
Development/Plasticity/Repair

Pro- and Anti-Mitogenic Actions of Pituitary Adenylate
Cyclase-Activating Polypeptide in Developing Cerebral
Cortex: Potential Mediation by Developmental Switch of
PAC1 Receptor mRNA Isoforms

Yan Yan,1,3 Xiaofeng Zhou,1 Zui Pan,2 Jianjie Ma,2 James A. Waschek,5 and Emanuel DiCicco-Bloom1,3,4

Departments of 1Neuroscience and Cell Biology, 2Physiology and Biophysics, and 3Joint Graduate Program in Cell and Developmental Biology, University of
Medicine and Dentistry of New Jersey–Robert Wood Johnson Medical School, Piscataway, New Jersey 08854, 4Department of Pediatrics, University of
Medicine and Dentistry of New Jersey–Robert Wood Johnson Medical School, New Brunswick, New Jersey 08901, and 5Department of Psychiatry,
Intellectual and Developmental Disabilities Research Center, University of California at Los Angeles, Los Angeles, California 90095

During corticogenesis, pituitary adenylate cyclase-activating polypeptide (PACAP; ADCYAP1) may contribute to proliferation control by
activating PAC1 receptors of neural precursors in the embryonic ventricular zone. PAC1 receptors, specifically the hop and short iso-
forms, couple differentially to and activate distinct pathways that produce pro- or anti-mitogenic actions. Previously, we found that
PACAP was an anti-mitogenic signal from embryonic day 13.5 (E13.5) onward both in culture and in vivo and activated cAMP signaling
through the short isoform. However, we now find that mice deficient in PACAP exhibited a decrease in the BrdU labeling index (LI) in E9.5
cortex, suggesting that PACAP normally promotes proliferation at this stage. To further define mechanisms, we established a novel
culture model in which the viability of very early cortical precursors (E9.5 mouse and E10.5 rat) could be maintained. At this stage, we
found that PACAP evoked intracellular calcium fluxes and increased phospho-PKC levels, as well as stimulated G1 cyclin mRNAs and
proteins, S-phase entry, and proliferation without affecting cell survival. Significantly, expression of hop receptor isoform was 24-fold
greater than the short isoform at E10.5, a ratio that was reversed at E14.5 when short expression was 15-fold greater and PACAP inhibited
mitogenesis. Enhanced hop isoform expression, elicited by in vitro treatment of E10.5 precursors with retinoic acid, correlated with
sustained pro-mitogenic action of PACAP beyond the developmental switch. Conversely, depletion of hop receptor using short-hairpin
RNA abolished PACAP mitogenic stimulation at E10.5. These observations suggest that PACAP elicits temporally specific effects on
cortical proliferation via developmentally regulated expression of specific receptor isoforms.

Introduction
In developing cerebral cortex, positive and negative regulation of
neuronal precursor proliferation and differentiation by extracel-
lular factors influences correct cell types and numbers (Vaccarino
et al., 1999; Ménard et al., 2002). The pituitary adenylate cyclase-
activating polypeptide (PACAP) ligand/PAC1 receptor system is
expressed widely in multiple regions of the embryonic nervous
system. The actions of PACAP signaling are complex: the peptide

functions in precursor cell cycle progression, differentiation, and
survival. Although previous studies support this contention, it is
apparent that PACAP is an anti-mitogenic signal in most con-
texts (Lu and DiCicco-Bloom, 1997; Waschek et al., 1998; Suh et
al., 2001; Nicot et al., 2002; Vaudry et al., 2002b). Defining the
role of PACAP in brain development may be important because
recent studies suggest that PACAP signaling abnormalities may
contribute to schizophrenia (Hashimoto et al., 2007), posttrau-
matic stress disorder (PTSD) (Ressler et al., 2011), and possibly
autism (Nijmeijer et al., 2010).

PACAP acts on heptahelical G-protein-coupled receptors
(GPCRs): PAC1, VPAC1, and VPAC2 (Harmar et al., 1998).
PAC1 is the most abundant receptor especially in CNS (Spengler
et al., 1993; Basille et al., 2000) and has multiple splice isoforms,
which are characterized by the absence (short) or presence of a 28
aa insert (hop) in the third intracellular loop (Spengler et al.,
1993). Significantly, the short isoform and the insert-containing,
hop isoform couple to different transduction pathways (Spengler
et al., 1993; Vaudry et al., 2002a) and exhibit anti- or pro-
mitogenic effects, respectively. In embryonic day 13.5 (E13.5) or
later cortical precursors, which predominantly express the short
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isoform that increases cAMP levels and activates PKA, PACAP
elicits cell cycle exit and promotes differentiation (Lu and
DiCicco-Bloom, 1997; Lu et al., 1998), a finding replicated in vivo
(Suh et al., 2001). In sharp contrast, the hop isoform activates
both adenylate cyclase and phospholipase C (PLC) pathways and
mediates mitogenic stimulation (Lu et al., 1998; DiCicco-Bloom
et al., 2000). Furthermore, ectopic overexpression of hop isoform
in E14.5 precursors converted PACAP anti-mitogenic effects into
pro-mitogenic activity (Nicot and DiCicco-Bloom, 2001). These
results suggest that the natural expression of different PAC1 iso-
forms is important for regulating precursor mitosis.

The presence of total PAC1 gene transcripts as well as both
individual short and hop mRNA isoforms has been reported
from primitive streak stage E9 to postnatal periods (Waschek et
al., 1998; Basille et al., 2000; Zhou et al., 2000; Vaudry et al., 2009).
Moreover, in situ hybridization shows intense and apparently
overlapping expression of short and hop receptor mRNAs in E10
telencephalon as well as E13 ventricular zone (VZ) and cortical
plate (Zhou et al., 2000). However, the relative expression levels
of short and hop during early corticogenesis are undefined. More-
over, although evidence links PAC1 isoforms to anti-mitogenic ef-
fects from E13.5 onward, functions of the PACAP system in early
neurogenesis, when precursors proliferate to expand precursor
pools, remain unresolved. Given that hop is pro-mitogenic, PACAP
is a potential mitogen during this critical period. Here, assessing rat
and mouse precursors, we tested the hypothesis that PACAP exhibits
distinct mitogenic activities during corticogenesis, depending on
PAC1 receptor isoforms. We found that E10.5 precursors pre-
dominantly express hop, whereas the short mRNA is upregu-
lated and becomes dominant at E14.5. Blockade of hop
expression using short-hairpin RNA (shRNA) abolished
PACAP mitogenic effects at E10.5. PACAP evokes calcium
fluxes, increases phospho-PKC levels, and stimulates prolifer-
ation at E10.5 but not E14.5, suggesting that control of mRNA
isoform expression contributes to neurogenetic regulation.

Materials and Methods
Animals. Time-mated pregnant Sprague Dawley rats were obtained from
Hilltop Lab Animals. Breeding pairs of PACAP knock-out (KO) mice on
a C57BL/6 background were derived by Waschek as described previously
(Colwell et al., 2004). Animals were managed by Robert Wood Johnson
Animal Facility, and maintenance, husbandry, transportation, housing,
and use were in compliance with Laboratory Animal Welfare Act (PL
89-544; PL-91-579) and National Institutes of Health guidelines (Man-
ual Chapter 4206). Food and water were available ad libitum. The day of
the plug was considered E0.5.

BrdU labeling of PACAP wild-type and KO mice. To maximize compa-
rability, wild-type (WT) and KO littermates of either sex from heterozy-
gous PACAP matings were analyzed. BrdU at 100 �g/g was injected into
E9.5 pregnant mice 1 h before they were killed. Embryo brains were
immersion fixed in 4% paraformaldehyde (PFA) for 30 min at 4°C, pro-
cessed for paraffin embedding, and sectioned coronally at 6 �m. Sections
were immunostained for BrdU incorporation and counterstained with
propidium iodide (PI) as reported previously (Mairet-Coello et al.,
2009). Images of embryos identified by number alone (not genotype)
were obtained from a Carl Zeiss LSM 510-META confocal microscope.
BrdU-positive nuclei and total nuclei were counted blind on coronal
sections in the mid-dorsolateral cortex within a 100-�m-wide sector
based on the ventricular surface extending to the VZ/intermediate zone
boundary. BrdU LIs were calculated as the BrdU-positive cells over total
cells as described previously (Suh et al., 2001). Tissue from each embryo
was used to determine genotype using touchdown PACAP PCR and
primers described previously (Colwell et al., 2004).

Cell cultures. Embryos of either sex of E10.5–E14.5 Sprague Dawley rats or
E9.5–E13.5 C57BL/6 mice were dissected under a dissecting microscope.

E10.5 rat and E9.5 mouse telencephalic vesicles were incubated with trypsin
(0.25 mg/ml; Sigma-Aldrich) at 37°C for 12 min, followed by trypsin inhib-
itor (1 mg/ml) to aid in removing overlying epidermal ectoderm using dis-
secting forceps. The dorsolateral cortices were isolated and mechanically
dissociated using a fire-polished glass pipette. Cells were plated on 2 �g/ml
poly-D-lysine-coated 96-well plates (10,000 cells per well), 24-well plates
(25,000 cells per well), or 35 mm dishes (80,000 cells per dish) in defined
medium consisting of a 1:1 mixture of DMEM and F-12, as described previ-
ously (Lu and DiCicco-Bloom, 1997; Mairet-Coello et al., 2009) containing
insulin (10 �g/ml), bFGF (10 ng/ml), and BDNF (30 ng/ml; PeproTech)
with PACAP38 (10 nM; American Peptide) or its vehicle (0.01 N acetic acid).
PACAP peptide was dissolved fresh for each experiment in sterile 0.01 N
acetic acid to 100 �M and further diluted in medium to a final concentration
of 10 nM. Preliminary PACAP dose–response studies (5–30 nM) indicated
that maximal mitogenic effects were obtained at 10 nM. To study the PLC
pathway, cells were plated in medium containing the PLC-specific antago-
nist U-73122 (1-[6[[(17�)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino-
]hexyl]-1H-pyrrole-2,5-dione) (2 �M; Enzo) or inactive isomer U-73343
(1-[6-((17�-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]-2,5-
pyrrolidine-dione) (2 �M; Enzo), and after 30 min, vehicle (0.01 N acetic
acid) or PACAP (10 nM) was added. For retinoic acid (RA) experiments, cells
were incubated with either all trans-RA (30 nM) (Sigma) or ethanol vehicle.
RA was dissolved in 100% ethanol to 30 nM. For shRNA transfection using
E10.5 rat precursors, 2 h after plating, 1 �g of total DNA (mix of 0.5 �g of
hop shRNA #1 and 0.5 �g of hop shRNA #2; see below) were transfected
using Lipofectamine 2000 (Invitrogen) for 5 h as described previously (Tury
et al., 2011). BrdU was added at 22 h, and cells were fixed at 24 h.

Expression vectors. To knockdown PAC1hop, the following oligonu-
cleotides against different regions of rat PAC1 hop were synthesized,
annealed, and ligated into the RNAi-Ready-pSiren-DNR-DsRed-
Express vector (Clontech). This vector places shRNA expression under
control of the human U6 promoter and DsRed expression under control
of the CMV promoter (Francone et al., 2010). Based on approaches
reported previously (Francone et al., 2010), the following sequences were
targeted: PAC1hop shRNA #1, AATGCTACTGCAAGCCACA;
PAC1hop shRNA #2, GCTGCGTGCAGAAATGCTA; and scramble
control, AATGCACGCTCAGCACAAG. To test efficacy of shRNAs, we
examined their ability to reduce PAC1 protein expression from rat PAC1
hop and short vectors when cotransfected in cell lines.

pCI–neo–PAC1 short or hop constructs. Full-length rat PAC1 short or
hop (Spengler et al., 1993) (gift from Dr. Journot, Montpellier, France)
were inserted into mammalian expression vector pCI–neo (Promega)
using EcoRI and NotI. This yields a pCI–neo PAC1 short or hop con-
struct under control of the CMV promoter. All DNA constructs were
verified by sequencing.

To test shRNA knockdown efficiency, pEAK–rapid human embryonic
kidney 293 (HEK-293) cells were cultured in DMEM/F-12 containing 10%
fetal calf serum, 25 mM HEPES, and 1% penicillin/streptomycin for 2–3 d to
50–60% confluence. Cells were transfected with 1 �g of plasmid DNA per 4
cm2 of control vector, pCI–neo–PAC1 short or hop, in the absence or pres-
ence of 0.5 �g of PAC1 hop shRNA#1 plus 0.5 �g of PAC hop shRNA #2 and
5 �l of Lipofectamine 2000 in 1 ml of Optimem media (Invitrogen) for 5 h,
after which, cells were washed and incubated with growth media for another
48 h. Cells were harvested for Western blot analysis and probed with a rabbit
polyclonal anti-PAC1 IgG (H-55; catalog #30018; Santa Cruz Biotechnol-
ogy) raised against the N-terminal extracellular domain that recognizes both
rodent and human receptor proteins.

Immunocytochemistry. For triple immunofluorescence, cells were
fixed in 4% PFA for 20 min at 2, 24, or 48 h after plating, washed with PBS
three times, and incubated with anti-RC1 (1:1000; 40E-C; Developmen-
tal Studies Hybridoma Bank) [RC1 recognizes an intermediate filament
antigen in neuroepithelial cells and radial glial cells (Culican et al., 1990;
Malatesta et al., 2003), currently considered a phosphorylated vimentin],
anti-nestin (1:400; Millipore Bioscience Research Reagents), anti-�-III
tubulin (TuJ1; 1:1000; Convance), anti-phospho-PKC (1:200; Cell Sig-
naling Technology), or anti-phospho-ERK (1:1000; Cell Signaling Tech-
nology) in PBS containing 0.3% Triton X-100 and 2% NGS overnight,
followed by respective Alexa Fluor secondary antibodies (Invitrogen) as
described previously (Lu and DiCicco-Bloom, 1997; Mairet-Coello et al.,
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2009). All culture dishes were provided a number so that the assessor was
blind to experimental condition. The key was revealed only after data
collection. Images were acquired with fluorescence microscope (Axio-
vert 200; Carl Zeiss) using 20� objective from 10 random fields per dish.
Fluorescence image analysis was performed using AxioVisionLE soft-
ware to determine mean fluorescence intensity. To define positive re-
sponse, we set a fixed arbitrary threshold of fluorescence that was applied
to all dishes within each experiment. TUNEL assay was performed using
the Apoptosis Detection Kit (Millipore Bioscience Research Reagents).

DNA synthesis and cell division in vitro. Using 25,000 cells per well in
24-well plates, DNA synthesis was assessed using [ 3H] thymidine incor-
poration as a marker. A total of 1 �Ci/ml [ 3H]thymidine (GE Health-
care) was added to 24-well plates 4 h before harvesting at 24 h. After
aspiration of radiotracer-containing medium, cells were lifted with a
trypsin-EDTA solution and collected onto filter paper using a semiauto-
matic cell harvester (Skatron). After adding luminating solution Eco-Lite
(MP Biomedicals), radioactivity was measured by scintillation spectro-
photometry. Alternatively, BrdU (10 �M final) was added 2 or 4 h before
culture termination to define the BrdU LI at 24 h, the ratio of BrdU
immunolabeled cells over total cells. Cells were counted blind under
phase microscopy using 10� objective from 10 randomly selected fields

in each of three dishes per group or from three
1-cm strips of the dish, in fixed positions (stage
micrometer) in the upper, middle, and lower
thirds of the dish, representing 3% of the dish
surface.

To determine whether cells entering S phase
in vitro subsequently underwent division be-
tween hours 24 and 36, a cohort of cells in each
group was labeled using a 4 h BrdU pulse from
hour 20 to 24. After washing cells twice with
PBS, one set of cultures was fixed immediately
to enumerate cells in S phase. A parallel set
received culture media and were incubated an-
other 12 h, after which they were fixed. Both
groups at both time points were processed for
BrdU immunostaining in parallel. The abso-
lute number of BrdU-labeled cells per field was
determined by counting blind labeled cells in
10 randomly selected fields per dish at 10� ob-
jective. To estimate total cell numbers at 24 and
36 h, the sum of all cells counted in 10 random
fields per dish was obtained at 10� objective.

Flow cytometry. BrdU (10 �M) was added to
E10.5 cells at 20 h. At 24 h, cells were fixed with
70% ethanol and then processed for BrdU im-
munostaining as well as PI DNA staining, using
standard methods as previously reported
(DiCicco-Bloom et al., 1990). Samples were
analyzed on a Beckman Coulter cell counter
(FC500 Cytomics). The figures were generated
using CXP software (Beckman Coulter).

Cell survival analysis. At 2 and 24 h, 15 �g/ml
7fluorescein diacetate (FDA) (green fluores-
cence in living cells) (Vaudry et al., 2002c) and
15 �g/ml PI (red fluorescence in dead cells)
were incubated with cells for 10 min as de-
scribed previously (Mairet-Coello et al., 2009).
At each time point, cells were counted blind
under phase microscopy using 10� objective
from 10 randomly selected fields in each of
three dishes per group. Percentage cell survival
was determined as the ratio of total green cells
at 24 h over total green cells at 2 h.

Quantitative reverse transcription-PCR. To-
tal RNA was extracted from E10.5 and E14.5 rat
cerebral cortices or from 24 h cultures of E10.5
cortical precursors (obtained from 50 –75 em-
bryos/isolation) using RNeasy Mini Kit (Qia-
gen). DNA was digested by 15 min DNase I

treatment. RNA (0.5 �g) was reverse transcribed with MMLV reverse
transcriptase (Promega). Quantitative reverse transcription (qRT)-PCR
was performed using PCR Master Mix (Applied Biosystems), and reac-
tions were performed in an ABI Prism 7000 Sequence Detection system
(Applied Biosystems) as described previously (Mairet-Coello et al.,
2009). The sequences of the primers were as follows: PAC1 short forward,
5�- AGTCGAGCATCTACTTACGGC-3�; PAC1 short reverse, 5�-TTCC
CTCTTGCTGACGTTCTC-3�; PAC1 hop forward, 5�-ACTTCAGCTG
CGTGCAGAAATGC-3�; PAC1 hop reverse, 5�-GACGTTCTCTGGAG
AGAAGGCAA-3�; cyclin D1 forward, 5�-GGCCCAGCAGAACATCGA
T-3�; cyclin D1 reverse, 5�-GACCAGCTTCTTCCTCCACTTC-3�; cyclin
D3 forward, 5�-TCTCTGCCCAGTGACCATCA-3�; cyclin D3 reverse,
5�-GGGCCCAAGACGTTTGG-3�; cyclin E forward, 5�-AGCCCCCTGA
CCATTGTG-3�; and cyclin E reverse, 5�-TCGTTGACGTAGGCCACT
TG-3�. Primers for rodent GAPDH were obtained from Applied
Biosystems (proprietary sequences).

Primers worked with high specificity and nonspecific PCR were ruled
out by observing a clear peak in the melting curves. cDNAs encoding
PAC1 short or PAC1 hop1 were provided by Dr. Journot and purified as
reported previously (Nicot and DiCicco-Bloom, 2001). PACAP isoform

Figure 1. The telencephalic vesicles of E9.5 PACAP�/� mice exhibit reduced S-phase labeling but no change in cell survival. a,
b, BrdU immunohistochemical staining of E9.5 WT (a) and PACAP�/� (b) VZ analyzed on coronal sections from the mid-
dorsolateral cortex. BrdU-positive cells (green) and total cells (PI; red) were counted blind in the VZ on these confocal images. c,
Quantification of BrdU LI. PACAP�/� exhibited a 47% LI compared with 60% in the WT. d, e, TUNEL staining of E9.5 WT (d) and
PACAP�/� (e) VZ. TUNEL-positive cells (green) and total cells (DAPI; blue) were counted blind. f, Quantification of TUNEL-labeled
cells per section. n � 3 for each genotype. Results are expressed as mean � SEM. **p � 0.01. Scale bars, 10 �m.
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values are presented as fold difference com-
pared with E10.5 hop mRNA levels, which
were arbitrarily set at 100%.

Western blot analysis. Proteins were extracted
from 24 h E10.5 rat cortical precursors (50–75
embryos for each experiment). Equal amounts of
proteins (10–30 �g) were loaded on 12% SDS-
polyacrylamide gels and were electrotransferred
onto polyvinylidene difluoride membranes. After
incubation with blocking buffer, filters were in-
cubated overnight at 4°C with primary antibodies
(Santa Cruz Biotechnology): anti-PAC1 (1:300;
H-55), anti-cyclin D1 (1:500), anti-cyclin D2 (1:
1000), and anti-actin (1:1000), as described pre-
viously (Mairet-Coello et al., 2009). Incubations
with horseradish peroxidase-conjugated second-
ary antibodies (1:1000) were performed for 1 h at
room temperature, and visualization was per-
formed using chemiluminescence (ECL; GE
Healthcare). Autoradiographic films were ana-
lyzed using the Bio-Rad Gel Doc 2000 with
Quantity One version 4.2.1 software (Bio-
Rad). To control for loading, blots were
stripped and reanalyzed for �-actin.

Measurement of intracellular calcium. Cul-
ture medium was removed from 96-well plates,
and cortical precursor cells were washed with
balanced salt solution, pH 7.2 (Pan et al.,
2000). Cells were incubated with Ca 2� indica-
tor Fluo-4 AM (3 �M; Invitrogen) for 30 min at
37°C. After vehicle, PACAP38 (10 nM), or KCl
(40 mM) addition, fluorescence intensity was
measured at a 37°C/5% CO2 atmosphere using
excitation wavelength at 488 � 5 nm and emis-
sion wavelength at 515�5 nm using BD Pathway
855 BioImager with 20� objective (Olympus
Plan fluo 0.75 numerical aperture). Images were
acquired at 1 s intervals, and recording lasted for
110 s after adding reagents. The mean time-
dependent fluorescence intensity of individual
cells was measured using NIH Image J software
after background subtraction.

Statistical analyses. Data are expressed as
mean � SEM. Statistical comparisons were
made by unpaired Student’s t test or one-way
ANOVA using Excel (Microsoft) and Graph-
Pad Prism (GraphPad Software).

Results
Deletion of the PACAP gene
(ADCYAP1) results in decreased
proliferation in the early embryonic VZ
Previous studies indicate that PACAP in-
hibits cortical precursor proliferation at E13.5–E17.5 (Lu and
DiCicco-Bloom, 1997; Suh et al., 2001; Nicot et al., 2002; Tury et
al., 2011). To begin defining effects on early neurogenesis, we
compared the proportion of cells in S phase in the VZ of WT and
PACAP�/� mice at E9.5 using BrdU immunohistochemistry
(Fig. 1). At E9.5, the rostral neural tube has closed to form the
three primitive brain vesicles. The prosencephalic vesicle consists
of only the VZ and exhibits a four- to five-cell-thick layer. The
BrdU LI in the VZ of the PACAP�/� prosencephalon was reduced
to 47% compared with the WT control LI of 60%, suggesting that
PACAP has a proliferative role at this age. Because the reduction
of BrdU LI in the PACAP�/� mice may result from decreased cell
survival, we performed TUNEL staining in the same region (Fig.
1d–f). There was no statistically significant difference in TUNEL-

positive cells between WT and PACAP�/�, suggesting that cell
survival was not affected. However, to further analyze PACAP
function at this age, we established a novel culture model of
young precursors to more directly define PACAP effects during
early neurogenesis.

Characterization of precursor cell culture
At E10.5, the rat cerebral cortex (similar to E9.5 mouse; Fig. 1)
consists primarily of VZ precursors, with the majority proliferat-
ing (Fig. 2a). To maintain precursor survival, we used defined
media containing multiple trophic factors, including insulin,
bFGF, and BDNF. In the absence of trophic factors, early precur-
sors were unable to survive for 20 h even when incubated in
Neurobasal plus B27 media (data not shown). In this model,
96.2 � 3.2% of the E10.5 precursors expressed RC1 and 98.1 �

Figure 2. Characterization of a new precursor culture model. a, Photomicrograph of a rat embryo at E10.5. White box indicates
the telencephalic region dissected for culture. Scale bar, 1000 �m. b–f, Cortical cultures consist of neural precursors and differ-
entiating neurons at 24 h. Immunocytochemical analysis of cell-type-specific markers: b, RC1; c, nestin; d, �-III tubulin; e, merged.
Arrowheads indicate RC1 and nestin double-positive cells, double arrowheads indicate �-III tubulin-positive cells, and arrows
indicate triple-positive cells. Scale bar: e, 10 �m. f, Examples of typical triple immunostaining of E10.5–E12.5 precursors are
shown. Cells identified by arrowheads are magnified in the insets, with dashed lines emphasizing their general morphology.
Bottom, The percentage of labeled cells at 24 h is quantified. Note that a greater proportion of cells exhibit �-III tubulin at E12.5,
when we observe many cells with extended processes. Data were obtained from three separate experiments, 100 –150 cells
analyzed per staining. Scale bar, 10 �m.
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5.4% expressed nestin at 24 h, both markers of neural precursors
(Fig. 2b,c); 15.6 � 2.2% of the cells expressed �-III tubulin
(TuJ1), an early marker of postmitotic neurons (Fig. 2d,e), and
this percentage increased to 19.8 � 2.9% at 48 h, suggesting the
differentiation potential of these precursors. In contrast, neither
24 nor 48 h cultures exhibited glial antigens, including markers of
astrocytes, glial fibrillary acidic protein, or the oligodendrocyte
progenitor NG2 (data not shown). Under identical conditions,
cultures of E11.5 and E12.5 precursors at 24 h exhibited dimin-

ished precursor markers compared with
the younger age (92.1 and 88.4% express-
ing RC1 and 87.9 and 86.7% expressing
nestin, respectively) and an increase in
neuronal protein (18.1 and 43.9% �-III
tubulin, respectively) (Fig. 2f), suggesting
age-dependent differences in develop-
mental capacity at the time of plating, as
reported previously (Romito-DiGiacomo
et al., 2007).

PACAP elicits age-dependent effects on
DNA synthesis in both rat and mouse
To define PACAP proliferative activity,
we examined effects of exogenous PACAP
using rodent cortical precursors isolated
at different embryonic ages under identi-
cal culture conditions. Initial studies used
rat, rather than mouse, precursors based
on the more extensive previous work in
the former model (Lu and DiCicco-Bloom,
1997; Vaccarino et al., 1999; Nicot and
DiCicco-Bloom, 2001; Suh et al., 2001;
Carey et al., 2002; Noctor et al., 2004; Schaar
et al., 2004; Malagelada et al., 2011; Tury et
al., 2011). In E10.5 rat precursors incubated
for 24 h, PACAP exposure elicited a 33%
increase in [3H]thymidine incorporation
(Fig. 3a, rat), indicating that the peptide in-
creased the amount of DNA synthesis.
However, in cultures isolated from embryos
just 1 d older (E11.5), PACAP elicited no
effects on [3H]thymidine incorporation.
Subsequently, at E12.5 and E14.5, PACAP
inhibited mitosis by 23 and 39% respec-
tively, suggesting that mitogenic effects are
developmental stage dependent (Fig. 3a).
The anti-mitogenic effects elicited at older
ages are consistent with previous studies
that used media lacking the panel of trophic
factors (Lu and DiCicco-Bloom, 1997;
Nicot and DiCicco-Bloom, 2001; Suh et al.,
2001; Tury et al., 2011).

To allow comparison with genetic de-
letion mutants, we extended study to the
mouse, examining comparable develop-
mental stages, E9.5–E13.5. In E9.5 mouse
precursors, PACAP exposure increased
[ 3H]thymidine incorporation by 23%
compared with vehicle, stimulation that
was comparable with that in E10.5 rat.
Similarly, PACAP elicited no effect at
E10.5 (E11.5 in rat) and induced a 30%
decrease on E13.5 (E14.5 in rat), suggest-

ing that mitogenic effects are developmental stage dependent in
both species (Fig. 3a, mouse). However, because PACAP elicited
similar effects in both species, we continued our studies using rat
cortical precursors because they are more convenient to isolate
and maintain and allow comparison with extensive previous
studies.

Because PACAP might potentially activate three related recep-
tors, including PAC1, VPAC1, and VPAC2, to elicit mitogenic
stimulation, we examined the effects of related peptide, vasoac-

Figure 3. PACAP exhibits age-dependent effects on DNA synthesis and promotes G1 cyclins and G1/S-phase progression in vitro.
a, Effects of PACAP exposure on DNA synthesis at 24 h in rat and mouse precursors from different ages. The timeline above the
graphs details the experimental paradigm. DNA synthesis was assessed using [ 3H]thymidine incorporation. Data were obtained
from five experiments for each species, using three wells (25,000 cells per well) per group for each experiment. Data are expressed
as percentage control: control (Con) values ranged from 4000 from 12,000 cpm. *p � 0.05, **p � 0.01. b, PACAP treatment
increases the proportion of E10.5 rat precursor cells engaged in S phase. BrdU-positive cells (green) and total cells (phase) were
counted in 10 randomly selected fields. Scale bar, 10 �m. PACAP exposure increased the BrdU LI from 36% in control to 45% in the
PACAP group at 24 h. c, Flow cytometric analysis of BrdU immunolabeling of control and PACAP-treated E10.5 rat precursors.
PACAP treatment increased S-phase labeling from 43 to 50% at 24 h. d, Flow cytometric analysis of DNA content using PI indicates
that more cells were engaged in S phase in response to PACAP exposure at 24 h. e, Real-time PCR analysis indicates that PACAP
treatment increased cyclin D1 mRNA by 221%, cyclin mRNA D2 by 116%, and cyclin mRNA D3 by 118%, but not cyclin E (data not
shown), at 24 h. Data were obtained using total RNA (50 –75 embryos for each isolation) obtained from three separate experi-
ments. f, PACAP treatment increased protein levels of cyclin D1 by 58% and D2 by 74% at 24 h, as defined by Western blot analysis.
Quantifications were performed on three to four separate blots for each protein, cyclins D1, D2, D3, and E.
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tive intestinal peptide (VIP), because at physiological concentra-
tions, it activates only VPAC1 and VPAC2 receptors, having only
low affinity for PAC1 (Arimura, 1992). VIP (10 nM) treatment
did not elicit any change in DNA synthesis of E10.5 rat precursors
at 24 h (control, 100 � 8.2%; VIP, 107 � 6.4%; mean [3H]thy-
midine incorporation, expressed as percentage control � SEM),
suggesting that, if they are present, neither VPAC receptor links
to mitogenic regulation at this stage. This also implies that
PACAP acts via the PAC1 receptor at E10.5 to stimulate [ 3H]thy-
midine incorporation.

PACAP promotes G1 /S progression and cell division without
altering cell survival at E10.5
Although PACAP increased DNA synthesis by 33% in E10.5 cul-
tures (Fig. 3a), this effect may be attributable to either promoting
G1/S progression or, alternatively, preventing precursor cell
death, because PACAP has well-documented neurotrophic activ-
ity (Waschek, 2002; Ohta et al., 2006; Vaudry et al., 2009). To
begin addressing this question, E10.5 precursors engaged in S
phase were labeled with a 4 h BrdU pulse to define the LI at 24 h.
After PACAP exposure, the BrdU LI was increased from 36% in
control to 45% in the PACAP group, as assessed by immunocy-
tochemistry of precursor cultures (Fig. 3b), consistent with
PACAP increasing G1/S progression. To verify these changes, we
also used alternative measures, specifically, flow cytometric anal-
ysis of cultured cells after 24 h incubation. Consistent with BrdU
immunocytochemistry, BrdU flow cytometry indicated that
PACAP treatment also increased the S-phase percentage from
43% in control to 50% after peptide exposure (Fig. 3c). More-
over, by analyzing single-cell levels of PI that quantitatively binds
DNA, we also observed that the fraction of cells engaged in S
phase increased from 38% in control to 45% in the PACAP-

Figure 4. Effects of PACAP on cell division, cell number, and cell survival. a, Quantification of
total BrdU-positive cells: vehicle [control (Con)] or PACAP was added at cell plating. Precursors
in S phase were labeled with BrdU from hours 20 to 24, and one group of sister control and
PACAP cultures were fixed at 24 h. A parallel set of control and PACAP cultures were rinsed twice
with PBS, incubated in fresh control or PACAP medium for another 12 h, and then fixed at 36 h.
At 24 h, 59% more cells were in S phase in the PACAP exposed group compared with control,
consistent with increased BrdU LI in Figure 3b. At 36 h, the number of BrdU-positive cells
increased in both groups, indicating that cells that entered S phase subsequently went on to
divide. b, Quantification of total cell number in control and PACAP-treated cultures at 24 and
36 h. The y-axis corresponds to the total number of cells counted in 10 random fields. Whereas
no difference in cell number among groups was observed at 24 h, a 61% increase was detected
in the PACAP group at 36 h compared with its 24 h value, suggesting cell proliferation. Note that
there was no change in control cell numbers between 24 and 36 h. c, Effects of PACAP on cell
survival and cell death. PI and FDA were used to distinguish dead cells (arrowheads) and living
cells (arrows), respectively. Scale bar, 10 �m. Percentage cell survival was determined as the
ratio of FDA-stained cells at 24 h over 2 h. Results are expressed as mean � SEM. *p � 0.05,
**p � 0.01. Data were derived from three different experiments, two dishes per group per
experiment.

Figure 5. Developmental transition of PAC1 receptor mRNA isoform expression during cor-
ticogenesis and regulation by RA. a, At E10.5, the level of the hop isoform is 24-fold greater than
short; at E14.5, short is 15-fold greater than hop. Values are presented as fold difference when
compared with the E10.5 hop mRNA levels arbitrarily set at 100. Values are representative of
three experiments, three to eight animals per group for each experiment. ***p � 0.001. b, RA
exposure increased differentially the short and hop isoforms at 24 h, detected using real-time
PCR. Data represent three experiments, two dishes per group, n � 6 (2 � 10 6 cells per dish) for
RNA quantification. c, E10.5 precursors were incubated with either vehicle (ethanol) or RA (30
nM) at plating. At 24 h, cultures received either PACAP vehicle (Con) or PACAP (10 nM), and DNA
synthesis was assessed at 48 h. In the presence of RA, PACAP increased precursor DNA synthesis,
whereas the peptide had no effect in the RA vehicle group. Note that RA alone had no effect on
DNA synthesis. Data represent three wells per group (25,000 cells per well) in each of three
experiments for [ 3H]thymidine incorporation. *p � 0.05, ***p � 0.001.
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treated cultures (Fig. 3d). This 7% increase represents a change of
magnitude comparable with that observed with both BrdU-based
methods (Fig. 3b, a 9% increase; c, a 7% increase) and is consis-
tent with the peptide increasing G1/S-phase progression in vitro.

If PACAP enhanced G1-to-S phase progression, the peptide
might act via cell cycle machinery, especially G1 cyclins. Although
limited tissue availability hampered analyses, we began examin-
ing this issue by performing real-time PCR and found that cyclins
D1, D2, and D3 (but not cyclin E; data not shown) were all
increased at 24 h by PACAP exposure of E10.5 precursors (Fig.
3e). These changes in D cyclins at the transcriptional level en-
couraged us to examine PACAP effects at the translational level as
well, by performing Western blot analyses using the very limited

tissues from E10.5 cortices. Consistent
with the real-time PCR results, PACAP
also increased cyclin D1 and D2 protein
expression levels by 58 and 74% respec-
tively (Fig. 3f), suggesting that PACAP
upregulates G1 D cyclins to promote G1/
S-phase progression.

To determine whether cells engaged in
S phase were able to complete mitosis and
divide, we labeled a cohort of precursors
by BrdU exposure from 20 to 24 h, and,
after PBS washes, cells were either fixed
immediately to enumerate cells in S phase
or were incubated another 12 h in either
control or PACAP-containing media. If
cells that were engaged in S phase (incor-
porated BrdU) at 24 h subsequently un-
derwent division, the absolute number of
BrdU-labeled cells would increase from
24 to 36 h. Indeed, at 36 h, both control
and PACAP groups demonstrated an in-
crease in BrdU-positive cells, indicating
that cells successfully underwent division,
with the PACAP group producing more
new cells than control (Fig. 4a).

To examine the potential role of cell
survival, we assessed the total numbers
of cells by phase microscopy as well as by
using the FDA/PI assay. At 24 h, when
the BrdU LI was increased by PACAP
(Fig. 3b), total cell numbers were not
different between control and PACAP
exposed cultures (Fig. 4b, 24 h), consis-
tent with PACAP promoting S-phase
entry. Furthermore, there was no differ-
ence at 24 h in cell survival among
groups compared with the number of
cells 2 h after plating (Fig. 4c), suggest-
ing that PACAP did not exhibit trophic
activity during this period. However, al-
though there were no differences in con-
trol and PACAP group cell numbers or
cell survival at 24 h, differences did
emerge at 36 h. The number of cells in
control media at 36 h was similar to its
24 h value (Fig. 4b, compare Con 24 h to
Con 36 h). In contrast, the PACAP-
treated group displayed a 61% increase
in total cells compared with its 24 h
value (Fig. 4b, PACAP 36 h), suggesting

that enhanced S-phase entry induced by PACAP at 24 h re-
sulted in more neurogenesis 12 h later. It should be noted that,
although both control and PACAP-treated groups exhibited
S-phase entry and division of these labeled cells, i.e., cell divi-
sion, (Fig. 3a), the total cell population did not necessarily
increase in both groups (Fig. 3b). We know that there is
ongoing cell death in both groups, with only �80% of plated
cells surviving at 24 h (Fig. 3c). We suspect that the enhanced
proliferation in the PACAP group exceeded the losses that
are ongoing in the model. In aggregate, these data suggest that
PACAP promotes precursor proliferation by increasing the
proportion of cells that enter S phase and complete cell
division.

Figure 6. shRNAknockdownofPAC1hopexpression. a,pEAKrapidHEK-293cellsweretransfectedwithcontrolvectoror full-lengthrat
hop or short expression vectors without and with hop shRNAs. PAC1 antibody detects both hop and short proteins including both human as
well as rat. Data were derived from three experiments. Transfection efficiency was 50 – 60% per group. b, E10.5 precursors were trans-
fected with either control shRNA or both hop shRNAs 2 h after plating, in the absence of PACAP (Vehicle) or the presence of PACAP (10 nM).
BrdU was added at 22 h, and cells were fixed at 24 h. Cells that were transfected with control shRNA or hop shRNAs can be visualized by red
fluorescence.Thefourgroupswereanalyzedbyone-wayANOVA,followedbyTukey’smultiplecomparisontest.Sixtransfectionsfromthree
experiments were performed, and transfection efficiency was 10 –15% in E10.5 precursors. The number of cells analyzed from each
experiment was 20 –35 per dish. Scale bar, 10 �m. *p � 0.05, **p � 0.01.
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Developmental transition of PAC1 receptor isoform
expression during neurogenesis
Because PACAP elicited opposing effects on proliferation of pre-
cursors at different ages, we speculated the effects may reflect
expression of distinct PAC1 isoforms. Thus, we examined expres-
sion of short and hop isoforms in E10.5 and E14.5 rat cortices
using traditional RT-PCR (data not shown) and found that both
variants were present, consistent with previous studies (Waschek
et al., 1998; Zhou et al., 2000; Suh et al., 2001). To quantify stage-
dependent expression of the isoforms, we performed qRT-PCR.
Using standard curves for both short and hop cDNAs, we as-
sessed short and hop mRNA expression levels at E10.5 and E14.5.
There was 24-fold greater expression of the hop than the short
isoform at E10.5 (Fig. 5a, left). In contrast, by E14.5, the short
isoform mRNA was upregulated markedly, whereas hop isoform
changed little, reversing the ratio, so that short was 15-fold
greater than hop (Fig. 5a, right). The developmental transition in
the ratio of PAC1 isoform mRNAs suggested that change in their
expression may underlie the stage-specific mitogenic effects of
PACAP.

RA treatment maintains hop isoform expression and PACAP
mitogenic activity
The foregoing data suggest that expression of the hop isoform,
known to activate PLC pathways, contributes to PACAP mi-
togenic stimulation in early precursors. Indeed, in E14.5 pre-
cursors, this stimulatory mechanism was established by
overexpressing the hop isoform using transfection (Nicot and
DiCicco-Bloom, 2001). To examine E10.5 precursors, we first
asked whether a stimulus that promoted hop expression
would also sustain PACAP mitogenic stimulation during de-
velopment. We explored several hormone pathways known to
affect early neurogenesis, including steroids and RA (Studer et
al., 1994; Haskell and LaMantia, 2005), because the latter is
known to modulate PAC1 expression levels (Waschek et al.,
1997). To examine RA effects, E10.5 rat precursors were incu-
bated with vehicle (ethanol) or RA (30 nM) for 24 h, and
real-time PCR was performed. RA treatment increased the
levels of the hop isoform threefold, whereas the short isoform
was only enhanced by 50% (Fig. 5b). To define the effects of
PACAP after altering the receptor isoform ratio, we then
added PACAP or its vehicle for another 24 h and measured
DNA synthesis. It should be noted that, after 24 h in culture,
E10.5 precursors may undergo the same transition in mito-
genic response as precursors in vivo: E10.5 precursors first
incubated for 24 h exhibited no response to addition of
PACAP (Fig. 5c, vehicle). These data may suggest that incuba-
tion of E10.5 precursors allows them to become developmen-
tally equivalent to E11.5 in PACAP response (Fig. 3a). In
contrast, in the RA-treated group in which the hop isoform
exceeded the short isoform, PACAP exposure increased DNA
synthesis by 21% (Fig. 5c, RA), indicating that the increased
hop/short ratio correlates with PACAP mitogenic stimulation.
Conversely, RA treatment alone did not stimulate DNA syn-
thesis (Fig. 5c). Although RA is normally a potent inducer of
neuronal differentiation and not of proliferation during de-
velopment, it surprisingly appears to serve a different function
in our culture system, conferring a sensitivity to a pro-mitotic
action of PACAP. Regardless, to more directly assess the role
of the hop receptor isoform to PACAP stimulation, we turned
to molecular approaches.

Knockdown of hop expression blocks the pro-mitogenic
activity of PACAP
To examine whether high levels of hop expression are required
for PACAP mitogenic stimulation in early precursors, we de-
signed two hop shRNAs to rat PAC1hop. To first define the effi-
cacy of the hop shRNAs, we examined their effects on rat PAC1
hop and short expression vectors. These studies were performed
in human HEK-293 cells, which only express human PAC1, likely
the short isoform, which is not targeted by rat hop shRNAs.
When the empty control vector was expressed in HEK-293 cells,
the endogenous human PAC1 protein was observed (Fig. 6a, left)
because the available PAC1 antibodies identify both rodent and
human receptor proteins. Transfection of HEK-293 cells with the
rat hop expression vector alone increased levels of total PAC1
protein twofold (Fig. 6a, left). When hop protein was coexpressed
with either shRNA #1 or shRNA #2, the increased levels were
modestly decreased, whereas transfections of both shRNAs re-
duced overexpressed proteins levels by 	75%, approaching those
of endogenous human PAC1 (Fig. 6a, left). In marked contrast,
the hop shRNAs did not block rat PAC1 short isoform over-
expression (Fig. 6a, right), suggesting the shRNAs specifically
targeted hop-specific sequences. Therefore, we used the combi-
nation of both #1 and #2 shRNAs in neuronal cultures. We si-
lenced hop expression in E10.5 precursors, in the absence or
presence of PACAP for 24 h, and compared BrdU LI to control
shRNA. Control shRNA does not correspond to known rodent
transcripts. The shRNA vector transfected cells were identified by
red fluorescence from the pSiren-DNR-DsRed-Express vectors
(Fig. 6b). In the control shRNA group, PACAP elicited a signifi-
cant increase in BrdU LI compared with vehicle (vehicle, 30.8%;
PACAP, 39.3%). In contrast, in the presence of hop shRNAs,
PACAP no longer stimulated S-phase entry in early cortical pre-
cursors (Fig. 6b, quantification). The hop shRNA alone (vehicle)
also had no effect compared with control shRNA vector, suggest-
ing that ongoing S-phase entry does not depend on hop signaling.

Figure 7. The role of PLC activation in the pro-mitogenic effects of PACAP at E10.5. In the
presence of the inactive analog U-73343 (2 �M) for 16 h, PACAP increased DNA synthesis by
22%, whereas the peptide-induced increase in DNA synthesis was blocked by the PLC antago-
nist U-73122 (2 �M). All data bars are normalized to the control treatment (vehicle) in the
presence of inactive analog U-73343, which was arbitrarily set at 100%. Control (Con) values
ranged from 2800 to 7500 cpm. The four groups were analyzed by one-way ANOVA, followed by
Tukey’s multiple comparison test. Data were derived from four experiments, three wells per
group for each experiment. **p � 0.01, ***p � 0.001.
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Figure 8. PACAP induces intracellular Ca 2� fluxes in E10.5 but not E14.5 cortical precursors. a– c, Representative color-coded images of intracellular Ca 2� fluxes. Cells were preloaded
with Ca 2� fluorescent indicator Fluo-4 AM and recorded for 110 s after reagent addition. d–g, Representative traces of intracellular [Ca 2�] changes, which are reflected by 
F/F0, 
F �
F � F0; F0 is fluorescence intensity before addition of reagents. PACAP (10 nM) exposure increased intracellular calcium levels in E10.5 (a, d) but not E14.5 precursors (b, e) at 2 h culture.
KCl (40 mM) elicited increased intracellular Ca 2� in both E10.5 (f ) and E14.5 (c, g). Cells were monitored by BD Pathway 855 BioImager, at 37°C/5% CO2. Data were derived from three
independent experiments using parallel cultures of E10.5 and E14.5 precursors in 96-well plates. One hundred to 150 cells per group were randomly chosen in each experiment, and
fluorescence intensity values were quantified.

Yan et al. • PACAP Bidirectional Regulation of Corticogenesis J. Neurosci., February 27, 2013 • 33(9):3865–3878 • 3873



These observations suggest that PACAP mitogenic stimulation
requires hop isoform expression. The blockade of PACAP stim-
ulation in the presence of hop isoform knockdown is consistent
with the converse experiment, in which enhanced hop expression
elicited by RA treatment was associated with sustained PACAP
stimulation of DNA synthesis (Fig. 5b,c). Because PACAP mi-
togenic activity through the hop isoform is known to depend
on PLC pathways in other models, we
next defined signaling transduction
pathways activated by PACAP in young
neural precursors.

The role of PLC activation in the pro-
mitogenic effects of PACAP
In previous studies, PACAP mitogenic
stimulation has been associated with acti-
vation of PLC that triggers the PKC path-
way (Spengler et al., 1993; Lu et al., 1998;
Nicot and DiCicco-Bloom, 2001). Be-
cause hop is the dominant receptor iso-
form at E10.5, we hypothesized that PLC
activation may underlie PACAP stimula-
tion. To investigate the role of PLC, we
used the membrane-permeable PLC-
specific inhibitor U-73122 and the inac-
tive form U-73343 as a negative control.
We incubated E10.5 cultures for 16 h only
to avoid overall cell toxicity. In the pres-
ence of inactive drug, PACAP elicited a
22% increase in [ 3H] incorporation (an
increase at 16 h that is proportional to
33% at 24 h), whereas PACAP elicited no
change when the PLC inhibitor was pres-
ent, suggesting that pro-mitogenic effects
were mediated via the PLC pathway (Fig.
7). Nonetheless, because of possible cell
toxicity, we turned to more direct meth-
ods to detect cellular responses.

PACAP induces intracellular calcium
oscillations in E10.5 but not E14.5
cortical precursors
Activated PLC can hydrolyze phosphatidyl-
inositol 4,5-bisphosphate to generate two
second messengers, diacyl glycerol (DAG)
and inositol 1,4,5 trisphosphate (IP3). The
latter signal engages the IP3 receptor and
elicits release of Ca2� from the endoplasmic
reticulum. Ca2� is a well-known stimulator
of proliferation in multiple systems (Ber-
ridge et al., 2000; Lewis, 2003; Weissman et al., 2004). Because the
foregoing evidence raised the possibility of PLC signaling in PACAP
mitogenic activity, we examined this downstream mediator, intra-
cellular Ca2�. We monitored intracellular Ca2� changes during
PACAP activation in E10.5 and E14.5 cortical precursors in parallel
using Ca2� fluorescence indicator Fluo-4 AM. PACAP triggered an
increase of cytosolic Ca2� in most E10.5 cortical precursors, suggest-
ing that the peptide activated the inositol phospholipid signaling
pathway (Spengler et al., 1993; DiCicco-Bloom et al., 2000; Nicot
and DiCicco-Bloom, 2001; Hegg et al., 2003) (Fig. 8a,d). Interest-
ingly, the majority of E10.5 cells exhibited Ca2� oscillations (Table
1). In contrast, PACAP did not elicit Ca2� changes in E14.5 cortical
precursors (Fig. 8b,e). However, both E10.5 and E14.5 precursors

were able to respond to 40 mM KCl (Fig. 8c,f,g), suggesting that a
depolarization-induced Ca2� response, specifically influx, was
maintained by cells at both stages. We did note that PACAP induced
complex Ca2� oscillation curves, especially compared with those
elicited by KCl (Fig. 8d,f,g), but did not pursue this further as others
have defined mechanisms of IP3 induced Ca2� oscillations (Berridge
et al., 2003; Hogan et al., 2010).

PACAP activates PKC but not MAPK during
early neurogenesis
Another signal downstream of PLC production of DAG and
Ca 2� elevation is PKC (Nishizuka, 1984). Initial activation of
PKC can be mediated by its phosphorylation, which may serve as a

Figure 9. PACAP activates PKC in early E10.5 cortical precursors but not in E14.5 cells. a, Patterns of phospho-PKC staining in
E10.5 and E14.5 cortical precursors 30 min after treatment with vehicle (Con), PACAP (10 nM), and PKC agonist TPA (200 nM). PACAP
exposure increased phospho-PKC-positive cells by twofold compared with vehicle in 2 h cultures, comparable with the PKC agonist
at E10.5. In contrast, PACAP did not elicit changes in phospho-PKC-positive cells at E14.5, whereas both ages responded to agonist
TPA. Positive cells are indicated by arrows and negative cells by arrowheads. b, Quantification of phospho-PKC immunostaining.
Cells were plated in 35 mm dishes in defined media without growth factors, and reagents were added at 2 h for 30 min. Data are
representative of three experiments, three dishes per group per experiment. ***p � 0.001.

Table 1. Calcium fluxes and oscillations in E10.5 and E14.5 cortical precursors

Calcium fluxes E10.5 E14.5

PACAP-responsive cells 201 of 220 (91%) 7 of 306 (2%)
PACAP-induced oscillations 172 of 201 (86%) 0 of 306 (0%)
KCl-responsive cells 137 of 168 (82%) 398 of 412 (97%)

Precursors were preloaded with Ca 2� fluorescent indicator Fluo-4 AM and recorded on a BD Pathway 855 BioImager
for 110 s after addition of PACAP (10 nM) or KCl (40 mM).
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molecular marker (Pearce et al., 2010). PACAP treatment (30 min)
produced a twofold increase in phospho-PKC immunoreactivity in
E10.5 cortical precursors, a response nearly identical to that elicited
by the potent PKC agonist 12-O-tetradecanoylphorbol-13-acetate
(TPA) (Fig. 9). In contrast, PACAP did not elicit changes in phos-
pho-PKC levels of E14.5 precursors, although a robust threefold
response was elicited by TPA (Fig. 9, E14.5). In addition, because
PACAP has been shown to activate MAPK pathways in several cul-
ture systems (Barrie et al., 1997; Vaudry et al., 2002a), we performed
similar studies and assessed phosphorylated ERK. However, PACAP
did not elicit increased phospho-ERK in either E10.5 or E14.5 cul-
tures, whereas bFGF, a relevant cortical mitogen (Vaccarino et al.,
1999; Li and DiCicco-Bloom, 2004), elicited robust ERK activation
in parallel dishes at both ages (Fig. 10), suggesting that PACAP mi-
togenic signaling is independent of ERK pathways in early precur-
sors, consistent with previous work (Gerdin and Eiden, 2007).

Discussion
Our observations provide compelling evidence that PACAP
contributes to neuronal precursor proliferation through age-
dependent bidirectional activity during cortical development.
PACAP exhibits pro-mitogenic effects during early neurogenesis,
whereas the peptide may restrain proliferation from E12.5 on-
ward. The temporally specific effects on proliferation are medi-
ated by developmental expression of PAC1 receptor isoforms,
with hop predominating early followed by short expression later.
PACAP signaling provides a novel example in the developing

nervous system that alternative splicing of receptor mRNA iso-
forms differentially controls cortical proliferation.

During early neurogenesis, when stem cells are proliferating
to enlarge precursor pools, PACAP enhances proliferation
through the hop isoform: it increases DNA synthesis and pro-
motes G1/S progression and cell division without affecting sur-
vival. The stimulation elicited by PACAP in vitro is consistent
with reduced mitotic labeling in the KO in vivo, in which the 13%
reduction is comparable with the 14% decrease observed in the
bFGF/FGF2 null (Vaccarino et al., 1999). However, several extra-
cellular factors (FGF2, Wnts, Shh, BMPs) that regulate prolifer-
ation and neurogenesis coexist in developing cortex (Stevens et
al., 2010) and may partially compensate one another. Although
PACAP may elicit modest effects as a result of a selectively re-
sponsive cell subset, PAC1 expression appears to be nearly uni-
versal (Basille et al., 2000; Suh et al., 2001; Nishimoto et al., 2007),
although PAC1 isoform-selective reagents have not yet been
developed.

During early neurogenesis when hop predominates, PACAP
activates PLC and calcium fluxes, enhancing PKC phosphoryla-
tion and G1-stage D cyclins. Significantly, the important role for
the PAC1 hop isoform in early precursors is indicated by the
blockade of PACAP mtiogenic stimulation in the presence of hop
shRNAs. To our knowledge, this is the first use of knockdown
techniques to define activities of hop isoform and for defining
roles of third intracellular loops of GPCRs. Conversely, main-
taining elevated hop/short ratios through RA treatment sustained
pro-mitogenic activity beyond this early developmental window.
However, with increasing age and short expression, PACAP pro-
motes cell cycle exit. PACAP induces cell cycle exit by selective
increases in cyclin-dependent kinase inhibitor p57 kip2 (not
p27 kip1) activity and association with CDK2/cyclin E complex
(Carey et al., 2002; Tury et al., 2011).

One caveat of these studies is use of WT cells, which release
PACAP as an autocrine regulator of proliferation (Lu and
DiCicco-Bloom, 1997; Suh et al., 2001). We attempted to com-
pare roles of exogenous and endogenous PACAP by dissecting
littermates from heterozygote crosses, but too few E9.5 cells were
available for single cortex analysis. However, we assessed E14.5
WT and PACAP KO precursors and found that PACAP elicited
�35% reductions in DNA synthesis (WT: control, 100 � 9% and
PACAP, 62 � 6%; KO: control, 100 � 7% and PACAP, 67 � 8%;
n � 6 wells, 2 experiments), consistent with previous anti-
mitogenic effects (Lu and DiCicco-Bloom, 1997; Lu et al., 1998;
Suh et al., 2001; Carey et al., 2002). Significantly, there was no
difference in survival of PACAP KO precursors compared with
WT littermates, suggesting that trophic mechanisms were not
involved at E14.5, as we observed at E10.5 (Figs. 1, 4). Thus, in the
absence of peptide, PACAP response systems appear to function
normally, as suggested by previous expression analyses (Girard et
al., 2006).

Current neural precursor/stem cell cultures include adherent
cells, neurospheres, mixed cell cocultures, and serum-free sus-
pension cultures (Qian et al., 1998; Shen et al., 2004, 2006;
Watanabe et al., 2005). These systems may be technically de-
manding, requiring cell shaking and centrifugation (Qian et al.,
1998), preplating with endothelial cells (Shen et al., 2004), or
incubation with soluble factors (Watanabe et al., 2005). Proce-
dures for our culture system are relatively less complicated. Fur-
thermore, the precursors are ready for immediate use, an
attribute that may preserve comparability with their in vivo state
and may mitigate against emergence of traits reflecting adapta-
tion to culture. The defined culture medium contains a restricted

Figure 10. PACAP did not activate phospho-ERK, whereas bFGF exposure led to ERK activa-
tion in both E10.5 and E14.5 precursors. a, Examples of phospho-ERK staining in E10.5 and E14.5
10 min after treatment with vehicle (Con), PACAP (10 nM), and bFGF (10 ng/ml). b, Quantifica-
tion of phospho-ERK immunostaining. Cells were plated in 35 mm dishes in defined media
without growth factors, and reagents were added at 2 h for 10 min. Data are representative of
three experiments, three dishes per group.**p � 0.01, ***p � 0.001. Scale bar, 10 �m.
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panel of factors (insulin, bFGF, and BDNF). Although this sim-
plified medium may not support certain developmental events,
we were able to test effects of steroids and RA, as well as use
shRNA knockdown techniques. One possible limitation is use of
trypsin to separate overlying epidermis from brain, because this
may alter surface receptors or ion channels. There may be variability
in dissecting cortex away from the medial (future hippocampus) and
ventral (future ganglionic eminences) telencephalic vesicles, because
specific boundary markers are unavailable. Nonetheless, the consis-
tent stimulatory effect of PACAP at E10.5 and its opposite activity at
E14.5 suggests the temporal transition in PAC1 isoforms may
control forebrain development. Future studies should define the
precise localization of PAC1 isoform expression in combination
with lineage-specific markers for cortex, hippocampus, and basal
ganglia.

Our observations suggest that precursors in vitro undergo the
developmental transition in response to PACAP observed in vivo.
Although E10.5 cells exhibited mitotic stimulation in response to
PACAP, if first cultured for 24 h, PACAP then elicited no increase
in DNA synthesis, a response that is identical to that of cells
obtained directly from E11.5 embryos, although additional stud-
ies may be required. The fact that RA induced PAC1 hop isoform
expression and maintained PACAP mitogenic activity indicates
that these cells are plastic and responsive to environmental cues.
We chose RA because previous studies indicate that it regulates
PACAP receptors (Waschek et al., 1997). RA can promote the
transition from radial glial symmetric division to asymmetric
production of intermediate cortical precursors and neurons
(Siegenthaler et al., 2009). Thus, it is possible that RA induces
changes in the proportions of cortical precursors that may influ-
ence PACAP effects, an interesting direction for additional stud-
ies. Regardless, our culture system provides a different platform
in which to elucidate intrinsic and extrinsic regulation of neural
stem cells and may provide insights into stem cell division pat-
terns, potency, and windows of plasticity.

Understanding regulation of PACAP pro-mitogenic activity
could provide a strategy for stem-cell-based regenerative therapy
because PACAP stimulates neural stem cell proliferation and
promotes neurogenesis in vitro and in vivo (Mercer et al., 2004;
Ohta et al., 2006; Scharf et al., 2008; Fang et al., 2010), although it
can also modulate gliogenesis (including oligodendrocytes
and astrocytes) under different conditions (Lee et al., 2001;
Nishimoto et al., 2007). It remains uncertain whether short (Ohta
et al., 2006; Scharf et al., 2008) or hop (Mercer et al., 2004) iso-
forms mediated proliferative stimulation because both forms
were detected and both cAMP and PLC/PKC pathways were ac-
tivated in adult subventricular zone and dentate gyrus, suggesting
that both regional and temporal specificity is involved. Our study
demonstrates that PACAP pro-mitogenic activity is mediated
through the hop isoform and that developmental upregulation of
the short isoform may restrain precursor proliferation in devel-
oping cortex. Furthermore, although cAMP and ERK activation
are both downstream of PACAP in some systems (Gerdin and
Eiden, 2007), our studies suggest that hop isoform stimulates
early cortical precursor proliferation through PLC/PKC path-
ways and G1 cyclins, although we cannot exclude involvement of
other signaling mechanisms. In addition, although continued ex-
pression of hop mRNA (and presumably protein) in E14.5 pre-
cursors would predict a phospho-PKC response to PACAP
treatment at this age, its absence raises several questions regard-
ing the coupling of PAC1 hop to G-proteins, age-dependent ex-
pression of G-protein family members, downstream signaling, or

inhibitory crosstalk between short and hop isoforms that warrant
future study.

The model of a developmental transition in PAC1 splice iso-
form expression provides an important target for future explora-
tion of mRNA splicing mechanisms. Developmental control of
neurogenesis through RNA splicing of receptors that regulate
proliferation is not commonly reported in the nervous system.
However, alternative isoforms of cytosolic adaptor protein
NUMB regulate proliferation and differentiation in P19 carci-
noma cells (Verdi et al., 1999) and cortical precursors (Bani-
Yaghoub et al., 2007). Similarly in cancer cells, the predominant
fibroblast growth factor receptor 3 (FGFR3) elicits stimulation,
whereas a normal FGFR3 splice variant (
8 –10) inhibits prolif-
eration. The regulation of proliferation depended on the ratio of
different splice isoforms, with loss of the inhibitory variant lead-
ing to uncontrolled proliferation (Tomlinson et al., 2005). In
adult cerebral cortex, antagonistic effects of dopamine in the syn-
apse also depend on the ratio of dopamine D2 receptor isoforms,
D2L and D2R (Picetti et al., 1997), which are generated by alter-
native splicing of a 29 aa insert in the third intracellular loop
(Usiello et al., 2000), similar to PAC1. Control of pre-mRNA
splicing is a complex process that involves many layers of regula-
tion (Li et al., 2007; Greenberg et al., 2009). Recent research in-
dicates that alternative splicing is frequent during embryonic
development (E8.5–E11.5 in mouse) including the PACAP sys-
tem, and alternative splicing is disproportionately involved in
neurogenesis (Revil et al., 2010). Thus, defining splicing regula-
tion may provide insights into neuropsychiatric disorders, such
as schizophrenia, PTSD, and autism (Hashimoto et al., 2007;
Nijmeijer et al., 2010; Ressler et al., 2011).

In conclusion, PACAP signaling influences precursor mitosis
during brain development. The developmental switch in PAC1
hop and short isoforms converts PACAP mitogenic stimulation
to inhibition. It is likely that the PAC1 receptor is but one of many
signals governing corticogenesis that is subject to regulation by
mechanisms controlling mRNA splicing.
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Nicot A, Lelièvre V, Tam J, Waschek JA, DiCicco-Bloom E (2002) Pituitary
adenylate cyclase-activating polypeptide and sonic hedgehog interact
to control cerebellar granule precursor cell proliferation. J Neurosci 22:
9244 –9254. Medline

Nijmeijer JS, Arias-Vásquez A, Rommelse NN, Altink ME, Anney RJ, Asher-
son P, Banaschewski T, Buschgens CJ, Fliers EA, Gill M, Minderaa RB,
Poustka L, Sergeant JA, Buitelaar JK, Franke B, Ebstein RP, Miranda A,
Mulas F, Oades RD, Roeyers H, Rothenberger A, Sonuga-Barke EJ, Stein-
hausen HC, Faraone SV, Hartman CA, Hoekstra PJ (2010) Identifying
loci for the overlap between attention-deficit/hyperactivity disorder and
autism spectrum disorder using a genome-wide QTL linkage approach.
J Am Acad Child Adolesc Psychiatry 49:675– 685. CrossRef Medline

Nishimoto M, Furuta A, Aoki S, Kudo Y, Miyakawa H, Wada K (2007)
PACAP/PAC1 autocrine system promotes proliferation and astrogenesis
in neural progenitor cells. Glia 55:317–327. CrossRef Medline

Nishizuka Y (1984) The role of protein kinase C in cell surface signal trans-
duction and tumour promotion. Nature 308:693– 698. CrossRef Medline

Noctor SC, Martínez-Cerdeño V, Ivic L, Kriegstein AR (2004) Cortical neu-
rons arise in symmetric and asymmetric division zones and migrate
through specific phases. Nat Neurosci 7:136 –144. CrossRef Medline

Ohta S, Gregg C, Weiss S (2006) Pituitary adenylate cyclase-activating poly-
peptide regulates forebrain neural stem cells and neurogenesis in vitro
and in vivo. J Neurosci Res 84:1177–1186. CrossRef Medline

Pan Z, Damron D, Nieminen AL, Bhat MB, Ma J (2000) Depletion of intra-
cellular Ca 2� by caffeine and ryanodine induces apoptosis of chinese
hamster ovary cells transfected with ryanodine receptor. J Biol Chem
275:19978 –19984. CrossRef Medline

Pearce LR, Komander D, Alessi DR (2010) The nuts and bolts of AGC pro-
tein kinases. Nat Rev Mol Cell Biol 11:9 –22. CrossRef Medline

Picetti R, Saiardi A, Abdel Samad T, Bozzi Y, Baik JH, Borrelli E (1997)
Dopamine D2 receptors in signal transduction and behavior. Crit Rev
Neurobiol 11:121–142. CrossRef Medline

Qian X, Goderie SK, Shen Q, Stern JH, Temple S (1998) Intrinsic programs
of patterned cell lineages in isolated vertebrate CNS ventricular zone cells.
Development 125:3143–3152. Medline

Ressler KJ, Mercer KB, Bradley B, Jovanovic T, Mahan A, Kerley K, Norrholm
SD, Kilaru V, Smith AK, Myers AJ, Ramirez M, Engel A, Hammack SE,
Toufexis D, Braas KM, Binder EB, May V (2011) Post-traumatic stress
disorder is associated with PACAP and the PAC1 receptor. Nature 470:
492– 497. CrossRef Medline

Revil T, Gaffney D, Dias C, Majewski J, Jerome-Majewska LA (2010) Alter-
native splicing is frequent during early embryonic development in mouse.
BMC Genomics 11:399. CrossRef Medline

Romito-DiGiacomo RR, Menegay H, Cicero SA, Herrup K (2007) Effects of
Alzheimer’s disease on different cortical layers: the role of intrinsic differ-
ences in Abeta susceptibility. J Neurosci 27:8496 – 8504. CrossRef Medline

Schaar BT, Kinoshita K, McConnell SK (2004) Doublecortin microtubule
affinity is regulated by a balance of kinase and phosphatase activity at the
leading edge of migrating neurons. Neuron 41:203–213. CrossRef
Medline

Scharf E, May V, Braas KM, Shutz KC, Mao-Draayer Y (2008) Pituitary
adenylate cyclase-activating polypeptide (PACAP) and vasoactive intesti-
nal peptide (VIP) regulate murine neural progenitor cell survival, prolif-
eration, and differentiation. J Mol Neurosci 36:79 – 88. CrossRef Medline

Yan et al. • PACAP Bidirectional Regulation of Corticogenesis J. Neurosci., February 27, 2013 • 33(9):3865–3878 • 3877

http://www.ncbi.nlm.nih.gov/pubmed/2303868
http://dx.doi.org/10.1006/dbio.2000.9604
http://www.ncbi.nlm.nih.gov/pubmed/10694416
http://dx.doi.org/10.1371/journal.pone.0015299
http://www.ncbi.nlm.nih.gov/pubmed/21187959
http://dx.doi.org/10.1210/me.2009-0381
http://www.ncbi.nlm.nih.gov/pubmed/20573687
http://dx.doi.org/10.1126/stke.3822007pe15
http://www.ncbi.nlm.nih.gov/pubmed/17440132
http://dx.doi.org/10.1111/j.1471-4159.2006.04112.x
http://www.ncbi.nlm.nih.gov/pubmed/17029602
http://dx.doi.org/10.1523/JNEUROSCI.3566-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19828787
http://www.ncbi.nlm.nih.gov/pubmed/9647867
http://dx.doi.org/10.1038/sj.mp.4001982
http://www.ncbi.nlm.nih.gov/pubmed/17387318
http://dx.doi.org/10.1523/JNEUROSCI.0485-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16107650
http://dx.doi.org/10.1152/jn.00288.2003
http://www.ncbi.nlm.nih.gov/pubmed/12761277
http://dx.doi.org/10.1146/annurev.immunol.021908.132550
http://www.ncbi.nlm.nih.gov/pubmed/20307213
http://www.ncbi.nlm.nih.gov/pubmed/11356873
http://dx.doi.org/10.1042/BST0310925
http://www.ncbi.nlm.nih.gov/pubmed/14505450
http://dx.doi.org/10.1159/000082137
http://www.ncbi.nlm.nih.gov/pubmed/15711060
http://dx.doi.org/10.1038/nrn2237
http://www.ncbi.nlm.nih.gov/pubmed/17895907
http://dx.doi.org/10.1073/pnas.94.7.3357
http://www.ncbi.nlm.nih.gov/pubmed/9096398
http://dx.doi.org/10.1002/(SICI)1097-4547(19980915)53:6<651::AID-JNR3>3.0.CO%3B2-4
http://www.ncbi.nlm.nih.gov/pubmed/9753193
http://dx.doi.org/10.1523/JNEUROSCI.1700-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19158303
http://dx.doi.org/10.1523/JNEUROSCI.4011-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21368030
http://dx.doi.org/10.1016/S0896-6273(03)00116-8
http://www.ncbi.nlm.nih.gov/pubmed/12628166
http://dx.doi.org/10.1016/S0896-6273(02)01026-7
http://www.ncbi.nlm.nih.gov/pubmed/12441050
http://dx.doi.org/10.1002/jnr.20038
http://www.ncbi.nlm.nih.gov/pubmed/15048918
http://dx.doi.org/10.1073/pnas.071465398
http://www.ncbi.nlm.nih.gov/pubmed/11296303
http://www.ncbi.nlm.nih.gov/pubmed/12417650
http://dx.doi.org/10.1016/j.jaac.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20610137
http://dx.doi.org/10.1002/glia.20461
http://www.ncbi.nlm.nih.gov/pubmed/17115416
http://dx.doi.org/10.1038/308693a0
http://www.ncbi.nlm.nih.gov/pubmed/6232463
http://dx.doi.org/10.1038/nn1172
http://www.ncbi.nlm.nih.gov/pubmed/14703572
http://dx.doi.org/10.1002/jnr.21026
http://www.ncbi.nlm.nih.gov/pubmed/16941483
http://dx.doi.org/10.1074/jbc.M908329199
http://www.ncbi.nlm.nih.gov/pubmed/10764805
http://dx.doi.org/10.1038/nrm2822
http://www.ncbi.nlm.nih.gov/pubmed/20027184
http://dx.doi.org/10.1615/CritRevNeurobiol.v11.i2-3.20
http://www.ncbi.nlm.nih.gov/pubmed/9209827
http://www.ncbi.nlm.nih.gov/pubmed/9671587
http://dx.doi.org/10.1038/nature09856
http://www.ncbi.nlm.nih.gov/pubmed/21350482
http://dx.doi.org/10.1186/1471-2164-11-399
http://www.ncbi.nlm.nih.gov/pubmed/20573213
http://dx.doi.org/10.1523/JNEUROSCI.1008-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17687027
http://dx.doi.org/10.1016/S0896-6273(03)00843-2
http://www.ncbi.nlm.nih.gov/pubmed/14741102
http://dx.doi.org/10.1007/s12031-008-9097-z
http://www.ncbi.nlm.nih.gov/pubmed/18629655


Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, Abramova N, Vincent P,
Pumiglia K, Temple S (2004) Endothelial cells stimulate self-renewal
and expand neurogenesis of neural stem cells. Science 304:1338 –1340.
CrossRef Medline

Shen Q, Wang Y, Dimos JT, Fasano CA, Phoenix TN, Lemischka IR, Ivanova
NB, Stifani S, Morrisey EE, Temple S (2006) The timing of cortical neu-
rogenesis is encoded within lineages of individual progenitor cells. Nat
Neurosci 9:743–751. CrossRef Medline

Siegenthaler JA, Ashique AM, Zarbalis K, Patterson KP, Hecht JH, Kane MA,
Folias AE, Choe Y, May SR, Kume T, Napoli JL, Peterson AS, Pleasure SJ
(2009) Retinoic acid from the meninges regulates cortical neuron gener-
ation. Cell 139:597– 609. CrossRef Medline

Spengler D, Waeber C, Pantaloni C, Holsboer F, Bockaert J, Seeburg PH,
Journot L (1993) Differential signal transduction by five splice variants
of the PACAP receptor. Nature 365:170 –175. CrossRef Medline

Stevens HE, Smith KM, Rash BG, Vaccarino FM (2010) Neural stem cell
regulation, fibroblast growth factors, and the developmental origins of
neuropsychiatric disorders. Front Neurosci 4:59. CrossRef Medline
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