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Abstract
Migration of immature neurons is essential for forming the cortical layers and nuclei. Impairment of
migration results in aberrant neuronal cytoarchitecture, which leads to various neurological disorders.
Neurons alter the mode, tempo and rate of migration when they translocate through different cortical
layers, but little is known about the mechanisms underlying this process. Here we show that
endogenous pituitary adenylate cyclase-activating polypeptide (PACAP) has short-term and cortical
layer-specific effects on granule cell migration in the early postnatal mouse cerebellum. Application
of exogenous PACAP significantly slowed the migration of isolated granule cells and shortened the
leading process in the microexplant cultures of the P0-3 cerebella. Interestingly, in the cerebellar
slices of P10 mice, application of exogenous PACAP significantly inhibited granule cell migration
in the EGL and ML, but failed to alter the movement in the PCL and IGL. In contrast, application
of PACAP antagonist accelerated granule cell migration in the PCL, but did not change the movement
in the EGL, ML and IGL. Inhibition of the cAMP signaling and the activity of phospholipase C
significantly reduced the effects of exogenous PACAP on granule cell migration. The PACAP action
on granule cell migration was transient, and lasted for approximately 2 hours. The duration of PACAP
action on granule cell migration was determined by the desensitization of its receptors and prolonged
by inhibiting the PKC. Endogenous PACAP was present sporadically in the bottom of the ML,
intensively in the PCL, and throughout the IGL. Collectively, these results indicated that PACAP
acts on granule cell migration as “a brake (stop signal) for cell movement”. Furthermore, these results
suggest that endogenous PACAP slows granule cell migration when the cells enter the PACAP-rich
PCL, and 2 hours later the desensitization of PACAP receptors allows the cells to accelerate the rate
of migration and to actively move within the PACAP-rich IGL. Therefore, endogenous PACAP may
provide a cue that regulates granule cell migration in a cerebellar cortical layer-specific manner.
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In the developing brain, the majority of neurons migrate from their birthplace to their final
destinations (Rakic, 1990;Hatten, 1999). This active movement of immature neurons plays a
crucial role in establishing the normal neuronal cytoarchitecture (Rakic, 1990;Komuro and
Yacubova, 2003). Impairment of this process results in either cell death or improper positioning
of neurons, leading to deficiency in a wide variety of brain functions (Rakic, 1988;Flint and
Kriegstein, 1997;Gressens, 2006). Recent advances in the real-time observation of neuronal
cell migration in the natural cellular milieu reveal that neurons exhibit different modes and
speed of migration when they move through different cortical layers (Rakic et al., 1994;Rakic
and Komuro, 1995,Komuro and Rakic, 1998b;Komuro et al., 2001;Nadarajah and Parnavelas,
2002;Marin and Rubenstein, 2003;Noctor et al., 2004). For example, in the developing
cerebellum, upon completion of their final mitosis, granule cells migrate tangentially in the
external granular layer (EGL), then change the direction, and migrate radially along the process
of Bergmann glial cells through the molecular layer (ML) (Komuro et al., 2001). After entering
the Purkinje cell layer (PCL), the cells detach from the glial cells and slow down their
movement (Komuro and Rakic, 1998a). Two hours later the cells speed up their movement
and cross the border between the PCL and the internal granular layer (IGL). In the IGL, the
cells migrate radially until attaining their final position (Komuro and Rakic, 1998a).
Interestingly, the average speed of granule cell migration in the cortical layers decreases in the
following order: EGL > ML > IGL > PCL (Komuro and Rakic, 1995,1998a;Komuro et al.,
2001;Komuro and Yacubova, 2003;Yacubova and Komuro, 2003). To date, several molecules,
which affect the direction of migration, have been discovered, but little is known about the
mechanisms by which the speed of migration is controlled in a cortical layer-specific manner.

In this study we hypothesized that PACAP, which is a member of the secretin/glucagon/
vasoactive intestinal polypeptide family, controls the migration of cerebellar granule cells.
PACAP has two bioactive products, PACAP38 and PACAP27 (Miyata et al., 1989,
1990;Vaudry et al., 2000). PACAP27 is the N-terminal 27-amino acid sequence of PACAP38
(Miyata et al., 1989,1990). PACAP exerts pleiotropic physiological functions on multiple
targets via a family of three receptors (PAC1, VPAC1 and VPAC2), which belong to the class
B G-protein-coupled receptor superfamily (Pisegna and Wank, 1993;Ishihara et al., 1992). The
roles of PACAP in the brain development have been suggested from the clinical studies. For
example, gain-of function of chromosomal regions including genes in the PACAP signaling
pathway leads to developmental disorders of the brain. The PACAP gene (ADCYAP1) resides
at 18p11. Fetuses with trisomy 18 develop microcephaly and spina bifida (Salihu et al.,
1997). Patients with tetrasomy 18p suffer from microcephaly, mental retardation, and
congenital hydrocephalus (Takeda et al., 1989). The 18p11 region is also associated with an
increased susceptibility to schizophrenia (Faraone et al., 2005). The PAC1 gene
(ADCYAP1R1) is situated at 7p15. A patient with 7p15 duplication exhibits severe mental
deficiency with communicating hydrocephalus (Miller et al., 1979). Although these
chromosomal regions encode a large number of genes, these lines of evidence indicate that
alterations of the PACAP signaling may contribute to some of these neurologic manifestations.
Furthermore, recent studies showed that transgenic mice, which overexpress the human PAC1
receptors, develop hydrocephalus-related phenotypes (Lang et al., 2006). Collectively, these
studies suggest that PACAP plays a critical role in the formation and function of the brain.

Interestingly, it has been reported that there are specific patterns of PACAP and its receptor
expression throughout the developing brain: PACAP is present intensively in differentiating
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and postmigratory neurons, while neuronal precursors and premigratory neurons express
PACAP receptors (Basille et al., 1993,1994,2000,2006;Nielsen et al., 1998a,b;Skoglosa et al.,
1999). In the case of developing rodent and human cerebellum, high levels of PACAP are
present in differentiating cells and axonal terminals in restricted cortical layers, and granule
cells express PACAP receptors, especially PAC1 receptors, prior to an initiation of their
migration (Basille et al., 1993,2000,2006;Nielsen et al., 1998a;Falluel-Morel et al., 2005).
Furthermore, it has been shown that the activation of PAC1 receptors, which are highly present
in the immature neurons, including premigrating granule cells, alters the intracellular cAMP-
and Ca2+- signaling pathway (Zer and Feltz, 1994; Favit et al., 1995;Gonzalez et al.,
1997;Villalba et al., 1997;Mei, 1999;Vaudry et al., 2000). This is very intriguing because the
speed of granule cell migration is sensitive to the changes in these second messenger signaling
pathways (Komuro and Rakic, 1998b;Kumada and Komuro, 2004;Komuro and Kumada,
2005;Kumada et al., 2006,2007;Jiang et al., 2007). These lines of evidence suggest that
endogenous PACAP may control granule cell migration at the specific cortical layers by
activating the PACAP receptors. To examine this possibility, in this study, we examined
whether and how exogenous and endogenous PACAP affects the cortical-layer specific
changes in granule cell migration in the early postnatal mouse cerebellum.

EXPERIMENTAL PROCEDURES
All animal procedures were approved by the Internal Animal Care and Use Committee of the
Cleveland Clinic Foundation and University of Rouen.

Migration of isolated granule cells in microexplant culture
Cerebella of postnatal day 0–3 mice (CD-1) were placed in ice-chilled Hanks’ balanced salt
solution, and freed from meninges and choroid plexus (Komuro and Rakic, 1996,
1999;Yacubova and Komuro, 2002a;Kumada and Komuro, 2004;Kumada et al., 2006).
Cerebellar slices were then made with a surgical blade, from which white matter and deep
cerebellar nuclei were removed. Rectangular pieces (50–100μm) were dissected out from the
remaining tissue, which mainly consisted of cerebellar gray matter, under a dissecting
microscope. Small pieces of cerebellum were placed on 35 mm-glass bottom microwell dishes
(MatTec Co.) which had been coated with poly-L-lysine (100μg/ml)/laminin (20μg/ml), with
50μl of the culture medium. We used poly-L-lysine and laminin as substrata, since these
materials provide scaffold for migrating granule cells and promote their movement (Yacubova
and Komuro, 2002a). We were aware that the rate of neuronal cell movement depends on the
concentrations of laminin coated on coverslips. Higher (50 to 100μg/ml) or lower (1 to 5μg/
ml) concentrations of laminin significantly reduced the rate of granule cell movement
(Yacubova and Komuro, 2002a). Therefore, we used a concentration of 20μg/ml of laminin
that allows granule cells to migrate at the fastest rate. Each dish was put in a CO2 incubator
(37°C, 95% air, 5% CO2). One to two hours after plating, 1 ml of the culture medium was
added to each dish. The incubation medium consisted of DMEM/F12 (Invitrogen) with N2
supplement, 90 U/ml penicillin and 90μg/ml streptomycin. In these cultures more than 95% of
the migrating neurons were granule cells, which were easily distinguished from other neurons
by the small size of their cell bodies (Komuro and Rakic, 1996;Yacubova and Komuro
2002a). Although granule cells were prepared from the EGL and the IGL of all lobules of the
cerebellum, the vast majority of granule cells were derived from the EGL, since at the age of
P0–P3 the IGL contains only very small numbers of postmigratory granule cells (Yacubova
and Komuro 2002a). Therefore, the majority of granule cells were at the same developmental
stage. One day after plating, dishes were transferred into the chamber of a micro-incubator
(Medical System Corp.) attached to the stage of a confocal microscope (TCS SP, Leica).
Chamber temperature was kept at 37°C, and the cells were provided with a constant gas flow
(95% air, 5% CO2). The transmitted images of migrating granule cells at 488 nm were collected
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every 60 sec for up to 5 hours. To examine the effects of PACAP on granule cell migration,
PACAP27 or PACAP38 was added to the culture medium.

Granule cell migration in acute slice preparations
Cerebella of postnatal 10-day-old mice (CD-1) were sectioned transversely or sagittally into
180μm-thick slices on a vibrating blade microtome (VT1000S, Leica Instruments) (Komuro
and Rakic, 1995;1998a,1999;Komuro et al., 2001;Kumada and Komuro, 2004;Kumada et al.,
2006). To label granule cells, cerebellar slices were incubated for 4 minutes in 2μM Cell
Tracker Green CMFDA (5-chloromethylfluorescein diacetate, Invitrogen), which was added
to the culture medium. The culture medium consisted of DMEM/F12 (Invitrogen) with N2
supplement, 90 U/ml penicillin and 90μg/ml streptomycin. The slices were subsequently
washed with the culture medium, and put in a CO2 incubator. Two to ten hours after labeling,
slices were transferred into the chamber of a micro-incubator attached to the stage of a confocal
microscope (Leica). The rate of cell movement is closely related to the temperature of the
medium; lowering the medium temperature slows cell movement (Rakic and Komuro, 1995).
Therefore, the chamber temperature was kept at 37.0 ± 0.5°C using a temperature controller
(TC-202, Medical System Corp.), and the slices were provided with constant gas flow (95%
O2, 5% CO2). To prevent movement of the slice preparations during observation, a nylon net
glued to a small silver wire ring was placed over the preparations.

A laser scanning confocal microscope (TCS SP, Leica) was used to visualize migrating granule
cells labeled with Cell Tracker Green CMFDA in the slices (Komuro and Rakic, 1995,
1998a;Rakic and Komuro, 1995;Komuro and Rakic, 1999). The use of this microscope
permitted high-resolution imaging of migrating neurons up to 120μm deep within the tissue
slices. The tissue was illuminated with a 488-nm wavelength light from an argon laser through
an epifluorescence inverted microscope equipped with a 40x oil-immersion objective
(numerical aperture 1.25, Leica), and fluorescence emission was detected at 530 nm ± 15 nm.
To clearly resolve the movement of granule cells, image data were typically collected at an
additional electronical zoom factor of 1.5–2.0. Time-lapse imaging of live, fluorescently
labeled cells can produce phototoxic effects in the imaged cells. Indeed, when well stained
cells were imaged with very high incident illumination intensity, or imaged too frequently, we
invariably saw changes in the structure or dynamics of the migrating granule cells. However,
when the incident illumination was sufficiently attenuated, the labeled specimens could be
imaged (5 minute intervals) for many hours without signs of photodynamic damage (Komuro
and Rakic, 1995,1998a;Komuro et al., 2001). To protect the migrating granule cells labeled
with Cell Tracker Green CMFDA from any cytotoxic effect of the laser beam, the excitation
light level was reduced by 99%. To avoid injured granule cells located near the sectioning
surfaces, we examined the shape and behavior of migrating granule cells located 15–50μm
below the surface of the slices. If granule cells showed no evidence of changes in cell shape
or motility for more than 300 minutes, the brain slice was discarded. Shock to the tissue during
sectioning of slices can disrupt cell movement and prevent cells from migrating. Accordingly,
the present study is based on the analysis of approximately 70 % of the healthy slices that had
displayed active cell migration. This sampling procedure favored slices in which cells
displayed visible and robust movement and alteration of morphology shortly after sectioning.
Images of the granule cells in a single focal plane or up to 40 different focal planes along the
z-axis were collected with laser scans every 5 to 30 min for up to 20 hours. At the beginning
and end of each recording session for each preparation, frame images were recorded with 40x
magnification (electronical zoom factor of 1), or 20x magnification (electronical zoom factor
of 1) to determine the orientation of the slice preparations, the borders of cortical layers (the
EGL, the ML, the PCL, and the IGL) and the position of granule cells by optical sectioning of
several different focal planes along the z-axis.
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Ca2+ measurements in cerebellar slices
Cerebella of postnatal 10-day-old mice (CD-1) were sectioned sagittally into 180μm-thick
slices on a vibrating blade microtome. To monitor the Ca2+ levels of granule cells, the cerebellar
slices were incubated for 30 minutes with a cell-permeant, acetoxymethyl ester form of 1μM
Oregon Green 488 BAPTA-1 (Molecular Probes) diluted in the culture medium, which
consisted of DMEM/F12 (Invitrogen) with N2 supplement, 90 U/ml penicillin and 90μg/ml
streptomycin (Kumada and Komuro, 2004;Gudz, et al., 2006;Kumada et al., 2006). It has been
shown that the loading of 1μM Oregon Green 488 BAPTA-1 does not cause any significant
noxious effects on granule cell migration (Kumada and Komuro, 2004). The slices were
subsequently washed three times with the culture medium, and the dye was allowed to de-
esterify for an additional 30–60 minutes in the CO2 incubator. Cerebellar slices were transferred
into the chamber of a micro-incubator (Medical System Corp.) attached to the stage of a
confocal microscope (Leica). Chamber temperature was kept at 37°C, and the cells were
provided with a constant gas flow (95% O2, 5% CO2). Slices loaded with Oregon Green 488
BAPTA-1 were illuminated with a 488-nm light from an argon laser, and the emission was
detected at 530 ± 15 nm. Images of granule cells were collected every 1~15 seconds for up to
5 hours. The changes in fluorescence intensity of each granule cell were normalized to its
baseline fluorescence intensity.

The movement of granule cell somata to the outside of the focal plane often caused the slow
changes in the baseline fluorescence intensity of Oregon Green 488 BAPTA-1. To determine
whether the changes in baseline fluorescence intensity reflect the changes in Ca2+ levels or the
deviation of granule cell somata from the focal plane, at the beginning and end of each recording
session and when slow changes in baseline intensity were detected, the z-axis positions of
granule cells were determined by optical sectioning along the z-axis. If the z-axis position of
granule cell somata changed by more than 1μm from the initial position, the experimental data
were excluded from this study.

Immunohistochemistry of PACAP
After an anesthetic overdose, postnatal 10-day-old mice (CD-1) were perfused transcardially
with phosphate buffer saline (PBS) (pH 7.4), followed by 4 % paraformaldehyde and 0.2 %
picric acid in PBS. Brains were quickly dissected and post-fixed overnight at 4°C with the
same fixative solution. Tissues were stored for 12 hours in a solution of PBS containing 15 %
and 30 % sucrose successively. Thereafter, the tissues were cut at 12μm in the sagittal plane
with a cryostat (CM 3050 S, Leica, Rueil Malmaison, France). Tissue slices were mounted on
glass slides coated with 0.5% gelatin and 5% chrome alum. Prior to immunohistochemical
staining, tissue sections were digested for 3 minutes at 37°C with 1 mg/ml of pepsin in 0.2 N
HCl and rinsed in PBS. The tissue sections then were incubated overnight at 4°C with an
antiserum raised in rabbit against PACAP 38 (1:200, Arimura) and an antiserum raised in
mouse against calbindin (1:400, Sigma-Aldrich, Saint-Quentin Fallavier, France). The sections
were rinsed in three successive baths of PBS and incubated for 90 minutes at room temperature
with Alexa 488 conjugated goat anti-rabbit (1:200, Invitrogen, Boulogne Billancourt, France)
and rhodamine conjugated goat anti-mouse (1:500, Immunotech, Marseille, France). Finally,
the sections were rinsed in PBS (3 times), and mounted in PBS/glycerol (1/1). The preparations
were examined on a Leica SP2 upright confocal laser scanning microscope (DM RXA-UV)
equipped with Accousto-Optical Beam Splitter (AOBS) system. For confocal images, Alexa
488 and rhodamine were excited respectively at 488 and 594 nm. To study the specificity of
the immunoreaction, the following controls were performed: (1) substitution of PACAP38
antiserum with PBS and (2) preincubation of the PACAP38 antiserum with synthetic
PACAP38 (10μM) for 18 hrs.
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Statistical analysis
Statistical differences were determined using ANOVA. Statisticalsignificance was defined at
P <0.05 or P < 0.01.

RESULTS
Exogenous PACAP27 and PACAP38 slow the migration of isolated granule cells in the
microexplant cultures of P0–P3 mouse cerebella

Using microexplant cultures of P0–P3 mouse cerebella (Komuro and Rakic, 1996;Yacubova
and Komuro, 2002a), we first examined whether PACAP affects granule cell migration. In
these cultures isolated granule cells actively migrate in the absence of cell-cell contact
(Yacubova and Komuro, 2002a), and this allows us to determine the direct effects of PACAP
on granule cell migration. Application of PACAP38 (1μM) to the culture medium immediately
slowed granule cell movement from 72.7μm/hr in control to 20.9μm/hr (Fig. 1A, B). Likewise,
application of PACAP27 (1μM) reduced the rate of granule cell movement from 96.2μm/hr in
control to 53.4μm/hr (Fig. 1C, D). Isolated granule cells in microexplant cultures are known
to exhibit systematic fluctuations in the rate of migration every 2–3 hours (Yacubova and
Komuro, 2002a). Therefore, to confirm the effects of PACAP38 and PACAP27 on the rate of
granule cell migration, we averaged the data obtained from more than 100 isolated cells in the
microexplant cultures of P0–P3 mouse cerebella. As presented in Fig. 1E, application of
PACAP38 (1μM) or PACAP27 (1μM) reduced the average rate of granule cell migration to
63 % and 61 % of the control values, respectively. Furthermore, we examined whether
application of PACAP38 and PACAP27 alters the morphology of the leading process of
migrating granule cells because it has been reported that PACAP38 and PACAP27 stimulates
the extension (or outgrowth) of the neurite and axon of differentiating and mature neurons
(Gonzalez et al., 1997,Yuhara et al., 2001;Guirland et al., 2003;Fukiage et al., 2006;Lang et
al., 2006). Interestingly, application of PACAP38 (1μM) or PACAP27 (1μM) significantly
shortened the leading process of the migrating granule cells in the microexplant cultures (Fig.
1F). In contrast, the number of the leading process branches of migrating granule cells was not
affected by application of PACAP38 (1μM) or PACAP27 (1μM) (Fig. 1G). These results
indicated that application of exogenous PACAP38 or PACAP27 directly slows the migration
of cerebellar granule cells and shortens their leading process. Moreover, these results suggest
that PACAP38 and PACAP27 act on granule cell migration as “a brake” (stop signal) for cell
movement. For the remaining experiments, we used PACAP38 alone. This was because
PACAP38 and PACAP27 induced similar effects on granule cell migration, and PACAP38 is
by far the predominant form in the brain, while PACAP27 represents less than 10% of the total
peptide content (Arimura, 1991;Ghatei et al., 1993;Masuo et al., 1993;Hannibal et al.,
1995;Piggins et al., 1996).

Enhanced effects of exogenous PACAP38 on granule cell migration in the ML of P10 mouse
cerebella

The next question is whether PACAP38 affects the migration of granule cells in their natural
microenvironment. In the developing ML, granule cells migrate along the processes of
Bergmann glial cells (Rakic, 1971). The interaction between the granule cells and the
Bergmann glial processes is essential for granule cell migration in the ML (Rakic, 1971;Rakic,
1990). Interestingly, Bergmann glial cells also express the PAC1 type of PACAP receptors
(Ashur-Fabian et al., 1997). Application of exogenous PACAP38 may affect the functions of
Bergmann glial cells via the activation of its receptors (Tatsuno and Arimura, 1994). So, it may
be possible that application of exogenous PACAP38 indirectly affects granule cell migration
along the Bergmann glial process in the ML by altering the functions of the glial cells via the
activation of PAC1 receptors. To address this question, we used acute cerebellar slice
preparations of P10 mice, which allow us to examine the effects of exogenous PACAP38 on
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granule cell migration in their natural cellular environment. The combined use of fluorescent
dyes and a confocal microscope makes the observation of granule cell migration in the
cerebellar slices possible (Komuro and Rakic, 1995;Komuro and Rakic, 1998a,1999;Komuro
et al., 2001). Application of exogenous PACAP38 (1μM) to the culture medium immediately
slowed the migration of granule cells in the ML (Fig. 2A–C). For example, the granule cells
marked (a) and (b) in Fig. 2A reduced the rate of migration in the ML from 17.8μm/hr and
23.4μm/hr in control to 2.5μm/hr and 9.7μm/hr after application of 1μM PACAP38,
respectively (Fig. 2B1, 2 and C1, 2). The effects of PACAP38 on granule cell migration in the
ML were dose-dependent (Fig. 2D). The average rate of granule cell migration in the ML
decreased from 13.6±0.6μm/hr (n=32) in control to 12.1±0.μm/hr (n=33) in 10 nM PACAP38,
9.3±0.μm/hr (n=30) in 100 nM PACAP38, and 5.2±0.μm/hr (n=31) in μM PACAP38. Most
importantly, the effects of exogenous PACAP (1μM) on the average rate of granule cell
migration in the slices were higher than those in the microexplant cultures. For example,
PACAP38 (1μM) reduced the average rate of migration of isolated granule cells in the
microexplant cultures to 63 % of the control value (Fig. 1E), while PACAP38 (1μM) reduced
the average rate of migration in the ML to 38 % of the control value (Fig. 2D). These results
suggest that exogenous PACAP38 slows granule cell migration in the ML (1) directly via the
activation of its receptors on the plasmalemmal surface of the granule cells and (2) indirectly
via altering the interaction between the granule cells-Bergmann glial cells through the
activation of PACAP receptors on the glial cells.

Cellular mechanisms by which PACAP slows granule cell migration
How did PACAP38 slow granule cell migration? Our working hypothesis is that application
of exogenous PACAP38 inhibits the migration of granule cells via altering the cAMP and
Ca2+ signaling pathways. It has been reported that granule cell migration is highly sensitive to
the changes in these second messenger signaling pathways (Komuro and Rakic, 1992,1993,
1998b;Kumada and Komuro, 2004;Komuro and Kumada, 2005;Kumada et al., 2006,
2007;Jiang et al., 2007). Importantly, it has been shown that PACAP38 affects the cAMP and
Ca2+ signaling pathways via the activation of its receptors (Vaudry et al., 2000). For example,
the activation of PAC1 receptors stimulates the activity of the adenylate cyclase (AC), which
in turn increases the intracellular cAMP levels and enhances the activity of protein kinase A
(PKA) (Gonzalez et al., 1994;Basille et al., 1995;Favit et al., 1995;Villalba et al., 1997).
Furthermore, PAC1 receptors also stimulate the activity of the phospholipase C (PLC) which
leads to enhanced Ca2+ release from intracellular Ca2+ stores (Gonzalez et al., 1996;Mei,
1999). Therefore, to examine the cellular mechanisms by which PACAP38 slows granule cell
migration, we inhibited the activity of the cAMP and Ca2+ signaling pathways with the use of
its specific inhibitors. As we expected, the inhibition of the cAMP signaling pathways with
Rp-cAMPS (100μM, a cAMP antagonist) or PKI (5μM, a PKA inhibitor) significantly reduced
the effects of 1μM PACAP38 on the rate of granule cell migration in the ML (Fig. 3A).
Likewise, the inhibition of the Ca2+ signaling pathways with U73122 (1μM, a PLC antagonist)
significantly reduced the PACAP38 action on granule cell migration in the ML (Fig. 3A). These
results suggest that PACAP38 slows the migration of granule cells in the ML via altering the
cAMP and Ca2+ signaling pathways.

It has been shown that somatostatin, which is another neuropeptide, also affects the migration
of granule cells by inhibiting the cAMP signaling pathway (Yacubova and Komuro, 2002b).
So, it is interesting to examine whether the effects of PACAP38 on granule cell migration are
modulated by somatostatin. Importantly, application of somatostatin-14 (1μM) to the culture
medium significantly reduced the effects of 1μM PACAP38 on granule cell migration in the
ML (Fig. 3A). These results further support the hypothesis that PACAP38 slows granule cell
migration by stimulating the cAMP signaling pathway.
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There is a paradox in the mechanisms by which PACAP38 slows granule cell migration in the
ML. This is because the stimulation of the Ca2+ mobilization accelerates the migration of
isolated granule cells in the microexplant cultures (Komuro and Rakic, 1996;Kumada and
Komuro, 2004). Meanwhile, the stimulation of the cAMP signaling pathway slows the
migration of isolated granule cells (Kumada et al., 2006,2007). Interestingly, it has been shown
that in the migrating granule cells the Ca2+ and cAMP signalings interact with each other
(Kumada et al., 2006,2007;Jiang et al., 2007). For example, the stimulation of the cAMP
signaling pathway resulted in suppression of the Ca2+ signaling pathway (Kumada et al.,
2006). Indeed, the stimulation of the cAMP signaling pathway significantly reduced the
frequency of spontaneous Ca2+ transients in the migrating granule cells and inhibited the
migration (Kumada et al., 2006). Therefore, we examined whether PACAP38 alters the
intracellular Ca2+ levels of migrating granule cells in the ML of P10 mouse cerebella. We
found that application of PACAP38 (1μM) to the culture medium fails to change the frequency
of Ca2+ transients in the granule cell somata, but decrease the amplitude (Figs. 3B and C1,
C2). These results suggest that PACAP38 slows the migration of granule cells in the ML by
reducing the size of Ca2+ transients because it has been shown that lowering the amplitude of
Ca2+ transients impedes the movement of isolated granule cells in the microexplant cultures
(Komuro and Rakic, 1996).

Exogenous PACAP38 differentially alters granule cell migration in different cortical layers of
the early postnatal mouse cerebellum

In the early postnatal cerebellum, granule cells exhibit dynamic changes in the speed of
migration when they move through different cortical layers (Komuro and Rakic, 1995,
1998a;Komuro et al., 2001;Komuro and Yacubova, 2003;Kumada and Komuro, 2004). For
example, in the P10 mouse cerebella, the average rate of granule cell migration was 14.8
±0.8μm/hr (n=31) in the EGL, 13.5±0.9μm/hr (n=35) in the top of the ML, 9.8±0.8μm/hr
(n=32) in the bottom of the ML, 5.2±0.μm/hr (n=36) in the PCL, 11.4±0.8μm/hr (n=39) in the
top of the IGL, and 6.5±0.5μm/hr (n=35) in the bottom of the IGL (Fig. 4A, B). These results
indicated that granule cells significantly slow down their migration, when they enter the PCL.
The next question is whether PACAP plays a role in cortical layer-specific changes in the speed
of granule cell migration. To address this question, we determined whether application of
exogenous PACAP38 (1μM) differentially affects granule cell migration in the different
cortical layers. Interestingly, the effects of PACAP38 (1μM) on the speed of granule cell
migration depended on the position where the cells migrate. During a period of 60 minutes
after application of PACAP38 (1μM), the speed of granule cell migration was reduced by 62
% in the EGL, 62 % in the top of the ML, 52 % in the bottom of the ML, 8 % in the PCL, 5 %
in the top of the IGL, and 5 % in the bottom of the IGL (Fig. 4A, B). The decreases in the speed
of granule cell migration in the EGL and the top and bottom of the ML by PACAP38 were
statistically significant, while the changes in the PCL and the top and bottom of the IGL were
not statistically significant. These results indicated that application of PACAP38 significantly
slows granule cell migration in the EGL and ML, but fails to alter their movement in the PCL
and IGL of the early postnatal mouse cerebellum.

Endogenous PACAP plays a role in the slowdown of granule cell migration in the PCL of the
early postnatal mouse cerebellum

Why did exogenous PACAP38 differentially affect the rate of granule cell migration in
different cortical layers? Why did exogenous PACAP38 fail to alter the speed of granule cell
migration in the PCL and IGL? We hypothesized that endogenous PACAP may be involved
in the cortical-layer specific effects of exogenous PACAP on granule cell migration. To address
this question, we first examined the distribution of endogenous PACAP in the P10 mouse
cerebellum with the use of polyclonal antibody that recognized both PACAP27 and PACAP38.
We found that endogenous PACAP is present sporadically in the bottom of the ML, intensively
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in the PCL, and throughout the IGL (Fig. 4C). Double-staining of PACAP 27 and calbindin
revealed that the dendrite of the Purkinje cells in the ML and the somata of the Purkinje cells
in the PCL express the endogenous PACAP 38 and/or PACAP27 (Fig. 4D). The PACAP
staining observed throughout the IGL most likely represented the mossy fiber terminals
(Nielsen et al., 1998a). Collectively, these results indicated that endogenous PACAP 38 and/
or PACAP27 are differentially present in different cortical layers of the early postnatal mouse
cerebellum.

Second, with the use of PACAP6–38, which is the most potent antagonist for PACAP38
(Robberecht, 1992), we examined the role of endogenous PACAP38 in controlling granule cell
migration in the early postnatal cerebellum. Most importantly, application of PACAP6–38
(1μM) to the culture medium altered the rate of granule cell migration in a cortical-layer specific
manner. For example, during a period of 60 minutes after application of PACAP6–38 (1μM),
the speed of granule cell migration was reduced by 10 % in the EGL, and 1 % in the top of the
ML, but increased by 19 % in the bottom of the ML, 68 % in the PCL, 1 % in the top of the
IGL (Fig. 4A, B). Moreover, application of PACAP6–38 (1μM) reduced granule cell migration
in the bottom of the IGL by 3 % (Fig. 4A, B). Increases in the speed of granule cell migration
in the PCL by PACAP6–38 were statistically significant, while the changes in the EGL, ML
and IGL were not statistically significant. These results indicated that inhibiting the activity of
PACAP receptors by application of its antagonist significantly increases the speed of granule
cell migration in the PCL. This is very intriguing because in the microexplant cultures of P0–
P3 mouse cerebella, application of PACAP6–38 (1μM) to the culture medium did not
significantly change the rate of granule cell migration (data not shown). Therefore, the results
suggest that the slowdown of the granule cell migration observed in the PCL of the early
postnatal mouse cerebellum is caused by endogenous PACAP38 and/or PACAP27 through the
activation of its receptors. The reason why exogenous PACAP 38 failed to slow granule cell
migration in the PCL could be that PACAP receptors on the granule cells in the PCL have
already been activated by endogenous PACAP38 and/or PACAP27.

Loss of the receptiveness of granule cells to endogenous and exogenous PACAP by the
desensitization of its receptors

At the top of the IGL of the early postnatal mouse cerebellum, where the high levels of
PACAP38 and/or PACAP27 are present, granule cells actively migrate at a speed comparable
to that observed in the ML (Fig. 4B) (Komuro and Rakic, 1995;1998a). Application of
PACAP38 and its antagonist, PACAP6–38, failed to alter the speed of granule cell migration
in the top and bottom of the IGL, suggesting that granule cells lost the receptiveness to the
PACAP38 before entering the IGL. We hypothesized that granule cells in the IGL lose the
response to PACAP38 via the desensitization of PACAP receptors. This is because PACAP
receptors are known to undergo a rapid desensitization after an initial activation, as seen in
other G protein-coupled receptors (Dautzenberg and Hauger, 2001;Shintani, 2000). To
examine the role of the desensitization of PACAP receptors in granule cell migration, in the
following experiments, we chose the granule cells, which were migrating near the EGL-ML
border of the ML, at the time PACAP38 (1μM) was applied to the culture medium. This is
because in the top of the ML the expression levels of endogenous PACAP38 and PACAP27
were low, and granule cells exhibited large responses for the application of the exogenous
PACAP38 (Fig. 4B). Furthermore, it took approximately 10–11 hours for the granule cells to
reach the endogenous PACAP-rich PCL, which allow us to observe the changes in granule cell
migration for several hours after application of PACAP38. To test our hypothesis, we examined
the sequential changes in the speed of granule cell migration during the prolonged application
of PACAP38 (Fig. 5A1, 2). We found that after an initial slowdown in the speed of migration
by application of PACAP38 (1μM), the granule cells gradually increase the speed to the levels
comparable to control values (Fig. 5A1, 2). For example, an average rate of granule cell
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migration was 13.3±1.6μm/hour (n=10) during 2 hours of control period (a period of C in Fig.
5A1), and reduced to 5.1±0.8μm/hour (n=10) during the first 2 hours after application of 1μM
PACAP38 (a period of P1a in Fig. 5A1). Thereafter, the rate increased to 12.7±1.5μm (n=10)
during the second 2 hours after application of PACAP38 (a period of P1b in Fig. 5A1). Although
the rate of migration was significantly reduced during the first 2 hours after application of
PACAP38, there is no statistical significance in the rate of migration between the 2 hours of
control period and the second 2 hours after application of PACAP38. The average time that
required the granule cells to return to the control speed after application of PACAP38 (1μM)
was 2.1±0.2 hours (n=10) with a range of 1.5–3.0 hours. These results suggest that the PACAP
receptors on the plasmalemmal surface of the migrating granule cells undergo desensitization
within 1.5–3.0 hours after application of PACAP38.

The recovery of the rate of granule cell migration may be due to lowering the concentrations
of extracellular PACAP38 by the cleavage of the peptides and/or clearance from the
extracellular space (Vaudry et al., 2000). To test this possibility, we added additional PACAP38
to the medium when the rate of granule cell migration returned to control values after an initial
application of PACAP38. We found that second application of PACAP38 (1μM) 3 hours after
the first application of PACAP38 (1μM) fails to change the rate of migration (Fig. 5B1, 2). For
example, an average rate of granule cell migration was 12.9±1.μm/hour (n=11) during 2 hours
of control period (a period of C in Fig. 5B1), and reduced to 4.7±0.μm/hour (n=11) during the
first 2 hours after application of PACAP38 (a period of P1a in Fig. 5B1). Interestingly, the rate
was 13.3±1.6μm (n=11) during the first 2 hours after the second application of PACAP38 (a
period of P2a in Fig. 5B1). Theses results demonstrate that the rate of granule cell migration
during the first 2 hours after the second application of PACAP38 is significantly faster than
that during the first 2 hours after the first application of PACAP38 (p < 0.01). There is no
statistical significance in the rate of granule cell migration between the first 2 hours of control
period and the first 2 hours after the second application of PACAP38. Collectively, these results
support our hypothesis that the loss of granule cell response to the application of PACAP38 is
due to the desensitization of its receptors.

It has been reported that the G-protein-coupled receptor kinases, which mediates the
desensitization of PACAP receptors, are sensitive to changes in the activity of protein kinases
C (PKC) and calmodulin (Chuang et al., 1996;Shintani et al., 2000;Dautzenberg and Hauger,
2001). Therefore, to further examine whether the loss of granule cell response to PACAP38 is
due to the desensitization of its receptors, we inhibited the activity of PKC or calmodulin 1
hour after PACAP38 application. Although application of 100 nM calphostin (the PKC
inhibitor) did not alter the rate of granule cell migration in the ML in the absence of exogenous
PACAP38 (Fig. 5C3), calphostin significantly delayed the recovery of granule cells from the
PACAP38-induced slowdown of the migration (Fig. 5C1, 2). For example, an average rate of
granule cells was 14.2±1.μm/hour (n=11) during 2 hours of control period (a period of C in
Fig. 5C1), and reduced to 5.3±0.μm/hour (n=11) during the first 2 hours after application of
1μM PACAP38 (a period of P1a in Fig. 5A1). The reduction of the rate of migration continued
for an additional 4–6 hours in the presence of 100 nM calphostin: 5.9±1.μm/hour (n=11) during
the second 2 hours after application of PACAP38 (a period of P1b in Fig. 5C1), and 6.5
±1.1μm/hour (n=11) during the third 2 hours after application of PACAP38 (a period of P1c
in Fig. 5C1). These results demonstrated that the duration of the effective period of PACAP38
for controlling granule cell migration depends on the activity of PKC. This suggests the
involvement of the desensitization of PACAP receptors in the recovery of granule cells from
the PACAP38-induced slowdown of migration. In the case of inhibiting the calmodulin,
application of calmidazolium (5μM, the calmodulin inhibitor) did not change the recovery of
granule cells from the PACAP38-induced slowdown of the migration (Fig. 5D1–3). For
example, an average rate of granule cell migration was 12.4±1.μm/hour (n=10) during 2 hours
of control period (a period of C in Fig. 5D1), and reduced to 4.9±0.μm/hour (n=10) during the
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first 2 hours after application of 1μM PACAP38 (a period of P1a in Fig. 5D1). Subsequently,
the rate increased to 12.2±1.μm (n=10) during the second 2 hours after PACAP38 application
(a period of P1b in Fig. 5A1), and to 12.4±1.7μm (n=10) during the third 2 hours after PACAP38
application (a period of P1c in Fig. 5A1). These results suggest that the activity of calmodulin
does not involve the desensitization of PACAP receptors of migrating granule cells.

Collectively, these results indicated that application of exogenous PACAP38 immediately
inhibits granule cell migration and the effects last for 1.5–3.0 hours. The desensitization of
PACAP receptors via PKC-dependent mechanisms was involved in the loss of granule cell
response to PACAP 38. These results suggest that after an initial response to endogenous
PACAP38 and/or PACAP27 in the PCL, the PACAP receptors of granule cells undergo
desensitization, which allows the cells to gradually increase the speed of migration, and to
actively move within the endogenous PACAP-rich IGL.

DISCUSSION
It has been thought for a long time that external cues play a role in cortical-layer specific
changes in the mode, tempo, and direction of granule cell migration in the developing
cerebellum (Hatten and Mason, 1990;Rakic, 1990;Hatten and Heintz, 1995;Rakic and Komuro,
1995;Komuro and Rakic, 1998b;Komuro and Yacubova, 2003;Yacubova and Komuro 2003).
However, little is known about the mechanisms underlying the cortical-layer specific changes
in granule cell migration. In this series of experiments we examined a role of PACAP in granule
cell migration in the early postnatal mouse cerebellum. In the cerebellum the content of PACAP
is very high at birth and during the first postnatal weeks and then decreases gradually from P20
to adulthood (Basille et al., 1993;Nielsen et al., 1998a;Skoglosa et al., 1999). Cerebellar granule
cells express PACAP receptors prior to their migration (Falluel-Morel et al., 2005). In this
study, application of exogenous PACAP38 and PACAP27 inhibited the migration of isolated
granule cells in the microexplant cultures, indicating that PACAP directly acts as “a brake” in
granule cell migration. Furthermore, application of exogenous PACAP38 at the levels of as
low as 10 nM significantly slowed granule cell migration in the ML of the postnatal 10-day-
old mice.

Exogenous PACAP38 affected granule cell migration via altering the Ca2+ and cAMP signaling
pathways. Interestingly, the effects of exogenous PACAP38 and its antagonist on granule cell
migration depended on the cortical layer where the cells translocated. For example, application
of exogenous PACAP38 significantly inhibited granule cell migration in the EGL and ML, but
failed to alter the movement in the PCL and IGL. In contrast, application of PACAP antagonist
significantly accelerated granule cell migration in the PCL, but did not change the movement
in the EGL, ML and IGL. Immunohistochemical studies revealed that endogenous PACAP is
present sporadically in the bottom of the ML, intensively in the PCL, and throughout the IGL.
Sequential observation of granule cell migration after application of exogenous PACAP38
demonstrated that the effects of PACAP38 on granule cell migration last for 1.5–3.0 hours.
After the effective period, granule cells accelerated the migration and retuned to the rate before
application of PACAP38. Thereafter, granule cells migrate at the same speed with or without
exogenous PACAP38, indicating that the PACAP receptors undergo desensitization.

Collectively, present studies suggest that endogenous PACAP38 and/or PACAP27 play a role
in the slowdown of granule cell migration in the PCL, where the cells detach from the surface
of the Bergmann glial cells, and alter the mode of migration from glia-associated to glia-
independent prior to entering the IGL. The role of endogenous PACAP, possibly released from
the collateral axons of the Purkinje cells and/or mossy fiber terminals, in the slowdown of
granule cell migration in the PCL, was supported by the evidence that the stationary period
(1.9 hours) observed in the granule cells in the PCL (Komuro and Rakic, 1998a) is similar to
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the time (2.1 hours) required for the recovery from the PACAP-induced slowdown.
Desensitization of the PACAP receptors allows the granule cells to migrate within the PACAP-
rich IGL. Therefore, endogenous PACAP plays a crucial role in cortical layer-specific changes
in granule cell migration through the activation and desensitization of PACAP receptors.

Three PACAP receptors have been cloned so far and termed PAC1, VPAC1, and VPAC2
receptors (Vaudry et al., 2000). In the early postnatal cerebellum, granule cells express the
PAC1 receptors and the VPAC1 receptors prior to their migration, but are devoid of the VPAC2
receptors (Basille et al., 1993,1994,2000;Nielsen et al., 1998a;Falluel-Morel et al., 2005). The
expression levels of PAC1 receptors are two to three times higher than those of the VPAC1
receptors (Basille et al., 1994,2000). The ontogeny of PACAP receptors has been investigated
in detail in the rat cerebellum during postnatal development (Basille et al., 1994,2000). In the
EGL, the density of PAC1 receptors is high from birth to P12, and markedly decreases from
P12 to P25. In the ML and IGL, PAC1 receptors are first detected at P8. In the IGL the density
of PAC1 receptors slightly decreases during the second and third postnatal weeks, but remains
elevated in adults. In the ML the density of PAC1 receptors rapidly decreases during the second
and third postnatal weeks, and virtually disappears after P25. The low levels of the VPAC1
receptors are only present in the EGL during first and second postnatal weeks of the rat
cerebellum (Basille et al., 2000). In contrast, the VPAC2 receptors are not present in the early
postnatal rat cerebellum (Basille et al., 2000). In the case of the developing human cerebellum,
the high levels of PAC1 receptors are observed in the EGL of the 16-week-old fetus (Basille
et al., 2006). At this stage of development, the moderate levels of PAC1 receptors are present
in the IGL (Basille et al., 2006). In the 24-week-old human fetus, the expression levels of PAC1
receptors are high in both the EGL and IGL, but low in the ML (Basille et al., 2006). In the
16- and 24-week-old human fetuses, the expression patterns of the VPAC1 receptors are very
similar to those of the PAC1 receptors, although the levels of the VPAC1 receptor expression
are much lower than those of the PAC1 receptors (Basille et al., 2006). In contrast, in the 16-
and 24-week-old human fetuses, the VPAC2 receptors are absent (Basille et al., 2006).
Collectively, these results suggest that in both the humans and rats, immature granule cells
express the PAC1 receptors as well as the VPAC1 receptors before they start their migration.
During the period of migration from the EGL to their final destination within the IGL, granule
cells continuously express the PAC1 receptors and the VPAC1 receptors. These lines of
evidence suggest that PACAP receptors play critical roles in granule cell migration in the early
postnatal rodent cerebellum as well as the human fetus cerebellum.

How does PACAP control granule cell migration? Present results suggest that PACAP exerts
its effects on granule cell migration via altering the cAMP and Ca2+ signaling pathway through
the activation of its receptors (Basille et al., 1993,1995). The cAMP signaling pathway plays
critical roles in the PACAP action on granule cell migration. It has been reported that PACAP
increases the intracellular cAMP levels via stimulating the activity of adenylate cyclase
(Vaudry et al., 2000). The elevations of intracellular cAMP levels are known to inhibit granule
cell migration (Kumada et al., 2006). In fact, present results demonstrated that the inhibition
of the cAMP signaling pathway significantly reduces the PACAP action on granule cell
migration (Fig. 3A). In the case of the Ca2+ signaling pathway, it has been reported that PACAP
stimulates the activity of PLC, leading to the stimulation of PKC activity and the increase in
the intracellular Ca2+ levels (Vaudry et al., 2000). Present studies revealed that the inhibition
of PLC activity reduces the PACAP action on granule cell migration. However, the
mechanisms by which the inhibition of the PLC activity eliminates the PACAP action on
granule cell migration may not be simple, because the Ca2+ and cAMP signaling pathway
interact with each other and the activation of the cAMP signaling pathway suppresses the
Ca2+ signaling pathway in granule cells (Kumada et al., 2006). For example, although it has
been shown that PACAP38 induces the mobilization of internal Ca2+ (Gonzalez et al.,
1997;Mei, 1999;Vaudry et al., 2000), present results indicated that application of exogenous

Cameron et al. Page 12

Neuroscience. Author manuscript; available in PMC 2007 August 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PACAP38 does not stimulate the transient elevations of intracellular Ca2+ levels in the granule
cell somata, but significantly decreases the amplitude of Ca2+ transients (Figs. 3B and C).
Collectively, present results suggest that PACAP slows granule cell migration by stimulating
the cAMP signaling pathway and inhibiting the Ca2+ transients through the activation of its
receptors. Moreover, PACAP also slows granule cell migration by altering the activity of Erk/
MAPK. This is because it has been shown that PACAP inhibits the programmed cell death in
the developing brain through the activation of the cAMP signaling pathway, leading to
phosphorylation of the extracellular signal-regulated (Erk)-type of mitogen-activated protein
kinase (MAPK) (Gonzalez et al., 1997;Villalba et al., 1997;Vaudry et al., 1998,2000).
Interestingly, granule cell migration is sensitive to changes in the activity of MAPK (Kumada
et al., 2006). So, it may be possible that the activity of Erk/MAPK may be one of the
downstream targets for the PACAP action on granule cell migration.

PACAP may also affect granule cell migration by altering the activity of the N-methyl-D-
aspartate (NMDA) type glutamate receptors. It has been shown that migrating granule cells
exhibit spontaneous activation of NMDA receptors, and the inhibition and stimulation of the
NMDA receptors alter the rate of granule cell migration (Komuro and Rakic, 1992,1996;Rossi
and Slater, 1993;Kumada et al., 2006). Interestingly, recent studies revealed that PACAP38
enhances the activity of the NMDA receptors by stimulating (1) the Gs subunit of Gα-coupled
receptors and PKA, and (2) the Gq subunit of Gα-coupled receptors and PKC (Macdonald et
al., 2005;Michel et al., 2006). The possible involvement of the NMDA receptors in PACAP-
induced alterations of granule cell migration is intriguing. This is because glutamate, which is
released from the parallel fibers and the mossy fibers, is well colocalized with the distribution
of the endogenous PACAP in the early postnatal mouse cerebellum. Furthermore, it suggests
that PACAP may control granule cell migration in a reciprocal manner. For example,
endogenous PACAP may inhibit granule cell migration via stimulating the cAMP signaling
pathway, but also may stimulate granule cell migration via enhancing the activity of NMDA
receptors presented in the plasma membrane of the cells.

It may be possible that the action of endogenous PACAP on granule cell migration is modulated
by other neuropeptides, such as somatostatin and Galanin. It has been reported that endogenous
somatostatin controls granule cell migration in the early postnatal mouse cerebellum through
the activation of its receptors (Yacubova and Komuro, 2002b,2003). Granule cells express all
five types of somatostatin receptors prior to an initiation of migration, and endogenous
somatostatin is present in Purkinje cells, Golgi cells, climbing fibers and mossy fiber terminals
(Yacubova and Komuro, 2002b). Somatostatin inhibits the cAMP signaling pathway via
stimulating the Gi subunit of Gα-coupled receptors (Tentler et al., 1997). Importantly, present
results demonstrated that application of somatostatin-14 significantly reduces the effects of
PACAP38 on granule cell migration in the ML. Collectively, these results suggest that
somatostatin acts as an “opposite signal” against PACAP in controlling granule cell migration
via inhibiting the cAMP signaling pathway.

Galanin, which is a 29–30 amino acid peptide, is abundantly expressed in the CNS (Branchek
et al., 2000;Simen et al., 2001). Migrating granule cells express high levels of galanin receptor1
(GalR1), and galanin is present in the PCL and IGL, where endogenous PACAP is present
(Jungnickel et al., 2005). GalR1 is negatively coupled to the adenylate cyclase via the Gi
subunit of Gα-coupled receptors, and can influence Ca2+ currents, K+ current and MAPK
(Wang et al., 1998;Branchek et al., 2000;Simen et al., 2001). These lines of evidence are very
intriguing because the action of PACAP on granule cell migration depends on the activity of
the Ca2+ and cAMP signaling pathway. So, we expected that galanin may alter the effects of
PACAP on granule cell migration. Indeed, although application of 1μM galanin alone did not
alter granule cell migration, co-application of 1μM galanin with 1μM PACAP38 significantly
reduced the effects of PACAP38 on granule cell migration (data not shown). These results

Cameron et al. Page 13

Neuroscience. Author manuscript; available in PMC 2007 August 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



suggest that the PACAP action on granule cell migration is modified by endogenous galanin
through the activation of galanin receptors.

PACAP may also indirectly affect granule cell migration by altering surrounding
microenvironments, especially Bergmann glial cells. Bergmann glial cells are members of
astrocytes, and provide the scaffold to granule cells for their radial migration in the ML of the
developing cerebellum (Rakic, 1971). It seems likely that PACAP alters the physiological
function of Bergmann glial cells by mobilizing Ca2+ from intracellular Ca2+ stores and
activating a quinine-sensitive K+ outward current (Tatsuno and Arimura, 1994;Ichinose et al.,
1998). Furthermore, PACAP stimulates the proliferation of glial precursor cells, possibly by
activation of the MAP kinase Erk2 (Just et al., 1998;Moroo et al., 1998). Importantly, PACAP
increases the production of neurotrophic factors, which could affect proliferation, migration
and differentiation of immature neurons (Ashur-Fabian et al., 1997). Therefore, PACAP may
indirectly affect granule cell migration by controlling the function of Bergmann glial cells.

The continuing presence of high levels of PACAP often induces the desensitization of PACAP
receptors, which is termed homologous desensitization (McArdle and Forrest-Owen,
1997;Shintani et al., 2000;Dautzenberg and Hauger, 2001;Niewiadomski et al., 2002). In
general, homologous desensitization begins with the selective recruitment of a G-protein-
coupled receptor kinase (GRK) that phosphorylates serine and/or threonine residues in the
agonist-activated G-protein-coupled receptor’s cytoplasmic tail and/or third intracellular loop.
Next, β-arrestin binds to the phosphorylated G-protein-coupled receptors, decreasing the
receptor’s affinity for its cognate heterotrimeric G-protein, and thereby uncoupling it from the
Gα subunit by steric hindrance. The activity of GRK is often modulated by the cAMP and
Ca2+ signaling pathways (Chuang et al., 1996;Dautzenberg and Hauger, 2001;Luo and
Benovic, 2003). To date, little is known about how the homologous desensitization of the
PACAP receptors mediated by GRK affects the neuronal development and migration.
Importantly, present results suggest that PACAP receptors of migrating granule cells undergo
homologous desensitization after continuous applications of exogenous PACAP38 (Fig. 5).
Furthermore, present results also suggest that the homologous desensitization of PACAP
receptors requires the activity of PKC. This is interesting because migrating granule cells in
the IGL exhibit the high frequency of the spontaneous activation of NMDA receptors (Rossi
and Slater, 1993), which potentially lead to the activation of PKC through the increase in
Ca2+ influxes. Moreover, in the IGL, the granule cells exhibit dynamic oscillations of the
intracellular Ca2+ levels (Kumada and Komuro, 2004), leading to the stimulation of the PKC
activity. Therefore, it may be possible that the homologous desensitization of PACAP receptors
in the granule cells is maintained during the migration within the endogenous PACAP-rich
IGL by the continuous stimulation of the PKC activity.

It has been suggested that the polarity of neurons undergoes dynamic changes as they migrate
through different regions of the developing cerebellum (Powell et al., 1997;Kawaji et al.,
2004;Kerjan et al., 2005;Solecki et al., 2006). To date, little is known about whether PACAP
induces the changes in neuronal polarity. Present studies did not reveal that application of
exogenous PACAP27 and PACAP38 induces the changes in granule cell polarity in the
microexplant cultures. However, it has been reported that vasoactive intestinal polypeptide,
which belongs to the same family of PACAP, alters the polarity of cultured human pancreatic
cancer cells (Hollande et al., 1995). So, whether PACAP controls granule cell polarity during
their migration in the early postnatal mouse cerebellum is remained to be examined.

Although in this study we focused on the role of PACAP in controlling granule cell migration
in the early postnatal mouse cerebellum, we are confident that the information obtained from
granule cell migration can apply to neuronal migration in other brain areas, especially the
developing cerebrum and hippocampus. This is because in the many regions of the developing
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brain where neurons exhibit cortical layer-specific changes in their migration (Nadarajah and
Parnavelas, 2002;Marin and Rubenstein, 2003;Noctor et al., 2004;Morozov et al., 2006),
PACAP and its receptors are transiently and highly expressed in the neurons and neuronal
precursors during a period of the early brain development (Shuto et al., 1996;Waschek et al.,
1998;Skoglosa et al., 1999). For example, PACAP mRNA is present in differentiating neurons
of the mouse brain as early as embryonic day 9.5 (E9.5) (Shuto et al., 1996;Waschek et al.,
1998). Thereafter, the PACAP mRNA level increases during the prenatal period to reach a
maximum at birth, when the majority of immature neurons actively migrate towards the cortical
plate in the developing cerebrum. Likewise, the PAC1 receptor (PAC1-R) mRNA is first
detected in the neural tube in E9.5 mouse embryos (Waschek et al., 1998;Jaworski and Proctor,
2000). From E9.5 to E11 the PAC1-R mRNA levels increase in the neuroepithelia of the
mesencephalon and rhombencephalon (Shuto et al., 1996). At E13 PAC1-R mRNA is
expressed in the basal telencephalon and in the neuroepithelia of the hippocampal formation,
cerebral cortex, and cerebellum (Zhou et al., 1999). Other PACAP receptors, VPAC1 receptors
(VPAC1-R) and VPAC2 receptors (VPAC2-R), are also found in the brain at the early
embryonic stage, and the density of these receptors increases during postnatal development
(Roth and Beinfeld, 1985;Waschek et al., 1996). Interestingly, the distribution pattern of
VPAC1-R mRNA exhibits striking similarities with that of PAC1-R mRNA, although the
expression level of VPAC1-R mRNA is much lower than that of PAC1-R mRNA (Pei,
1997). Moreover, the distribution of PACAP and PACAP receptors in the developing brain
reveals the existence of a specific correlation between the localization of the peptide and its
receptors in all germinative neuroepithelia. For example, neuronal precursors and premigratory
neurons express high levels of PACAP receptors, and PACAP is highly present in the migratory
pathways (Skoglosa et al., 1999;Jaworski and Proctor, 2000;Vaudry et al., 2000). Therefore,
we expect that endogenous PACAP may provide traffic signals to neurons at the specific points
of the migratory routes where they change the speed of their movement.
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Abbreviations
AC  

adenylate cyclase

EGL  
external granular layer

ML  
molecular layer

IGL  
internal granular layer

PACAP  
pituitary adenylate cyclase-activating polypeptide

PBS  
phosphate buffer saline

PCL  
Purkinje cell layer

PKA  
protein kinase A

PKC  
protein kinase C

PKI  
PKA inhibitor fragment 14–22 myristoylated trifluoracetate salt
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PLC  
phospholipase C
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Fig 1.
PACAP38 and PACAP27 inhibit granule cell migration in the microexplant cultures of the
early postnatal mouse cerebellum. (A and C) Time-lapse images showing that application of
1μM PACAP38 (A) or 1μM PACAP27 (C) slows the migration of isolated granule cells in the
microexplant cultures of P0–P3 mouse cerebella. Asterisks mark the granule cell somata.
Elapsed time (in minutes) is indicated on top of each photograph. Scale bar: 1μm. (B and D)
Sequential changes in the distance traveled by the granule cell somata shown in (A) and (C)
before and afterapplication of 1μM PACAP38 (B) or 1μM PACAP27 (D). (E–G), Histograms
presenting the changes in the rates of migration (E), the leading process length (F) and the
number of the leading process branch of granule cells by application of 1μM PACAP38 or
1μM PACAP27. Bar: S.D. In this and following figures, single (p <0.05) and double (p <0.01)
asterisks indicate statistical significance.
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Fig 2.
Dose-dependent inhibition of granule cell migration in the ML of P10 mouse cerebellumby
PACAP38. (A) Time-lapse images showing that application of 1μM PACAP38 immediately
slows the migration of granule cells in the ML. Elapsed time (in minutes) is indicated on the
bottom of each photograph. Circles (a) and triangles (b) mark the cell bodies of migrating
granule cells. Scale bar: 1μm. (B1,2 and C1,2) Sequential changes in the total distance (B1 and
C1) and the distance (B2 and C2) traveled during each 30 minutes of the testing period by
granule cells marked by circles (B) and triangles (C) in A were plotted as a function of elapsed
time before and after application of 1μM PACAP38. (D) Dose-dependent reduction of the rate
of granule cell migration in the ML of P10 mouse cerebella by PACAP38. Each column
represents the average rate obtained from at least 30 migrating cells. Bar: S.D.
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Fig 3.
The action of PACAP38 on granule cell migration in the ML of P10 mouse cerebella depends
on the activity of the cAMP- and Ca2+- signaling pathways. (A) Histograms showing the
alterations of the effects of μM PACAP38 on the rate of granule cell migration in the ML by
application of 100μM Rp-cAMPS, 5μM PKI, 1μM U73122, and 1μM somatostatin 14
(SST-14). Each column represents the average values obtained from at least 30 migrating cells.
Bar: S.D. (B) Changes in intracellular Ca2+ transients of the somata of migrating granule cells
in the ML of the P10 mouse cerebella by application of 1μM PACAP38. (C1 and C2)
Histograms showing the changes in the frequencies (C1) and amplitudes (C2) of Ca2+ transients
in the granule cell somata in the ML of the P10 mouse cerebella by application of 1μM
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PACAP38. Each column represents the average values obtained from at least 30 migrating
cells. Bar: S.D.
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Fig 4.
Cortical layer-specific effects of PACAP38 and its antagonist, PACAP6–38, on granule cell
migration in the P10 mouse cerebella. (A) Three-dimensional representation of granule cell
migration from the EGL to the IGL in the early postnatal mouse cerebellum. 1, Tangential
migration in the EGL; 2, Bergmann glia-associated radial migration at the top of the ML; 3,
Bergmann glia-associated radial migration at the bottom of the ML; 4, stationary state or
slowdown of migration in the PCL; 5, glia-independent radial migration at the top of the IGL;
6, glia-independent radial migration at the bottom of the IGL. Abbreviations: B, Bergmann
glial cells; g.c.p., granule cell precursors; P, Purkinje cells; g, postmigratory granule cells. (B)
Differential effects of 1μM of PACAP38 or PACAP6-38 on granule cell migration in the
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different cortical layers (the EGL, ML, PCL and IGL) of P10 mouse cerebella. Each column
represents the average values obtained from at least 30 migrating cells. Bar: S.D. (C)
Expression of endogenous PACAP (27 and 38) in the P10 mouse cerebellum. Circles represent
a sporadic staining in the bottom of the ML. Triangles represent an intensive staining in the
Purkinje cell somata in the PCL. Arrows represent numerous small stainings, possibly mossy
fiber terminals, in the IGL. Scale bar: 11μm. (D) Co-localization of the endogenous PACAP
(27 and 38) and calbindin in the dendrite and somata of the Purkinje cells. Triangles represent
the double-staining dendrites of the Purkinje cells in the bottom of the ML. Scale bar: 11μm.
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Fig 5.
Recovery of granule cells from PACAP38-induced inhibition of migration by desensitization
of PACAP receptors. (A1,2) Sequential changes in granule cell migration in the ML of the P10
mouse cerebella after application of 1μM PACAP38. In A1, C, P1a and P1b indicate the 2
hours control period, the first 2 hours period and the second 2 hours period after application
of PACAP38, respectively. (B1,2) Loss of granule cell response in the ML to the 2nd
application of 1μM PACAP38 after prolonged application of 1μM PACAP38. In B1, C, P1a
and P2a indicate the 2 hours control period, the first 2 hours period after first application of
PACAP38, and the first 2 hours period after second application of PACAP38, respectively.
(C)Delay in the recovery of granule cells from the PACAP38 (1μM)-induced inhibition of
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migration in the ML by application of 100 nM calphostin C. In C1, C, P1a, P1b, and P1c
indicate the 2 hours control period, the first 2 hours period, the second 2 hours period and third
2 hours period after application of PACAP38, respectively. (D) Application of 5μM
calmidazolium did not alter the recovery of granule cells from the PACAP38-induced
slowdown of migration in the ML. In D1, C, P1a, P1b and P1c indicate the 2 hours control
period, the first 2 hours period, the second 2 hours period and third 2 hours period after
application of PACAP38, respectively. In (A)–(D), the total distance (A1, B1, C1 and D1) and
the distance (A2, B2, C2 and D2) traveled by the granule cell somata during each 30 minutes
of the testing period were plotted as a function of elapsed time. The horizontal dotted lines (a)
in A2, B2, C2 and D2 represent the average distances traversed by granule cells during each
30 minutes in the control periods. The horizontal dotted lines (b) in A2, B2, C2 and D2 represent
the average distances traversed by granule cells during each 30 minutes in the first hour after
application of 1μM PACAP38. C3 and D3, Effect of 100 nM calphostin C (C3) and 5μM
calmidazolium (D3) on the rate of granule cell migration in the ML in the absence of exogenous
PACAP38. In C3 and D3, each column represents the average rate obtained from at least 30
migrating cells. Bar is S.D.
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