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Pituitary adenylyl cyclase-activating peptide (PACAP;
ADCYAP1) is a neuropeptide that regulates a wide array of
functions within the brain and periphery. We and others
have previously demonstrated that PACAP and its high-af-
finity receptor PAC1 are expressed in the embryonic
mouse neural tube, suggesting that PACAP plays a role in
early brain development. Moreover, we previously showed
that PACAP antagonizes the mitotic action of Sonic
hedgehog (Shh) in postnatal cerebellar granule precur-
sors. In the present study, we demonstrate that PACAP
completely blocked Shh-dependent motor neuron gener-
ation from embryonic stem cell cultures and reduced
mRNA levels of the Shh target gene Gli-1 and several ven-
tral spinal cord patterning genes. In vivo examination of
motor neuron and other patterning markers in embryonic
day 12.5 spinal cords of wild-type and PACAP-deficient
mice by immunofluorescence, on the other hand, revealed
no obvious alterations in expressions of Islet1/2, MNR2,
Lim1/2, Nkx2.2, or Shh, although the Pax6-positive area
was slightly expanded in PACAP-deficient spinal cord.
Caspase-3 staining revealed low, and similar, numbers of
cells undergoing apoptosis in embryonic wild-type vs.
PACAP-deficient spinal cords, whereas a slight but signifi-
cant increase in number of mitotic cells was observed in
PACAP-deficient mice. Thus, although PACAP has a
strong capacity to counteract Shh signaling and motor
neuron production in vitro, corresponding patterning
defects associated with PACAP loss may be obscured by
compensatorymechanisms. VVC 2011Wiley-Liss, Inc.
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Pituitary adenylyl cyclase-activating peptide
(PACAP) is a neuropeptide closely related to vasoactive in-
testinal peptide (VIP) that functions as a neurotransmitter
and immunomodulator and has been implicated in a vari-
ety of developmental actions (Arimura, 1998; Sherwood
et al., 2000; Vaudry et al., 2000; Delgado et al., 2004).
With respect to the latter, PACAP has been shown to reg-
ulate neural precursor cell proliferation, maturation, and

survival during central nervous system (CNS) development
(Waschek, 1996; Lu et al., 1998; Waschek et al., 1998;
Nicot and DiCicco-Bloom, 2001; Watanabe et al., 2007).
We previously showed that PACAP and the PACAP-spe-
cific receptor PAC1 genes are expressed in a complemen-
tary manner in the hindbrain and spinal cord of embryonic
day 10.5 (E10.5) mice; receptor transcripts were found
more readily in the dorsal region and in the floor plate
within the ventricular zone, whereas the transcripts for the
ligand were found in the newly differentiating cells just
outside the ventricular zone (Waschek et al., 1998). More-
over, PACAP stimulated the production of cAMP in a
dose-dependent manner in E10.5 hindbrain cell cultures,
suggesting that the PACAP/PAC1 system might be an im-
portant regulator of cAMP-dependent protein kinase A ac-
tivity in the embryonic CNS. Protein kinase A is known as
a common negative regulator of hedgehog signaling in fly
embryos (Pan and Rubin, 1995; Li et al., 1995) and in the
vertebrate neural tube (Hammerschmidt et al., 1996;
Epstein et al., 1996), so factors that stimulate cAMP might
be expected to antagonize patterning or other actions of
Shh. Consistently with this possibility, we found that these
hindbrain cultures responded to exogenous PACAP with a
decrease expression of the sonic hedgehog (Shh) target
gene Gli-1 (Waschek et al., 1998).

A major action of Shh during spinal cord develop-
ment is to regulate the production of ventral neuronal
phenotypes (Roelink et al., 1995; Martı́ et al., 1995;
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Dessaud et al., 2008), including motor neurons (Tanabe
et al., 1995; Ericson et al., 1996). The fact that PACAP
inhibited the expression of the Shh target gene Gli-1 in
hindbrain cultures suggested that PACAP might act to
modulate the patterning actions of Shh in the neural
tube and perhaps motor neuron production. In other
work, mRNAs for PACAP and its receptors were
shown to be expressed in embryonic stem (ES) cells and
ES cell-derived neuronal cells (Cazillis et al., 2004; Hir-
ose et al., 2005). Moreover, PACAP differentiates cul-
tured ES cells toward a neuronal phenotype (Cazillis
et al., 2004). However, the ability of PACAP to regulate
the production of motor neurons or other specific neu-
ronal phenotypes in ES cultures has not been reported.

Cultures of mouse ES cells can reliably generate
spinal motor neurons in the presence of retinoic acid
and Shh (Wichterle et al., 2002). We used this assay sys-
tem to determine whether exogenous PACAP could
block Shh signaling and induction of motor neurons.
Finally, to determine the requirement for endogenous
PACAP in spinal cord development, we performed mor-
phometric studies, immunohistochemistry, and mitotic
and apoptotic labeling on wild-type (WT) and PACAP-
deficient (KO) mouse embryos.

MATERIALS AND METHODS

Animals

Animals were maintained, housed, and fed ad libitum at
the UCLA School of Medicine vivarium. In all studies, the
recommendations for animal use and welfare, as established by
the UCLA Division of Laboratory Animals and the guidelines
from the National Institutes of Health, were followed. The
generation of mice with targeted mutation in the PACAP
genes was previously described (Colwell et al., 2004). All ani-
mals used in the present studies were back-crossed for at least
12 generations onto a C57BL/6J genetic background. The
day on which a vaginal plug was observed was designated as
embryonic day 0.5 (i.e., E0.5). All embryos were generated
from heterozygous parings. Genotyping was performed as
indicated in Table I.

In Situ Hybridization With Digoxigenin-Labeled
Riboprobe

E12.5 mouse embryos were immersion fixed in 4%
paraformaldehyde in PBS overnight at 48C. After cryoprotec-
tion in 30% sucrose in PBS, embryos were frozen in OCT
embedding compound (Tissue-Tek; Sakura Finetek USA,
Torrance, CA). DIG-labeled riboprobes for PACAP and

TABLE I. Touchdown PACAP PCR Genotyping Protocol

PCR primers (Invitrogen; catalog No. 10336022)

omPCPF11: GTT ATG TCG GTG CGG AGG AGT TTC

omPCPD2–: GCT GGA TAG TAA AGG GCG TAA

omPCPF2–: TTC AAG CAG CCT GCC CCA GAC TCA

RXN 13
DNA 150 ng/sample

MgSO4 (25 mM) 6 ll
53 Buffer, pH 9.15, 300 mM Tris 10 ll

90 mM (NH4)2SO4 6 mM MgSO4

dNTP’s mix (2.5 mM each; Ambion; catalog No. 8228 G) 4 ll
*omPCPF11 (10 lM) 3 ll
*omPCPF2– (10 lM) 3 ll
*omPCPD2– (10 lM) 1.5 ll
DMSO 1.0 ll
Titanium Taq (BD Biosciences Clontech; catalog No. 639208) 0.4 ll
Pfu Native (Stratagene; catalog No. 600136) 0.1 ll
ddH2O 19 ll

Total 50 ll

PCR program

958C, 5 min

948C, 1 min

708C, 30 sec 11 cycles

Decrease temp by 18C every 1 cycle

728C, 4.5 min

948C, 1 min

608C, 30 sec 18 cycles

728C, 4.5 min

728C, 7 min

48C, 20 min

258C, hold
Expected fragment sizes, WT 1.3 kb, mutant 1.7 kb
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PAC1 were synthesized from the same templates as described
by Waschek et al. (1998) using a DIG RNA labeling kit
(Roche). Subsequently, they were purified using RNAse-free
Micro Bio-Spin columns (Bio-Rad Laboratories, Philadelphia,
PA) and quantified using DIG nucleic acid detection kit
(Roche). The PACAP probe was submitted to limited alkaline
lysis in carbonate buffer at 608C for 10 min prior to hybrid-
ization. Cryostat sections (20 lm) from E12.5 embryos (fresh
frozen in OCT on dry ice) were fixed onto Superfrost slides
(Fisher Scientific, Fair Lawn, NJ), stored at 2808C, then
assayed as described by Fuss et al. (1993), with minor modifi-
cations. Briefly, slides were fixed for 5 min in 4% paraformal-
dehyde in PBS, permeabilized with proteinase K, postfixed in
paraformaldehyde, and treated with 0.1 M triethanolamine
(pH 8.0), then with 0.1 M triethanolamine with 0.25% acetic
anhydride. Sections were then dehydrated in ascending con-
centrations of ethanol and hybridized with sense and antisense
riboprobes overnight at 558C (PACAP) or 658C (PAC1). Af-
ter hybridization, sections were washed at room temperature
for 30 min in 23 SSC, then at 728C for 1 hr in 23 SSC,
then at 728C for 1 hr in 0.13 SSC. Slides were then probed
with antidigoxigenin-HRP followed by detection using the
Renaissance TSA-biotin kit (Perkin-Elmer, Waltham, MA)
and streptavidin-FITC according to the manufacturer’s
instructions. For PACAP, a second round of amplification
using streptavidin-HRP and biotinyl-tyramide was performed
to enhance the signal. When Pax6 immunohistochemistry was
performed in parallel to PAC1 ISH, the incubation with anti-
Pax6 antibody was carried out overnight after incubation of
sections with biotinyl tyramide but before incubation with
streptavidin-FITC. The secondary antibody (anti-mouse Cy3)
was added to the sections together with streptavidin-FITC on
the next day.

Cell Culture

HB9::GFP transgenic mouse-derived (HBG3) ES cells
(Wichterle et al., 2002) were cultured on mouse embryonic
fibroblast feeder layer in ES cell media (Wichterle et al., 2002)
for 2 days. ES culture medium was DMEM 1 15% fetal calf se-
rum (HyClone, Logan, UT) 1 2 mM L-glutamine 1 penicil-
lin/streptomycin 1 nonessential amino acids 1 nucleosides 1
0.1 mM b-mercaptoethanol 1 1,000 U/ml LIF (ESGRO;
Chemicon, Temecula, CA). DFK10 medium was DMEM:F12
1 10% knockout serum replacement (Invitrogen, Carlsbad,
CA) 1 penicillin/streptomycin 1 2.4% N2 supplement 1 0.1
mM b-mercaptoethanol 1 1 U/ml heparin. The cells were
then detached using TrypLE Express trypsin substitute (Invi-
trogen) and plated at 50,000 cells/ml on bacterial Petri dishes
in DFK10 medium (Miles et al., 2004). The medium was
changed after 1 day, and on the second day the forming embry-
oid bodies (EBs) were plated in DFK10 medium supplemented
with 1 lM retinoic acid (Sigma, St. Louis, MO) with or with-
out purmorphamine (Calbiochem, San Diego, CA) and/or
PACAP38 (Calbiochem) at indicated concentrations. At indi-
cated time points after the addition of retinoic acid to the cul-
ture media (6 hr to 5 days), the EBs were collected by gentle
centrifugation and mounted on slides in Vectashield antifade
medium (Vector Laboratories, Burlingame, CA) or subjected

to an RNA extraction procedure as indicated below. In total,
six to eight EB/s from two or three independent wells were
counted. Each EB was treated as a replicate.

Microscopic Evaluation of HB9 Expression

EBs mounted in Vectashield on glass slides were ran-
domly selected from each sample (six to eight EBs/sample),
and photos of GFP fluorescence were taken using a micro-
scope (IX70; Olympus) with the exposure time set to a con-
stant value between samples. The region of the image con-
taining the EB was marked based on DAPI staining, and the
mean fluorescence intensity in this region in the green chan-
nel was quantified in ImageJ software (NIH).

Real-Time Quantitative RT-PCR

RNA extraction was performed using the TriZol rea-
gent (Invitrogen) or Stat-60 RNA/mRNA isolation reagent
(IsoTex Diagnostics, Friendswood, TX) according to manu-
facturers’ instructions. Genomic DNA contamination was
eliminated using Turbo DNA-free kit (Applied Biosystems,
Foster City, CA), and cDNA was synthesized using the iScript
cDNA synthesis kit (Bio-Rad Laboratories) or SuperScript II
preamplification system (Invitrogen). Quantitative real-time
PCR was performed using a SYBR-green iQ kit (Bio-Rad
Laboratories), and quantification of relative gene expression
values was performed using the standard curve method with
GAPDH used as the reference housekeeping gene or by nor-
malizing to 18S RNA levels. Each primer pair was validated
by cloning and sequencing of the PCR product. Primer
sequences were as follows: GAPDH, 50-GGC CTT CCG
TGT TCC TAC-30 (forward), 50-TGT CAT CAT ACT
TGG CAG GTT-30 (reverse); Gli-1, 50-ATC TCT CTT
TCC TCC TCC TCC-30 (forward), 50-CGA GGC TGG
CAT CAG AA-30 (reverse); HB9, 50-GCT CAT GCT CAC
CGA GAC TCA-30 (forward), 50-GCT CTT TGG CCT
TTT TGC TGC-30 (reverse); Pax6, 50-AAA ATA GCC
CAG TAT AAA CGG-30 (forward), 50-GAC ACA CTG
GGT ATG TTA TCG-30 (reverse); Nkx2.2, 50-ACC TGG
CCA GCC TCA TCC GTC-30 (forward), 50-CTC CGC
CCG GGC ACG TT-30 (reverse); Nkx6.1, 50-GCG CGC
CTT GCC TGT AC-30 (forward), 50-TTG CTG TCC AGA
GAA CGT GGG-30 (reverse); Islet2, 50-GAA AGC ACT
CAG CGA GTT TG-30 (forward), 50-GCT ACC GGA AGA
GTT GCC TA-30 (reverse).

Immunohistochemistry

The embryos were collected at E12.5, fixed in 4% para-
formaldehyde, embedded in OCT compound, cryostat sec-
tioned at 20 lm, mounted on Superfrost Plus slides, and stored
at 2808C. The following antibodies were used for immunohis-
tochemistry on embryo sections: Islet1/2, MNR2, Lim1/2,
Nkx2.2, Shh (all 1:20), neurofilament 165 kDa (1:100; Devel-
opmental Studies Hybridoma Bank, Iowa City, IA), and Pax6
(1:500; Chemicon). Immunohistochemistry was performed
using standard procedures. Briefly, slides were removed from
the freezer and placed on a slide warmer for approximately 1 hr
to dry. After drying, the slides were washed for 3 3 5 min in
PBS and blocked for 1 hr in a humid chamber at room temper-
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ature in 5% nonfat dry milk in PBS 1 0.1% Triton X-100.
The slides were incubated with primary antibodies diluted in
blocking solution overnight at 48C. The control sections were
incubated in blocking solution. Afterward, the slides were
washed for 3 3 5 min in PBS with 0.1% Triton X-100 and
incubated with secondary antibody (donkey anti-mouse Cy3
1:400; Jackson Immunoresearch Laboratories, West Grove, PA)
in the blocking solution at 48C overnight. For Pax6, the sec-
ondary antibody used was goat anti-rabbit Cy2 (Jackson Immu-
noresearch Laboratories) diluted 1:500 in blocking solution.
The slides were then washed for 3 3 5 min in PBS, cover-
slipped with 90% glycerol, sealed with nail polish, and stored at
48C until microscopic analysis. We examined evenly spaced
sections from the length of spinal cord encompassing cervical,
thoracic, and lumber regions. To measure and compare Pax6
domains in WT vs. PACAP KO mice, the dimensions of
Pax6-immunoreactive areas were determined as indicated in
Figure 7 using AxioVision 4.6 software (Zeiss). We evaluated
Pax6-immunoreactive areas on seven pairs of WT and PACAP
KO mice spinal cord.

Ki67 Staining

Cell proliferation was evaluated by means of immuno-
histochemistry against Ki67 antigen in the ventricular zone of
embryonic spinal cord on 20-lm sections. We evaluated Ki67
staining on seven WT and five PACAP KO mice spinal cord
(at least 12 evenly spaced sections from the length of spinal
cord encompassing cervical, thoracic, and lumber regions).
Sections were rinsed with PBS for 5 min, blocked for 1 hr in
carrier solution (PBS with 0.3% Triton X-100, and 1% BSA)
supplemented with 20% goat serum, and then incubated for 1
hr at 378C with 1:250 anti-Ki67 antibody (Vector Laborato-
ries) in carrier solution supplemented with 5% goat serum. Af-
ter three washes with carrier solution, the slides were incu-
bated with secondary Cy3-conjugated goat anti-rabbit 1:300
in carrier solution for 40 min at room temperature, washed
three times in carrier solution, mounted, and coverslipped.

Caspase-3 Staining

Apoptotic cell death was measured by means of immu-
nohistochemistry against activated (cleaved) caspase-3 in the
20-lm spinal cord sections. We evaluated caspase-3 staining
on four pairs of WT and PACAP KO mouse spinal cord. At
least 16 evenly spaced sections from the length of spinal cord
encompassing cervical, thoracic and lumber region were used
for counting. Embryo sections were subjected to antigen re-
trieval by means of incubation with 10 mM sodium citrate,
pH 6, at 958C for 10 min. The slides were allowed to cool in
the sodium citrate solution, then were washed for 3 3 10
min with PBS. Sections were blocked for 1 hr in carrier solu-
tion supplemented with 20% goat serum, then incubated
overnight at 48C with 1:250 anticleaved caspase-3 antibody
(Cell Signaling Technology, Danvers, MA) in carrier solution
supplemented with 5% goat serum. After three PBS washes,
the slides were incubated with secondary Cy3-conjugated goat
anti-mouse 1:300 in carrier solution for 1 hr at room temper-
ature, washed three times in PBS, mounted, and coverslipped.

Statistical Analyses

Differences between groups were evaluated by t-tests.
Values were considered significantly different at P < 0.05. In
vitro and in vivo results were analyzed in Excel (Microsoft)
and GraphPad Prism4 (GraphPad Software, La Jolla, CA),
respectively. Results are shown as mean 6 SEM.

RESULTS

PACAP and PAC1 Are Expressed in the
Embryonic Neural Tube

PACAP and PAC1 mRNAs are first detected in
the mouse embryonic neural tube at E9.5–E10.5
(Waschek et al., 1998; Sheward et al., 1998). We
focused our in vivo studies here at E12.5, a time when
the patterning effects of PACAP were expected to be
evident (2–3 days after the initial appearance of the tran-
scripts). We first examined gene expression patterns of
PACAP and the PAC1 receptor in the spinal cords of
E12.5 mouse embryos by using nonradioactive in situ
hybridization. As at E10.5 (Waschek et al., 1998), we
found that PAC1 receptor gene transcripts in the spinal
cord were most concentrated in the ventricular zone.
The expression was strongest near the dorsal portion of
the basal plate ventricular zone, spreading out into the
surrounding mantle area; also, there was strong expres-
sion in the ventral ventricular zone, overlapping the P3
progenitor domain near the floor plate (Fig. 1B).
PACAP gene transcripts were more peripheral, residing
in the mantle layer, primarily in the dorsolateral spinal
cord and spreading lower and more centrally into the
ventral spinal cord (Fig. 1A). The nonoverlapping but
complementary expression of PACAP and its receptor in
the developing spinal cord at E12.5 was thus similar to
what we observed at E10.5 (Waschek et al., 1998).

PACAP Blocks Hedgehog Pathway-Mediated
Ventral Fate Adoption in Mouse EB Cultures

We previously demonstrated that 1) PACAP inhib-
ited the expression of the hedgehog (Hh) target gene Gli-
1 in cultured E10.5 embryonic hindbrain precursors
(Waschek et al., 1998), 2) PACAP antagonized the
actions of Shh on cultured cerebellar granule cell progeni-
tors (Nicot et al., 2002), and 3) targeted deletion of a sin-
gle copy of the PACAP gene promoted Hh pathway-
mediated generation of medulloblastoma tumors (Lelievre
et al., 2008). We therefore hypothesized that, in a similar
fashion, PACAP might antagonize Shh actions in the spi-
nal cord, in this case blocking Shh-induced specification
of motor neurons and other ventral neuronal phenotypes.
To study this, we used a transgenic mouse ES cell culture
system in which motor neurons can be generated in
embryoid bodies (EBs), and visualized by virtue of GFP
expression driven by the motor neuron-specific gene pro-
moter (HB9). It has been previously shown that a large
proportion of cells in ES-derived EBs begin to exhibit
GFP fluorescence after approximately 3 days of treatment
with retinoic acid and Shh and strongly express GFP after
5 days (Wichterle et al., 2002). In our experiments, we
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treated cells for 5 days with retinoic acid and varying con-
centrations of purmorphamine, which directly activates
the Hh pathway signal transducer smoothened (Smo), and
with PACAP38. As expected, purmorphamine mimicked
the effect of Shh and produced a dose-dependent increase
in the expression of GFP in HB9::GFP EBs (Fig. 2).
PACAP (10 nM) alone had no significant effect on GFP
expression in these retinoic acid-treated cultures but
strongly antagonized the effect of 1 lM purmorphamine
on GFP expression (Fig. 3A,C). To assess the induction of

motor neurons by another method, we performed real-
time RT-PCR mRNA analysis of HB9. Indeed, our
results indicate that HB9 mRNA levels were increased by
purmorphamine and reduced by cotreatment with PACAP
(Fig. 3B). In another set of experiments, we treated cul-
tures with purmorphamine and PACAP for 3 and 5 days
and determined the mRNA levels of HB9 as well as sev-
eral phenotypic markers and patterning genes (Fig. 4).
These studies showed that purmorphamine-mediated
inductions of HB9, as well as Islet2, a marker of motor
neurons (Tsuchida et al., 1994), were time-dependent,
with significant effects observable only after 5 days of treat-
ment. As with HB9, the induction of Islet2 was signifi-
cantly inhibited by PACAP. Interestingly, mRNAs for
Nkx6.1, a homeobox transcription factor that participates
in the differentiation of motor neurons as well as V2 and
V3 neurons of the spinal cord (Sander et al., 2000), and
for Nkx2.2, a marker specific V3 interneurons (Stone
and Rosenthal, 2000), were already up-regulated by
purmorphamine after 3 days. These inductions persisted at
5 days, and were significantly blocked by PACAP at both
time points. Neither purmorphamine nor PACAP induced
significant changes in gene expression of Pax6, a transcrip-
tion factor that acts in part as a mediator of Shh signaling
to regulate the specification and/or phenotype of motor
neurons and ventral interneurons (Ericson et al., 1997).

These data indicate that PACAP acts in EBs to in-
hibit Hh pathway-mediated ventral neuron specification.
To determine whether PACAP inhibited these actions
by interfering with the canonical Hh signal transduction
pathway, we measured the levels of Gli-1 mRNA, a
direct transcriptional target of Hh. First, we determined
the time points in culture at which the Hh target gene
Gli-1 was induced by purmorphamine. After 6 and 24
hr of treatment, there were borderline significant induc-
tions of Gli-1 mRNA levels (approximately twofold;

Fig. 1. PACAP and PAC1 receptor gene expression in spinal cords of E12.5 mouse embryos. A:
Nonradioactive in situ hybridization of PACAP expression. B: Nonradioactive in situ hybridiza-
tion of PAC1 receptor expression. Top is dorsal. Scale bar 5 100 lm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Fig. 2. Smo agonist purmorphamine dose dependently stimulates the
expression of GFP in HB9::GFP embryoid bodies. EBs were cultured
for 5 days with 1 lM retinoic acid and purmorphamine (main graph)
or Shh (inset) at the indicated concentrations. Images of GFP fluores-
cence were taken for six to nine EBs in each treatment group, and
fluorescence was quantified in ImageJ. Error bars are SEM.
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P 5 0.043 and 0.065, respectively) by purmorphamine.
After 3 days of treatment, a highly significant, approxi-
mately fourfold induction was observed. After 5 days, the
mean Gli-1 mRNA level was still higher than controls,
although not significantly, possibly because of a high vari-
ability of values at this time point (Fig. 5A). PACAP
produced a significant inhibition of purmorphamine-
stimulated Gli-1 gene expression at 3 days (Fig. 5B) and,
like purmorphamine, no longer had significant effects on
Gli-1 mRNA after 5 days of treatment (Fig. 5C).

Targeted Deletion of the PACAP Gene Results in
Expansion of the Pax6-Positive Domain in the
Embryonic Spinal Cord

To investigate the effects of PACAP deficiency on
spinal cord patterning in vivo, we stained WT and
PACAP KO E12.5 embryonic spinal cord sections with
a panel of antibodies recognizing proteins that either
play a role in specifying or mark neural fates in the neu-
ral tube. Despite the clear actions of exogenous PACAP
on motor neuron production of ES cells/EB cultures,
we found no obvious effect of PACAP loss at this time
point on the distributions of Islet1/2- or MNR2-stained
spinal cord motor neurons or of cells labeled with the
motor neuron/interneuron marker Lim1/2 (Tsuchida
et al., 1994; Tanabe et al., 1998) or the V3 ventral inter-
neuron Nkx2.2 marker (Fig. 6). Moreover, the pattern

of the axon marker neurofilament 165 kDa did not
obviously differ between normal and PACAP KO
embryos. On the other hand, the Pax6 domain appeared
to be consistently expanded in PACAP KO embryos
and showed substantial spatial overlap with PAC1 gene
expression (Fig. 7). Thus, quantitative measurements of
the Pax6 domain were conducted in WT and PACAP
KO embryos. These studies revealed slight but signifi-
cant increases in both total Pax6-positive area and lateral
span of Pax6 expression in E12.5 PACAP KO spinal
cords compared with WT spinal cords (Fig. 7D,F,G),
whereas no differences were found in total area of spinal
cord or in the dorsal to ventral span of Pax6 expression
(Fig. 7D,E,H). These results suggest that the Pax6-im-
munostained area is expanded laterally in the E12.5 spi-
nal cord of PACAP KO mice in vivo.

Loss of PACAP Results in Increased Proliferation
in the Embryonic Spinal Cord Ventricular Zone,
but Has No Effect on Apoptosis

Our previous studies indicated that PACAP inhib-
ited the proliferation of neural tube precursors cultured
in 10% fetal calf serum and/or basic fibroblast growth
factor (bFGF) but increased proliferation of these cells in
the absence of serum or bFGF (Waschek et al., 1998;
Lelievre et al., 2002), indicating that growth factors pres-
ent in the microenvironment might modulate potential

Fig. 3. PACAP antagonizes the effect of purmorphamine on
HB9:GFP expression in HB9::GFP embryoid bodies. EBs were cul-
tured for 5 days with 1 lM retinoic acid and purmorphamine (1
lM) and/or PACAP38 (10 nM). A,C: Images of GFP fluorescence
of six to nine randomly chosen EBs were taken and average pixel in-

tensity was calculated. Results are mean fluorescence intensity 6
SEM. Representative images are shown in C. B: qRT-PCR analysis
of HB9 gene expression in EB extracts. Results are mean HB9
expression levels from five or six individual samples 6 SEM. n/s,
Nonsignificant; **P < 0.01, ***P < 0.001. Scale bar 5 100 lm.
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mitotic actions of PACAP on neural precursors in vivo.
We therefore compared the numbers of proliferating
cells in the spinal cords of WT vs. PACAP KO mice.
Using Ki67 as a marker of proliferating cells, we
detected slightly, but significantly, higher numbers of
Ki67 cells in PACAP KO embryonic spinal cord sections
compared with their WT counterparts (Fig. 8A). At the
same time, we detected no difference in the number of

Fig. 4. PACAP antagonizes the effect of purmorphamine on the
expression of ventral spinal cord markers in neuralized embryoid
bodies. EBs were cultured for 3 (72 hr) or 5 (120 hr) days with 1
lM retinoic acid and purmorphamine (1 lM) and/or PACAP38 (10
nM). Results are mean gene mRNA levels expressed as fold increase
over control from six to 24 individual samples 6 SEM. n/s, Non-
significant; *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 5. PACAP antagonizes the effect of purmorphamine on Gli1
mRNA in neuralized embryoid bodies. A: Time course of Gli1 gene
expression. EBs were cultured with 1 lM retinoic acid with or with-
out purmorphamine (1 lM) for the indicated number of hours.
Results are mean Gli1 mRNA levels (arbitrary units) from five or six
individual samples 6 SEM. B,C: EBs cultured for 3 (B) or 5 (C)
days with 1 lM retinoic acid and purmorphamine (1 lM) and/or
PACAP38 (10 nM). Results are mean Gli1 mRNA levels expressed
as fold increase over control from six to 18 individual samples 6
SEM. n/s, Nonsignificant; *P < 0.05, **P < 0.01, ***P < 0.001.
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cleaved caspase-3 positive apoptotic cells between WT
and PACAP KO E12.5 spinal cords (Fig. 8B), suggesting
that PACAP does not promote survival in the spinal
cord at this stage of nervous system development, despite
its well-documented antiapoptotic effects in the postnatal
cerebellum (Vaudry et al., 1999; Dejda et al., 2008; for
review see Botia et al., 2007) and its survival promoting
actions on cultured embryonic rat motor neurons
(Tomimatsu and Arakawa, 2008).

DISCUSSION

Considerable evidence indicates that PKA antago-
nizes hedgehog-driven processes, mainly by way of
phosphorylation of Gli proteins (vertebrates) or cubitus
interruptus (flies; Milenkovic and Scott, 2010). These
studies identify PACAP as a PKA-activating factor that
can regulate the hedgehog-induced production of motor
neurons in embryonic stem cell cultures via antagonism
of the hedgehog signaling pathway. The clinical impor-
tance of identifying factors that can affect the production
of motor neurons is well recognized. Motor neuron dis-
eases such as amyotrophic lateral sclerosis and spinal

muscular dystrophy are highly debilitating diseases for
which a cure has still not been discovered. Moreover,
loss of motor neurons and/or motor neuron function
severely limits recovery from spinal cord injury. Produc-
tion of functional motor neurons from stem cells to
replace the neurons lost in the course of these diseases
has long been one of the primary goals of regenerative
medicine, but so far the success of such therapies in ani-
mal models has been limited (Nayak et al., 2006).
Understanding the mechanisms involved in motor neu-
ron differentiation from stem cells is considered to be a
key to designing better cell replacement strategies for
neurodegenerative diseases.

Motor Neuron Generation In Vivo and In Vitro

Various factors, including retinoic acid, Shh, fibro-
blast growth factors, and bone morphogenetic proteins
have been implicated in the regulation of ventral spinal
cord patterning and motor neuron specification (Briscoe
and Ericson, 2001; Briscoe and Novitch, 2008). It has
been shown that treatment of ES cell-derived EBs with
retinoic acid and Shh induces ventral neural tube-like

Fig. 6. Immunofluorescence analysis of phenotypic markers and pattering molecules in spinal cords
of embryonic day 12.5 wild-type and PACAP KO mice. Immunohistochemistry for Islet1/2,
MNR2, Lim1/2, Pax6, Nkx2.2, Shh, and nurofilament 165 kDa) were performed on WT and
PACAP KO E12.5 embryonic spinal cords as indicated. Scale bar 5 100 lm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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phenotypic differentiation and is sufficient to produce
motor neurons in significant numbers (Wichterle et al.,
2002). However, surprisingly little is known about how
G-protein-coupled receptor signaling can fine tune the
process of specification of various neuronal subtypes in
the spinal cord. Here we present evidence for the modu-
lation by PACAP, a neuropeptide acting through G-pro-
tein-coupled receptors, of Shh pathway- and retinoic
acid-mediated ventral neuron specification in cultured
EBs. In particular, we found that PACAP antagonizes
the Shh agonist-stimulated emergence of ventral neural
phenotypes in this culture system, as assayed by meas-

uring the expression of ventral neural markers Nkx2.2,
and Nkx6.1, as well as specific motor neuron markers
HB9 and Islet2. We also found that PACAP prevented
the direct activation of the Shh target gene Gli-1. Inter-
estingly, it has been shown that both PACAP and its
receptors are expressed in EBs generated from mouse ES
cells (Cazillis et al., 2004; Hirose et al., 2005). Thus,
although not examined here, it seems possible that
blocking the action of endogenous PACAP in ES cell
cultures systems might result in an even more efficient
generation of motor neurons than with the combination
of retinoic acid and Shh alone.

Fig. 7. PACAP receptor (PAC1) gene expression in the ventricular
zone (VZ) of mouse embryonic day 12.5 spinal cord and expansion of
the Pax6 domain in the dorsal portion of the basal plate VZ of
PACAP-deficient mice. A: In situ hybridization with digoxigenin-la-
beled riboprobe for PAC1. B: Pax6 immunohistochemistry. C:
Merged image of PAC1 mRNA and Pax6 immunohistochemistry. D:
Dimensions of Pax6-positive area were measured as indicated. E: Total
spinal cord area in WT vs. PACAP KO mice. F: Pax6-immnostained

area expressed as a percentage of total area of spinal cord. G: Lateral
span of Pax6-immunostained area expressed as percentage of total
spinal cord [(a 1 a0)/(X 1 X0; %) in D]. H: Dorsal to ventral span of
Pax6-immunostained area in spinal cord expressed as percentage
of total spinal cord [b/Y (%) in D]. Results expressed as mean 6 SEM
(n 5 7 for each genotype). n/s, Nonsignificant; *P < 0.05,
**P < 0.01. Scale bar 5 100 lm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

PACAP Hedgehog and Motor Neurons 1371

Journal of Neuroscience Research



Motor Neuron Production and Patterning in
Spinal Cords of PACAP-Deficient Mice

The results described above encouraged us to
examine whether loss of PACAP would influence the
neuronal phenotype and Shh signaling in the spinal cord
in vivo. Thus we compared the pattern of ventral neu-
ronal populations and phenotypic markers known to be
influenced by Shh in WT and PACAP KO embryos.
Loss of PACAP did not have an obvious effect on the
expression patterns of Islet1/2, MNR2, Lim1/2, and
Nkx2.2 in spinal cords of E12.5 embryos, but we cannot
rule out subtle differences in expression levels between
WT and PACAP KO embryos, which would be difficult
to quantify using immunohistochemistry. Interestingly,
the Pax6 domain was slightly expanded in the embry-
onic spinal cord, suggesting that PACAP normally
restricts the domain of Pax6 expression.

PACAP has also been shown to promote neuronal
survival in a variety of settings in vivo and in vitro and
to regulate the rate of proliferation of neural precursors
(for review see Waschek, 2002). Interestingly, the effect
of PACAP on proliferation can be either positive or
negative, depending on the cell type and developmental
stage (Lu and DiCicco-Bloom, 1997; Lu et al., 1998;
Suh et al., 2001; Lelievre et al., 2002; Nicot et al.,
2002). It was thus of interest to investigate whether
PACAP loss would affect neural proliferation in embry-
onic spinal cord. We found that there was a slight but
significant increase in the number of Ki67-positive cells
in the ventricular zone of PACAP KO spinal cords at
E12.5, suggesting either that PACAP promotes the dif-
ferentiation of proliferating progenitors or alternatively
that it acts more directly to regulate the cell cycle, as
demonstrated in the developing cortex by Carey et al.
(2002). On the other hand, no differences were observed

in the apoptosis in the spinal cord of PACAP KO vs.
WT embryos. However, few apoptotic cells were
detected in either genotype, suggesting that programmed
cell death is quite limited in the spinal cord at this devel-
opmental stage.

Potential Mechanisms To Compensate
for PACAP Loss

The remarkable robustness of nervous system de-
velopment has been demonstrated by numerous gene
knockout experiments and other approaches, so it was
not altogether surprising that embryonic mice would
seem relatively resistant to the loss of PACAP. One ex-
planation for the lack of observable effect of PACAP loss
on motor neuron production in vivo is that the loss was
counteracted by one or more negative feedback loops
within the Shh signaling pathway (Ho and Scott, 2002;
Ruiz i Altaba et al., 2002a,b; Jiang, 2006). Other com-
pensatory mechanisms operating in PACAP KO mice
might involve VIP and/or any one of the receptors that
bind these peptides: VPAC1, VPAC2, or PAC1. How-
ever, in a previous study, no observable increases in the
expression of VIP or any of the VIP or PACAP recep-
tors were observed in the developing brain of postnatal
PACAP KO mice compared with WT animals (Girard
et al., 2006). Thus, increased expression of VIP and/or
PACAP or VIP receptors appears not to be a general
compensatory mechanism for loss of PACAP. In addi-
tion to compensation by overexpression of VIP and/or
VIP/PACAP receptors, we also considered an alternative
compensatory mechanism involving decreased expression
of the Shh ligand in PACAP KO embryos. However,
we were not able to detect any differences in the pattern
of expression of Shh between WT and PACAP KO
embryos, suggesting that this mechanism also is not

Fig. 8. Cell proliferation is increased but apoptosis is unaffected in spinal cords of embryonic day
12.5 PACAP KO mice. Cell proliferation (A) and apoptosis (B) in E12.5 spinal cords were ana-
lyzed by immunohistochemistry for Ki67 (WT, n 5 7; KO, n 5 5) and cleaved caspase-3 (WT, n
5 4; KO, n 5 4), respectively. Results are expressed as mean 6 SEM. n/s, Nonsignificant; **P
< 0.01 vs. WT.
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involved in neutralizing the effect of PACAP loss on
spinal cord patterning.

It should be pointed out that PACAP deficiency in
KO animals often fails to produce developmental defects
expected based on in vitro and in vivo studies of the
effects of exogenous PACAP. For example, PACAP was
reported to increase the number of tyrosine hydroxylase-
immunoreactive neurons in embryonic rat mesencephalic
cultures (Takei et al., 1998). However, lack of PACAP
in the mouse did not change the immunoreactivities of
tyrosine hydroxylase in several embryonic brain regions
and ventral spinal cord (Ogawa et al., 2005). Another
well-characterized developmental action of PACAP is its
survival-promoting effects on cerebellar granule neurons
and/or their precursors (Vaudry et al., 1999; for review
see Botia et al., 2007). Interestingly, PACAP deficiency
or exogenously administered PACAP modifies the early
stages of postnatal cerebellar development (Vaudry et al.,
1999; Allais et al., 2007), but, by P11, the cerebellum of
WT and PACAP KO mice is similar (Vaudry et al.,
2005). It is therefore possible that at least some effects of
endogenous PACAP in vivo are transient and that a
more detailed analysis of spinal cord patterning at various
developmental time points would reveal more obvious
defects in PACAP-deficient animals.

CONCLUSIONS

We have used an embryonic stem cell/embryoid
body approach to demonstrate a novel and robust action
of PACAP to modulate the in vitro production of motor
neurons, most likely occurring via direct inhibition of
Shh signaling. Analyses of spinal cords of PACAP KO
and WT mice at E12.5 on the other hand, showed no
obvious differences in numbers or distributions of motor
neurons or other ventral phenotypes. A subtle increase
in proliferation but not apoptosis and a slight expansion
of Pax6-positive area were observed in mice lacking
PACAP. The apparent lack of effect of PACAP defi-
ciency on motor neurons and other phenotypes in the
embryonic spinal cords might be explained by specific
compensatory mechanisms that operate in these animals
or by the general robustness of CNS development.
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