in expression. All quantitative data were
normalized to the starting amount of RNA present in each cardiac ganglia whole mount
preparation. Data represent mean percent change compared to the average 0 day time point
level.

Statistical analysis
Student’s t-test or one-way analysis of variance (ANOVA) was used to evaluate differences
among groups. Differences were considered statistically significant if p<0.05.

RESULTS
PACAP-IR neurons increase during culture of cardiac ganglia

The percentage of neurons exhibiting PACAP immunoreactivity increases when cardiac
ganglia are cultured (Calupca et al, 2000;Girard et al, 2006b). In acutely isolated preparations,
very few of the intrinsic cardiac neurons exhibited immunoreactivity for PACAP (1.3 ± 0.4 %,
n = 4 whole mount preparations) whereas by 24 hours there was an approximately four-fold
increase and an approximately twenty fold increase in the percentage of PACAP-IR neurons
after 48 hours in culture (Figure 1A, D). No significant increase was evident up to 96 hours
(Figure 1D).

In the cultured cardiac ganglia preparations, PACAP immunoreactivity was not restricted to
the neuronal cell bodies, but also was present in axonal projections. As the percentage of
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PACAP-IR neurons increased, the density of the peptide-IR fibers also increased. PACAP
immunoreactivity was evident in fibers emanating from the cells (Figure 1A) and PACAP-IR
fibers were present in both the small and large nerve bundles. Generally, the PACAP-IR fibers
entered nerve bundles and traversed for long distances with the fluorescence more intense at
the ends of regenerating fibers, suggesting an accumulation of PACAP in growth cones (Figure
1B). By 72 hours in culture, numerous ChAT-IR nerve fibers were evident extending out from
the cut ends of fiber bundles; some of these regenerating nerve fibers also were immunoreactive
for PACAP with the fluorescence commonly very intense at the ends of the fibers (Girard et
al, 2006b).

PACAP is a member of a family of neuropeptides, which includes VIP. Following axotomy
or explant culture of rat sympathetic superior cervical ganglia (SCG), there is an increase in
neuronal VIP as well as PACAP (Hyatt-Sachs et al, 1993;Sun et al, 1994;Sun and Zigmond,
1996;Moller et al, 1997a,b). A comparison of PACAP-IR and VIP-IR cells in the current study
revealed that the percentage of VIP-IR cells did not increase over periods up to 96 hours in
cultured guinea pig cardiac ganglia (Figure 1D). These results confirm our earlier analysis of
VIP expression in cultured cardiac neurons (Parsons et al, 2006). In both freshly dissected and
cultured ganglia preparations, when present, VIP immunoreactivity was evident in both the
cell soma and throughout the axon (Figure 1C).

The increase in PACAP expression was not dependent on the presence of serum-derived
factors. Two cardiac ganglia explants were cultured for 72 hours without added horse serum.
In these two preparations the percentage of PACAP-IR cells was 24% and 22%, values similar
to those in 72 hour cultured cardiac ganglia with added serum (25 ± 3 %, n = 5 preparations).

When the ganglia are isolated and maintained as explants in culture, the preganglionic drive
to the ganglia is no longer present. As the guinea pig cardiac neurons are not spontaneously
active, we tested whether the loss of stimulation might be a factor initiating the increase in
PACAP expression. Cardiac ganglia whole mounts were chronically depolarized for 24 hours
by the presence of veratridine (1.5 μM), which is an activator of voltage-gated sodium channels.
In 3 veratridine-treated ganglia, the percentage of PACAP-IR neurons was 7 ± 2 %, a value
similar to that noted in ganglia not exposed to veratridine (6 ± 2 %). Thus, chronic stimulation
did not suppress PACAP expression.

PACAP transcript levels increase over time in culture
In our preliminary report, we showed that PACAP transcript levels were increased after 72
hours in culture (Girard et al, 2006b). In this study, we have determined, using real time PCR,
the time course of the increase in PACAP transcript levels when cardiac ganglia are cultured.
The same amplification parameters were applied to templates prepared from multiple acutely
isolated and cultured preparations. The results showed that the PACAP transcript levels rose
progressively over time, reaching a peak value at 48 hours (Figure 2A).

Neurturin reduces PACAP transcript levels, but only after 48 hours in culture
We reported previously that neurturin (10 ng/ml) treatment reduced the percentage of PACAP-
IR cardiac neurons after 72 hours in culture, but did not decrease the 72 hour PACAP transcript
level (Girard et al, 2006b)

In the present study, we tested whether neurturin affected PACAP transcript levels over a range
of times in culture. Ganglion explants were maintained in culture for 24, 48 and 72 hours in
the presence and absence of neurturin (10 ng/ml). Extracts from at least 4 cardiac ganglia whole
mounts were analyzed by real time PCR to determine relative levels of PACAP transcript after
these times in culture. We confirmed our initial results that PACAP transcript levels were not
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significantly decreased after 72 hours in culture (Figure 2B). We also found that neurturin had
no effect on PACAP transcript levels at 24 hours in culture. However, neurturin did
significantly reduce PACAP transcript levels after 48 hours in culture (Figure 2B). Our results
also showed that PACAP transcript levels continued to increase over time in culture when
neurturin was present, an observation suggesting that other mechanisms, in addition to a loss
of neurturin, must contribute to the stimulation of PACAP expression.

The neurturin-induced suppression of PACAP-IR neurons is mediated by the
phosphatidylinositol 3-kinase (PI3-kinase) and mitogen activated protein kinase (MAPK)
signaling pathways

Neurturin binds to a membrane receptor GRFα2; an interaction that activates Ret receptor
tyrosine kinase and potentially recruits multiple downstream intracellular signaling cascades
including the PI3-kinase and the mitogen activated protein kinase (MAPK) pathways
(Airaksinen and Saarma, 2002). Previously, we determined that the guinea pig cardiac neurons
express GRFα2 (Girard et al, 2006a). Consequently, we tested whether treatment with
inhibitors that preferentially interrupt the PI3-kinase and MAPK pathways could blunt the
neurturin-induced inhibition of PACAP expression in cultured cardiac ganglia. For these
experiments, we determined the percentage of ChAT-IR neurons that also exhibited PACAP
immunoreactivity in cardiac ganglia that were cultured for 72 hours with neurturin (10 ng/ml)
and either the PI3-kinase inhibitor wortmannin (100 nM ) or the MEK inhibitor PD 98059 (50
μM). When cardiac ganglia were cultured for 72 hours with neurturin and either wortmannin
or PD 98059, the percentage of PACAP-IR cells was significantly greater than that in cultures
kept in just neurturin plus vehicle (Figure 3). However in both cases, the percentage of PACAP-
IR cells was less than in the absence of any drugs (compare results in Figures 1 and 3). To
establish that the inhibitors by themselves did not affect PACAP expression, we determined
in four additional 72 hour explants (two with each inhibitor) that PD 98059 or wortmannin in
the absence of neurturin had no obvious effect on the percentage of PACAP-IR cells (PD 98059:
PACAP-IR/ChAT-IR neurons = 22 % and 25 %; wortmannin: PACAP-IR/ChAT-IR neurons
31 % and 22 %).

The fact that both wortmannin and PD 98059 partially rather than completely suppressed the
effect of neurturin suggested that these two pathways might act in parallel to reduce PACAP
expression. Consequently, another series of experiments was completed in which both
wortmannin and PD 98059 were applied with neurturin for 72 hours in culture. In these cardiac
ganglia, the percentage of PACAP-IR cells approached that seen in the absence of any drugs
(Figure 1).

Neurturin does not deplete cellular PACAP
Previously, we demonstrated that PACAP diminished cellular stores of somatostatin in the
cardiac neurons (Braas et al, 2004). Consequently, we tested whether a neurturin-induced
depletion of cardiac neuron cellular PACAP also might have contributed to the decrease in
percentage of PACAP-IR neurons noted in neurturin-treated cultures. To assess this possibility,
cardiac ganglia were cultured for 48 hours without neurturin in order to allow PACAP
production to occur and the percentage of PACAP-IR neurons to reach maximum levels. The
preparations were then treated with neurturin (10 ng/ml) for a subsequent 48 hours and the
percentage of PACAP-IR cells was compared to the percentage of PACAP-IR neurons evident
in preparations cultured for 96 hours in the absence of neurturin. As shown in Figure 4, the
percentage of PACAP-IR cells was similar in both cases. Thus, when PACAP production had
been allowed to proceed, neurturin treatment did not reduce PACAP levels below
immunocytochemically detectable levels. Thus, we conclude that a neurturin-induced
depletion of peptide was not a factor contributing to the decreased percentage of PACAP-IR
cardiac neurons.

Girard et al. Page 6

Neuroscience. Author manuscript; available in PMC 2007 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Members of common regulatory factor families do not stimulate PACAP expression
In rat SCG neurons, one key mechanism stimulating a change in transmitter phenotype in
ganglia explants or after axotomy is the production and secretion of a regulatory factor,
leukemia inhibitory factor (LIF), by non-neural cells (Sun et al, 1994;Lewis et al, 1994;Sun
and Zigmond, 1996;Cheng et al, 1997;Boeshore et al, 2004). Consequently, we tested, using
an immunocytochemical assay, whether members of a number of common regulatory factor
and/or target-derived factor families enhanced PACAP expression. For these experiments, the
percentage of PACAP-IR neurons was compared in ganglia preparations cultured for 24 hours
either with or without different regulatory factors. The regulatory factors CNTF (50 ng/ml),
Il-1β (20 ng/ml), TNFα (20 ng/ml), bFGF (50 ng/ml), TGF-β (50 ng/ml) and NGF (100 ng/ml)
were each tested in 3 whole mount preparations. None enhanced PACAP expression during
24 hours in culture (Figure 5). These results suggested that generation of these common
regulatory factors most likely did not stimulate PACAP expression in cultured cardiac ganglia
during this time frame.

PACAP enhances PACAP expression in cardiac ganglia cultures
PACAP is a trophic factor, which can enhance neuropeptide expression in PC12 cells,
chromafin cells and rat SCG neurons (Hashimoto et al, 2000;Girard, et al, 2002b;Vaudry and
Taupenot, 2002). Thus, we tested whether the addition of PACAP ( to the culture media would
enhance PACAP expression in the cardiac neurons. In the initial experiments, we tested
whether treatment with 20 nM PACAP increased the percentage of PACAP-IR neurons evident
after 24 hours in culture. As evident from the results presented in Figure 6A, the percentage
of PACAP-IR neurons in 24 hour cultures was enhanced by the presence of PACAP. In
additional experiments, we tested whether PACAP also increased the percentage of PACAP-
IR neurons during 72 hours in culture. In contrast to what was found for 24 hour cultures,
treatment with 20 nM PACAP did not increase the percentage of PACAP-R neurons in 72 hour
cultures (Figure 6B).

Guinea pig cardiac neurons express the PAC1 receptor (Braas et al, 1998) and activation of
PAC1 receptors is commonly coupled to an increase in adenylate cyclase activity (Braas and
May, 1999). If the effect of PACAP on PACAP expression was mediated through activation
of adenylyl cyclase, then a similar enhancement of PACAP would be expected following
treatment with the potent adenylyl cyclase activator forskolin. Therefore, we also tested in a
separate series of experiments whether the presence of forskolin (10 μM) in 24 hour cultures
or in 72 hour cultures could increase the percentage of PACAP-IR cardiac neurons. Forskolin
enhanced PACAP expression when present during 24 hours in culture (Figure 6A), but not
during 72 hours in culture (Figure 6B). The similar results with PACAP and forskolin treatment
are consistent with the effect of PACAP being mediated at least in part by activation of adenylyl
cyclase.

In separate experiments, we tested whether either PACAP or forskolin could enhance VIP
expression in the cultured guinea pig cardiac neurons. These experiments were done using 24
hour cultures. Neither 20 nM PACAP nor 10 μM forskolin increased the percentage of VIP-
IR neurons (Figure 7).

Because exogenous PACAP could promote PACAP expression in 24 hour cultures, we tested
whether endogenous PACAP released from the cardiac neurons was a factor contributing to
the stimulation of peptide expression during culture. To test this hypothesis, we treated 24 or
48 hour cultures with the PAC1 receptor antagonist M65 (100 nM) (Moro et al, 1999). As
summarized in Figure 8, the presence of 100 nM M65 did not suppress PACAP expression
when present in either 24 or 48 hour cultures.
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To ensure that M65 at a concentration of 100 nM would be expected to suppress an effect of
endogenous PACAP, we tested whether 100 nM M65 diminished the effect of exogenous
PACAP on the percentage of PACAP-IR cells in 24 hour cultures. Ganglia cultures were
cultured in the presence of 100 nM M65 and 20 nM PACAP for 24 hours and the percentage
of PACAP-IR cells determined. When 100 nM M65 was included along with 20 nM PACAP
in 24 hour cultures, the percentage of PACAP-IR cells (9 ± 0.4, n = 4 whole mounts) was
significantly (P= 0.03) less than when only 20 nM PACAP was present ( 15 ± 2 %, 4 whole
mounts). Thus, we conclude that at 100 nM, M65 should effectively antagonize the effect of
endogenously released PACAP.

DISCUSSION
PACAP expression may be a mechanism supporting cardiac neuron survival and regeneration
following injury in vivo (Moller et al, 1997a,b;Armstrong et al, 2003;Boeshore et al,
2004;Suarez et al, 2006). In the present study we used explant cultured cardiac ganglia as a
model system to quantify the PACAP expression which occurs when cardiac neurons are
injured. During culture, the percentage of neurons expressing PACAP increases over time. In
addition, PACAP appears to accumulate in the ends of the regenerating axons. We postulate
that during culture, one mechanism facilitating PACAP expression is the loss of the target-
derived factor neurturin, which in vivo would suppress PACAP expression.

In explant culture, guinea pig cardiac neurons also progressively increase expression of
cocaine- and amphetamine-regulated transcript protein (CARTp) (Calupca et al, 2002; Girard
et al, 2006a). In our recent study, we found that a subpopulation of the cultured cardiac neurons
express both CARTp and PACAP whereas other populations of responsive neurons express
only PACAP or CARTp (Girard et al, 2006a). The present results suggest that regulation of
PACAP expression is more complex than that of CARTp expression, which primarily results
from the loss of neurturin (Girard et al, 2006a). Thus, in the case of CARTp, neurturin normally
inhibits CARTp expression, but during culture the loss of neurturin releases this inhibition. In
contrast for PACAP, the loss of neurturin appeared to be only one of a number of mechanisms
regulating its expression as PACAP expression continued to increase, albeit at a lower level,
even when neurturin was present in the culture media.

In the rat SCG, synthesis and secretion of LIF by non-neuronal cells after axotomy or during
explant culture is thought to be an important stimulator of neuropeptide expression (Sun et al,
1994;Lewis et al, 1994;Sun and Zigmond, 1996;Cheng et al, 1997;Boeshore et al, 2004). We
postulated that a similar mechanism might contribute to the stimulation of PACAP expression
in cultured cardiac neurons. Consequently, we tested a number of different regulatory factors
and/or target-derived factors, but none stimulated PACAP expression following 24 hours in
culture. In addition, other recently completed experiments indicated that the addition of 10
μM AG490, a potent inhibitor of the JAK-Stat signaling pathway, did not suppress PACAP
expression in 72 hour cultures (Young and Parsons, unpublished observations). This
observation supported our conclusion that generation and secretion of a cytokine did not
stimulate PACAP expression under the conditions of our experiments. Results of an earlier
study, indicated that the increased expression of PACAP in mouse facial motor neurons
following axotomy apparently is dependent on inflammatory factors, but not LIF, Il-6 or
TNFα. Thus, although none of the regulatory factors tested apparently was involved in
stimulating cardiac neuron PACAP production, the possibility that the generation of an
undefined regulatory factor participated in the stimulation of PACAP expression can not be
ruled out.

The guinea pig cardiac neurons express the PAC1 receptor (Brass et al, 1998). As PACAP can
act as a trophic factor and can stimulate expression of neuropeptides in sympathetic neurons

Girard et al. Page 8

Neuroscience. Author manuscript; available in PMC 2007 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Girard, et al, 2002b), we determined whether PACAP enhanced neuronal PACAP expression
during culture of the cardiac ganglia. The addition of 20 nM PACAP during 24 hours in culture
enhanced the percentage of PACAP-IR cardiac neurons. A similar effect was obtained with
forskolin treatment. In contrast, neither PACAP nor forskolin affected the percentage of
PACAP-IR present in 72 hour cultures. These observations suggest that both may accelerate
PACAP production in responsive cells, but neither increased the maximum number of cells
expressing PACAP. Furthermore, the similar action of PACAP and forskolin indicated that
their effect is very likely to have been mediated by the activation of adenylyl cyclase and
generation of cAMP. The rat PACAP promoter has been shown to be activated by adenylate
cyclase through a cAMP response element, enabling stimulation of transcription of proPACAP
(Fukuchi et al, 2004).

Although exogenous PACAP enhanced peptide expression, the inability of the PAC1 receptor
antagonist M65 (Moro et al, 1999) to suppress PACAP expression suggested that endogenous
PACAP released from the cardiac neurons under the conditions of this study very likely did
not contribute to the enhanced peptide expression. Because 100 nM M65 suppressed the effect
of exogenous PACAP, we suggest that at 100 nM, M65 would have antagonized any effects
of PACAP released from the cardiac neurons during culture.

In many cell types, VIP transcription is enhanced by activation of CREB, through a cAMP
response element binding site (Eiden and Hotchkiss, 1983;Tsukada et al, 1987;Fink et al,
1991). Consequently, we were surprised that neither PACAP nor forskolin treatment during
culture increased the percentage of VIP-IR cardiac neurons. Apparently in the case of guinea
pig cardiac neurons, generation of the cAMP-phosphoCREB signaling pathways does not
promote VIP expression.

In the rat SCG, loss of the preganglionic input to the SCG is not thought to be a key factor
regulating changes in transmitter phenotype (Hyatt-Sachs et al, 1993;Moller et al, 1997b).
During isolation of the cardiac ganglia, the preganglionic and other extrinsic inputs are severed
and many of the cardiac neurons are axotomized. The extrinsic fibers degenerate in culture.
However, the degeneration of preganglionic and other extrinsic fibers follows rather than
precedes the increase in PACAP-IR intrinsic cardiac neurons during explant culture (Young
and Parsons, unpublished observations). Thus, we postulate that the potential loss of factors
secreted from the different types of extrinsic nerve fibers is not responsible for the initiation
of an increased peptide expression in cultured cardiac ganglia. In addition, cardiac neuron
inactivity probably did not stimulate PACAP expression as chronic exposure to veratridine did
not suppress the increase in PACAP-IR neurons.

It is well established that members of the glial-derived family of trophic factors, which includes
neurturin, are key regulatory molecules determining the migration and development of many
parasympathetic ganglia, including the intrinsic cardiac ganglia (Enomoto et al, 2000;Hiltunen
et al, 2000;Hashino et al, 2001;Airaksinen and Saarma, 2002). In our initial studies, we showed
that the addition of neurturin suppressed the increase in PACAP-IR neurons during culture
(Girard et al, 2006a). However, when we assayed the effect of neurturin on PACAP transcript
levels after 72 hours in culture, there was no significant effect on PACAP transcript levels
(Girard et al, 2006b). The 72 hour time point was chosen in our initial experiments because
we had determined previously that neurturin significantly suppressed CARTp transcript levels
in 72 hour cultures (Girard et al, 2006a). In the present study, we tested the effect of neurturin
on PACAP transcript levels over a range of times in culture. We confirmed that neurturin did
not significantly decrease PACAP transcript levels after 72 hours in culture and found that no
suppression was evident after 24 hours. However, neurturin did significantly suppress PACAP
transcript levels in 48 hour cultures. Based on these observations, we postulate that the loss of
neurturin very likely was only one of multiple mechanisms potentially contributing to the
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stimulation of PACAP expression during culture. This hypothesis was consistent with the fact
that a population of cardiac neurons (7 ± 1%) continued to exhibit PACAP immunoreactivity
even in preparations cultured for 72 hours with neurturin present. In contrast, much fewer
CARTp-IR neurons (1 ± 0.4 %) are evident when ganglia are cultured with neurturin for 72
hours (Girard et al, 2006a). In addition, neurturin significantly suppressed CARTp transcript
levels at all time points (24, 72 and 72 hours) (Girard and Parsons, unpublished observations).

Neurturin activates intracellular signaling cascades through a membrane GRFα2 receptor
coupled to Ret tyrosine kinase (Airaksinen and Saarma, 2002). Previously, we determined that
neurturin message is present in adult guinea pig atria and that guinea pig cardiac neurons
express GFRα2 receptors (Girard et al, 2006a). Multiple signaling cascades including PI-3-
kinase and MAPK pathways are downstream mediators of neurturin (Airaksinen and Saarma,
2002). In the present study, co-treatment with wortmannin and PD 98059, inhibitors of PI-3
kinase and MEK kinase, reduced the neurturin-induced suppression of the percentage of
PACAP-IR neurons. In the absence of neurturin, neither inhibitor by itself affected PACAP
expression. These observations indicated that the suppression of PACAP expression by
neurturin was mediated through these two signaling cascades.

When rat SCG are axotomized in vivo or maintained in explant culture, expression of VIP, a
member of the same family of peptides as PACAP, increases (Hyatt-Sachs et al, 1993;Sun et
al, 1994;Sun and Zigmond, 1996). However, in the case of guinea pig cardiac neurons, VIP
expression does not increase during culture of cardiac ganglia explants. This difference in result
indicates that the type of peptide and mechanisms regulating peptide expression may differ
between neurons in parasympathetic and sympathetic ganglia or between autonomic neurons
in different species.

PACAP peptides are potent trophic molecules and it is commonly proposed that an increased
expression of PACAP peptides following injury may support neuronal survival and
regeneration (Moller et al, 1997a,b;Zhou et al, 1999;Boeshore et al, 2004;Pettersson et al,
2004). PACAP can protect cardiomyocytes against oxidative stress-induced apoptosis (Gasz
et al, 2006). Thus, PACAP production and secretion by regenerating cardiac neurons in vivo
could be beneficial to both the cardiac neurons and cardiac muscle following injury. However,
an increased production and secretion of PACAP from injured cardiac neurons also might have
an unwanted effect on cardiac function through actions on myocardial pacemaker tissues.
PACAP facilitates the parasympathetic inhibitory drive to cardiac tissues by increasing cardiac
neuron excitability and enhancing acetylcholine release (Seebeck et al, 1996;Chang et al,
2005). In addition, PACAP can also act directly on cardiac tissues to induce tachycardia and
arrhythmias (Chang et al, 2005). If under in vivo situations, injured cardiac neurons produce
and secrete PACAP onto cardiac tissues, then this could potentially change the normal
inhibitory output of the cardiac neurons to a mixed inhibitory/excitatory influence on
pacemaker tissue promoting aberrant electrical activity.

In conclusion, we show that the chemical pheonotype of cardiac neurons can change in explant
culture, a preparation we have used to test PACAP expression in response to injury. We
postulate that in explant culture, the increase in PACAP expression in cardiac neurons that
occurs in response to injury is facilitated by the loss of a target-derived factor, very likely
neurturin, which normally suppresses PACAP production in vivo. Thus, during culture,
PACAP production is released from a neurturin-induced suppression. Also, although many
common regulatory factors did not enhance PACAP production under the conditions of these
experiments, we do not exclude the possibility that an as yet unidentified paracrine factor also
might contribute to the enhanced PACAP expression.
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Analysis of variance

bFGF  
Fibroblast growth factor basic

CARTp  
Cocaine- and amphetamine-regulated transcript peptide

ChAT  
Choline acetyl transferase

CNTF  
Ciliary neurotrophic factor

CT  
Threshold cycle

Cy3  
Indocarbocyanine

FITC  
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Fluorescein isothiocyanate

GDNF  
Glial-derived neurotrophic factor

GFRα2  
Receptor for neurturin

Il-1β  
Interleukin-1 beta

IR  
Immunoreactive

LIF  
Leukemia inhibitory factor

M65  
PAC1 receptor antagonist

MAPK  
Mitogen activated protein kinase

NGF  
Nerve growth factor

PAC1  
PACAP selective receptor

PACAP  
Pituitary adenylate cyclase-activating polypeptide

PCR  
Polymerase chain reaction

PI3-kinase  
Phosphatidylinositol 3-kinase

SCG  
Superior cervical ganglion

TGFβ  
Transforming growth factor- Beta

TNFα  
Tumor necrosis factor- Alpha

VIP  
Vasoactive intestinal polypeptide

Girard et al. Page 14

Neuroscience. Author manuscript; available in PMC 2007 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
The percentage of PACAP-IR cardiac neurons increases over time in culture. A: Many PACAP-
IR neurons were present within cardiac ganglia in 72 hour cultures. The arrows point to neurons
that exhibit PACAP immunoreactivity whereas asterisks mark neurons that are not peptide
positive. The arrowheads point to PACAP-IR fibers in an adjacent nerve bundle. B: PACAP-
IR fibers in a nerve connective. Note the intense PACAP staining at the ends of the fibers. C:
An example of a single VIP-IR neuron in a 72 hour culture. Note that both the cell body and
axon exhibited VIP immunoreactivity. The scale bars in A-C equal 50 μm. D: The percentage
of PACAP-IR neurons increases progressively over time in culture. Asterisks indicate
significant (p < 0.001, one way ANOVA) increases in PACAP-IR cells above controls, t = 0.
In contrast, over the same time in culture, there is no significant increase in the percentage of
VIP-IR cardiac neurons.
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Figure 2.
PACAP transcript levels increase during culture of cardiac ganglia. Real time PCR analysis of
PACAP transcript levels normalized to RNA/whole mount determined for extracts from
acutely isolated preparations and from extracts of cardiac ganglia explants at different times
in culture. Neurturin (10 ng/ml) suppressed PACAP transcript levels after 48 hours, but not
after 24 or 72 hours in culture. Data represents mean ± SEM of results from at least 5 untreated
cardiac ganglia preparations at each time point and mean ± SEM of results from at least 4
neurturin treated cardiac ganglia preparations at 24, 48 and 72 hours in culture. For untreated
preparations, asterisks indicate significant differences (p < 0.001) from control 0 hour values,
as determined by one way ANOVA. The # indicates a significant difference as determined by
Students’ non-paired t-test (p < 0.05) in PACAP transcript level between untreated and
neurturin-treated 48 hour cultured ganglia.
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Figure 3.
The neurturin-induced suppression of PACAP-IR neurons is mediated by activation of PI3-
kinase and MAPK signaling pathways. Neurturin (NTN) significantly decreased (indicated by
asterisks) the percentage of PACAP-IR cells after 72 hours in culture (CTL = control). The
suppression of PACAP expression by neurturin was reduced by co-treatment with either 100
nM wortmannin (Wort), an inhibitor of PI-3 kinase, or 50 μM PD890059 (PD), an inhibitor of
MEK and essentially eliminated in cultures treated with neurturin and both inhibitors. The
results are presented as mean ± SEM for at least 3 preparations. Data analyzed with one way
ANOVA with differences significant at p > 0.05.
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Figure 4.
Neurturin does not deplete cellular PACAP. Results from two groups of cardiac ganglia
explants (n = 3 in each group) cultured for 96 hours. The first group was cultured for 96 hours
without neurturin (NTN). The second group was cultured for an initial 48 hours without
neurturin and then the subsequent 48 hours with 10 ng/ml neurturin. There was no difference
in percentage of PACAP-IR neurons in these two groups after 96 hours.
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Figure 5.
The presence of a number of established regulatory factors does not affect the percentage of
PACAP-IR neurons in 24 hour cultured ganglia. Cardiac ganglia explants were cultured for 24
hours in the presence of CNTF (50 ng/ml), Il-1β (20 ng/ml), TNFα (20 ng/ml), FGF (50 ng/
ml), TGF-β (50 ng/ml) or NGF (100 ng/ml), then fixed and immunostained using antiserum
directed against PACAP and antiserum+ against ChAT.
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Figure 6.
Treatment with PACAP or forskolin can enhance PACAP expression. Cardiac ganglia explants
were cultured for 24 hours (A) or 72 hours (B) in the presence of PACAP (20 nM) or forskolin
(10 μM) or without either drug. Both PACAP and forskolin treatment increased the percentage
of PACAP-IR cells in 24 hour cultures, but not in 72 hour cultures. At least 3 preparations
were analyzed under each condition. The asterisks in A indicate significant difference (p <
0.05) from untreated value as determined by ANOVA.
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Figure 7.
Treatment with PACAP or forskolin has no effect on VIP expression in cultured cardiac
neurons. Cardiac ganglia explants were cultured for 24 hours (A) or 72 hours (B) in the presence
of PACAP (20 nM) or forskolin (10 μM) or without either drug. Neither treatment affected the
percentage of VIP-IR neurons. At least 3 preparations were analyzed under each condition.
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Figure 8.
The presence of the PAC1 receptor antagonist M65 did not suppress PACAP expression.
Cardiac ganglia explants were cultured for 24 hours or 48 hours in the presence of 100 nM
M65. The percentage of PACAP-IR cells was not significantly affected by the presence of the
antagonist after either time in culture.
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