
RESEARCH PAPERbph_1108 1083..1095

Semaphorin 3A inhibits
growth of adult sympathetic
and parasympathetic
neurones via distinct
cyclic nucleotide
signalling pathways
MR Nangle and JR Keast

Pain Management Research Institute and Kolling Institute of Medical Research, University of

Sydney at Royal North Shore Hospital, St Leonards, NSW, Australia

Correspondence
Matthew R. Nangle, Level 13
Kolling Building, Royal North
Shore Hospital, St Leonards, NSW
2065, Australia. E-mail:
matthew.nangle@sydney.edu.au
----------------------------------------------------------------

Keywords
guidance; axotomy; regeneration;
sprouting; autonomic; urogenital
----------------------------------------------------------------

Received
17 August 2010
Revised
1 October 2010
Accepted
11 October 2010

BACKGROUND AND PURPOSE
Semaphorin 3A (Sema3A) is an important secreted repulsive guidance factor for many developing neurones. Sema3A
continues to be expressed in adulthood, and expression of its receptor, neuropilin-1 (Nrp-1), can be altered by nerve injury.
Autonomic neurones innervating the pelvic viscera are particularly susceptible to damage during pelvic surgical procedures,
and failure to regenerate or aberrant growth of sympathetic and parasympathetic nerves lead to organ dysfunction. However,
it is not known if adult pelvic neurones are potential targets for Sema3A.

EXPERIMENTAL APPROACH
The effects of Sema3A and activation or inhibition of cyclic nucleotide signalling were assessed in adult rat pelvic ganglion
neurones in culture using a growth cone collapse assay.

KEY RESULTS
Sema3A caused growth cone collapse in both parasympathetic and sympathetic neurones expressing Nrp-1. However, the
effect of Sema3A was mediated by distinct cyclic nucleotide signalling pathways in each neurone type. In parasympathetic
neurones, cAMP and downstream activation of protein kinase A were required for growth cone collapse. In sympathetic
neurones, cGMP was required for Sema3A-induced collapse; cAMP can also cause collapse but was not required.
Sema3A-mediated, cGMP-dependent collapse in sympathetic neurones may require activation of cyclic nucleotide-gated ion
channels (CNGCs).

CONCLUSIONS AND IMPLICATIONS
We propose that Sema3A is an important guidance factor for adult pelvic autonomic neurones, and that manipulation of their
distinct signalling mechanisms could potentially promote functional selective regeneration or attenuate aberrant growth. To
our knowledge, this is also the first study to implicate CNGCs in regulating growth cone dynamics of adult neurones.

Abbreviations
8-Br-cGMP, 8-bromoguanosine 3′,5′-cyclic monophosphate; CNGC, cyclic nucleotide-gated ion channel; DCB,
2′,4′-dichlorobenzamil; DDA, 2′,5′-dideoxyadenosine; FSK, forskolin; KT-5720, (9R,10S,12S)-2,3,9,10,11,12-hexahydro-10-
hydroxy-9-methyl-1-oxo-9,12-epoxy-1H-diindolo[1,2,3-fg:3′,2′,1′-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-
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9,12-epoxy-1H-diindolo[1,2,3-fg:3′,2′,1′-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid, methyl ester; LCD,
L-cis-diltiazem; NOS, nitric oxide synthase; ODQ, 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one; Nrp-1, neuropilin-1; PKA,
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Introduction
The guidance factor, semaphorin 3A (Sema3A), is a secreted
protein that signals through a receptor complex of
neuropilin-1 (Nrp-1) and plexin-A (He and Tessier-Lavigne,
1997; Takahashi et al., 1999). Sema3A has chemo-repulsive
effects on developing axons to facilitate appropriate target
innervation (Tran et al., 2007). For example, in the peripheral
nervous system, Sema3A null mutant mice show severe
abnormalities in morphology and projections of sympathetic
ganglia (Behar et al., 1996; Taniguchi et al., 1997; Kawasaki
et al., 2002) and premature entry of enteric neural precursors
into the hindgut (Anderson et al., 2007).

Understanding the guidance factor signalling during
development could reveal new strategies to promote regenera-
tion of injured axons in the adult (Pasterkamp and Verhaagen,
2006; Pasterkamp and Giger, 2009). Direct evidence that
Sema3A can inhibit regeneration in vivo is provided by the
repulsion of established and reinnervating sensory axons by
ectopic expression of Sema3A in rabbit cornea (Tanelian et al.,
1997). A number of studies also indicate dynamic changes in
Sema3A signalling after injury. For example, Nrp-1 is upregu-
lated in dorsal root ganglion (DRG) neurones after damage to
their peripheral processes and in regenerating olfactory axons
(Pasterkamp et al., 1998; 2001; Gavazzi et al., 2000). Moreover,
Sema3A may stabilize synaptic contacts and restrict sprouting
at the neuromuscular junction (De Winter et al., 2006).

Damage to autonomic nerves regulating urogenital func-
tion is often unavoidable during pelvic surgery (e.g. prostate-
ctomy and hysterectomy, Maas et al., 2003; Penson et al.,
2005), having broad consequences for sexual and bladder
function. The nerves most vulnerable to damage arise from
the inferior hypogastric plexus, containing both sympathetic
and parasympathetic neurones (Keast, 2006). This is of par-
ticular interest for pelvic parasympathetic neurones, which
differ from other parasympathetic neurones in having unusu-
ally long axons and so are uniquely susceptible to damage. In
rodents, functionally similar autonomic neurones are located
in paired major pelvic ganglia (Keast, 2006). These neurones
have some regenerative potential after axotomy, and restora-
tion of function can be slow or incomplete; aberrant growth
to inappropriate targets also occurs (Kepper and Keast, 1998;
Palma and Keast, 2006; Nangle and Keast, 2007; 2009). The
potential role of guidance factors has not been examined in
adult pelvic neurones, although Sema3A is expressed in some
of their targets (e.g. uterus and lower bowel) and increased
uterine Sema3A expression during pregnancy is associated
with reduced sympathetic innervation (Marzioni et al., 2004;
Anderson et al., 2007).

In this study, we aimed to determine if adult rat pelvic
neurones are potential targets for Sema3A by performing
growth cone collapse assays. This also provides a unique
opportunity to investigate Sema3A actions on parasympa-
thetic neurones, which in other locations are closely associ-
ated with their target organs. Cyclic nucleotides are heavily
involved in mediating or modulating Sema3A signalling in
other systems (Song et al., 1998; Huber et al., 2003; Nish-
iyama et al., 2008; Togashi et al., 2008; Pasterkamp and Giger,
2009), and we have found that both sympathetic and para-
sympathetic pelvic neurones respond to Sema3A but utilize
completely distinct mechanisms. We propose that Sema3A is

an important guidance factor for adult pelvic autonomic neu-
rones, and that targeting of particular intracellular mecha-
nisms could potentially be exploited to selectively promote
appropriate growth.

Methods

All experiments were performed in accordance with the Code
of Practice for the Care and Use of Animals for Experimental
Purposes (National Health and Medical Research Council of
Australia) and were approved by the Animal Care and Ethics
Committees of the Royal North Shore Hospital and Univer-
sity of Sydney. Adult male outbred Wistar rats (7–11 weeks,
n = 49) were anaesthetized with sodium pentobarbitone
(60 mg·kg-1 i.p.), prior to decapitation. The major pelvic
ganglia were removed and neurones were dissociated and
cultured in the absence of serum or growth factors, as previ-
ously described (Wanigasekara and Keast, 2005). Briefly,
pelvic ganglion neurones were incubated in 0.15% type I
collagenase (Worthington, Lakewood, NJ, USA) and 0.25%
trypsin in 1 mM ethylenediaminetetraacetic acid (Invitrogen
Australia, Mulgrave, Australia) for 2 h before gentle mechani-
cal trituration through a fire-polished glass pipette. Neurones
were then dispersed onto glass cover slips pretreated with
500 mg·mL-1 poly-ornithine and 5 mg·mL-1 laminin (ª500
neurones per cover slip). Neurones were cultured in Neu-
robasal A medium containing 2% B27 supplement, L-alanyl-
L-glutamine (200 mM GlutaMAX) and antibiotic/antifungal
agents (all from Invitrogen Australia). Cultures were main-
tained for 2 days (44–48 h).

Immunocytochemistry
Cultures were fixed in pre-heated 4% phosphate-buffered
formaldehyde (pH 7.4) containing 10% sucrose and incu-
bated for 30 min at 37°C, washed, blocked and permeabilized
in 10% horse serum and 0.1% triton X-100 in phosphate-
buffered saline for 1 h, and incubated with primary antibod-
ies for 2 h at room temperature. Antisera against neuronal
nitric oxide synthase (NOS), raised in rabbit (1:100; Zymed
Laboratories, San Francisco, CA, USA) or sheep (1:1000; gift
from Dr Piers Emson, Babraham Institute, Cambridge, UK), or
against vesicular acetylcholine transporter (VAChT), raised
in goat (1:500; Chemicon, Temecula, CA, USA), were used
to identify cholinergic neurones. We have referred to
cholinergic/nitrergic neurones as ‘parasympathetic’, but rec-
ognize that a minority receives lumbar spinal inputs in vivo
so are sympathetic (Dail et al., 1985; Keast, 1995). Antisera
against tyrosine hydroxylase (TH), raised in rabbit (1:100;
Chemicon) or mouse (1:100; Immunostar, Hudson, WI, USA),
were used to identify sympathetic noradrenergic neurones.
Technical details for the NOS, TH and VAChT antibodies,
including specificity, have been previously published (Poulin
et al., 2006; Yan and Keast, 2008). An antibody against Nrp-1
was also used, raised in goat (1:100; R&D Systems, Minneapo-
lis, MN, USA). This antibody was produced using purified
recombinant rat Nrp-1 extracellular domain derived from
murine hybridoma cell lines, and its specificity has been
demonstrated with a number of applications (see manufac-
turer’s details). Furthermore, somatic and neurite staining has
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been identified in dissociated rat neonatal superior cervical
ganglion neurones (Marko and Damon, 2008). Neurones
were incubated for 1 h with Alexa Fluor 488-, Cy2- or Cy3-
conjugated secondary antibodies (Jackson Immunoresearch
Laboratories, West Grove, PA, USA) or with a biotin-labelled
secondary antibody (Jackson Immunoresearch Laboratories)
followed by AMCA avidin D (Vector Laboratories, Burlin-
game, CA, USA) to visualize sites of secondary antibody
binding. Except for experiments using the Nrp-1 antibody,
Alexa Fluor 488-conjugated phalloidin (1:50; Molecular
Probes, Eugene, OR, USA) was used to identify F-actin
in growth cones. 4′,6-diamidino-2-phenylindole (DAPI,
1 mg·mL-1; Sigma, Castle Hill, NSW, Australia) was used as a
nuclear counterstain. We identified unhealthy or dead neu-
rones as having irregular nuclei with condensed or peripheral
chromatin. Such cells were rejected from analysis but were
very rare. Cover slips were mounted onto slides with 0.5 M
bicarbonate-buffered glycerol, and sealed with nail varnish.

Growth cone collapse assay
Collapsed growth cones were identified as ‘bullet shaped’
neurite endings lacking lamellipodia/filopodia, as previously
described (Reza et al., 1999). We classified neurite-bearing
neurones as ‘intact’ or ‘collapsed’ based on the morphology
of their growth cone(s). A neurone was classed as ‘collapsed’
where a majority of its growth cones had a collapsed pheno-
type and otherwise referred to as ‘intact’. At least 50 neurite-
bearing neurones were counted for any given treatment from
each culture; approximately 20–25% of neurones did not
have neurites and were not assessed. Growth cone collapse
was expressed as a percentage of total neurones counted.
Most neurite-bearing neurones had numerous neurite
branches and growth cones, and in the vast majority of cases,
the growth cones of each neurone were almost all collapsed
or all intact. In our pilot experiments, we found that this
method of classifying neurones gave similar growth cone
collapse percentages as counting the total number of indi-
vidual growth cones; however, the former is a more efficient
means of achieving adequate sampling. To investigate the
role of cyclic nucleotides in Sema3A-induced growth cone
collapse, we treated cultures with relevant agonists (30 min),
or added inhibitors of cyclic nucleotide signalling 1 h prior to
Sema3A (100 ng·mL-1 for all experiments; R&D Systems). This
concentration of Sema3A is optimal for causing growth cone
collapse of embryonic and adult rat DRG neurones (Song
et al., 1998; Wanigasekara and Keast, 2006).

Reagents
The following reagents were used: 2′,5′-dideoxyadenosine
(DDA, 100 mM) and forskolin (FSK, 10 mM) to, respectively,
inhibit and stimulate adenylyl cyclase; 1H-[1,2,4]
oxadiazole[4,3-a]quinoxalin-1-one (ODQ, 1 mM) and sodium
nitroprusside (SNP, 100 mM) to inhibit and stimulate, respec-
tively, soluble guanylyl cyclase; rolipram (ROL, 10 mM) and
zaprinast (ZAP, 10 mM) to inhibit cAMP- and cGMP-
dependent phosphodiesterases, respectively; (9R,10S,12S)-
2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-oxo-9,12-
epoxy-1H-diindolo[1,2,3- fg:3 ′,2′,1′ -kl ]pyrrolo[3,4- i] [1,6]
benzodiazocine-10-carboxylic acid, hexyl ester (KT-5720,
200 nM) and Rp-adenosine-3′,5′-cyclic monophosphorothio-

ate (Rp-cAMPS, 20 mM) to inhibit protein kinase A
(PKA); (9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-methoxy-
2,9-dimethyl -1-oxo-9,12-epoxy-1H-diindolo[1,2,3- fg:3′,2′,
1′-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid,
methyl ester (KT-5823, 1 mM) and Rp-8-bromoguanosine-
3′,5′-cyclic monophosphorothioate (Rp-8-Br-cGMPS, 20 mM)
to inhibit protein kinase G (PKG); L-cis-diltiazem (LCD,
20 mM) and 2′,4′-dichlorobenzamil (DCB, 1 mM) to inhibit
cyclic nucleotide-gated ion channels (CNGCs); the cAMP
analogue, Sp-cAMPS (20 mM), and the cGMP analogue,
8-bromoguanosine 3′,5′-cyclic monophosphate (8-Br-cGMP,
100 mM). SNP was purchased from Fluka Chemika (Steinham,
Germany), and 8-Br-cGMP and ZAP from Sigma. All other
chemicals were purchased from BIOMOL International (Ply-
mouth Meeting, PA, USA).

Imaging and figure production
Images were captured using an RT Spot camera (Diagnostic
Instruments, Sterling Heights, MI, USA) mounted on an
Olympus BX51 fluorescence microscope, or a fluorescence
laser-scanning confocal microscope (Leica TCS SP5 system
with Leica Application Suite software, Leica Microsystem,
Wetzlar, Germany). Images were digitized using Image-Pro
Plus 5.0 (Media Cybernetics, Bethesda, MD, USA). Small
adjustments to brightness and contrast were made with
Adobe Photoshop CS2 or Imaris x64 software (Bitplane AG,
Zurich, Switzerland), in order to best represent staining as
seen under the microscope. Figures were prepared using
Adobe InDesign CS2.

Statistics
In every experiment, each replicate (n) corresponded to a
measurement taken from isolated cultured neurones
obtained from one rat. The neurones isolated from each rat
were split across dishes cultured in parallel, with the control
and each of the experimental conditions assigned one dish.
Three or more replicates were analysed in each experiment.
Statistical procedures were performed using Prism 5 for Mac
OS X software. Data expressed as the percentage of neurones
with collapsed growth cones were arcsine-root transformed
prior to statistical analyses. To analyse the time course of the
effects of Sema3A treatment, measurements at each of three
time points were compared with the control condition using
Dunnett’s test. In all other experiments, multiple two-group
comparisons were performed using Tukey’s test procedure to
control the experiment-wise Type I error rate (Quinn and
Keough, 2002; Keppel and Wickens, 2004). All results are
expressed as the mean � standard error of the mean. P < 0.05
was regarded as statistically significant.

Results

Sema3A causes growth cone collapse in adult
sympathetic and parasympathetic rat pelvic
ganglion neurones expressing Nrp-1
We first wished to determine if Sema3A caused growth cone
collapse in cultured adult pelvic autonomic neurones. By
48 h, most sympathetic and parasympathetic neurones
(approximately 75%) had grown multiple neurites
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(Figure 1A,B). For both types of neurone, the majority had an
‘intact’ growth cone phenotype, but growth cones were, on
average, larger and had more filopodia in sympathetic com-
pared with parasympathetic neurones (Figure 1C,D).
Approximately 25–35% of neurones had predominantly col-
lapsed growth cones (Figure 1E,F). In Xenopus retinal gan-
glion neurones, Sema3A induces transient growth cone
collapse that peaks at about 10 min and abates by 60 min
(Campbell et al., 2001). In contrast, Sema3A-collapse is sus-
tained in adult rat DRG neurones for at least 1 h after appli-
cation (Wanigasekara and Keast, 2006). Therefore, we
performed a time course experiment, adding Sema3A to cul-
tures for 10, 30 or 60 min prior to fixation. Sema3A increased
growth cone collapse at all time points in both sympathetic
and parasympathetic neurones (Figure 1G,H). The response
was sustained in sympathetic neurones, but was larger and
transient (peaking at 30 min) in parasympathetic neurones.

Next, we determined whether pelvic ganglion neurones
express the Sema3A receptor, Nrp-1, and whether Sema3A-
induced growth cone collapse only occurs in neurones
expressing Nrp-1. We found that Nrp-1 was expressed in both
sympathetic (32.3 � 2.4%, n = 5) and parasympathetic neu-
rones (53.9 � 2.9%, n = 5). Nrp-1-immunoreactivity was
observed in somata as well as neurites, including central and
peripheral domains of growth cones and their filopodia
(Figure 2A–D). Sema3A (30 min) caused growth cone collapse
in approximately 80% of sympathetic and parasympathetic
neurones expressing Nrp-1 (Figure 2E,F). However, in Nrp-1-
negative neurones, Sema3A did not cause growth cone col-
lapse (Figure 2E,F). These data demonstrate that specific
populations of pelvic ganglion autonomic neurones are
responsive to Sema3A, and that these neurones express Nrp-1.

Cyclic AMP and PKA signalling mediate
Sema3A-induced growth cone collapse in
parasympathetic neurones
We used a pharmacological approach to determine whether
cyclic nucleotide signalling is required for or modulates
Sema3A-collapse in autonomic neurones, examining first the
parasympathetic population. The adenylyl cyclase (AC)
inhibitor, dideoxyadenosine (DDA, 100 mM), blocked
Sema3A-induced collapse in parasympathetic neurones, but
had no effect on its own (Figure 3A). In addition, increasing
cAMP levels with FSK (10 mM), an activator of AC, caused
growth cone collapse of similar magnitude to that observed
with Sema3A (Figure 3A). ROL (10 mM), an inhibitor of cAMP-
specific type 4 phosphodiesterase, the most abundant
isoform in neural tissue (Nikulina et al., 2004), did not
augment Sema3A-induced collapse in parasympathetic neu-
rones (Figure 3B), implying a maximal effect for cAMP-
mediated collapse was reached. However, by itself, ROL
caused a small but significant increase in growth cone col-
lapse (Figure 3B), suggesting that there is an appreciable basal
production of cAMP. In contrast to the effect of AC inhibi-
tion, inhibition of soluble guanylyl cyclase (sGC) with ODQ
(1 mM) did not block Sema3A-induced growth cone collapse
in parasympathetic neurones (Figure 3C). Furthermore,
elevating cGMP levels with the nitric oxide donor and sGC
activator, SNP (100 mM), did not increase collapse.

Some parasympathetic pelvic ganglion neurones do not
express NOS (Wanigasekara and Keast, 2005), so we assessed

growth cone collapse in this population by counting
VAChT-positive/NOS-negative neurones (examples of
VAChT-immunoreactive neurites are shown in Figure 3D,E).
In these parasympathetic neurones, Sema3A caused growth
cone collapse of a similar magnitude to that observed in
NOS-positive neurones (Figure 3F). Furthermore, DDA
blocked Sema3A-induced collapse and FSK caused growth
cone collapse (Figure 3F). Conversely, ODQ did not block
Sema3A-induced collapse, and elevating cGMP levels with
SNP did not cause collapse (Figure 3G). Together, these
results suggest that activation of the AC-cAMP pathway
mediates Sema3A-induced actin depolymerization in growth
cones of nitrergic and non-nitrergic parasympathetic neu-
rones, and that the sGC-cGMP pathway does not regulate
repulsive growth cone dynamics.

To investigate Sema3A signalling downstream of cyclic
nucleotides in nitrergic parasympathetic neurones, we used
inhibitors of PKA and PKG, the respective prototypical media-
tors of cAMP and cGMP functions. The PKA inhibitors,
KT-5720 (200 nM) and Rp-cAMPS (20 mM) prevented
Sema3A-collapse without affecting growth cone collapse on
their own (Figure 4A,B). These results suggest Sema3A-
collapse is mediated by cAMP-dependent activation of PKA.
In contrast to PKA inhibition, Sema3A-collapse was unaf-
fected by PKG inhibition with either KT-5823 (1 mM,
Figure 4C) or Rp-8-Br-cGMPS (20 mM, Figure 4D). However,
both PKG inhibitors caused growth cone collapse on their
own, implicating PKG signalling as a positive regulator of
growth cone dynamics in parasympathetic neurones, inde-
pendent of Sema3A signalling.

Cyclic GMP signalling mediates
Sema3A-induced growth cone collapse in
sympathetic neurones, but cAMP can also
stimulate collapse
In sympathetic neurones, ODQ blocked Sema3A-collapse and
caused a small decrease in growth cone collapse on its
own (Figure 5A). Therefore, cyclic GMP signalling mediates
Sema3A-induced growth cone collapse. Furthermore, both
SNP (Figure 5A) and the cGMP analogue, 8-Br-cGMP
(100 mM, data not shown), caused growth cone collapse. Con-
sistent with this, DDA did not block Sema3A-induced col-
lapse in sympathetic neurones (Figure 5B), suggesting that
cAMP production is not required to mediate Sema3A-
collapse. However, we found that elevating cAMP using either
FSK (Figure 5B) or the cAMP analogue, Sp-cAMPS (20 mM,
data not shown) caused growth cone collapse in sympathetic
neurones. Together, these results suggest that in sympathetic
neurones, Sema3A-induced growth cone collapse is mediated
by the sGC-cGMP pathway, in contrast to parasympathetic
neurones, where cAMP signalling is required. However,
because cAMP can stimulate collapse, it is possible that
chemo-repulsive guidance factor(s) other than Sema3A signal
via this cyclic nucleotide.

Because both cAMP and cGMP caused filopodial retrac-
tion in sympathetic neurones, we used ROL and the cGMP-
specific type 5/6 phosphodiesterase inhibitor, ZAP (10 mM), to
determine whether basal levels of either nucleotide affects
growth cone dynamics (Figure 5C). Phosphodiesterase
inhibition, separately or combined, did not augment
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Figure 1
Sema3A causes growth cone collapse in adult sympathetic and parasympathetic neurones. (A,B) Inverted fluorescence images of cultured
sympathetic (A; TH-positive) and parasympathetic (B; NOS-positive) pelvic ganglion neurones. (C, D) Intact growth cones of sympathetic (C) and
parasympathetic (D) neurones. (E, F) Collapsed growth cones of sympathetic (E) and parasympathetic (F) neurones (merged images of TH or NOS
with actin staining). Note the retraction of F-actin rich filopodia in collapsed growth cones. (G,H) Sema3A increased growth cone collapse in both
sympathetic and parasympathetic neurones, at all time points tested (n = 4). Dunnett’s test: * P < 0.05, ** P < 0.01, *** P < 0.001 versus control.
Scale bar = 100 mm in (A and B), 12 mm in (C–F). NOS, nitric oxide synthase; TH, tyrosine hydroxylase.
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Sema3A-induced collapse, suggesting that a maximal level of
cyclic nucleotide-dependent collapse had been reached. Simi-
larly, neither ROL nor ZAP caused statistically significant
increases in collapse on their own. However, in combination,
these inhibitors caused growth cone collapse to a similar
degree as that caused by Sema3A, possibly via a synergistic
effect (Figure 5C).

CNGCs mediate Sema3A-collapse
in sympathetic, but not
parasympathetic, neurones
In sympathetic neurones, we predicted from the dependence
of Sema3A on sGC-cGMP signalling that PKG inhibitors
would also inhibit the response to Sema3A, but both KT-5823

Figure 2
Sema3A-induced growth cone collapse occurs only in sympathetic and parasympathetic neurones expressing Nrp-1. (A–D) Confocal images of
growth cones from sympathetic (TH-positive: A, intact; B, collapsed) and parasympathetic (NOS-positive: C, intact; D, collapsed) pelvic ganglion
neurones expressing Nrp-1. Merged images of TH and NOS with Nrp-1 immunostaining are shown in (B) and (D) respectively. Arrowhead in (D)
shows an Nrp-1-negative collapsed growth cone in close proximity to an Nrp-1-positive collapsed growth cone. (E, F) Sema3A caused growth
cone collapse in sympathetic (E) and parasympathetic (F) neurones with Nrp-1-immunoreactivity (Nrp-1-IR), but did not cause collapse in
Nrp-1-negative neurones (n = 3). Tukey’s test: ***P < 0.001 versus Sema3A-negative control. Scale bar = 10 mm in (A–D). NOS, nitric oxide
synthase; Nrp-1, neuropilin-1; Sema3A, semaphorin 3A; TH, tyrosine hydroxylase.
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(Figure 6A) and Rp-8-Br-cGMPS (Figure 6B), failed to prevent
Sema3A-collapse. Moreover, both agents caused growth cone
collapse, implicating PKG signalling as a positive regulator of
growth cone dynamics. This effect of the inhibitors alone
may have impaired our ability to determine the role of PKG
in the Sema3A response. As predicted by the lack of effect of
AC inhibition on the Sema3A response, inhibition of PKA
with either KT-5720 (Figure 6C) or Rp-cAMPS (Figure 6D) did
not prevent Sema3A-collapse in sympathetic neurones.
However, as seen for the PKG inhibitors in these neurones,
each PKA inhibitor alone caused collapse, limiting the value
of these reagents for assessing the downstream target of cAMP
signalling. These data raise the possibility that neither PKA
nor PKG signalling are required for growth cone collapse in
response to the elevation of cyclic nucleotides, and that
cGMP-dependent collapse in response to Sema3A may occur
via a non-PKG downstream target.

We next wished to investigate whether CNGCs function
in cGMP-mediated growth cone collapse of sympathetic neu-

rones. Recently, cGMP-specific (rod-type) CNGCs have been
shown to mediate calcium-dependent chemo-repulsive
effects of Sema3A in embryonic Xenopus spinal neurones
(Togashi et al., 2008). CNGCs have not yet been implicated in
guidance factor activity in adult neurones, although rod-type
CNGCs have previously been identified in a neuroblastoma
cell line derived from mouse sympathetic ganglia (Thomp-
son, 1997). We found that treatment with the non-specific
CNGC inhibitor, DCB (1 mM), or the CNGC-specific inhibitor,
LCD (20 mM), prevented Sema3A-induced growth cone col-
lapse in sympathetic neurons (Figure 6E,F). Therefore,
CNGCs may mediate the cGMP-dependent effects of Sema3A.
However, each inhibitor also caused collapse on its own
(Figure 6E,F), raising the question of how collapsed growth
cones caused by these agents could become less prevalent (i.e.
comparable to controls) after exposure to Sema3A. One pos-
sibility is that collapsed growth cones are restored, or new
growth cones formed during the period of Sema3A treatment,
and that their stability is enhanced by Sema3A. Considering

Figure 3
Adenylyl cyclase-cAMP signalling mediates Sema3A-induced growth cone collapse in parasympathetic neurones. (A) Inhibition of AC (DDA)
prevented Sema3A-induced growth cone collapse, and stimulation of AC (FSK) caused growth cone collapse in NOS-positive parasympathetic
neurones. (B) Cyclic AMP-dependent phosphodiesterase inhibition (ROL) did not augment Sema3A-induced collapse, but caused growth cone
collapse by itself. (C) However, inhibition of sGC (ODQ) did not affect Sema3A-induced growth cone collapse, and stimulation of sGC (SNP) did
not cause growth cone collapse. (D,E) Growth cones of parasympathetic neurones identified by VAChT-immunoreactivity (D, intact; E, collapsed).
Merged images of VAChT and F-actin staining are shown in (E). Similar to NOS-positive neurones, inhibition of AC (F), but not sGC (G), prevented
Sema3A-induced growth cone collapse in VAChT-positive/NOS-negative parasympathetic neurones. In addition, stimulation of AC (F), but not
sGC (G), caused growth cone collapse. Tukey’s test: *P < 0.05, **P < 0.01, ***P < 0.001 versus control; ##P < 0.01, ###P < 0.001 versus Sema3A
(n = 3–6 for all experiments). Scale bar = 10 mm in (D) and (E). DDA, 2′,5′-dideoxyadenosine; FSK, forskolin; ODQ, 1H-[1,2,4]oxadiazole[4,3-
a]quinoxalin-1-one; ROL, rolipram; Sema3A, semaphorin 3A; SNP, sodium nitroprusside; TH, tyrosine hydroxylase; VAChT, vesicular acetylcholine
transporter.
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these observations together, we propose that under normal
conditions, Sema3A-induced cGMP-dependent collapse is
mediated by CNGCs, but that if these channels are inhibited,
cGMP promotes growth cone stability, possibly via PKG. In
parasympathetic neurones, LCD had no effect on Sema3A-
induced growth cone collapse and did not significantly affect
collapse on its own (data not shown).

Discussion and conclusions

We have shown that both sympathetic and parasympathetic
adult pelvic autonomic neurones are targets for Sema3A. To

our knowledge, this is the first time that Sema3A actions
have been identified in parasympathetic neurones or pelvic
neurones of any type, and suggest that Nrp-1 or its down-
stream effectors may be viable therapeutic targets for direct-
ing axonal growth after injury in this system. We also found
that Sema3A caused growth cone collapse by completely
different mechanisms in sympathetic and parasympathetic
neurones. Our results suggest that Sema3A is an important
guidance factor for adult pelvic autonomic neurones, and
that separate pharmacological approaches could be used to
promote appropriate, regenerative growth after injury.
Moreover, we have revealed a role for CNG channels in
sympathetic pelvic neurones, raising the possibility of their

Figure 4
Protein kinase A signalling mediates Sema3A-induced growth cone collapse in nitrergic (NOS-positive) parasympathetic neurones. (A) The PKA
inhibitor, KT-5720, prevented Sema3A-induced growth cone collapse in NOS-positive neurones. (B) Similar results were found with Rp-cAMPS.
(C, D) In contrast, two separate inhibitors of PKG (C, KT-5823; D, Rp-8-Br-cGMPS) did not significantly affect Sema3A-collapse, but both caused
growth cone collapse on their own. Tukey’s test: *P < 0.05, **P < 0.01, ***P < 0.001 versus control; #P < 0.05, ###P < 0.001 versus Sema3A
(n = 3–4 for all experiments). KT-5720, (9R,10S,12S)-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-oxo-9,12-epoxy-1H-diindolo[1,2,3-
fg:3′,2′,1′-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid, hexyl ester; KT-5823, (9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-methoxy-
2,9-dimethyl-1-oxo-9,12-epoxy-1H-diindolo[1,2,3-fg:3′,2′,1′-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid, methyl ester; Rp-cAMPS,
Rp-adenosine-3′,5′-cyclic monophosphorothioate; Rp-8-Br-cGMPS, Rp-8-bromoguanosine-3′,5′-cyclic monophosphorothioate; Sema3A,
semaphorin 3A.
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activity in other parts of the adult peripheral nervous
system.

Growth cone collapse initiated by Sema3A in pelvic auto-
nomic neurones was strongly correlated with Nrp-1 expres-
sion, occurring only in neurones expressing Nrp-1. However,
a small proportion (~20%) of Nrp-1 immunoreactive neu-
rones did not display growth cone collapse in response to
Sema3A. This observation raises the possibility that function-
ally distinct pelvic neurones (e.g. innervating different organs
or tissues) may have different exposure or responses to
Sema3A. The effects of Sema3A on pelvic autonomic neu-
rones were unable to be predicted from previous studies in
other parts of the nervous system because there is consider-
able diversity, depending on species, maturity and type of
neurone. For example, elevating cGMP in embryonic rat DRG
neurones prevents Sema3A-induced growth cone collapse,
but causes collapse in embryonic chick DRG explants and
mediates Sema3A-collapse in adult rat DRG neurones (Song
et al., 1998; Dontchev and Letourneau, 2002; Wanigasekara
and Keast, 2006).

We found that the properties of growth cones and
Sema3A responses differed in a number of ways between

sympathetic and parasympathetic pelvic neurones. They
exhibited structural differences, with neurites of sympathetic
neurones having larger growth cones and more filopodia
than those of parasympathetic neurones. The physiological
implications of these differences are not known, but may
reflect distinct signalling or growth mechanisms. These may
also be reflected by differing kinetics of the Sema3A response
in the two groups, where sympathetic neurones showed a
more sustained response.

The most important distinguishing feature of sympa-
thetic and parasympathetic neurones was their responses to
cyclic nucleotides and the mechanisms of Sema3A-induced
growth cone collapse (Figure 7). Because the effects of ago-
nists or antagonists of cyclic nucleotide signalling were exam-
ined concurrently in both sympathetic and parasympathetic
neurones from the same animal, we are confident that the
differential responses do not reflect any experiment-specific
failure of our chosen reagents. In parasympathetic neurones
of both types (nitrergic and non-nitrergic), the Sema3A
response was mediated by cAMP, and cGMP did not cause
collapse; in contrast, in sympathetic neurones, the Sema3A
response was mediated by cGMP and mimicked by cAMP.

Figure 5
Soluble guanylyl cyclase-cGMP signalling mediates semaphorin 3A-induced growth cone collapse in sympathetic neurones. (A) Inhibition of sGC
(ODQ) prevented Sema3A-induced growth cone collapse and stimulation of sGC (SNP) also caused collapse. (B) In contrast to parasympathetic
neurones, inhibition of AC (DDA) did not prevent Sema3A-induced growth cone collapse in sympathetic neurones. However, stimulation of AC
(FSK) did cause growth cone collapse. (C) Neither cAMP- nor cGMP-dependent phosphodiesterase inhibition (ROL and ZAP, respectively)
augmented Sema3A-induced growth cone collapse, nor did these inhibitors significantly affect collapse on their own. However, when added
together, ROL and ZAP caused growth cone collapse. Tukey’s test: *P < 0.05, **P < 0.01, ***P < 0.001 versus control; ###P < 0.001 versus Sema3A
(n = 4 for all experiments). DDA, 2′,5′-dideoxyadenosine; FSK, forskolin; ; ROL, rolipram; Sema3A, semaphorin 3A; SNP, sodium nitroprusside; ZAP,
zaprinast.
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Therefore, a broader range of mediators (e.g. neurotrophic
factors, neurotransmitters) that affect cyclic nucleotide sig-
nalling may promote growth cone collapse in sympathetic
neurones. For example, the potent activator of guanylyl

Figure 6
Cyclic nucleotide-gated ion channels, not PKA or PKG signalling,
mediates Sema3A-induced growth cone collapse in sympathetic neu-
rones. (A, B) Inhibition of PKG with KT-5823 (A) or Rp-8-Br-cGMPS
(B) did not significantly alter Sema3A-induced growth cone collapse
in sympathetic neurones, but both inhibitors caused growth cone
collapse on their own. (C, D) Similarly, inhibition of PKA (C, KT-5720;
D, Rp-cAMPS) did not alter Sema3A-collapse, but both of these
inhibitors caused growth cone collapse. (E,F) However, inhibition of
CNGCs (E, DCB; F, LCD) prevented Sema3A-collapse in sympathetic
neurones. Furthermore, Sema3A prevented the collapse caused
by DCB and LCD on their own. Tukey’s test: *P < 0.05, **P < 0.01,
***P < 0.001 versus control (n = 3–5 for all experiments). **P < 0.01,
***P < 0.001 versus control; ##P < 0.01 versus Sema3A; +P < 0.05,
++P < 0.01 versus DCB or LCD. DCB, 2′,4′-dichlorobenzamil; KT-5720,
(9R,10S,12S)-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-
oxo-9,12-epoxy-1H-diindolo[1,2,3-fg:3′,2′,1′-kl]pyrrolo[3,4-i][1,6]
benzodiazocine-10-carboxylic acid, hexyl ester; KT-5823, (9S,10R,
12R)-2,3,9,10,11,12-hexahydro-10-methoxy-2,9-dimethyl-1-oxo-
9,12-epoxy-1H-diindolo[1,2,3-fg:3′,2′,1′-kl]pyrrolo[3,4-i][1,6]
benzodiazocine-10-carboxylic acid, methyl ester; LCD, L-cis-
diltiazem; Rp-cAMPS, Rp-adenosine-3′,5′-cyclic monophospho-
rothioate; Rp-8-Br-cGMPS, Rp-8-bromoguanosine-3′,5′-cyclic
monophosphorothioate; Sema3A, semaphorin 3A.

Figure 7
Proposed model for cyclic nucleotide-dependent signalling of
growth cone collapse in adult autonomic neurones in response to
Sema3A. In parasympathetic neurones, Sema3A binds to Nrp-1 and
activates adenylyl cyclase, leading to the production of cAMP. In
turn, cAMP activates PKA, which mediates growth cone collapse.
However, cGMP may positively regulate growth cone dynamics inde-
pendent of Sema3A signalling, since inhibition of PKG caused col-
lapse. In sympathetic neurones, Sema3A binds Nrp-1 and stimulates
cGMP production via soluble guanylyl cyclase. In turn, cGMP pref-
erentially activates cyclic nucleotide-gated channels (CNGCs) (1),
which mediate growth cone collapse. However, if CNGCs are inhib-
ited, cGMP activates PKG (2), which does not cause collapse. Growth
cone collapse is also caused by cAMP in sympathetic neurones, but
this occurs independently of Sema3A and PKA signalling. AC, ade-
nylyl cyclase; CNGCs, cyclic nucleotide-gated ion channel; Nrp-1,
neuropilin-1; PKA, protein kinase A; PKG, protein kinase G; Sema3A,
semaphorin 3A; sGC, soluble guanylyl cyclase.
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cyclase, nitric oxide [released by many pelvic parasympa-
thetic terminals (Keast, 2006; Nangle and Keast, 2007)], could
potentially stimulate growth cone collapse in nearby sympa-
thetic axons. Moreover, the ratio of cAMP and cGMP may
determine the nature of the response of each class of pelvic
neurones, as seen in turning assays conducted on other
neurone types (Song et al., 1998; Huber et al., 2003;
Pasterkamp and Giger, 2009).

Cyclic AMP mediated the Sema3A response in parasym-
pathetic neurones but caused Sema3A-independent collapse
in sympathetic neurones. Therefore, sympathetic neurones
may be targeted by additional guidance factors. Moreover, it
is possible that these two actions of cAMP differ in their
downstream targets. In parasympathetic neurones, Sema3A
actions were PKA-dependent, but this may not be the case in
sympathetic neurones (although it is difficult to be certain of
this because the PKA inhibitors alone caused collapse in these
neurones). A number of recent studies have demonstrated
that cAMP can signal via non-PKA targets in growth cones.
For example, in embryonic rat commissural neurones, PKA is
not required for cAMP-dependent netrin-1-induced growth
cone attraction, although it regulates more subtle effects on
turning behaviour (Moore and Kennedy, 2006). In sympa-
thetic pelvic neurones, a PKA-independent response to cAMP
could involve the exchange protein directly activated by
cAMP (Epac), a guanine nucleotide exchange factor for the
small G-protein, Rap1 (Kawasaki et al., 1998; de Rooij et al.,
1998). In embryonic rat DRG neurones, Epac is responsible
for PKA-independent attractive growth cone turning
responses to netrin-1, but in early postnatal and adult neu-
rones, cAMP production by netrin-1 causes PKA-dependent
repulsive turning (Murray et al., 2009). Furthermore, in
embryonic mouse olfactory neurones, cAMP is elevated in
growth cones in response to stimulation of odorant receptors,
and is coupled to non-selective (cAMP- and cGMP-
responsive) ‘olfactory-type’ CNGCs (Maritan et al., 2009).

Cyclic GMP only caused growth cone collapse in sympa-
thetic neurones, where it also mediated the response to
Sema3A. Because PKG inhibitors caused growth cone collapse
on their own, it is difficult to exclude PKG as a downstream
target of cGMP. Irrespective, our studies provide evidence for
CNGCs being required for the effects of Sema3A in this group
of neurones. Although both CNGC inhibitors themselves
promoted growth cone collapse, this treatment not only pre-
vented further Sema3A-induced collapse but also restored
growth cone collapse to control levels. We propose that in
these neurones, Sema3A causes an increase in cGMP that
activates CNGCs to cause collapse, and that if CNGCs are
inhibited, cGMP promotes growth cone stability, possibly via
PKG (Figure 7). A similar situation occurs in embryonic
Xenopus spinal neurones, where cGMP-dependent (rod-type)
CNGCs are responsible for the Ca2+ entry required to mediate
repulsive growth cone turning in response to Sema3A
(Togashi et al., 2008). In this study, Sema3A-mediated repul-
sion was switched to PKG-dependent attraction when CNGCs
were inhibited (Togashi et al., 2008). Why Sema3A-induced
elevation of cGMP predominantly affects CNGCs rather than
PKG-dependent signalling in growth cones of Xenopus spinal
or rat sympathetic neurones is not known, but different levels
of CNGC expression, or cGMP production or compartmen-
talization, are plausible (Togashi et al., 2008).

Semaphorins can negatively influence axon regeneration,
but could also limit inappropriate axon sprouting or redirect
regenerating axons to their appropriate targets (Tang et al.,
2007; Ziemba et al., 2008). For example, collaterals of injured
DRG neurones selectively avoid Sema3A-secreting fibroblasts
in spinal cord (Pasterkamp et al., 2001) and aberrant sprout-
ing in the dorsal horn and hyperexcitability driven by nerve
growth factor is attenuated by Sema3A (Cameron et al., 2006;
Tang et al., 2007). Conversely, inhibition of Sema3A pro-
motes regeneration after spinal cord injury (Kaneko et al.,
2006). Very little is known about Sema3A in the adult auto-
nomic nervous system, although cardiac overexpression of
Sema3A is associated with reduced sympathetic innervation
in mice (Ieda et al., 2007). Sema3A has also been strongly
implicated as an inhibitory factor determining density of
sympathetic innervation of blood vessels (Long et al., 2009),
which may also be important in returning vascular supply
after nerve damage or neuropathies. To our knowledge, there
has been no previous study of semaphorins on parasympa-
thetic autonomic neurones.

Pelvic ganglion neurones comprise both sympathetic and
parasympathetic subtypes, and show diverse growth
responses after injury (Keast, 2006) that could be modulated
by guidance factors. For example, axotomy of the penile
nerves in rats initiates growth of axon collaterals within the
pelvic ganglion in parallel with slow regeneration of axons
towards the target tissue (Palma and Keast, 2006; Nangle and
Keast, 2007). Furthermore, after deafferentation, there is slow
but restricted regeneration of spinal connections accompa-
nied by growth of new axon collaterals within the denervated
ganglion (Kepper and Keast, 1998; Keast, 2004). It is not
known whether inhibitory guidance cues such as Sema3A
impede regenerative efforts or exacerbate inappropriate
plastic changes in the pelvic ganglia; however, modulation of
Sema3A signalling pathways may provide an additional strat-
egy to maximize return of function after injury. A better
understanding of guidance factor expression and function in
the adult may also benefit neurotrophic factor-driven thera-
peutic approaches to improve regeneration (Pasterkamp and
Verhaagen, 2006; Ziemba et al., 2008), especially as Sema3A
can inhibit neurotrophic factor effects in some neurones
(Dontchev and Letourneau, 2002; Tang et al., 2004; Wanigas-
ekara and Keast, 2006).

In conclusion, we propose that Sema3A is an important
guidance factor for adult autonomic neurones, and that iden-
tification of differential Sema3A signalling between sympa-
thetic and parasympathetic neurones may lead to selective
therapeutic strategies to promote functional regeneration of
pelvic organs or prevent aberrant reinnervation after injury.
Our identification of parasympathetic neurones as a Sema3A
target provides additional ways to modulate their function in
development and adulthood.
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