Regulation of neuroblast mitosis is determined by
PACAP receptor isoform expression
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Although neurogenesis in the embryo proceeds in a region- or
lineage-specific fashion coincident with neuropeptide expression,
a regulatory role for G protein-coupled receptors (GPCR) remains
undefined. Pituitary adenylate cyclase activating polypeptide
(PACAP) stimulates sympathetic neuroblast proliferation, whereas
the peptide inhibits embryonic cortical precursor mitosis. Here, by
using ectopic expression strategies, we show that the opposing
mitogenic effects of PACAP are determined by expression of
PACAP receptor splice isoforms and differential coupling to the
phospholipase C (PLC) pathway, as opposed to differences in
cellular context. In embryonic day 14 (E14) cortical precursors
transfected with the hop receptor variant, but not cells transfected
with the short variant, PACAP activates the PLC pathway, increas-
ing intracellular calcium and eliciting translocation of protein
kinase C. Ectopic expression of the hop variant in cortical neuro-
blasts transforms the antimitotic effect of PACAP into a promito-
genic signal. Furthermore, PACAP promitogenic effects required
PLC pathway function indicated by antagonist U-73122 studies in
hop-transfected cortical cells and native sympathetic neuroblasts.
These observations highlight the critical role of lineage-specific
expression of GPCR variants in determining mitogenic signaling in
neural precursors.

he production of new neurons, or neurogenesis, is controlled

in part by locally secreted factors that regulate proliferation
(1-5). Ligands for G protein-coupled receptors (GPCR) may
play significant roles in neurogenesis in a regionally or devel-
opmentally specific fashion (6-9). The neuropeptide PACAP
(pituitary adenylate cyclase activating polypeptide ) exhibits
either positive or negative mitogenic effects depending on the
neuroblast (10-12). The basis of these opposite effects is unde-
fined, but may be due to differential expression of PACAP
receptor isoforms and consequent activation of distinct signal
transduction pathways. Alternatively, lineage-specific responses
may be determined by other aspects of cellular context, including
arrays of G proteins or other signal transduction molecules. In
the present study, we examined the role of PACAP receptor
isoforms in mitogenic regulation.

Three PACAP receptor genes have been cloned (13): PACI is
PACAP selective, and activated by nanomolar concentrations,
although micromolar vasoactive intestinal peptide (VIP) is a het-
erologous ligand. In contrast, VPAC1 and VPAC2 exhibit similar
affinities for PACAP and VIP. These three heptahelical GPCR
family members all couple positively to adenylate cyclase (AC).
Significantly, rats (14) and humans (15) exhibit PACI splice variants
that differ in the third intracellular loop, a region classically involved
in specific G protein interactions that link to second messenger
pathways (16). In transfected cell lines, the absence (“short”
isoform) or presence of either one or two 28-aa cassettes, desig-
nated “hip” and “hop,” in the third intracellular loop regulates
coupling to phosphoinositide-specific phospholipase C (PLC), al-
though data regarding hop function conflict (14, 15). In primary
neuroblasts, we previously defined region-specific mitogenic effects
of PACAP, which may be attributed to receptor isoforms (17). For
example, in embryonic hindbrain (11) and cortical neuroblasts (10,
17), which express the short variant, PACAP stimulates AC only
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and elicits mitotic inhibition. In contrast, in sympathetic neuro-
blasts, which express the hop variant, PACAP activates both AC
and PLC pathways and stimulates precursor mitosis (12, 17). Thus,
alternative usage of the hop exon may determine receptor intra-
cellular signaling and mitogenic response. In nonneural cells,
GPCRs produce changes in cAMP, phospholipases C and D,
cytosolic Ca?*, and the protein kinase C (PKC) family, all of which
putatively regulate mitogenesis (18-20). Although recent studies
suggest GPCRs may regulate neural proliferation (21-23), a direct
link of receptor isoform to second messenger and resultant mito-
genic response remains undefined. Alternatively, receptor isoform
may be relatively unimportant, with cellular responses dependent
on lineage-specific pools of intracellular proteins and cell type-
specific interactions among receptors and different signaling path-
ways (24-27).

The present study tests the hypothesis that PAC1 isoform plays
a pivotal role in coupling and activation of specific pathways
leading to opposite mitogenic actions in neural precursors.
Ectopic expression of short or hop variants in embryonic day 14
(E14) cortical precursors established differential signaling and
elicited negative and positive mitogenic regulation, respectively.

Methods

Cultures. E14 rat cortical cells (10) were plated on poly-D-lysine (0.1
mg/ml)/laminin (20 wg/ml)-coated glass coverslips at 4-8 X 10*
cells/em? in defined medium [Neurobasal/B27 (from BRL), 2 mM
glutamine, penicillin (25 units/ml), streptomycin (25 pg/ml), BSA
(0.1%)] with basic fibroblast growth factor (bFGF) (10 ng/ml). E16
sympathetic neuroblasts were seeded at 3 X 10* cells per well
(24-multiwell) (12). Cultures were maintained in a humidified 5%
CO,/air incubator at 37°C. For each experiment, one litter of 10-14
embryos was used.

cDNA Transfection. Cells were transfected with plasmids contain-
ing CMV-based mammalian expression vectors: reporter cDNAs
encoding enhanced green fluorescent protein (EGFP) (pEGFP-
N1 or pPKCy-EGFP; CLONTECH) and cDNAs encoding
PACIshort or PAClhopl (14) (provided by L. Journot, Centre
Nationale de la Recherche Scientifique, Montpellier, France).
Functionality of PAC1 expression plasmids was tested in COS-7
cells: both isoforms mediated PACAP-induced phosphorylation
of nuclear cAMP response element-binding protein (CREB),
whereas GFP-transfected cells did not respond to PACAP
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(PACl1short = 43 = 5; PAClhop = 28 * §; GFP = 3 = 1; mean
% *+ SEM of cells exhibiting P-CREB immunoreactivity after 15
min PACAP). Eight to twelve hours after plating, cortical cells
were cotransfected with GFP/PAC1 ¢cDNAs in ratio of 1:4, with
Lipofectamine Plus (BRL) for 5 h. After transfection, cells were
incubated in medium for 1-4 additional days, representing 2-5
days in vitro (DIV). Cultures received vehicle or 10 nM PACAP
daily from 2-5 DIV, and were fixed 6 h after the last treatment.

Immunocytochemistry. After 4% paraformaldehyde fixation (20
min), immunocytochemistry was performed with antibodies to
precursor markers vimentin and nestin [1:1000; developed by S.
Hockfield and provided by Developmental Studies Hybridoma
Bank (DSHB), University of Iowa, Iowa City], neuronal markers
tau (1:10000; L. Fischer, Medical College of Philadelphia) and BIII
tubulin (1:1000; TuJ1, clone TU-20, Biogenesis, Poole, U.K.),
astrocyte glial fibrillary acidic protein (GFAP, 1:1,000; Dako),
oligodendrocyte marker Rip1 (1:1000, DSHB), and PAC1 (1:2500;
A. Arimura, Tulane University, New Orleans) as described (10).
Staining was visualized by using Vectastain ABC Kit or FITC- or
Texas Red-conjugated secondary antibodies (1:100; Vector Labo-
ratories). To double label GFP-expressing cells with S phase marker
BrdUrd, cultures exposed to BrdUrd (10 uM) during the final 2 h
of incubation were incubated with anti-GFP polyclonal antibody
(1:5,000; Chemicon) and FITC-secondary with 0.03% Triton-X.
Cells were fixed again and exposed to 2 M HCI (30 min), rinsed
twice in PBS, incubated with monoclonal anti-BrdUrd (1:100;
Beckton Dickinson), followed by Texas Red-secondary (10). The
BrdUrd labeling index [i.e., proportion of GFP-immunoreactive
(IR) cells incorporating BrdUrd] was determined by scoring 100—
200 cells from ten randomly selected fields in one or two dishes per
group in five experiments.

Calcium Imaging. The [Ca?*]; in cultured neuroblasts was monitored
by using Fura-2 ratio imaging (12). Briefly, cortical cells on 25-mm
glass coverslips were incubated with culture medium containing 8
1M Fura-2/acetoxymethyl ester (AM; Calbiochem) and 5% FBS
(BRL) for 30 min at 37°C. Changes in [Ca®"]; at room temperature
were directly estimated from ratios of Fura-2 emission at 510 nm
with alternate excitation wavelengths of 340 and 380 nm, using
radiometric imaging (Attofluor, Atto Instruments, Rockville, MD).
To select GFP-transfected cells, illumination with a Bio-Rad MRC-
600 argon laser (488 nm excitation and 515 nm emission) was used.
Cells were first exposed to 10 nM PACAP, and then to 25 mM KCI
(five independent cultures).

PKCy-GFP Translocation. Cells were transfected with PKCy-GFP
alone or in combination with PACI isoforms. GFP immunore-
activity was localized after 0.2 uM PMA (phorbol 12-myristate
13-acetate) or 10 nM PACAP treatment for 0 s, 45 s, 3 min, and
15 min. The percent of cells exhibiting translocated PKCy-GFP
after 45 s of PACAP was scored in 50 cells per group (PKCry-
GFP, PKCy-GFP/PAClshort, and PKCy-GFP/PAC1lhop) in
each of three experiments.

Cell Survival and Proliferation. To analyze cell survival, GFP-IR
cells were scored in five fields at 32X at 2 and 3 DIV, 6 h after
the last daily PACAP treatment (three coverslips per group, two
experiments). To quantify proliferation, transfected cultures
(two coverslips per group, four experiments) were treated daily
with PACAP for 4 days. GFP-IR cells were assessed at 5 DIV in
20 fields at 25X. GFP-IR clones were defined as groups of =4
cells, each within five cell bodies of another labeled cell. Clones
were counted in ten fields at 10X.

DNA Synthesis. Incorporation of [*H]thymidine ([*H]dT) was

used to assess DNA synthesis in native sympathetic neuroblasts
(12, 32). After plating, neuroblasts were treated with 10 uM PLC
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Fig. 1.  Cortical cultures consist of neural precursors and differentiating
neurons. Cortical cells at DIV2 express (a) nestin (FITC labeling, arrows) or tau
(Texas Red labeling, arrowheads) or (b) TuJ1 (FITC) and tau (Texas Red). (c) The
proliferative population, labeled with BrdUrd (arrows, red chromophore), is
nestin-positive (blue chromophore). Solid arrowhead indicates a nestin-
positive cell, which did not incorporate BrdUrd. (d) Summary of immunocy-
tochemical markers exhibited by cortical cells at 2 DIV. (Scale bars = 10 um.)

antagonist U-73122 or inactive isomer U-73343 for 30 min
followed by vehicle or 10 nM PACAP for 6 h. Cells were
incubated with [*H]dT during the final 2 h of incubation and
incorporation assayed by scintillation spectroscopy (12). Exper-
iments were performed three times, with three to four samples
per group per experiment.

Materials. PACAP was from American Peptide Company
(Sunnyvale, CA), bFGF was a gift of Scios (Mountain View,
CA), BrdUrd was from Sigma, and U-73122, U-73343, and PMA
were from Biomol (Plymouth Meeting, PA). Two-way ANOVA,
one-way ANOVA followed by Sheffe’s post hoc test, or unpaired
t test were performed by using the STATVIEW program.

Results

Characterization of the Cell Culture. To define proliferative effects
of receptor isoforms, we used conditions that maintained pre-
cursor proliferation, including high cell density, laminin-coated
glass coverslips, and enriched serum-free medium. These con-
ditions contrast with our previous model, in which most cells
exited the cell cycle and expressed neuronal marker MAP2 by 2
DIV (10). In this modified system, 45-55% of cells at 2 DIV
expressed nestin (Fig. 1) and vimentin (data not shown), neu-
roepithelial markers of mitotically active neural precursors (28).
The balance of the population expressed 8 tubulin IIT (TuJ1), an
early marker of neocortical neurons (29) and axonal filament tau
(Fig. 1). In contrast, cells did not exhibit glial antigens, which
include markers of mature astrocytes [glial fibrillary acidic
protein (GFAP)] and the oligodendrocyte lineage (Ripl). On-
going mitosis was observed only in the precursor subpopulation
at 2 DIV, as the mitotic marker BrdUrd colocalized with nestin
alone, and not with TuJ1 (Fig. 1). Proliferation of nestin-IR cells
continued until at least 5 DIV (data not shown).

PNAS | April 10,2001 | vol.98 | no.8 | 4759

NEUROBIOLOGY



Fig. 2. Characterization of GFP-transfected cells. Cells were transfected with
vector 12 h after plating and were analyzed by double immunocytochemistry at
2 DIV. GFP is expressed in both nestin-IR cells (a and a’: arrowhead) and TuJ1-IR
cells (b and b’). In another experiment, cells were pulsed for 4 h with 10 uM
BrdUrd and processed for GFP/BrdUrd double immunostaining. Cells expressing
GFP (FITC labeling) exhibit (c, arrows) or lack (d, arrowheads) BrdUrd labeling
(Texas red). (Scale bars = 10 um.)

Effects of Transfection on Cortical Precursors. Before defining PACI1
isoform function, we examined potential effects of transfection
on precursor proliferation at 2 DIV. When using the CMV-based
plasmid and Lipofectamine Plus, 7 to 10% of cells expressed the
GFP reporter protein. Further, the approximate 1:1 ratio of
nestin to TuJ1/tau expression defined in control cells was
observed in GFP-expressing cells after transfection (Fig. 2 a and
b), indicating that neither the procedure nor reporter gene
expression interfered with cell differentiation or survival, in
contrast to other reagents (A.N. and E.D.-B., unpublished data).
Furthermore, the BrdUrd labeling index of GFP positive and
negative cells (Fig. 2) also did not differ (33 * 1% vs. 27 = 2%,
respectively; mean = SEM, P > 0.05), suggesting that the
transfection procedure per se did not affect proliferation.

The vast majority of normal cortical precursors express the
short isoform of PAC1, defined previously (10, 17). Indeed, most
cells exhibit PAC1 immunoreactivity after extended peroxidase
incubation with DAB substrate (Fig. 3a). In contrast, only cells
cotransfected with GFP and PAClshort (or PAClhop) exhibit
PAC1 immunoreactivity following brief incubation, whereas
untransfected and GFP vector alone transfected cells display
only background (Figs. 3 b and c). In the following experiments,
GFP protein was thus used as a marker of cells successfully
cotransfected with PAC1 isoforms.

Effect of PAC1 Isoforms on Intracellular Calcium Levels. Intracellular
calcium ([Ca®*];) serves as one effector of activated GPCRs,
regulated by PLC production of diacylglycerol (DAG) and IP3
which, in turn, elicits release of [Ca?*]; from endoplasmic
reticulum. To define the effects of PACI receptor on calcium
signaling, precursors cotransfected with GFP and one of the
PACI1 isoforms were analyzed by using the Fura-2 ratio method.
PACAP triggered a rapid increase in [Ca?*]; levels in 68% of
cells cotransfected with GFP/PAC1hop (Fig. 4). In contrast,
PACAP did not elicit changes in GFP/PAC1short-expressing or
in nontransfected cells. However, lack of PACAP response was
not due to absent [Ca?"]; regulation, as levels increased after
depolarization with 25 mM KCI. Variable response intensity
likely reflects the various stages of precursor maturation as
reported (30), although different levels of PAClhop expression
cannot be excluded. Regardless, ectopic expression of PAC1hop
only (but not PACIshort) in cortical precursors established
calcium signaling in response to PACAP.
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Fig. 3.  Ectopic expression of PAC1 receptor in cortical precursors. (a) The
majority of normal, untransfected cortical precursors express PAC1 immuno-
reactivity (as previously reported in ref. 10) revealed by extended peroxidase
incubation time (5 min, DAB substrate). Arrows, PAC1-IR cells exhibiting
intense cytoplasmic signal and a negatively stained, eccentric nucleus; arrow-
heads, negative cell exhibiting only background signal. (b and b’) Following a
brief (1 min) reaction time, this oblong cell cotransfected with GFP and PAC1
expression vectors exhibits intense cytoplasmic immunostaining for PAC1 (b,
arrow) and prominent GFP autofluorescence in the eccentric nucleus (b’),
although weaker fluorescence is present in the cytoplasm. (c and ¢’) In con-
trast, cells transfected with GFP vector alone exhibit intense GFP signal (c’), but
only background DAB signal (c, arrowhead). Note that, in contrast to the GFP
immunostaining procedure (Figs. 1 and 2), GFP autofluorescence is predom-
inantly observed in the nucleus. (Scale bar = 10 um.)

Effect of PAC1 Isoforms on PKC Translocation. In addition to calcium
signaling, PACAP binding to PAClhop isoform may stimulate
production of DAG and subsequently activate PKC. The PKCry-
GFP fusion protein has been used to monitor subcellular trans-
location (activation) of protein kinases that follows stimulatory
signals such as phorbol esters and receptor-ligand binding (31).
To study this pathway, precursors were cotransfected with PAC1
isoforms and PKCvy-GFP, and PACAP effects were examined
after plasmid expression. In cells transfected with PKCy-GFP
vector alone, intense GFP immunoreactivity was observed in the
cytoplasm with only faint nuclear staining (Fig. 5a). To define
the effects of PKC activation we used the phorbol ester PMA,
which mimics DAG action. In cortical cells, PMA induced
PKCy-GFP translocation from the cytoplasm to the plasma
membrane at 3 min and to the nucleus at 15 min (Fig. 5b)
reproducing studies in CHO cells (31), providing a marker of
PKC activation. When cortical cells were cotransfected with
PKCy-GFP and PACI isoforms, GFP immunostaining was
observed primarily in the perikarya, as observed with PKCry-
GFP alone. In cells cotransfected with PAClshort, PACAP
treatment elicited no change in PKCy-GFP distribution after
45 s (Fig. 5 ¢ and e) or after 3 and 15 min. In contrast, in
PKCy-GFP/PACThop-transfected cells, PACAP induced rapid
PKCy-GFP translocation to the plasma membrane and to the
nucleus at 45 s [ANOVA F(2,8)46.6, P = 0.002; Fig. 5 d and e].
PKC translocation was no longer observed at 3 or 15 min. In sum,
~80% of PAClhop-transfected cells exhibited PKC activation
after PACAP treatment, whereas vector- and PACIlshort-
expressing cells exhibited responses similar to those treated with
vehicle.

Effect of PAC1 Isoforms on Mitosis. To define the effects of receptor
variants on neural precursor mitosis, we analyzed the BrdUrd
labeling index in GFP-transfected cells 6 h after PACAP expo-
sure. Previously, we found that dividing precursors may undergo
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Fig.4. PACThop activation increases intracellular calcium levels in cortical cells.
Following transfection with different PAC1 isoforms, cells were analyzed by using
Fura-2 calcium ratio imaging at steady state and after 10 nM PACAP (arrow) and
25 mM KCl (arrowhead). Traces show individual plots of F340/F380 ratio in (a)
three representative GFP/PAC1hop-transfected cells and (b) three nontrans-
fected cells from the same dish. (c) Ratio of transfected cells that responded to
PACAP with anincrease in intracellular calcium to total GFP positive cells assessed.

cell death in culture over 24 h, making it difficult to distinguish
whether growth factors increase cell entry into DNA synthetic S
phase (mitogenesis), or alternatively promote precursor survival
(trophism) (10, 32). Use of a brief 6 h paradigm minimized
involvement of cell death, thus excluding survival-promoting
effects, and allowing identification of mitogenic activity. Trans-
fected precursors exhibited distinct and highly significant
isoform-dependent responses to PACAP [group X treatment
F(2,47)10.2, P = 0.0002]. PACAP treatment elicited 27 and 33%
decreases in the labeling index of cells transfected with GFP and
GFP/PACIshort, respectively, responses similar to those in
native cortical precursors (which normally express short; ref. 10).

.=

Fig. 5.

In contrast, in GFP/PACIlhop-transfected cells, PACAP in-
creased the labeling index by 49% (Fig. 6a), suggesting that
PACI1 isoform expression determines the direction of mitogenic
regulation. As CMV-driven vectors respond to cAMP (33), a
signal elicited by PACAP (10, 17), it was not unexpected that the
peptide increased GFP-IR cells by 1.8-fold [two-way ANOVA,
PACAP effect F(1,48)8.7, P = 0.005; Fig. 6b]. However, because
this increase was uniform and independent of PACI1 isoform
expressed [group X treatment F(2,48)0.1, P > 0.5], it cannot
account for isoform regulation of mitogenesis.

Effects of PAC1 Isoforms on Precursor Survival and Proliferation. To
define the potential effects of receptor isoform on survival,
cultures were treated with PACAP daily and GFP-IR cells were
counted at 2 and 3 DIV. The number of GFP-IR cells increased
in both groups [1.38- = 0.15-fold for GFP/PACIshort and 1.69-
+ 0.14-fold for GFP/PAC1hop; two-way ANOVA, time effect
F(1,8)5.8, P = 0.04]. No difference between receptor isoforms
was observed [group X time interaction F(1,8)0.6, P = 0.5],
indicating that PAC1 isoforms did not differentially affect cell
death or survival. This was expected, however, as it was previ-
ously shown in sympathoblasts (12) and cerebellar granule cells
(34) that enhanced survival elicited by PACAP depends on the
cAMP pathway, which is activated by both PACI isoforms.

To characterize proliferative effects, the number of total GFP-IR
cells and GFP-IR clones in GFP/PAC1short and GFP/PAC1lhop
groups was assessed at 5 DIV. There were almost twice as many
GFP-IR cells in the PAC1hop group than in the PAClshort (133 =
9.5 and 72 * 14, respectively; GFP-IR cells per 20 fields, P = 0.02,
four experiments). Moreover, there was a 56% increase in the
number of clones generated from precursors transfected with
PAC1hop as compared with PAClshort (Fig. 6 ¢ and d). The
increased incidence of clones following PAClhop activation sug-
gests that PACAP increased proliferation by enhancing precursor
mitosis, or alternatively, promoting precursor cell survival. As we
did not find differential effects of PACI isoforms on survival, the
increased clone number after PAClhop activation likely reflects
enhanced precursor mitosis leading to proliferation. Furthermore,
analysis of clone size showed no difference between groups (8.9 =
1 cells for GFP/PAC1hop and 8.5 = 1 for GFP/PACIshort, n =
15 per group), suggesting that precursors expressing different
isoforms exhibit similar cell cycle lengths. In aggregate, the data
suggest that the increased entry of precursors into mitotic S phase
elicited by PACAP at 6 h through the hop isoform (Fig. 6a) leads
to a larger number of clones 3 days later (Fig. 6d).

Finally, although PLC pathway activation was associated with
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Phorbol ester- and PACAP-induced translocation of PKCy-GFP fusion protein in cortical cells. (a) PKCy-GFP fusion protein was visualized throughout the

cytoplasm in transfected cortical cells. Note the lack of staining over the eccentric nuclei as indicated by open arrowheads. This pattern was observed in most
unstimulated cortical cells transfected with PKCy-GFP alone, PKCy-GFP/PAC1short, or PKCy-GFP/PACThop. (b) Activation of PKCy by 0.2 uM PMA for 15 min
induced the translocation of PKCy-GFP from cytosol to the nucleus (indicated by solid arrowheads). (c) PKCy-GFP was also visualized throughout the cytoplasm
in PKCy-GFP/PAC1short-transfected cortical cells 45 s after 10 nM PACAP treatment. Open arrowhead indicates absence of prominent nuclear staining. (d) In
contrast, PKCytranslocation to the membrane (arrows) and nucleus (solid arrowheads) occurred in PKCy-GFP/PACThop-transfected cells 45 s after 10 nM PACAP.
(e) Quantification of PKCy-GFP nuclear/membrane localization in cells transfected with PKCy-GFP alone, PKCy-GFP/PAC1short, or PKCy-GFP/PAC1hop after45s
PACAP treatment. Data were obtained from three experiments; *, P < 0.001 vs. GFP-PKC-transfected cells. (Scale bar, 10 pm.)
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Fig. 6.

PAC1 isoforms differentially requlate DNA synthesis and proliferation. At 2 DIV, transfected cortical precursors were incubated for 6 h with 10 nM PACAP.

Cultures were pulsed with BrdUrd (10 M) for the final 2 h and processed for double GFP/BrdUrd labeling. (a) BrdUrd labeling index of transfected cells. PACAP
treatment decreased DNA synthesis in GFP- or GFP/PAC1short-transfected cells, whereas the peptide increased mitosis in GFP/PACThop-transfected cells. Values are
expressed as % + SEM (n = 9). Differs from vehicle-treated group: *, P < 0.05; **, P < 0.01. (b) Transfection rates in corresponding cultures. PACAP treatment resulted
in an overall increase in GFP-IR cell number (P < 0.05). Values are expressed as % of GFP-IR cells/total = SEM. (c and d) GFP/PAC1short- or GFP/PACThop-transfected
cells were treated daily with PACAP for 5 days and processed for GFP immunostaining. (c) Example of a clone at 5 DIV. (Scale bar = 10 um.) (d) Quantification of GFP-IR
clones (=4 cells) at 5 DIV. Data are expressed as mean number of clones per ten fields = SEM (n = 8, four experiments). *, unpaired t test, P < 0.02.

PAC1hop-induced mitogenesis, its requirement for stimulation
remains undefined. To examine the role of PLC, we used the
specific antagonist, U-73122. In sympathetic neuroblasts, which
naturally express PAClhop as well as in PAClhop-transfected
cortical cells, the PACAP-induced increase in DNA synthesis
was completely blocked in the presence of PLC antagonist
(Table 1). Moreover, in native cortical precursors, we found that
PMA counteracted the anti-mitogenic action of forskolin (data
not shown). Taken together, these data support the involvement
of the PLC pathway and downstream effectors in the promito-
genic effects of PACAP through the PAC1lhop variant.

Discussion

Although GPCR signaling regulates mitosis of various cell types,
little is known about its role in neuroblast mitosis, a rate-limiting
step in neurogenesis. Although neural mitogenic signaling has
traditionally been associated with tyrosine kinase receptors (1, 2,5),
GPCRs may also regulate the survival or proliferation of neural
precursors (7-9, 23). Indeed, PACAP was previously identified as
an antimitogenic signal for hindbrain neuroepithelial cells (11) and
cortical precursors (10, 35), in contrast to its mitogenic activity in
sympathetic neuroblasts (12). This dichotomy could be due to
mechanisms dependent on cellular context (presence of differential
intracellular components; refs. 24-27) and/or to a different subset
of PACAP receptors (17). Our present data provide compelling
evidence that the differential expression of intracellular loop iso-
forms of PACI, by activating different signal transduction path-

Table 1. Involvement of the PLC pathway in PACAP-induced
promitogenic effects

Control PLC antagonist

Vehicle PACAP Vehicle PACAP

GFP/PAC1hop cortical 19.2 £ 1.2 20.6 = 1.0
cells, BrdUrd labeling
index = SEM

Sympathoblasts,

cpm = SEM

20 = 2.0 30.3 = 0.7**

333 £ 10 489 = 24*** 206 = 12 330 * 28

After pretreatment with U-73122 or inactive analogue (control, U-73345),
PACThop transfected cortical cells and sympathetic neuroblasts were exposed
to PACAP (10 nM) for 6 h, and DNA synthesis was assessed as BrdUrd labeling
index (BrdUrd-IR cells per GFP-IR cells, n = three to four coverslips per group)
and [3H]dT incorporation (n = 9-11 wells per group), respectively. Differs from
control: **, P < 0.01; ***, P < 0.001.
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ways, plays a role in the opposite mitogenic effects observed among
neural precursor populations.

As indicated by calcium imaging and PKCy-GFP translocation,
our transfection studies demonstrate differential signaling medi-
ated by PAClhop and PAClshort variants in neural precursors.
These data support previous evidence in primary neuroblasts
indicating a correlation between endogenous PAC1lhop expression
and PLC activation. Indeed, in PAClhop expressing sympatho-
blasts (12, 17) or immature cerebellar granule cells (36-38),
PACAP increases phosphoinositide (PI) turnover and [Ca?*].. In
contrast, the peptide does not elicit PI turnover (17) or [Ca?*};
release (this study) in short isoform-expressing cortical precursors.
However, introduction of the hop isoform into cortical precursors
established PLC activation and enhanced proliferation in response
to PACAP. Therefore, differences in GPCR isoform as opposed to
available intracellular signaling machinery likely underlie the dis-
tinct pathways and mitogenic effects elicited by PACAP. Moreover,
the hop isoform apparently determines calcium activation in diverse
primary neural populations including more mature and postmitotic
cortical and sympathetic neurons. In contrast, calcium responses do
not occur in astrocytes expressing the short isoform (39, 40). In
aggregate, the data support a direct link between the third intra-
cellular loop of the PACAP receptor and signaling specificity in
primary neural cells. Thus, receptor isoform determination of
intracellular signaling in primary neural cells differs markedly from
observations of nonneural cell lines: both hop and short variants
activated equally AC and PLC when expressed transiently in
porcine renal epithelial LLC-PK1 cells (14), whereas hop was
5-8-fold more efficient than short in increasing PLC activity in NIH
3T3 fibroblasts (15). Differences between primary neural cells and
cell lines may reflect differential, and potentially excessive, expres-
sion of intracellular signaling components or ectopic receptors in
immortalized cell lines.

The PACI receptor belongs to the group II receptor family, a
subclass of heptahelical GPCRs, which includes calcitonin, se-
cretin, PTH, vasoactive intestinal peptide (VIP), gastric inhib-
itory peptide, glucagon, glucagon-like peptide-1, and corticotro-
phin-releasing factor receptors (16). It is well known that the
third intracellular loop of rhodopsin/adrenergic group I recep-
tors determines G protein coupling selectivity (41-43). Direct
sequence comparisons between members of these two receptor
groups, however, reveals no sequence homologies in this region
and its importance in the type II family is less well-defined (16).
Our study supports a critical involvement of the C-terminal
intracellular loop of PACI in PLC coupling, although further

Nicot and DiCicco-Bloom



experiments are needed to delineate specific amino acids in-
volved in this interaction.

Significantly, mitogenic stimulation by PAC1lhop in cortical
precursors or sympathetic neuroblasts was prevented by antag-
onist U-73122 suggesting that PLC and downstream effectors,
such as PKC, positively regulate neural precursor mitosis, as
observed in nonneural cells (18, 44). Although rarely addressed,
the role of GPCR-regulated PLC in neural proliferation was
previously suggested by PMA effects on neuroblastoma DNA
synthesis (45) and, more recently, by muscarinic GPCRs stim-
ulation of cortical neuroblast mitosis (23). Indeed, our obser-
vations indicate that the third intracellular loop of GPCRs may
regulate neuroblast proliferation through fine tuning of intra-
cellular signaling such as the PLC/PKC pathway. Although D
phospholipases, components of PKC-mediated mitogenesis in
several cell types (46, 47), are expressed in embryonic neural
precursors (48), contributions to PACAP effects remain to be
defined. On the other hand, we cannot exclude the possibility
that pro-mitogenic effects mediated by PAClhop also involve
regulation of arachidonic acid release or the Ras-MAPK cas-
cade, as described in other systems (49, 50).

Implications for Neurogenesis. Expression of the PACI hop and
short isoforms differentially regulated precursor mitosis medi-
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ating stimulation and inhibition, respectively. In turn, these
studies suggest that region- or lineage-specific effects of widely
expressed extracellular signals, such as PACAP, may depend on
distinct receptor isoform function. Receptor isoform determi-
nation of ligand-specific activity may apply not only to GPCRs
of neurotransmitters and neuropeptides, but also to mitogenic
effects of the tyrosine or threonine/serine kinase families in-
cluding receptors for fibroblast growth factor (51), neurotro-
phins (52-54), epidermal growth factor (55), and bone morpho-
genetic proteins (56). Thus, at the level of an individual neural
lineage, the decision for precursors to proliferate, or alterna-
tively, exit the cell cycle, may rest with control of receptor mMRNA
splicing, providing an ontogenetic switch for epigenetic regula-
tion of neurogenesis.
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