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Galanin, one of the most inducible neuropeptides, is widely present in developing brains, and its expression is altered by pathologic
events (e.g., epilepsy, ischemia, and axotomy). The roles of galanin in brain development under both normal and pathologic condi-
tions have been hypothesized, but the question of how galanin is involved in fetal and early postnatal brain development remains
largely unanswered. In this study, using granule cell migration in the cerebellum of early postnatal mice (both sexes) as a model sys-
tem, we examined the role of galanin in neuronal cell migration during normal development and after brain injury. Here we show
that, during normal development, endogenous galanin participates in accelerating granule cell migration via altering the Ca21 and
cAMP signaling pathways. Upon brain injury induced by the application of cold insults, galanin levels decrease at the lesion sites, but
increase in the surroundings of lesion sites. Granule cells exhibit the following corresponding changes in migration: (1) slowing down
migration at the lesion sites; and (2) accelerating migration in the surroundings of lesion sites. Experimental manipulations of galanin
signaling reduce the lesion site-specific changes in granule cell migration, indicating that galanin plays a role in such deficits in neuro-
nal cell migration. The present study suggests that manipulating galanin signaling may be a potential therapeutic target for acutely
injured brains during development.
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Significance Statement

Deficits in neuronal cell migration caused by brain injury result in abnormal development of cortical layers, but the underly-
ing mechanisms remain to be determined. Here, we report that on brain injury, endogenous levels of galanin, a neuropeptide,
are altered in a lesion site-specific manner, decreasing at the lesion sites but increasing in the surroundings of lesion sites.
The changes in galanin levels positively correlate with the migration rate of immature neurons. Manipulations of galanin sig-
naling ameliorate the effects of injury on neuronal migration and cortical layer development. These results shed a light on gal-
anin as a potential therapeutic target for acutely injured brains during development.

Introduction
Galanin is a 29–30 aa, C-terminally amidated peptide ini-
tially isolated from porcine intestine (Mitsukawa et al.,
2008; Lang et al., 2015). The N-terminal 1–15 aa of galanin
are highly conserved (Lang et al., 2007). The actions of gala-
nin are mediated via G-protein-coupled receptors—galanin
receptor 1–3 (GalR1–3; Webling et al., 2012). Galanin is
thought to regulate numerous physiological functions in
the adult mammalian nervous system (Kinney et al., 2002;
Lang et al., 2015) and to play a role in neurologic disorders
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(Lundström et al., 2005), such as Alzheimer’s disease
(Steiner et al., 2001) and epilepsy (Mazarati, 2004).

Galanin is one of the most inducible neuropeptides (Holm et
al., 2012). Its biosynthesis is increased 2- to 10-fold on axotomy
in the periphery and on seizure activity in the brain (Mitsukawa et
al., 2008). Galanin expression and signaling is also activated during
neuronal injury and repair (Wynick and Bacon, 2002; Mahoney
et al., 2003), suggesting the possible trophic action of galanin.
Experimentally induced focal ischemia in rat cerebra increases gala-
nin and GalR1 mRNAs (Shen and Gundlach, 2010). The injec-
tion of galanin agonists inhibits seizures (Mazarati et al.,
2004). A novel de novo mutation (p.A39E) in the GAL gene
impairs galanin signaling in the hippocampus, leading to tem-
poral lobe epilepsy (Guipponi et al., 2015).

The possible role of galanin in brain development has
been hypothesized. Galanin is abundantly expressed in the
developing brain (Elmquist et al., 1993; Ryan et al., 1997;
Shen et al., 2003, 2005), and immature neurons express
GalR1–3 (Burazin et al., 2000; Shen et al., 2005; Abbosh et
al., 2011). GAL mRNA is detected in proliferative zones of
neuronal and glial precursors and migratory routes of
immature neurons in developing brains (Shen et al., 2003),
suggesting that galanin may play a role in controlling the
proliferation and migration of neurons.

In this study, we determined whether galanin plays a role in
neuronal migration during normal development and under path-
ologic conditions. In the developing brain, immature neurons
migrate from the birthplace to the final destinations, where they
reside the rest of their lives (Rakic, 1990). This translocation of
immature neurons is essential for the formation of cortical layers
and nuclei (Rakic, 1990; Flint and Kriegstein, 1997; Marín and
Rubenstein, 2003). The deficits in neuronal migration lead to a
variety of neurologic disorders (Manent et al., 2009; Valiente and
Marín, 2010).

To test the role of galanin in neuronal migration during brain
development, we used the migration of cerebellar granule cells as
a model system. Cerebellar granule cells, small excitatory inter-
neurons, are the most abundant type of neurons and exhibit the
stereotypic pattern of migration. In the early postnatal cerebel-
lum [postnatal day 5 (P5) to P15 in mice], postmitotic granule
cells migrate from the birthplace [external granular layer (EGL)]
through the molecular layer (ML), and the Purkinje cell layer
(PCL) to reach the final destination within the internal granular
layer (IGL; Komuro and Yacubova, 2003; Komuro et al., 2013).
Granule cell precursors and postmitotic granule cells express all
three types of galanin receptors (Jungnickel et al., 2005), and the
levels of GalR1 mRNA are significantly higher at P10 (a peak of
granule cell migration) than at all other ages (Jungnickel et al.,
2005).

To test the role of galanin in neuronal migration under
pathologic conditions, we induced focal brain damage using
freezing treatment (FT), which produces focal cortical disor-
ganization (e.g., focal microgyria) in the developing brain
without cellular abnormality (Peiffer et al., 2003; Scantlebury
et al., 2004; Chiaretti et al., 2011; Wang et al., 2014). The
focal cortical disorganization suggests the deficits in neuro-
nal cell migration.

The use of time-lapse imaging of granule cell migration in
vitro and in vivo revealed that galanin plays a role in accelerating
granule cell migration via the activation of its receptors.
Furthermore, FT resulted in lesion site-specific alterations of
granule cell migration by inducing corresponding alterations of
galanin levels.

Materials and Methods
Animals. We used embryonic and early postnatal CD-1 mice (both

sexes). All animal procedures were approved by the Internal Animal
Care and Use Committee of the Cleveland Clinic Foundation and The
University of Rouen Normandy.

Observation of granule cell migration in microexplant cultures.
Monitoring of granule cell migration in microexplant cultures of early
postnatal mouse cerebella was performed as described previously
(Yacubova and Komuro, 2002; Kumada et al., 2009; Raoult et al., 2011;
Li et al., 2012). Cerebella of P3 mice were quickly removed from the
skull, placed in cold HBSS (Sigma-Aldrich), and freed from meninges
and choroid plexus. Cerebellar slices were then made with a surgical
blade from which white matter (WM) and deep cerebellar nuclei were
removed. Rectangular pieces (50–100mm) were dissected out from the
remaining tissue, which mainly consisted of the cerebellar gray matter.
The microexplants were rinsed with the culture medium and placed on
35 mm glass-bottom microwell dishes (1 microexplant/dish; MatTek)
with 50ml of the culture medium. The culture medium consisted of
Neurobasal Medium (Thermo Fisher Scientific) with N2 supplement
(Thermo Fisher Scientific), 90 U/ml penicillin, and 90mg/ml streptomy-
cin. Each dish was placed in a CO2 incubator (37°C, 95% and 5% CO2).
The glass-bottom microwell dishes were coated with poly-L-lysine
(100mg/ml)/laminin (20mg/ml) before use. Two hours after plating, 1.5
ml of the culture medium was added to each dish. Twenty hours after
plating, dishes were transferred into the chamber of a microincubator
attached to the stage of a confocal microscope (model SP5, Leica). The
chamber temperature was kept at 37.06 0.5°C using a temperature con-
troller (catalog #TC-202, Medical Systems Corp.) during the observation
of migration. The cells were provided with constant gas flow (95% air,
5% CO2). Granule cells were illuminated with a 488 nm wavelength light
from an argon laser through an inverted microscope equipped with a
20� oil-immersion objective, and the light transmitted through granule
cells was detected by a photomultiplier. Images of granule cells in a sin-
gle focal plane were collected every 60 s. To test the role of galanin in
granule cell migration, each chemical was added to the culture medium
in a separate experiment. The distance of granule cell migration before
and after the application of each chemical was analyzed using ImageJ
software (NIH).

Measurement of intracellular Ca21 levels of migrating granule cells.
Monitoring of changes in intracellular Ca21 levels of migrating granule
cells in microexplant cultures was performed as described previously
(Komuro and Rakic, 1996; Yacubova and Komuro, 2002; Kumada and
Komuro, 2004). Small pieces of P3 mouse cerebellum were placed on 35
mm glass-bottom microwell dishes that had been coated with poly-
L-lysine (100 mg/ml)/laminin (20 mg/ml). Each dish was put in a
CO2 incubator (37°C, 95% air, 5% CO2). The incubation medium
consisted of Neurobasal Medium (Thermo Fisher Scientific) with
N2 supplement (Thermo Fisher Scientific), 90 U/ml penicillin,
and 90 mg/ml streptomycin. One day after plating, granule cells
were incubated for 30 min with the cell-permeant, acetoxymethyl
ester form of 1 mM Oregon Green 488 BAPTA-1 (Thermo Fisher
Scientific) diluted in the culture medium. The cells were subse-
quently washed three times with the culture medium, and the dye
was allowed to de-esterify for an additional 30–60 min in the CO2

incubator. A confocal microscope (model SP5, Leica) was used to
examine changes in intracellular Ca21 levels. The granule cells
loaded with Oregon Green 488 BAPTA-1 were illuminated with a
488 nm wavelength light, and fluorescence images for Ca21 meas-
urements (at 5306 15 nm) were collected every 1–10 s for up to 2
h. The changes in the fluorescence intensity of each granule cell
were normalized to its baseline fluorescent intensity.

Observation of granule cell migration in cerebellar slices. Monitoring
of granule cell migration in acute cerebellar slices of early postnatal
mouse cerebella was performed as described previously (Cameron et al.,
2007; Fahrion et al., 2012; Raoult et al., 2014). Cerebella of P10 mice
were sectioned transversely or sagittally into 150-mm-thick slices on a
vibrating blade microtome (model VT1000S, Leica Instruments). To
label granule cells, cerebellar slices were incubated for 4min in 2 mM Cell
Tracker Green CMFDA (5-chloromethylfluorescein diacetate; Thermo
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Fisher Scientific), which was added to the culture medium. The culture
medium consisted of Neurobasal Medium (Thermo Fisher Scientific)
with N2 supplement (Thermo Fisher Scientific), 90 U/ml penicillin, and
90mg/ml streptomycin. The slices were subsequently washed with the
culture medium and put into a CO2 incubator. Two hours after labeling,
slices were transferred into the chamber of a microincubator attached to
the stage of a confocal microscope (model SP5, Leica). The distance of
granule cell movement is closely related to the temperature of the me-
dium; lowering the medium temperature slows cell movement (Rakic
and Komuro, 1995). Therefore, the chamber temperature was kept at
37.06 0.5°C using a temperature controller (catalog #TC-202, Medical
Systems Corp.), and the slices were provided with constant gas flow
(95% O2, 5% CO2). A confocal microscope (model SP5, Leica) was used
to visualize migrating granule cells labeled with Cell Tracker Green
CMFDA in the slices. The tissue was illuminated with a 488 nm wave-
length light from an argon laser through an epifluorescence inverted
microscope equipped with a 40� oil-immersion objective (numerical
aperture, 1.25; Leica), and fluorescence emission was detected at 530
6 15nm. To clearly resolve the movement of granule cells, image data
were typically collected at an additional electronic zoom factor of 1.5–
2.0. Images of Cell Tracker Green CMFDA-labeled granule cells in a sin-
gle focal plane or up to 20 different focal planes along the z-axis were
collected with laser scans every 5–30min for up to 4 h. At the beginning
and end of each recording session for each preparation, frame images
were recorded with 40� magnification (electronic zoom factor, 1), or
20� magnification (electronic zoom factor, 1) to determine the orienta-
tion of the slice preparations, the borders of cortical layers (the EGL, the
ML, and the IGL), and the position of granule cells by optical sectioning
of several different focal planes along the z-axis.

Real-time observation of granule cell migration in vivo. Monitoring
of granule cell migration in early postnatal mice was performed as
described previously (Fahrion et al., 2012; Li et al., 2012). Mice were
deeply anesthetized by intraperitoneal injection of urethane (1mg/g
body weight). The skin and bone coverings on the dorsal surface of cere-
bella were surgically removed under a dissecting microscope. A small
volume of 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine per-
chlorate (DiI) solution (Thermo Fisher Scientific) was injected into the
EGL of lobules V, VIa, VIb, VII, and crus I of the cerebellum through
glass electrodes with the use of a pressure injection system. Then,
warmed gelatin was applied to the surface of the cerebellum and the inci-
sion site was sealed with a cover glass by dental glue. One hour after DiI
injection, the mice were transferred to the stage of a confocal microscope
(model SP5, Leica) and were held dorsal-side down on the stage. Using a
heating pad, the rectal temperature of animals was maintained at 37.0°C
during the entire period of observation. A confocal microscope was used
to visualize the tangential migration of DiI-labeled granule cells in the
EGL. Images of DiI-labeled granule cells were collected every 3–10min
for up to 4 h. Anesthesia wearing off caused problems for monitoring
granule cell migration over time. To avoid this potential problem,
throughout the observation session, animals were monitored every
30min for changes in respiratory rate, return of toe withdrawal reflexes,
or any other body movement. Any of the indications that the anesthesia
was wearing off were followed by supplemental injections of urethane
(0.3mg/g body weight). The distance of granule cell migration was ana-
lyzed using ImageJ software.

Freezing treatment on the cerebellum of P10 mice. Pups (P10) were
anesthetized with isoflurane (2%) in room air, and a small incision was
made in the anteroposterior plane of the skin over the cerebellum. A
cooled (�70°C) 1-mm-diameter platinum probe was placed on the mid-
line of occipital bone near the border between occipital bone and inter-
parietal bone for 10 s. Animals receiving sham surgery were treated
identically to those receiving freezing treatment except that the probe
was maintained at room temperature. After placement of the probe, the
incision was sutured. The mice recovered from anesthesia in a warm
box.

Immonohistochemical analysis of embryonic and early postnatal
mouse brains. After an anesthetic overdose, early postnatal mice (P6,
P10, P11, and P12) were perfused transcardially with PBS, pH 7.4, fol-
lowed by 4% paraformaldehyde (PFA) in PBS. Brains were quickly

dissected and postfixed overnight at 4°C with the same fixative solution.
In the case of embryonic day 16 (E16) mouse embryos, brains were iso-
lated from embryos and were fixed in 4% PFA in PBS at 4°C for 4 h.
Brains of both embryonic mice and early postnatal mice were stored for
12 h in a solution of PBS containing 15% and 30% sucrose successively.
Thereafter, the brains were cut at 12mm in the sagittal plane, transverse
plane, or coronal plane with a cryostat (model CM 3050 S, Leica). Tissue
sections were mounted on glass slides coated with 0.5% gelatin and 5%
chrome alum. Before immunofluorescence analysis, the tissue sections
were rinsed in PBS, and background was blocked by incubation for 1 h in
3% normal donkey serum (Jackson ImmunoResearch) in PBS with 0.1%
Triton X-100, followed by overnight incubation at 4°C in blocking solution
with the primary antibody. The following primary antibodies were used:
galanin (rabbit; dilution, 1:500; catalog #AB2233, EMDMillipore); calbindin
D28 (goat; dilution, 1:300; catalog #sc-7691; Santa Cruz Biotechnology);
GAD67 (mouse; dilution, 1:1000; catalog #ab26116, Abcam); a-synuclein
(sheep; dilution, 1:500; catalog #ab6162, Abcam); Iba1 (goat; dilution, 1:500;
catalog #NB100-1028, Novus Biologicals); and NG2 (rat; dilution, 1:500; cat-
alog #546930, Thermo Fisher Scientific). The tissue sections were rinsed
three times in PBS and incubated for 90min at room temperature in block-
ing solution with Alexa Fluor 488-, 568-, and 594-conjugated donkey anti-
bodies toward rabbit (1:1000; catalog #A32790, Thermo Fisher Scientific),
goat (1:1000; catalog #A11057, Thermo Fisher Scientific), mouse
(1:1000; catalog #A10037, Thermo Fisher Scientific), sheep (1:1000;
catalog #A21099, Thermo Fisher Scientific), or rat IgG (1:1000; cata-
log #A21209, Thermo Fisher Scientific). The tissue sections were
counterstained with DAPI (dilution, 1:1000; catalog #ab 228549,
Abcam) for 10min, followed by three washes with PBS. To study the
specificity of the immunoreaction, the following controls were per-
formed: (1) the use of isotype-specific Ig as a substitute for the pri-
mary antibodies; (2) substitution of antibodies with PBS; and (3)
preincubation of the antibodies with synthetic peptides (Hewitt et
al., 2014). Fluorescent images were observed with a confocal laser-
scanning microscope (model TCS SP5, Leica).

Immunocytochemistry and correlative light/electron microscopy. P10
mice were perfused with a fixative containing 4% paraformaldehyde and
0.1% glutaraldehyde. Sagittal 60-mm-thick cerebellum sections were cut
with a vibratome, cryoprotected in 30% sucrose, frozen with liquid nitro-
gen, washed in 0.05 M, pH 7.4, Tris buffer, and blocked with 5% bovine
serum albumin. The sections were immersed in anti-galanin antibody
(rabbit; dilution, 1:500; catalog #AB2233; EMD Millipore) overnight at
room temperature. Biotinylated anti-rabbit IgGs (1:300) and the Elite
ABC Kit (all from Vector Laboratories) with Ni-intensified 3,39-diami-
nobenzidine-4HCl (DAB-Ni) as a chromogen were applied. Thereafter,
sections were postfixed with 1% OsO4, dehydrated in alcohol and pro-
pylene oxide, and then embedded in Durcupan ACM [Fluka (Buchs)]
on microscope slides and coverslipped. Selected fragments of tissue were
photographed using an Axioplan 2 Microscope (Zeiss) and then re-em-
bedded into Durcupan blocks for electron microscopy (EM) investiga-
tion. The samples were cut with a Reichert ultramicrotome into 70-nm-
thick sections, stained with uranyl acetate and lead citrate, and evaluated
and photographed in a JEM 1010 electron microscope (JEOL) equipped
with a Multiscan 792 digital camera (Gatan).

Measurement of cerebellar cortical layer growth. After an anesthetic
overdose, mice of the control and FT groups were perfused transcar-
dially with PBS, pH 7.4, followed by 4% paraformaldehyde in PBS.
Brains were quickly dissected and postfixed overnight at 4°C with the
same fixative solution. Brains were stored for 12 h in a solution of PBS
containing 15% and 30% sucrose successively. Thereafter, brains were
sectioned sagittally and transversely at 16mm in a cryostat and placed on
slides. Every sixth section was stained with cresyl violet. After staining,
the sections were examined with a bright-field light microscope and
photographed with a 10�, 20�, 63�, or 100� objective lens using a dig-
ital camera. Images of each cerebellar cortical layer in the sagittal and
transverse sections were obtained. The width of each cerebellar cortical
layer was analyzed using ImageJ software.

Measurement of cerebellar galanin levels. Measuring of cerebellar
galanin levels was performed as previously described (Sakamoto et al.,
2000). Lobule VIb and crus I of cerebella of control and FT mice were
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dissected out 12, 24, and 48 h after treatment. The tissues were boiled for
7min and homogenized in 5% acetic acid. The homogenate was centri-
fuged at 16,000 � g for 30min at 4°C. The supernatant was collected
into a tube, and the resulting precipitate was again homogenized and
centrifuged. The two supernatants were then pooled and forced through
a disposable C18 cartridge (Sep-Pak Vac 1ml, Waters). The retained ma-
terial was then eluted with 60% methanol. The eluate was concentrated
in a vacuum centrifuge and subjected to ELISA. The galanin ELISAs
(GAL ELISA Kit, TSZ ELISA) were used to measure galanin levels in the
cerebellar samples according to manufacturer instructions. The galanin
levels in lobule VIb and curs I on the cerebellum were normalized per
the total number of milligrams of protein assayed.

Measurement of granule cell translocation using bromodeoxyuridine.
Examination of granule cell translocation using bromodeoxyuridine
(BrdU) was performed as described previously (Kumada et al., 2006;
Fahrion et al., 2012). P10 mice were injected with BrdU (50mg/g body
weight, i.p.) 4 h before FT or sham treatment. All animals were transcar-
dially perfused with 4% paraformaldehyde in PBS 48 h after treatment.
Brains were postfixed in 4% paraformaldehyde in PBS for 24 h, stored in
a 30% sucrose solution, and sectioned sagittally into 30-mm-thick slices.
In each section, cells that had incorporated BrdU into their DNA were
detected by an anti-BrdU monoclonal antibody (BrdU labeling and
Detection Kit I, Boehringer Mannheim) and fluorescein-conjugated sec-
ondary antibody. Fluorescent signals were detected and processed using
a confocal microscope.

Detection of apoptotic cell death using terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling assay.
Examination of apoptotic cell death of granule cell precursors and gran-
ule cells was performed as described previously (Kumada et al., 2006;
Fahrion et al., 2012). All mice were transcardially perfused with 4% para-
formaldehyde in PBS 48 h after FT or sham treatment. Brains were post-
fixed in 4% paraformaldehyde in PBS for 24 h, stored in a 30% sucrose
solution, and sectioned sagittally or transversely into 16-mm-thick slices.
In each section, the apoptotic cell death of granule cells and granule cell
precursors was determined by the terminal transferase dUTP nick end
labeling (TUNEL) Assay Kit (Millipore) according to the manufacturer
instructions. Fluorescent signals were detected and processed using a
confocal microscope.

Measurement of the number of BrdU1 cells and TUNEL1 cells in cer-
ebellar cortical layers. Images of fluorescently labeled BrdU1 cells and
TUNEL1 cells in up to 25 different focal planes (1mm interval) along the
z-axis were captured by a blinded observer with the use of a confocal
microscope (model SP5, Leica). The laser intensity, the gain factor, and
the offset factor of the confocal microscope were fixed and maintained
throughout the image-taking process of all sections. At the beginning of
each cell number-counting session for each section, transmitted images
and fluorescent images were simultaneously recorded with 10� or 20�
magnification to determine the orientation of the slice preparations, the
cortical layer borders (the EGL–ML border, the ML–PCL border, the
PCL–IGL border, and the IGL–WM border), and the position of BrdU1

cells and TUNEL1 cells within cerebellar cortical layers. After projecting
the z-axis series images to single 2D frame images, the number of
BrdU1 cells and TUNEL1 cells was manually counted in each section by
using ImageJ software.

Golgi staining of migrating granule cells. Golgi staining of migrating
granule cells was performed as described previously (Kumada et al.,
2009). Cerebella of P10 mice were quickly removed from the skull and
frozen with isopentane precooled to �70°C with dry ice. Then, cerebella
were sectioned transversely into 90-mm-thick sections on a cryostat.
Golgi staining was performed by using an FD Rapid GolgiStain Kit (FD
NeuroTechnologies) according to the manufacturer instructions. After
staining, the sections were examined with a bright-field light microscope
and photographed with 40� or 63� oil-immersion objective lens using
a digital camera.

Statistical analysis. Comparisons between groups were made using
Two-tailed unpaired t test or one-way ANOVA followed by Tukey’s post
hoc test. A value of p, 0.05 was considered statistically significant. Data
were expressed as the mean6 SD. The exact N (number of animals and
cells) values are reported in parentheses on the bar graphs.

Results
Galanin accelerates granule cell migration in vitro via the
activation of its receptors
To examine the role of galanin in granule cell migration, first, we
determined whether the application of exogenous galanin alters
the migratory behavior of granule cells. To this end, different
concentrations of galanin ranging from 0.1 nM to 1 mM was
added to the culture medium in microexplant cultures of P3
mouse cerebella. Real-time observation of cell movement dem-
onstrated that the application of 100 nM galanin increases the
migration distance of an isolated granule cell from 37.0 to
62.4mm during the 30 min observational period (Fig. 1A,B).
Although the application of 0.1 and 1 nM galanin did not signifi-
cantly alter granule cell migration, the application of galanin
ranging from 5 nM to 1 mM accelerated the migration by up to
55% of the control in a dose-dependent manner (Fig. 1C). The
ED50 of galanin in the rate of granule cell migration was 8� 10�9

M

(Fig. 1D). Next, we examined whether galanin accelerates granule
cell migration via the activation of its receptor. The application
of 100 nM M40 (a nonselective galanin receptor antagonist)
completely eliminated the effect of 1 mM galanin on the distance
of granule cell migration (Fig. 2A). These results suggest that
galanin accelerates granule cell migration in a dose-dependent
manner through the activation of its receptors.

Galanin accelerates granule cell migration through
alterations of Ca21 signaling and cAMP signaling
Next, we examined the cellular mechanisms underlying galanin-
induced acceleration of granule cell migration. Our working hy-
pothesis was that galanin accelerates granule cell migration by
altering Ca21 and cAMP signaling. This is because it has been
reported that the activation of galanin receptors stimulates the
activity of phospholipase C (PLC), which increases Ca21 release
from intracellular Ca21 stores through inositol triphosphate,
and inhibits the activity of adenylate cyclase (AC), which is an
upstream target of cAMP signaling (Lundström et al., 2005; Lang
et al., 2007; Mitsukawa et al., 2008; Webling et al., 2012).
Furthermore, it has been reported that the granule cell migration
is highly sensitive to changes in the activity of Ca21 and cAMP
signaling pathways (Komuro and Rakic, 1993, 1996; Rakic et al.,
1994; Kumada and Komuro, 2004; Kumada et al., 2006; Jiang et
al., 2008; Komuro et al., 2015). First, the inhibition of PLC activ-
ity with U73122 (100 nM) or protein kinase C (PKC) activity,
which is a downstream target of Ca21 signaling, with calphostin
C (10 nM), reduced the effects of 1 mM galanin on granule cell
migration (Fig. 2A). Second, the stimulation of AC activity with
forskolin (30 mM) or protein kinase A activity, which is a down-
stream target of cAMP signaling, with Sp-cAMPS (20 mM),
decreased the effects of 1 mM galanin on granule cell migration
(Fig. 2A). Together, these results suggest that galanin increases
the distance of granule cell migration via stimulating Ca21 sig-
naling and inhibiting cAMP signaling.

Galanin increases spontaneous Ca21 spikes in migrating
granule cells
The involvement of Ca21 signaling in galanin-induced accelera-
tion of granule cell migration suggests that galanin may affect the
occurrences of spontaneous Ca21 spikes in granule cells, which
are known to play a role in controlling granule cell migration
(Komuro and Rakic, 1996; Kumada and Komuro, 2004; Komuro
and Kumada, 2005). To test this possibility, using a Ca21 indica-
tor dye (Oregon Green 488 BAPTA-1), we examined whether
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Figure 2. Galanin increases the frequency and amplitude of spontaneous Ca21 spikes in
migrating granule cells. A, Histogram showing the effects of 1 mM galanin, 1 mM
galanin1 30 mM forskolin, 1 mM galanin1 20 mM Sp-cAMPS, 1 mM galanin1 100 nM
U73122, 1 mM galanin1 10 nM calphostin-C, 100 nM M40, and 1 mM galanin1 100 nM M40
on the distance of granule cell migration in microexplant cultures of P3 mouse cerebella. B,
Increase in spontaneous Ca21 spikes in granule cell soma in microexplant cultures of P3
mouse cerebella by 100 nM galanin. C, D, Histograms showing changes in the frequency (C)
and amplitude (D) of Ca21 spikes in granule cell somata by 100 nM and 1 mM galanin or 1
mM galanin1 100 nM M40. The number in parentheses in each column indicates the number
of granule cells tested. Error bars indicate SD. **p, 0.01. In this series of experiments, 17
P3 CD-1 mice (both sexes) from two dams were used to prepare the microexplant cultures of
cerebella.

Figure 1. Galanin accelerates granule cell migration in a dose-dependent manner. A,
Time-lapse images showing that the application of 100 nM galanin increases the distance of
granule cell migration in microexplant cultures of P3 mouse cerebella. Elapsed time (in
minutes) is indicated on the bottom of each photograph. Asterisks mark granule cell somata.
B, The total distance traveled by the granule cell shown in A was plotted as a function of
elapsed time before and after the application of 100 nM galanin. In this study, the average
migration distance of granule cells during the 30 min observational period is ;25mm (as
presented in C). To demonstrate the effects of galanin on migration distance of granule cells
in A, we selected the granule cells that migrated at the distance of 37mm during the 30
min observational period before the application of galanin. Our previous study (Yacubova
and Komuro, 2002) demonstrated that in the microexplant cultures, isolated granule cells ex-
hibit a dynamic cycle of cell advancement and stationary phase every 3 h; active cell migra-
tion lasts for;2 h, and a stationary period is;1 h (Yacubova and Komuro, 2002). Granule
cells also exhibit sequential and cyclic changes of the migration speed: fast-moving cells
gradually slow down movement, while slow-moving cells gradually accelerate movement
(Yacubova and Komuro, 2002). To demonstrate the effects of galanin on cell migration, we
selected fast-moving granule cells, because our previous study (Yacubova and Komuro, 2002)
suggested that, without any alterations of the microenvironment, fast-moving granule cells
tend to slow down the speed of movement. As presented in A and B, fast-moving granule
cells increased the distance of migration from 37mm during the 30 min observational period
(before the application of galanin) to 62.4mm during the 30 min observational period (after
the application of galanin). These results suggest that observed changes in the distance of
granule cell migration after the application of galanin is not because of the spontaneous fluc-
tuations of the migration distance. C, Histogram showing the effects of 0.1 nM to 1 mM gala-
nin on the distance of granule cell migration in microexplant cultures of P3 mouse cerebella.
The number in parentheses in each column indicates the number of granule cells tested.

/

Error bars indicate SD. *p, 0.05; **p, 0.01. D, Histogram showing dose-dependent
effects of galanin on the distance of granule cell migration. In this series of experiments, 18
P3 CD-1 mice (both sexes) from two dams were used to prepare the microexplant cultures of
cerebella.
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the application of exogenous galanin alters spontaneous Ca21

spikes in migrating granule cells. The observation of changes in
intracellular Ca21 levels revealed that the application of 100 nM
galanin increases the frequency and amplitude of spontaneous
Ca21 spikes in migrating granule cells in microexplant cultures
of P3 mouse cerebella (Fig. 2B). On average, the application of
galanin increased the frequency of Ca21 spikes in migrating
granule cells by 32% (100 nM) and 52% (1 mM) of the control,
and the amplitude of Ca21 spikes by 92% (100 nM) and 143% (1
mM) of the control (Fig. 2C,D). Galanin-induced changes in Ca21

spikes in granule cells were eliminated by the application of 100
nM M40 (Fig. 2C,D). Because it has been reported that changes
in the frequency and amplitude of Ca21 spikes in granule cells
are positively related to changes in the rate of granule cell migra-
tion (Komuro and Rakic, 1996), these results suggest that galanin
accelerates granule cell migration by increasing the frequency
and amplitude of spontaneous Ca21 spikes.

The effects of galanin on granule cell migration do not
depend on the mode of migration
In the early postnatal cerebellum, granule cells exhibit cortical
layer-specific modes of migration (Komuro and Rakic, 1995,
1998a; Komuro et al., 2001). As schematically shown in Figure
3A, granule cells exhibit tangential migration in the EGL, glia-
associated radial migration in the ML, and glia-independent ra-
dial migration in the IGL. One can expect that galanin may con-
trol granule cell migration in a cortical layer-dependent and
migration mode-dependent manner. To address this issue, using
acute cerebellar slice preparations obtained from P10 mouse cer-
ebella, we examined the effects of the application of galanin in
granule cell migration in three different cortical layers (EGL, ML,
and IGL). The use of time-lapse recording of cell migration
revealed that the application of 100 nM galanin increases the dis-
tance of granule cell migration in the ML from 18.1 to 25.6mm
during the 1 h observational period (Fig. 3B–D). The application
of 100 nM or 1 mM galanin resulted in an increase in the distance
of granule cell migration in all three cortical layers of P10 mouse
cerebella in a dose-dependent manner (Fig. 3E). On average, the
application of galanin accelerated granule cell migration in the
EGL by 28% (100 nM) and 44% (1 mM) of the control, in the ML
by 37% (100 nM) and 52% (1 mM) of the control, and in the IGL
by 27% (100 nM) and 41% (1 mM) of the control (Fig. 3E). There
was no statistical significance in the effects of galanin on the dis-
tance of granule cell migration among the EGL, ML, and IGL,
indicating that the stimulative effects of galanin on granule cell
migration do not depend on cerebellar cortical layers and the
mode of migration.

Next, we examined whether endogenous galanin plays a role
in granule cell migration. To answer this question, we examined
the effects of M40 (a nonselective galanin receptor antagonist)
on granule cell migration in the EGL, ML, and IGL. The applica-
tion of 100 nM M40 reduced the average distance of granule cell
migration in the EGL by 22% of the control, in the ML by 24% of
the control, and in the IGL by 25% of the control (Fig. 3E). These
results suggested that endogenous galanin plays a role in main-
taining the rate of granule cell migration during their entire
journey.

Expression of galanin in the early postnatal mouse
cerebellum
To learn more about the roles of galanin in granule cell migra-
tion, using immunohistochemical tools, we examined the expres-
sion of galanin in the early postnatal mouse cerebellum during a

period of active granule cell migration. The low-magnification
images revealed that during the peak of granule cell migration
(at P10), galanin is present in every lobule (from lobule I to
lobule X) of the cerebellum, and the expression of galanin is well
colocalized with GAD671 regions (Fig. 4A). The high-magnifica-
tion images suggested that several distinct types of neurons and
neuronal processes express galanin in the developing cerebellar
cortical layers (Fig. 4B–H). Galanin is expressed throughout the
ML, and especially in the dendrites of GAD671 and calbindin1

Purkinje cells (Fig. 4B,C). In the PCL, the somata of GAD671

and calbindin1 Purkinje cells highly express galanin (Fig. 4B,C).
In the IGL, galanin is expressed in the middle-sized somata of

Figure 3. The effects of galanin on granule cell migration are independent of the mode
of migration. A, Schematic representation of the following three distinct modes of granule
cell migration in the early postnatal mouse cerebellum: 1, tangential migration in the EGL; 2,
glia-associated radial migration in the ML; and 3, glia-independent radial migration in the
IGL. B, Time-lapse images showing that the application of 100 nM galanin accelerates the ra-
dial migration of granule cells in the ML of P10 mouse cerebella. Elapsed time (in minutes)
is indicated on the bottom of each photograph. Asterisks mark granule cell somata. The cort-
ical layers and cortical layer borders (the EGL–ML border, the ML–PCL border, the PCL–IGL
border, and the IGL–WM border) were determined by simultaneously taking transmitted
images and Cell Tracker Green CMFDA fluorescent images at the beginning and end of each
time-lapse recording session for cell migration by the use of a confocal microscope (model
SP5, Leica). C, D, Sequential changes in the distance (C) traveled during each 30min of the
testing period and the total distance (D) by granule cell shown in B were plotted as a func-
tion of elapsed time before and after the application of 100 nM galanin. E, Histogram show-
ing the effects of 100 nM and 1 mM galanin, and 100 nM M40 on the distance of granule cell
migration in the three cortical layers (the EGL, the ML, and the IGL) of P10 mouse cerebella.
The number in parentheses in each column indicates the number of granule cells tested.
Error bars indicate SD. *p, 0.05; **p, 0.01. In this series of experiments, 23 P10 CD-1
mice (both sexes) from three dams were used to prepare the 150-mm-thick slices of
cerebella.
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Figure 4. The expression of endogenous galanin in the P10 mouse cerebellum at the peak stage of granule cell migration. A, Immunostains of galanin and GAD67 in the P10 mouse cerebel-
lum. Galanin is expressed in all lobules (lobule I–X), and its expression is well colocalized with the expression of GAD67. B, Immunostains showing the coexpression of galanin and GAD67 in
the dendrites and somata of Purkinje cells (white asterisks) in the ML and the PCL. C, Immunostains showing the coexpression of galanin and calbindin in the dendrites and somata of Purkinje
cells (white asterisks) in the ML and the PCL. D, Immunostains showing the coexpression of galanin and GAD67 in the cell somata marked by asterisks (possible Golgi cell somata) in the IGL. E,
Immunostains showing the coexpression of galanin and a-synuclein in the processes marked by asterisks (possible mossy fiber rosettes) in the IGL. F, Immunostains showing the coexpression
of galanin and calbindin in the axons marked by asterisks (possibly Purkinje cell axons) in the WM. G, Immunostains showing the expression of galanin and Iba1 in the ML. Iba11 cells marked
by an asterisk (microglia and macrophages) do not express galanin. H, Immunostains showing the expression of galanin and NG2 in the IGL. NG21 cells marked by an asterisk (oligodendrocyte
precursor cells) do not express galanin. In this series of experiments (from A to H), ten P10 CD-1 mice (both sexes) from two dams were used to conduct immunohistochemical staining. I,
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GAD671 cells, which are likely Golgi cells (Fig. 4D), and a-syn-
uclein1 neuronal processes, which are likely mossy fiber termi-
nals (mossy rosettes; Fig. 4E). In the WM, calbindin1 neuronal
processes, which are likely Purkinje cell axons, express galanin
(Fig. 4F). In the developing cerebellar cortical layers, Iba11 cells
(microglia/macrophages) and NG21 cells (oligodendrocyte pro-
genitor cells) do not express galanin (Fig. 4G,H). Furthermore,
analysis with the use of immuno-EM confirmed galanin expres-
sion in Purkinje cell somata and presynaptic terminals in the cer-
ebellar cortical layers of P10 mice (Fig. 4I–M).

In the early postnatal cerebellum, the majority (;95%) of
granule cells migrate from the EGL through the ML and the PCL

/

Light microscopy images of galanin1 Purkinje cells (asterisks), which were analyzed with
electron microscopy. J, Electron micrographs of a galanin1 Purkinje cell body (highlighted
semitransparent green). Accumulations of diffuse DAB-Ni staining in cytoplasm are indicated
by arrows. N, Cell nucleus. K, High-power image of the framed area (indicated in J) shows
contact of an immuno-negative cell with the galanin1 Purkinje cell. Accumulations of diffuse
DAB-Ni staining in cytoplasm are indicated by arrows. L, M, High-power images in the IGL
show the expression of galanin in presynaptic terminals (highlighted semitransparent green).
Arrowheads mark the synaptic sites. In this series of experiments (I–M), two P10 CD-1 mice
(both sexes) from a single dam were used to conduct immuno-EM analysis.

Figure 5. A–G, The expression of endogenous galanin in the P6 mouse cerebellum (A–F) and the E16 mouse cerebrum (G). A, Immunostains of galanin and GAD67 in the P6 mouse cerebel-
lum. Galanin is expressed in all lobules (lobule I–X), and its expression is colocalized with the expression of GAD67. B, Immunostains showing the coexpression of galanin and GAD67 in the
dendrites and somata of Purkinje cells (white asterisks) in the ML and the PCL. C, Immunostains showing the coexpression of galanin and calbindin in the dendrites and somata of Purkinje cells
(white asterisks) in the ML and the PCL. D, Immunostains showing the coexpression of galanin and GAD67 in the cell soma marked by asterisks (possible Golgi cell somata) in the IGL. E,
Immunostains showing the coexpression of galanin and a-synuclein in the processes marked by asterisks (possible mossy fiber rosettes) in the IGL. F, Immunostains showing the coexpression
of galanin and calbindin in the axons marked by asterisks (possibly Purkinje cell axons) in the WM. In this series of experiments (from A to F), seven P6 CD-1 mice (both sexes) from two dams
were used to conduct immunohistochemical staining. G, Immunostains of galanin in the E16 mouse cerebrum. Galanin is expressed in the intermediate zone (marked by asterisks) in the cere-
brum. cp, Cortical plate; thal, thalamus. In this series of experiments (G), three E16 CD-1 mice from two pregnant mice were used to conduct immunohistochemical staining.
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to the IGL during the second postnatal week (Miale and Sidman,
1961). To examine whether galanin is expressed in the early stage
of granule cell migration, we examined the expression of galanin
in P6 mouse cerebellum. The low-magnification images revealed
that in P6 mouse cerebella, galanin is already present in every
lobule (from lobule I to lobule X) of the cerebellum in a similar

pattern of distribution observed in P10 mouse cer-
ebella (Fig. 5A). The low-magnification images
indicated that in the cerebellar cortical layers of
P6 mice, GAD671 and calbindin1 Purkinje cells
express galanin in the ML and the PCL (Fig. 5B,C).
GAD1 cells (possibly Golgi cells) and a-synuclein1

neuronal processes (possibly mossy rosettes) express
galanin in the IGL (Fig. 5D,E). Calbindin1 processes
(possibly Purkinje cell axons) express galanin in the
WM (Fig. 5F). These results suggest that endoge-
nous galanin is present in cerebellar cortical layers
(the ML, the PCL, and the IGL) at the beginning of
granule cell migration from the EGL to the IGL.

Furthermore, to determine whether the early
expression of galanin during neuronal migration
is limited to the cerebella, we examined the
expression of galanin in the cerebrum of mouse
embryos. Immunohistochemical staining revealed
that at E16 (an active stage of migration of both
cortical excitatory neurons and inhibitory neu-
rons) of the mouse cerebra, galanin is present in
the intermediate zone (iz; Fig. 5G), suggesting that
endogenous galanin is present in the embryonic
cerebrum, where many cortical neurons migrate
through.

Role of galanin in granule cell migration in
vivo
The expression of endogenous galanin in cerebel-
lar cortical layers suggested that galanin might
control cerebellar granule cell migration in the
early postnatal mice. To test whether galanin plays
a role in controlling granule cell migration in vivo,
using an in vivo live-imaging system for cell
migration (Fahrion et al., 2012; Li et al., 2012), we
monitored the effect of the application of exoge-
nous galanin and M40 on the tangential migration
of granule cells in the EGL of P10 mouse cerebel-
lum. At the middle and bottom of the EGL, post-
mitotic granule cells had a horizontally oriented
soma with one or two horizontally extending
processes (a leading process and a trailing process;
Fig. 6A; Rakic, 1971; Kumada et al., 2009). To
monitor granule cell migration in the EGL, a small
amount of DiI solution was injected into the EGL
of lobules V, VI, and VII of the P10 mouse cere-
bellum (Fig. 6B). Two hours after the DiI injec-
tion, the migration of DiI-labeled granule cells
was observed using confocal microscopy (Fig. 6B).
Time-lapse recordings of cell movement revealed
that the injection of galanin (10ml of 1 mM) into
the dorsal surface of the cerebellum increases the
distance of granule cell migration in the EGL of
lobule VIb from 16.4 to 25.4mm during the 1 h
observational period (Fig. 6C–E). In contrast, the
injection of M40 (5ml of 1 mM) into the dorsal sur-
face of the cerebellum decreased the distance of
granule cell migration in the EGL of lobule VIb

from 17.2 to 11.6mm during the 1 h observational period (Fig.
6F–H). On average, in the EGL of lobules V, VI, and VII of the
P10 mouse cerebellum, the injection of galanin (10ml of 1 mM)
increased the distance of granule cell migration by 34% of the
control, while the injection of M40 (5ml of 1 mM) decreased the

Figure 6. Alterations of granule cell migration in vivo by the application of galanin and M40. A, Micrographs
showing tangentially migrating granule cells in the EGL of P10 mouse cerebellum stained by the Golgi method.
Red dots and blue arrowheads represent the somata and tips of leading processes of granule cells, respectively. B,
Schematic representation of the injection of fluorescent dye (DiI) into the EGL of the early postnatal mouse cere-
bellum and monitoring the migration of DiI-labeled granule cells in vivo using confocal microscopy. C, Time-lapse
images showing that the injection of galanin (10ml of 1 mM) into the dorsal surface of P10 mouse cerebellum
accelerates tangential migration of a DiI-labeled granule cell in the EGL. In C and F, elapsed time (in minutes) is
indicated on the bottom left corner of each photograph. Asterisks and yellow dots mark granule cell somata and
the tip of leading processes, respectively. D, E, Sequential changes in the distance of granule cell migration during
each 30min interval (D) and the total distance of granule cell migration (E) shown in C were plotted as a function
of elapsed time before and after the injection of galanin. F, Time-lapse images showing that the injection of M40
(5ml of 1 mM) into the dorsal surface of P10 mouse cerebellum decelerates tangential migration of a DiI-labeled
granule cell in the EGL. G, H, Sequential changes in the distance of granule cell migration during each 30min
interval (G) and the total distance of granule cell migration (H) shown in F were plotted as a function of elapsed
time before and after the injection of M40. I, Histogram showing the effects of galanin and M40 on the distance
of tangential migration of granule cells in the EGL of P10 mouse cerebella. The number in parentheses in each col-
umn indicates the number of granule cells tested. Error bars indicate SD. *p, 0.05; **p, 0.01. For the Golgi
staining study, three P10 CD-1 mice (both sexes) from a single dam were used. For the study examining the
effects of galanin on the in vivo migration of granule cells, 27 P10 CD-1 mice (both sexes) from nine dams were
tested. Each experimental group (control group, galanin group, and M40 group) was composed of nine P10 CD-1
mice (both sexes) from the same nine dams.
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distance of migration by 18% of the con-
trol (Fig. 6I). These results suggest that in
the early postnatal mouse cerebellum, the
stimulation of galanin signaling acceler-
ates granule cell migration, while the in-
hibition of galanin signaling decelerates
the migration.

Focal freezing treatment on the skull
alters the growth of cerebellar
cortical layers in a lesion site-specific
manner
After determining the role of galanin in
granule cell migration in vivo and in
vitro, we examined whether galanin
also plays a role in granule cell migra-
tion after brain injury. To injure focal
regions of the cerebellum, we applied
FT on the skull of P10 mice (Chiaretti
et al., 2011; Wang et al., 2014). As
shown in Figure 7, A and B, a cooled
(�70°) platinum probe (diameter, 1
mm) was placed on the midline of the
occipital bone near the occipital bone–
interparietal bone border of P10 mice for
10 s. In control animals (sham animals),
the probe, which was maintained at
room temperature, was placed on the
same site of the occipital bone. Although
FT did not affect the daily gain of body
and cerebellar weight of mice (Fig. 7C,D),
a histologic analysis revealed that 2d after
treatment, in the midline region of lobule
VIb of FT mouse cerebella, the EGL, ML,
and IGL are thinner compared with the
control animals and the EGL is disorgan-
ized (Fig. 7E–H). In contrast, in the prox-
imal regions of crus I of FT mouse
cerebella, the EGL, ML, and IGL were
thicker compared with those in the con-
trol animals (Fig. 7E–H). These results
suggest that FT results in the under-
growth of cerebellar cortical layers in the
midline regions of lobule VIb (the core of
the lesion site, which is the region under
the skull where the cooled probe is
placed), but results in the overgrowth of
cerebellar cortical layers in the proximal
regions of lobule crus I (the surroundings
of the lesion site).

FT decelerates granule cell migration
at the core of the lesion site, but
accelerates granule cell migration at
the surroundings of the lesion site
Next, using an in vivo live-imaging system for cell migration, we
examined the effects of FT on granule cell migration. We focused
on the migration of granule cells in the EGL of lobule VIb (the
core of the lesion site) and crus I (the surroundings of the lesion
site), and observed granule cell migration 12, 24, and 48 h after
treatment. Compared with control mice, 12 h after treatment, FT
mice exhibited a deceleration of granule cell migration in the
midline region of lobule Vib and an acceleration of the migration

in the proximal region of crus I (Fig. 8A–H). On average, the dis-
tance of granule cell migration in the midline region of lobule
VIb in FT mice was reduced to 43% (12 h after treatment), 56%
(24 h after treatment), and 66% (48 h after treatment) of the con-
trol group, while the distance of granule cell migration in the
proximal region of left crus I in FT mice increased to 124% (12 h
after treatment), 113% (24 h after treatment), and 105% (48 h af-
ter treatment) of the control group (Fig. 8I). These results suggest
that FT decelerates granule cell migration at the core of the lesion

Figure 7. FT affects the growth of cerebellar cortical layers in a lesion site-specific manner. A, Schematic representation show-
ing the site (marked by a red circle) where a cooled (�70°C) 1-mm-diameter platinum probe was placed on the skull of a P10
mouse. IPa, Interparietal bone; Oc, occipital bone; Pa, parietal bone. B, Micrograph showing the site (a red circle) of FT on the
occipital bone (Oc) on P10 mouse. C, D, Histograms showing that FT does not affect daily gain of body weight (C) and wet cere-
bellar weight (D) 24 and 48 h after treatment compared with the control group. In C, the number in parentheses in each column
indicates the number of animals tested. In D, the number in parentheses in each column indicates the number of cerebella
tested. Error bars represent SD. E, A dorsal view of P12 mouse cerebellum. Lobule VIb and left crus I are outlined by a dotted red
line and a dotted green line, respectively. c, Caudal direction; r, rostral direction. F, Low-magnification images of cresyl violet
stains of the transverse sections of the cerebella of control and FT mice 48 h after treatment showing the alterations of the thick-
ness of the EGL, the ML, the PCL, and the IGL of lobule VIb and left crus I. G, High-magnification images of cresyl violet stains of
the transverse sections of the cerebella of control and FT mice 48 h after treatment showing the disruption of the EGL of lobule
VIb and the enlargement of the EGL of left crus I of the cerebella of FT mice. H, Lesion site-specific changes in the growth of
three cortical layer (the EGL, the ML, and the IGL) in the cerebella of FT mice 48 h after treatment. Positive changes (represented
by red) and negative changes (represented by blue) in the growth of each cortical layer of FT mouse cerebella were calculated by
dividing the width of each cortical layer in the FT mice by the width of each corresponding layer in the control mice. In the study
examining the effects of FT on body weight (C), cerebellar weight (D), and the growth of cerebellar cortical layers (E–H), each ex-
perimental group (control group and FT group) was composed of 24 P10 CD-1 mice (both sexes) from the same six dams. Eight
mice in each group were killed (1) before treatment, (2) 24 h after treatment, and (3) 48 h after treatment.

8734 • J. Neurosci., October 20, 2021 • 41(42):8725–8741 Komuro et al. · Galanin and Neuronal Migration



site where cortical layers are undergrown, while FT accelerates
granule cell migration in the surroundings of the lesion site
where cortical layers are overgrown.

FT alters the translocation of granule cells to the IGL in a
lesion site-specific manner
FT-induced alterations of the distance of granule cell migration
may affect the translocation of granule cells from their birth-
place (the EGL) to their final destination (the IGL), which
subsequently alters the growth of the IGL. Using BrdU, which
is incorporated only into proliferating cells (e.g., granule cell
precursors), we previously reported that in the early postnatal
mouse cerebellum, .50% of granule cells translocate their
soma from the EGL into the ML, PCL, and IGL within 48 h af-
ter their final mitosis at the top of the EGL (Komuro et al.,
2001; Kumada et al., 2006). To determine whether FT affects
the translocation of granule cells from the EGL to the IGL, we
injected BrdU (50 mg/g body weight, i.p.) into control and FT
mice 4 h before treatment. Subsequently, using an anti-BrdU
monoclonal antibody, we examined the distribution of BrdU1

cells in the EGL, ML, and IGL of lobule VIb and crus I of the
cerebellum of control and FT mice 48 h after the treatment
(Fig. 9A). In the FT mice, the average number of BrdU1 cells
in the ML of the midline region of lobule VIb decreases to
36% of the control mice, while the average number of BrdU1

cells in the ML of the proximal region of crus I increases to
116% of the control mice (Fig. 9B). Likewise, in the FT mice,

the average number of BrdU1 cells in the IGL of the midline
region of lobule VIb decreases to 31% of the control mice,
while the average number of BrdU1 cells in the IGL of the
proximal region of crus I increases to 113% of the control
mice (Fig. 9C). These results indicate that FT affects granule
cell translocation to the ML and the IGL in a lesion site-spe-
cific manner: FT results in the reduction of the number of
granule cells reaching the ML and the IGL at the core of the
lesion site, but results in the increase of the number of granule
cells reaching the ML and the IGL in the surroundings of the
lesion site. These results suggest that lesion site-specific altera-
tions of the ML and the IGL growth may be at least in part
because of the lesion site-specific alterations of granule cell
translocation to the ML and the IGL.

The reduction of the number of granule cells reaching the ML
and the IGL at the core of the lesion site may be because of
increased cell death of granule cells and granule cell precursors
caused by FT. To test this possibility, using a TUNEL assay, we
examined apoptotic cell death of granule cell precursors and of
granule cells in the EGL and the ML of lobule VIb and crus I of
the cerebellum of control and FT mice 48 h after treatment. The
TUNEL assay indicated that FT increases cell death in the EGL
and the ML of lobule VIb of the cerebellum to 327% of the con-
trol mice, but does not significantly affect cell death in the EGL
and the ML of crus I (Fig. 10A,B). These results suggest that the
reduction in the number of granule cells reaching the ML and
the IGL at the core of the lesion site (lobule VIb) by FT may be
because of the inhibition of translocation of granule cells as well

Figure 8. Lesion site-specific alterations of granule cell migration by FT. A, C, Time-lapse images showing tangential migration of granule cells in the EGL of the midline region of lobule VIb
(A) and the proximal region of left crus I (C) of control mouse cerebella 12 h after sham treatment. Elapsed time (in minutes) is indicated on the bottom left corner of each photograph.
Asterisks and yellow dots mark granule cell somata and the tip of leading processes, respectively. B, D, The total distance of granule cell migration during the 2 h observational period shown
in A and C was plotted as a function of elapsed time. E, G, Time-lapse images showing tangential migration of granule cells in the EGL of the midline region of lobule VIb (E) and the proximal
region of left crus I (G) of FT mouse cerebella 12 h after freezing treatment. Elapsed time (in minutes) is indicated on the bottom left corner of each photograph. Asterisks and yellow dots
mark granule cell somata and the tip of leading processes, respectively. F, H, The total distance of granule cell migration during the 2 h observational period shown in E and G was plotted as
a function of elapsed time. I, Histogram showing the average distance of granule cell migration during the 1 h period in the EGL of the midline region of lobule VIb and the proximal region of
left crus I in the control and FT mice 12, 24, and 48 h after treatment. The number in parentheses in each column indicates the number of granule cells tested. Error bars indicate SD.
*p, 0.05; **p, 0.01. In the study, each experimental group (control group and FT group) was composed of 24 P10 CD-1 mice (both sexes) from the same six dams. The granule cell migra-
tion of eight mice in each group were observed (1) 12 h after treatment, (2) 24 h after treatment, and (3) 48 h after treatment.
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as the increase in cell death of granule cell
precursors and granule cells.

Lesion site-specific changes in galanin
levels after FT
Our working hypothesis was that FT affects
the migration and translocation of granule
cells by altering galanin levels. To test this hy-
pothesis, using a galanin ELISA (Sakamoto et
al., 2000), we measured galanin levels in
lobule VIb and crus I of the cerebellum of
control and FT mice 12, 24, and 48 h after
treatment. Galanin levels in the midline
region of lobule VIb of FT mouse cerebella
decreased to 51% (12 h after treatment), 60%
(24 h after treatment), and 68% (48 h after
treatment) of the control group (Fig. 11A). In
contrast, galanin levels in the proximal region
of crus I of FT mouse cerebella increased to
276% (12 h after treatment), 218% (24 h after
treatment), and 132% (48 h after treatment)
of the control (Fig. 11A). As presented in
Figure 11, B and C, 24 h after FT, Iba11 cells
(microglia/macrophages) and NG21 cells
(oligodendrocyte progenitor cells) in crus I
expressed galanin, although these cells do not express galanin in
the normal cerebellar cortical layers (Fig. 4G,H). These results
indicated that FT causes the reduction of galanin levels at the core
of the lesion site (where granule cell migration decelerates and the
number of granule cells reaching the IGL decreases), while FT
causes the increase of galanin levels in the surroundings of the
lesion site (where granule cell migration accelerates and the num-
ber of granule cells reaching the IGL increases), suggesting that
lesion site-specific alterations of galanin levels may play a key role
in alterations of the migration and translocation of granule cells af-
ter injury. The cellular mechanisms underlying the FT-induced
alterations of galanin levels remain to be determined.

The effects of FT on granule cell migration are reduced by
manipulating galanin signaling
If FT affects granule cell migration by altering galanin levels, ex-
perimental manipulation of galanin signaling would alter the
effects of FT on granule cell migration. To test this possibility, we
injected galanin (10ml of 1 mM) or M40 (5ml of 1 mM) into the
dorsal surface of the cerebellum of the control and FT mice 1, 10,
20, and 40 h after treatment. We measured the migration of
granule cells in the EGL of lobule VIb and crus I of the cerebel-
lum of control and FT mice 12, 24, and 48 h after treatment. The
injection of galanin into the FT mouse cerebella resulted in an
increase of the distance of granule cell migration in the EGL of
lobule VIb to 173% (12 h after treatment), 160% (24 h after treat-
ment), and 157% (48 h after treatment) of mice with FT alone,
but did not significantly affect the distance of granule cell migra-
tion in the EGL of crus I (Fig. 12). On the other hand, the injec-
tion of M40 into the FT mouse cerebella resulted in a decrease of
the distance of granule cell migration in the EGL of crus I to 76%
(12 h after treatment), 79% (24 h after treatment), and 83% (48 h
after treatment) of mice with FT alone, but did not significantly
affect the distance of granule cell migration in the EGL of lobule
VIb (Fig. 12). In both lobule VIb and crus I of control mice, gala-
nin injection increased the distance of granule cell migration in
the EGL and M40 injection decreased the distance of granule cell
migration in the EGL 12, 24, and 48 h after sham treatment (Fig.

12). These results indicated that stimulating galanin signaling
reduces the inhibitory effects of FT on granule cell migration at
the core of the lesion site, while inhibiting galanin signaling
reduces the stimulatory effects of FT on granule cell migration in
the surroundings of the lesion site. These results suggest that
lesion site-specific alterations of granule cell migration are at
least in part because of the corresponding alterations of galanin
levels, implying that FT-induced deficits in neuronal cell migra-
tion may be restored by manipulating galanin signaling.

Manipulating galanin signaling mitigates the effects of FT on
granule cell translocation and cortical layer growth
The next question was whether manipulating galanin signaling
restores FT-induced alterations of granule cell translocation and
cortical layer growth. To answer this question, galanin (10ml of 1
mM) or M40 (5ml of 1 mM) was injected into the dorsal surface of
cerebella of the control and FT mice 1, 10, 20, and 40 h after
treatment. To determine the effects of galanin or M40 injection
on FT-induced alterations of granule cell translocation and corti-
cal layer growth, 48 h after sham or FT treatment, we examined
the distribution of BrdU1 cells in the IGL and the width of corti-
cal layers (in the EGL, ML, and IGL) of lobule VIb and crus I.
The injection of galanin increased the number of BrdU1 cells in
the IGL of lobule VIb of FT mouse cerebella to 235% of mice
with FT alone but did not significantly affect the number of
BrdU1 cells in the IGL of crus I (Fig. 13A). Likewise, the injec-
tion of galanin increased the width of the EGL, ML, and IGL of
lobule VIb of FT mouse cerebella to 135%, 123%, and 122% of
mice with FT alone, respectively, but did not significantly affect
the width of the EGL, ML, and IGL of crus I (Fig. 13B). In con-
trast, the injection of M40 decreased the number of BrdU1 cells
in the IGL of crus I of FT mouse cerebella to 75% of mice with
FT alone but did not significantly affect the number of BrdU1

cells in the IGL of lobule VIb (Fig. 13A). Likewise, the injection
of M40 decreased the width of the EGL, ML, and IGL of crus I of
FT mouse cerebella to 74%, 87%, and 81% of mice with FT alone,
respectively, but did not significantly affect the width of the EGL,
ML, and IGL of lobule VIb (Fig. 13B). Together, these results

Figure 9. FT-induced alterations of the number of granule cells reaching the ML and the IGL. A, Micrographs showing
the distribution of BrdU1 cells in the EGL, the ML, and the IGL of lobule VIb and crus I of the cerebellum of control and FT
mice 48 h after treatment. B and C, Histograms showing the average number of BrdU1 cells in the ML (B) and the IGL (C)
of lobule VIb and crus I of the cerebellum of control and FT mice 48 h after treatment. The number in parentheses in each
column indicates the total number of BrdU1 cells counted. Error bars indicate SD. *p, 0.05; **p, 0.01. The cortical
layers (the EGL, the ML, and the IGL) were determined by simultaneously taking transmitted images and fluorescein fluo-
rescent images of each section. In the study, each experimental group (control group and FT group) was composed of five
P10 CD-1 mice (both sexes) from the same two dams.
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suggest that lesion site-specific manipulation of galanin signaling
may ameliorate FT-induced deficits in granule cell translocation
and cortical layer growth.

Discussion
The present study demonstrates that galanin plays a role in con-
trolling the migration of cerebellar granule cells in the early post-
natal mouse during normal development and after injury.

Galanin maintains the distance of gran-
ule cell migration via the activation of
its receptors. After cold-induced injury,
galanin levels decrease at the core of the
lesion site but increase in the surround-
ings of the lesion site. The lesion site-
specific changes in galanin levels result
in corresponding changes in the distance
of granule cell migration and cortical
layer growth. Experimental manipula-
tions of galanin signaling partially ameli-
orates the effects of cold-induced injury
on granule cell migration and cortical
layer growth, suggesting that the cold-
induced deficits in granule cell migra-
tion and cortical layer growth are at least
in part because of alterations of galanin
levels.

Galanin accelerates granule cell
migration via stimulating Ca21 sig-
naling and inhibiting cAMP signal-
ing through the activation of galanin
receptors (Fig. 2). In terms of the
regulation of Ca21- and cAMP-sig-
naling activity, GalR1 inhibits for-
skolin-stimulated cAMP production
in a pertussis toxin (PTX)-sensitive
manner, opens G-protein-regulated
inwardly rectifying K1 channels, and
stimulates mitogen-activated protein
kinase (MAPK) activity in a PKC-de-
pendent fashion (Lundström et al.,
2005; Lang et al., 2007; Mitsukawa et
al., 2008). GalR2 triggers PLC activity
and intracellular phosphoinositol turn-
over, mediating Ca21 release from intra-
cellular Ca21 stores and opening Ca21-
dependent channels (Lundström et al.,
2005; Lang et al., 2007). GalR2 also acti-
vates MAPK through PKC and may
inhibit forskolin-stimulated cAMP
production in a PTX-sensitive man-
ner (Lundström et al., 2005; Lang et
al., 2007). GalR3 is coupled to the in-
hibition of AC activity (Lang et al.,
2007; Webling et al., 2012; Lang et al.,
2015). As described above, all three
types of galanin receptors are able to
directly or indirectly affect the activity
of Ca21 and/or cAMP signaling path-
ways (Lundström et al., 2005; Lang et
al., 2007; Mitsukawa et al., 2008). The
precise roles of each galanin receptor
in granule cell migration remain to be
determined with the combined use of

subtype-specific antagonists or agonists of galanin receptors
and GalR1-, GalR2-, GalR3-KO (knock-out) mice.

Galanin may play a role in controlling neuronal cell
migration in the developing cerebrum. The developing cer-
ebrum expresses high levels of galanin and immature cere-
bral cortical neurons express galanin receptors (Fig. 5G;
Elmquist et al., 1993; Burazin et al., 2000; Shen et al., 2005).
The migration of cerebral cortical neurons is also controlled

Figure 10. FT increases cell death in the EGL and ML of lobule VIb of the cerebellum, but does not significantly affect cell death in
the EGL and ML of crus I. A, Micrographs showing TUNEL1 cells in the EGL and ML of lobule VIb and crus I of the cerebellum of control
and FT mice 48 h after treatment. B, Histogram showing the average number of TUNEL1 cells in the EGL and ML of lobule VIb and crus
I of the cerebellum of control and FT mice 48 h after treatment. The number in parentheses in each column indicates the total number
of TUNEL1 cells counted. Error bars indicate SD. **p, 0.01. The cortical layers (the EGL, the ML, and the IGL) were determined by
simultaneously taking transmitted images and fluorescein fluorescent images of each section. In the study, each experimental group (con-
trol group and FT group) was composed of five P10 CD-1 mice (both sexes) from the same two dams.

Figure 11. FT alters galanin levels in the early postnatal mouse cerebellum in a lesion site-specific manner. Histograms showing
alterations of galanin levels in lobule VIb and crus I in the cerebellum of control and FT mice 12, 24, and 48 h after treatment. The num-
ber in parentheses in each column indicates the number of cerebella tested. Error bars represent SD. *p, 0.05; **p, 0.01. A, In the
study, 63 P10 CD-1 mice (both sexes) from seven dams were used. B, Immunostaining of galanin and Iba1 in the EGL, the ML, and the
PCL of crus I of the cerebellum of FT mice 24 h after treatment. Asterisks mark the somata of Iba 11 cells. C, Immunostainings of galanin
and NG2 in the IGL of crus I of the cerebellum of FT mice 24 h after treatment. Asterisks mark the somata of NG21 cells. In this study
in B and C, seven P10 CD-1 mice (both sexes) from two dams were used to conduct immunohistochemical staining.
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by alterations of the Ca21 and cAMP signaling pathways
(Behar et al., 1996; Lundgren et al., 2012; Bony et al., 2013).
Collectively, these lines of evidence suggest that galanin
may control the migration of cerebral cortical neurons dur-
ing normal development.

There are some discrepancies in the effects of M40 (a nonspe-
cific galanin receptor antagonist) on granule cell migration in
this study. The application of M40 did not alter the distance of
granule cell migration in the microexplant cultures (Fig. 2A),
while the application of M40 reduced the distance of granule cell
migration in the cerebellar slice preparations (Fig. 3E). There is a
possible scenario that explains the discrepancies. In the microex-
plant cultures of early postnatal mouse cerebella, .95% of the
cells are cerebellar granule cells (Yacubova and Komuro, 2002),
and galanin-producing cells (e.g., Purkinje cells and Golgi cells)
are very rare (Nagata and Nakatsuji, 1990). The culture medium
used for microexplant cultures (Neurobasal Medium with N2
supplement) does not contain galanin. The lines of evidence sug-
gest that in the microexplant cultures, galanin receptors on

migrating granule cells may not be activated because of low levels
of galanin in the surrounding microenvironment, leading to the
lack of the effects of M40 on migration. In contrast, in the cere-
bellar slice preparations, which contain galanin-producing cells
and processes (including Purkinje cells, Golgi cells, and mossy
rosettes), galanin receptors on migrating granule cells may be
activated because of high levels of galanin in the surrounding
microenvironment, leading to the inhibitory effects of M40 on
migration.

Figure 12. Manipulation of galanin signaling by injecting galanin and M40 ameliorates
the effects of FT on granule cell migration. Histograms showing the effects of the injection of
galanin or M40 into the dorsal surface of the cerebella on the average distance of granule
cell migration during the 1 h period in the EGL in lobule VIb and crus I in the cerebellum of
control and FT mice 12, 24, and 48 h after treatment. The number in parentheses in each
column indicates the number of granule cells tested. Error bars indicate SD. *p, 0.05;
**p, 0.01. In the study, each experimental group (1, control group; 2, control 1 galanin
group; 3, control 1 M40 group; 4, FT group; 5, FT 1 galanin group; 6, FT 1 M40 group)
was composed of 15 P10 CD-1 mice (both sexes) from the same 12 dams. Five mice in each
experimental group were tested for granule cell migration (1) 12 h after treatment, (2) 24 h
after treatment, and (3) 48 h after treatment, respectively. Figure 13. A, B, Manipulation of galanin signaling by injecting galanin and M40 reduces

the effects of FT on the translocation of granule cells (A) and the growth of cerebellar cortical
layers (B). A, Histograms showing the effects of the injection of galanin and M40 into the
dorsal surface of the cerebella on the average number of BrdU1 cells in the IGL of lobule VIb
and crus I of the cerebellum of control and FT mice 48 h after treatment. The number in
parentheses in each column indicates the total number of BrdU1 cells counted. B,
Histograms showing the effects of the injection of galanin and M40 into the dorsal surface of
the cerebella on the average width of the EGL, ML, and IGL of lobule VIb and crus I of the
cerebellum of control and FT mice 48 h after treatment. The number in parentheses in each
column indicates the number of mice tested. In A and B, error bars indicate SD. *p, 0.05;
**p, 0.01. In the study, each experimental group (1, control group; 2, control 1 galanin
group; 3, control 1 M40 group; 4, FT group; 5, FT 1 galanin group; 6, FT 1 M40 group)
was composed of six P10 CD-1 mice (both sexes) from the same six dams.
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During the migration from the EGL through the ML and the
PCL to the IGL, granule cells exhibit three different modes of
migration (1, tangential migration in the EGL; 2, glia-associated
radial migration in the ML; 3, glia-independent radial migration
in the IGL; Komuro and Rakic, 1995, 1998a; Komuro et al.,
2001). It has been suggested that the modes of neuronal migra-
tion are determined by the expression of cell-adhesion molecules
and guidance molecules (including attractive and repulsive mole-
cules), and physical contacts between migrating cells and sur-
rounding tissues (Komuro and Rakic, 1998b; Yacubova and
Komuro, 2003; Togashi et al., 2009; Solecki, 2012; Minegishi and
Inagaki, 2020). In this study, the application of galanin or M40
alters the distance of granule cell migration, but the galanin- and
M40-induced changes in migration do not depend on the mode
of migration (Fig. 3E), suggesting that galanin and its receptor
are primarily involved in controlling the motility of granule cells.

Global galanin KO mice exhibit a wide variety of phenotypes,
including endocrine, neurologic, and behavioral deficits (Wynick
et al., 1998; Holmes et al., 2000; Wynick and Bacon, 2002;
Zachariou et al., 2003; Ahrén et al., 2004; Adams et al., 2008).
Galanin-KO mice, GalR1-KO mice, and GalR2-KO mice do not
display any marked phenotype in the neuronal cytoarchitecture
in the CNS (Lang et al., 2015). These findings suggest that the
effects of the loss of galanin signaling on brain development may
be compensated for by the upregulation of other signaling and
that galanin signaling may not be essential for the maintenance
of neuronal cell migration and cortical layer growth during nor-
mal brain development. Conversely, galanin-KO mice demon-
strate a 35% reduction of the number of DRG neurons after
nerve injury compared with WT controls (Holmes et al., 2000),
suggesting that galanin signaling may play a critical role in the
recovery and survival of neurons after injury.

Brain injury during prenatal and early postnatal development
remains a significant health problem, and often leads to func-
tional and morphologic deficits in developing brains (Soto-Ares
et al., 2000; Rutherford et al., 2010, 2012; Back and Miller, 2014).
Therapeutic interventions aimed at facilitating morphologic and
functional recovery are limited. It has been shown that galanin
gene expression and peptide secretion in the nervous system are
upregulated by traumatic brain injury, ischemia, seizure, and
axotomy (Cortés et al., 1990; Hökfelt et al., 1994; Burazin and
Gundlach, 1998; Liu and Hökfelt, 2000; Lundström et al., 2005;
Lang et al., 2007; Mitsukawa et al., 2008; Holm et al., 2011, 2012;
Webling et al., 2012). In this study, to examine whether galanin
signaling is involved in the deficits in neuronal cell migration
and cortical layer growth after brain injury, we chose FT (Peiffer
et al., 2003; Scantlebury et al., 2004; Chiaretti et al., 2011; Wang
et al., 2014). It has been shown that FT induces microgyrus in
the developing cerebrum, a focal cortical malformation with a
small sulcus, and a three- or four-layered microgyric cortex,
which resembles human four-layered microgyria (Dvorák and
Feit, 1977; Dvorõàk et al., 1978). Interestingly, the microgyric
cortex is formed only during the period of active neuronal cell
migration (Dvorák and Feit, 1977), suggesting that FT provides
the best model system to examine the role of galanin in the neu-
ronal cell migration and cortical layer growth after injury.

FT induces the alterations of galanin levels in a lesion site-
specific manner (Fig. 11A). The downregulation of galanin levels
at the core of the lesion site may be because of damage to or cell
death of galanin-expressing cells (e.g., Purkinje cells), leading to
the reduction of galanin synthesis. The upregulation of galanin
levels in the surroundings of the lesion site remain to be deter-
mined, but there are some hints. It has been reported that, after

injury, NG21 cells and microglia often start to express galanin
(Hwang et al., 2004; Butzkueven and Gundlach, 2010). The pres-
ent results also show the expression of galanin in NG21 cells
and Iba11 cells in lobule crus I (Fig. 11B). Furthermore, it
has been suggested that the leukemia inhibitory factor
secreted by astrocytes plays a key role in the upregulation of
galanin in glia and neurons after injury (Holmberg and
Patterson, 2006). Collectively, these lines of evidence sug-
gest that the upregulation of galanin levels in the surround-
ings of the lesion site may be because of (1) an increase in
the number of galanin-expressing cells, (2) enhanced gala-
nin synthesis in neurons and glia, and (3) the combination
of 1 and 2.

The alterations of galanin levels after injury may play multiple
roles in cortical layer growth. It has been reported that galanin
stimulates neuronal cell proliferation and inhibits apoptotic cell
death (Mazarati et al., 2004; Abbosh et al., 2011), implying that
FT-induced alterations of cortical layer growth may result from
the sum of complicated effects of galanin on proliferation, migra-
tion, and cell death.

The question of whether the manipulation of galanin signal-
ing ameliorates the adverse effects of widespread brain injury on
neuronal cell migration and cortical layer growth remains to be
determined. The present study sheds light on the role of galanin
in searching for potential therapeutic treatments for infants with
focal brain injury.
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