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Neuron migration defects are an
important aspect of human neurop-
athies. The underlying molecular mecha-
nisms of such migration defects are
largely unknown. Actin dynamics has
been recognized as an important determi-
nant of neuronal migration, and we
recently found that the actin-binding
protein profilinl is relevant for radial
migration of cerebellar granule neurons
(CGN). As the exploited brain-specific
mutants lacked profilin1 in both neurons
and glial cells, it remained unknown
whether profilinl activity in CGN is rele-
vant for CGN migration in vive. To test
this, we capitalized on a transgenic
mouse line that expresses a tamoxifen-
inducible Cre variant in CGN, but no
other cerebellar cell type. In these profi-
linl mutants, the cell density was ele-
vated in the molecular layer, and ectopic
CGN occurred. Moreover, 5-bromo-2’'-
deoxyuridine
revealed impaired CGN radial migration.

tracing experiments
Hence, our data demonstrate the cell
autonomous role of profilinl activity in
CGN for radial migration.

Introduction

Neuron migration defects are an impor-
tant aspect in human diseases, including
lissencephaly, mental retardation and epi-
lepsy.' However, the mechanisms that con-
tribute to neuron migration defects are
poorly understood. An increasing number
of studies emphasized a crucial role of actin
dynamics in neuron migration,z_4 and
mutations in actin regulatory proteins can
cause defects in

neuron migration
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humans." We recently reported that the
actin-binding protein profilinl is impor-
tant for glial cell adhesion and radial
migration of cerebellar granule neurons
(CGN).>” As a consequence of impaired
radial migration, we found an aberrant
organization of cerebellar cortex layers and
ectopically localized CGN in the molecular
layer of profilinl mutant mice. In these
studies, by exploiting conditional profilinl
mutant mice and transgenic mice express-
ing Cre recombinase under the control of

B

the Nestin promoter,®” we deleted profi-
lin1 in all neural cells, including neurons
and glial cells. Hence, it remained
unknown whether profilinl activity must
be present in CGN to enable their radial
migration. To clarify this, we here made
use of Math1-Cre transgenic mice express-
ing a tamoxifen-inducible variant of Cre
recombinase in CGN, but in no other cell
type of the cerebellum.'® Tamoxifen injec-
tion during early postnatal development,
prior to radial migration, resulted in effi-
cient activation of Cre recombinase in
CGN. Using this strategy, we inactivated
profilinl specifically in CGN during early
postnatal development. By doing so, CGN
radial migration was impaired and resulted
in ectopic CGN in the molecular layer.
These data demonstrate the iz vivo rele-
vance of profilinl activity in CGN for
radial migration and cerebellar
development.

Results
To test whether profilinl activity in
CGN is required for radial migration in

vivo, we made use of conditional profilinl
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Figure 1. Tamoxifen-induced activation of Cre recombinase in CGN. (A-C) X-Gal (blue) and nuclear fast red (red) stained cerebelli of a R26R control and 2
Math1-Cre/R26R mice at P12 after 3 tamoxifen injections during early postnatal development. As indicated by the red boxes in A, high magnification
(right micrograph) shows a section of folium 4 that was used for further analyses throughout this study. Active Cre, as indicated by blue X-Gal staining, is
evident in all 3 layers of the cerebellar cortex, namely the external granule cell layer (EGL), the molecular layer (ML) and the internal granule cell layer
(IGL). Scale bars in C correspond to 250 pum (left), 100 wm (middle) and 100 pm (right).
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mutants (Pfn1™™) and Math1-Cre trans-
genic mice. The latter express a tamoxi-
fen-inducible variant of Cre recombinase
in hair cells of the inner ear and in
CGN.®#1% To confirm efficient Cre activa-
tion in CGN, we intercrossed Math1-Cre
mice with Rosa26 reporter (R26R) mice
that express B-galactosidase (3Gal) upon
Cre activation.'' As expected, X-gal stain-
ing of 12-days-old Mathl-Cre/R26R
mice that received 3 tamoxifen injections
during early postnatal ~ development
revealed BGal expression in all cerebellar
folia, including folium 4 that was analyzed
in further experiments (Fig. 1). In Math1-
Cre/R26R mice, X-gal staining was evi-
dent in all 3 layers of the cerebellar cortex,
consistent with an expression in CGN
that, development,
migrate from the external granule cell

during  postnatal

layer (EGL) across the molecular layer
(ML) into the internal granule cell layer
(IGL).!? Hence, Pfn1/fxMachl-Cre pioe
that receive tamoxifen injections during
early postnatal development represent a
valuable tool to clarify the in vivo rele-

We first investigated the architecture of
the cerebellar cortex in Pfn1¥/fxMathl-Cre
mice at postnatal day (P) 12 by exploiting
propidium iodide, a fluorescent intercalat-
ing dye that non-specifically labels the
somata of all cells. By doing so, we found

all cerebellar folia being present in Pfn1

fMath1-Cre ;e and the cerebellar cortex
layering appeared grossly normal (Fig. 2A,
B), thereby excluding severe developmen-
tal defects. However, we noted a roughly
16% reduction in the IGL width in
Pfn1/ixMachl-Cre i with unchanged
EGL and ML widths (Fig. 2C). Addition-
ally, the ML cell density was increased by
19% in Pfn1H/AoMahl-Cre ice (Fig 2D
F; Pfn1 b/, 4,424 + 159 cells/mm?>,
n=18 images from 4 mice; Pfn1 /e
Math1-Cre, 5,741 + 174 cells/mm?, n=17/
4; P < 0.001). No changes in IGL width
or ML cell density were noted in controls
(Pfn1H/AxMachl-Cre e that  received
corn oil injections; Fig. 2C and F).

An increased ML cell density in
Pfn]M/fieMathl-Cre = pice would be in

agreement with defective CGN  radial

deoxyuridine (BrdU) tracing experiments.
To do so, we injected BrdU at P8, sacri-
ficed the mice 96 h later, visualized
BrdU-positive (BrdU™) cells in brain sec-
tions by immunohistochemistry (Fig. 3A
and B) and quantified i) the distance of
BrdU™ cells to the pial surface and ii) the
distribution of BrdU™ cells within the
cerebellar cortex. Compared to Pfn1H/x
controls, the mean migration distance of
BrdU" cells was decreased by 15% in
Pfnf/feMachi-cre i (Fig. 3G; Pfn1f
fx 1347 + 2.3 um, n=863 cells/14
images/3 mice; Pfn M/ fxeMachi-Cre,
115.5 £+ 2.3 pm, n=852/10/3; P <
0.001), and the distribution of BrdU™
cells within the cerebellar cortex was
altered (Fig. 3D). While the relative
number of BrdU™ cells in the EGL was
similar between mutants and controls
(PA1™%: 7.7 + 0.8%, Pfn1h/fieMahi-
©f 93 4 1.2%, P=0.270), it was
increased in the ML and reduced in the
IGL (ML: Pfm1™® 306 + 1.3%,
Pfpn1/hoMachl-Cre, 38 1 130, P <
0.001; IGL: Pm1™™ 617 + 1.7%,

vance of profilinl activity in CGN for the migration. We therefore investigated ~Pfn1®/fMabi-Cre. 55 ¢ 4 1705 P <
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Figure 2. Elevated cell density in the molecular layer of P12 Pfn

1 fix/fix

1 fix/fix,Math1-Cre

mice. (A and B) Propidium iodide-stained cerebellar sections of a Pfn
mouse at P12. Scale bar in A corresponds to 750 pwm. (C) Layer thickness of the cerebellar cortex in tamoxifen- and corn
oil-treated mice. IGL width, but not ML or EGL width, was reduced in tamoxifen-treated Pfn1™/PMath1-Cre mice No changes were observed in corn oil-
controls. (D and E) Propidium iodide-stained folia 4 at high magnification. Scale bar in D corresponds to 40 um. (F) ML cell den-

mice at P12, but not in corn oil-treated Pfn11/fxMathi-Cre

1 fx/fix

controls. ns: not significant, ***: P < 0.001.
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Figure 3. Impaired CGN radial migration in Pfn1M/MxMath1-Cre yica (A and B) BrdU-positive cells (green) in folia 4 of a Pfn1™™ control and a Pfn1™/™

Math1-Cre

mouse 96 h after a BrdU injection at P8. Sections were counterstained with propidium iodide (PtdIns, red). Scale bar in A corresponds to 50 pm.

(C) Compared to Pfn1™/™ controls, the migration distance of BrdU-positive cells is decreased in Pfn1™/MMathi-Cre yjca 3 it is obvious from the right shift
of the cumulative curve and the reduction in the mean migration distance (inset). (D) Distribution of BrdU-positive cells within the cerebellar cortex.
Equal numbers were found in the EGL, whereas the relative number of BrdU-positive cells was increased in the ML and decreased in the IGL of Pfn 1™/

Math1-Cre

migration distance or distribution of
BrdU™ cells in corn oil-injected Pfn1®
fioMathl-cre o herols (data not shown).
Hence, our data demonstrate that profi-
lin1 activity in CGN is relevant for CGN
radial migration n vive.

We next investigated the cerebellar cor-
tex architecture in Pfn]®/foMathl-cre
at P30, when cerebellum development is
accomplished.'? At this stage, the cerebel-
lum appeared grossly normal (Fig. 4A and
B), and calbindin and GFAP immunolab-
eling revealed normal development and
organization of Purkinje cells and Berg-
mann glia, respectively (Fig. 4C-F). How-
ever, the ML cell density was increased by
329% in Pfn]P/AeMathl-ce e as judged

mice
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mice. ns: not significant, **: P < 0.01, ***: P < 0.001.

from propidium iodide-stained sections
(Fig. 5A-C; Pfn1™/™ 2,296 + 138 cells/
mm2,  n=12/4;  DPfn1M/MoMah1-Cre,
3,027 + 150 cells/mm®, n=12/4; P <
0.01), suggesting the presence of ectopic
CGN. To test whether the increased ML
cell density was indeed caused by ectopic
CGN, we used an antibody against the
neuron-specific nuclear protein (NeuN)
that, within the cerebellar cortex, is solely
expressed in  CGN."  Compared to
Pfn1%™® controls, the density of NeuN-
positive (NeuN™) cells was drastically
increased by 169% in Pfin]/fixMahi-cre
mice (Fig. 5A, B, and D; Pfn1®/®
350 + 38 cells/mm?; Py 1 /fbxMath1-Cre,
941 4 17 cells/mm?, n=9/3, P<0.01),
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while the density of NeuN-negative
(NeuN") cells was unchanged (Pfn 11/,
1,616 £ 118 cells/mm?; Pfn1H/fxMachi-
' 1,859 + 122 cellsymm”®, n=9/3, P >
0.05). The presence of ectopic CGN in
Pfn] B/AeMathl-Cre ice was confirmed by
antibody staining against Ca**/calmodu-
lin-dependent protein kinase IV (CaM-
KIV), a marker for mature, postmigratory
CGNP (Fig. 5E and F). No increase was
noted in the density of NeuN™ cells
(Fig. 5D; Pfn1™/% 224 4 37 cells/mm?;
Pfn1/eMachl-Cre, 183 4 90 cells/mm?,
n=4/2, P > 0.05) or the presence of
CaMKIV™* cells in the ML of corn oil-
injected Pfn1®/feMarhl-Cre oo ols (data

not shown). Taken together, our data

Volume 9 Issue 3



Figure 4. Normal organization of Purkinje
cells and Bergmann glia in Pfn1™/fxMathi-Cre
mice. (A and B) Propidium iodide-stained cer-
ebellar sections of a Pfn1™™ control and a
Pfn1X/MxMathi-Cre ) 5 56 at P30. Scale bar in A
corresponds to 1 mm. (C and D) Calbindin
immunoreactivity (green) revealed a normal
density and organization of Purkinje cells in
pfn1/fMxMathi-Cre \ica at P30. Sections were
counterstained with propidium iodide (PI,
red). Scale bar in C corresponds to 100 wm. (E
and F) Likewise, the density and organization
of Bergmann glia appeared normal in Pfn1™
fixMath1-Cre mice, as judged from GFAP immu-
noreactivity (green). Scale bar in E corre-
sponds to 50 pum.

reveal ectopic CGN in the ML of Mathl-
Cre-Pfn1™™ mice and suggest that these
cells appear to differentiate normally.

Discussion

In the present study, we specifically
deleted the actin-binding protein profilinl
in CGN, prior to their migration along
radial processes of Bergmann glia. Dele-
tion was accomplished by exploiting con-
ditional profilinl mutants and Math1-Cre
transgenic mice. These CGN-specific pro-
filinl mutants displayed an elevated cell
density in the ML and ectopic CGN.
Moreover, an impaired CGN radial
migration was demonstrated by BrdU
tracing experiments. Hence, we conclude
that profilinl activity is relevant in CGN
for their radial migration in vive. This is
in agreement with our previous iz vitro
studies that revealed a reduced velocity of
isolated, profilinl-deficient CGN while
migrating along processes of control glia
cells.’ In the CGN-specific mutants, the
impairments in cerebellar cortex cytoarch-
itecture and CGN radial migration are
less pronounced than in mutants, in which
profilinl is removed from all brain cells,
including CGN and Bergmann glia.” For
example, the migration distance of BrdU™
cells (96 h after BrdU injection at P8) was
reduced by 35% in the brain-specific
mutants, but only by 15% in the CGN-
specific mutants. Furthermore, the num-
ber of NeuN™ cells was increased 5-fold
in brain-specific mutants, but only 2-fold
in CGN-specific mutants. These discrep-
ancies can be explained by the mosaic Cre
activation upon tamoxifen injection that

www.tandfonline.com

Pfn 1flxlﬂx

Pfn 1flxlf|x, Math1-Cre

Calbindin

Pfn 1flxlflx,Math 1-Cre

Pfn 1fleflx,Math1 -Cre

we observed in our experiments (Fig. 1)
and that was described for Math1-Cre

10,16
However, as suggested from our

mice.
cell culture experiments with control

CGN that showed a reduced velocity
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while migrating along processes of profi-
lin1-deficient glia cells,” profilinl activity
in Bergmann glia may be relevant for
CGN radial migration, too, and the loss
of profilinl activity in Bergmann glia
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relevance of profilinl activity in glia cells
for CGN radial migration. In summary,
we here demonstrate the relevance of pro-
filin1 activity in CGN for radial migration
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Figure 5. Ectopic CGN in the molecular layer of
Pfn1M/fixMathi-Cre ice (A and B) NeuN immu-
noreactivity (green) revealed ectopic CGN in
the ML of Pfn1M/fxMathi-Cre hice at P30. Sec-
tions were counterstained with propidium
iodide (PtdIns, red). Scale bar in A corresponds
to 40 pm. Blue arrowheads mark NeuN-posi-
tive cells in the ML. (C) ML cell density was
increased in P30 Pfn1M/fxMathi-Cre ;-0 (D)
Likewise, the density of NeuN-positive cells
was increased in the ML of tamoxifen-injected,
but not of corn oil-injected Pfn1M/fxMathi-cre
mice. (E and F) CaMKIV immunoreactivity
(green) confirmed the presence of ectopic
CGN in the ML of Pfn1¥/fxMathi-Cre a0 (plye
arrowheads). CaMKIV-positive cells were not
observed in the ML of Pfn1™™ controls. Sec-
tions were counterstained with propidium
iodide (PI, red). Scale bar in E corresponds to
40 pwm. ns: not significant, **: P < 0.01.

in vivo. Moreover, our study highlights
the usefulness of Math1-Cre mice for
studying CGN migration and function.

Material and Methods

Mice

Pfn] B/AeMathl-Cre i e wwere generated
by intercrossing conditional profilinl
(Pfnl) mutants with transgenic mice
expressing a tamoxifen-inducible variant
of Cre recombinase, driven by the Mathl
promoter.>'® Deletion of Pfnl
achieved by 2 to 3 intra-peritoneal injec-
tions of tamoxifen (0.1 mg/g body
weight), diluted in corn oil, at P1 and P2
(2 injections) or P1, P2, and P3 (3 injec-
tions), respectively. If not otherwise stated,
age-matched, tamoxifen-injected Pfn1™/%*

mice were used as controls throughout the

was

study. In some experiments, corn oil-
injected Pfn1P/HoMathl-Cre pice were used
as additional controls. To label Cre
expressing CGN, Math1-Cre mice were
also intercrossed with Rosa26 reporter
mice."' Treatment of mice was in accor-
dance with the German law for conduct-
ing animal experiments and followed the
NIH guide for the care and use of labora-
tory animals.

X-gal staining

Twelve-day-old mice were perfused
with 4% paraformaldehyde. Brains were
post-fixed in the same fixative for 6 h and,
thereafter, incubated o/n in 30% sucrose/
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PBS for cryoprotection. 50 pm-thick cor-
onal sections were generated by using an
HM 400R sliding microtome (Microm,
Germany) and collected in 15% sucrose/
PBS. X-Gal staining: Sections were fixed
for 10 min in a PBS-based fixation solu-
tion containing (in %) 0.1 sodium desoxy-
cholate, 0.2 NP-40, 1 paraformaldehyde,
and 0.2 glutaraldehyde. Thereafter, sec-
tions were stained at 30°C for at least 2 h
in a PBS-based staining solution contain-
ing 2 mM MgCl,, 5 mM Kj3Fe(CN)g,
5 mM K4Fe(CN)g, 0.1% sodium deoxy-
cholate, 0.2% NP-40, and 1 mg/ml X-gal
in PBS. After washing, sections were
mounted on glass slides, counterstained
with Nuclear Fast Red (Vector Laborato-
ries, USA), dehydrated in ethanol and
xylol, and embedded in Entellan (Merck,
Germany). Images were generated using
an Axioskop2 microscope (Zeiss, Jena,
Germany), a DP20 CCD camera system
(Olympus), Cell®  software
(Olympus).

Antibodies used were as follows: BrdU
(1:500, clone BU33, #B2531, Sigma-
Aldrich), calbindin (1:1,000, clone
CL300, #C8666, Sigma-Aldrich), NeuN
(1:500, clone A60, #MAB377, Millipore),
and GFAP (1:500, Z0334, DakoCytoma-
tion). Antibody against CaMKIV was
described before."®

and

Immunohistochemistry

50-pm-thick parasagittal brain slices
were generated as mentioned above and
blocked for 1 hour in 2% BSA, 3% nor-
mal goat serum, 0.5% NP-40/PBS at
room temperature. Sections were incu-
bated overnight with primary antibodies
in blocking solution at 4°C followed by
3 washing steps of 5 min each in PBS.
After an additional 30 min blocking step,
sections were incubated for 1 h with sec-
ondary antibodies (Alexa Fluor 488- or
647-conjugated goat anti-mouse or goat
anti-rabbit, Invitrogen) in 2% BSA,
0.5% NP-40/PBS. Propidium iodide
(1:1,000, #P4170, Sigma Aldrich) was
used for nuclear counterstaining in some
experiments. Sections were mounted
using a homemade medium based on
glycerol, polyvinylalcohol, and DABCO
after washing in PBS. Fluorescence
micrographs of whole parasagittal cerebel-
lum  slices

were acquired with an

www.tandfonline.com

Axioskop2 microscope, 2.5x/0.12 objec-
tive and F-View II FW camera system
and manually assembled. All other fluo-
rescence micrographs were acquired on a
Zeiss LSM 510 confocal microscope
using 20x/0.8 and 40x/1.3 objectives and
processed as described before (Herde
et al., 2010). Folium 4 was chosen for
counting NeuN™t and CaMKIV' in the
ML at P30.

BrdU experiments

P8 mice received a single BrdU injec-
tion (0.1 mg BrdU/g body weight). Tissue
preparation and processing was performed
96 h later as described above. Prior to
BrdU immunostaining, DNA was denatu-
rated by 30 min incubation in 4 M HCI,
followed by neutralization for 10 min in
0.1 M sodium borate at pH 8.5. Two 5-
min washing steps were performed prior
to the immunohistochemical procedure.
Folium 4 was chosen for image acquisi-
tion. For quantifying CGN migration,
distances of all BrdU™" cells in an image
stack (optical thickness 10 X 3 pm) were
measured using Image] software.

Statistics

Data are presented as mean values +
standard error of the mean. The unpaired
2-tailed Student’s #test was used when
comparing 2 sets of data with normal dis-
*P < 0.05, *P < 0.01,

tribution.
% <0.001.
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