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ABSTRACT

The gene encoding the neural cell adhesion molecule Contactin-6 (Cntn6 a.k.a. NB-3) has been
implicated as an autism risk gene, suggesting that its mutation is deleterious to brain development.
Due to its GPl-anchor at Cntn6 may exert cell adhesion/receptor functions in complex with other
membrane proteins, or serve as a ligand. We aimed to uncover novel phenotypes related to Cntn6
functions during development in the cerebral cortex of adult Cntn6~'~ mice. We first determined
Cntn6 protein and mRNA expression in the cortex, thalamic nuclei and the hippocampus at P14,
which decreased specifically in the cortex at adult stages. Neuroanatomical analysis demonstrated a
significant decrease of Cux1+ projection neurons in layers II-IV and an increase of FoxP2+
projection neurons in layer VI in the visual cortex of adult Cntn6~/~ mice compared to wild-type
controls. Furthermore, the number of parvalbumin+ (PV) interneurons was decreased in Cntn6 =/~
mice, while the amount of NPY+ interneurons remained unchanged. In the hippocampus the
delineation and outgrowth of mossy fibers remained largely unchanged, except for the observation
of a larger suprapyramidal bundle. The observed abnormalities in the cerebral cortex and
hippocampus of Cntn6 '~ mice suggests that Cntn6 serves developmental functions involving cell
survival, migration and fasciculation. Furthermore, these data suggest that Cntn6é engages in both
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trans- and cis-interactions and may be involved in larger protein interaction networks.

Introduction

Cell adhesion molecules (CAMs) play an important role
in the development of the nervous system by mediating
multiple processes that rely on cell-cell contact and -sig-
naling. Cell adhesion is regulated by the trans-interac-
tions of an expressed collection of CAMs on specific
subsets of cells. Cell adhesion functions facilitate neuro-
nal migration, lamination, neurite outgrowth and axon
guidance, and synaptogenesis.'” Furthermore, CAMs
may serve receptor properties and thereby regulate neu-
ronal apoptosis or survival.*®

Contactin-6 (Cntn6 a.k.a. NB-3) is a member of the
contactin family of immunoglobulin (Ig) cell adhesion
molecules (IgCAMs) and is specifically expressed in the
central nervous system. The Cntn family consists of six
members which are extracellularly attached on the cell
surface by a glycosylphosphatidylinositol link (GPI), and
contain six Ig and four fibronecin type III domains
(FNIID).>” CNTNG is of particular interest, since studies

have indicated that copy number variants in this gene
contribute to several neuropsychiatric disorders.*'* This
indicates that CNTNG6 proteins exert functions that are
required for normal neurodevelopment.

In the murine brain, the Cntn6 gene is expressed in
the cortex, hippocampus, thalamus and cerebellum,">""”
reaching a maximum at P14 and thereafter declining to a
constant level in adulthood.'> The notion that loss of
Cntn6 results in inappropriate neurodevelopment is
strengthened by the phenotypes identified in null-
mutants. A number of observations have pointed to a
role of Cntn6 in synapse formation and axonal out-
growth. In particular, Cntn6~'~ mice exhibited a signifi-
cant reduction the density of parallel fiber glutamatergic
synaptiC-terminals in the cerebellum.'® Similarly, a sig-
nificant reduction of glutamatergic synapses was found
in the hippocampus of Cntn6~'~ mice, whereas there
was no difference in the amount of GABAergic
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synapses.'” Cntn6 was previously found to regulate neu-
rite outgrowth in vitro," and this property was reflected
by the delayed formation of the corticospinal tract in
Cntn6~'~ mice.”>*" These known neurobiological pro-
cesses exerted by Cntn6 can be attributed to the cell
adhesion properties of Cntn6.

Such properties of Cntn6é may be the basis for the
development of neuropsychiatric disorders in case of
loss-of-function mutations of CNTN6. Studies on the
visual cortex in Cntn6~'~ mice demonstrated the signifi-
cance of Cntn6 in cortical development. Cntn6 is
expressed in a low-rostral to high-caudal gradient in the
cortex, with the highest expression levels in the visual
cortex, where deep layer pyramidal neurons develop axo-
nal and dendritic processes.””*> A substantial alteration
in the orientation of apical dendrites of pyramidal neu-
rons in layer V of the visual cortex of one month old
Cntn6~'~ mice was found.”?

The aim of this study was to examine phenotypes in
Cntn6~'~ mice that could further inform about the roles
Cntn6 plays during neurodevelopment. Compromised
functions of IgCAMs can critically affect the laminar
organization of the cerebral cortex,”>** while the mossy
fiber tracts in the hippocampus are sensitive to fascicula-
tion defects.”>*” For this reason we examined pheno-
types in the visual cortex and the hippocampus of
Cntn6 '~ mice. Here we describe abnormalities in
Cntn6~'~ mice which indicate that Cntn6 functions in
processes that regulate the numbers of subtype-specific
neurons and interneurons in the cortex and in the for-
mation of mossy fiber tracts in the hippocampus. These
results suggest that Cntn6 might be involved in cell sur-
vival, migration and fasciculation by engaging both
trans- and cis-interactions with itself or other molecules.

Results

Differential spatiotemporal expression of Cntné6 in
the brain

We first determined the expression of the Cntn6 gene in
the forebrain, since it has been reported that Cntné
mRNA levels in whole mouse brain peak around P7."> In
situ hybridization was performed on P14 and adult
C57BL/6 wild-type mouse brains. In the P14 sections,
Cntn6 was most prominently expressed in the anterodor-
sal (AD) nucleus of the thalamus and in layer V of the
motor cortex, somatosensory cortex, and visual cortex
(Fig. 1A-B). In the adult brain, the expression in the AD
nucleus remained constant and expression was also visi-
ble in the anteroventral (AV) nucleus of the thalamus.
Furthermore, the overall expression in the cortex was
decreased, most notably in the visual cortex. In the P14
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and adult hippocampus, weak Cntn6 mRNA was
observed in the cornu ammonis 1 (CAl), the dentate
gyrus (DG) and in the hilus of the DG (Fig. 1C).

Next, immunostaining was performed to determine if
the decreased expression of Cntn6 mRNA in the adult
brain also affected the Cntné6 protein levels. Immunohis-
tochemistry using a Cntn6 antibody showed strong
staining in layer V of the visual cortex of young wild-
type mice (Fig. 2A). This agrees with the reported
expression of Cntn6 in the visual cortex in early postna-
tal stages.”” In line with the in situ data, staining in the
visual cortex was very weak in adult wild-type mice
(Fig. 2B). In addition, Cntn6 staining was observed in
the AD and AV nuclei of both P14 and adult mice
(Fig. 2C-D). Immunostaining signal was absent in tis-
sues from Cntn6 '~ mice (Fig. 2A-B), demonstrating
the specificity of the Cntn6 antibody.

It has been reported that apical dendrites of corti-
cal pyramidal neurons were misoriented in one
month old Cntn6™'~ mice.”” The patterning of axo-
dendritic projections of layer V pyramidal neurons is
regulated by molecular guidance cues in the extracel-
lular environment.”® Dendritic misorientation has
been seen in several mouse lines deficient for neuro-
nal guidance cues like semaphoring-3A (Sema3A),
close homolog of L1 (Chll), and protein tyrosine
phosphatase o (Ptpra).”»**?° This raises the question
whether the defects observed in Cntn6™'~ mice points
to properties of Cntn6 in cell-cell interaction. These
may also become apparent in migration of neurons
and lamination of the adult cortex.

Normal cortical thickness in Cntn6 '~ mice

We first reevaluated the gross cortical morphology
between adult wild-type and Cntn6~'~ mice. Therefore,
we measured the cortical thickness of the motor cortex,
the somatosensory cortex and the visual cortex in adult
mice (Fig. 3A). A distinction was made between the
superficial and deeper layers of the cortices (i.e. layers I-
IV and V-VI respectively), which were measured sepa-
rately and in combination. There were no differences
found between wild-type and Cntn6 '~ mice in any of
the measured cortices (Fig. 3B), consistent with previous
reports.'® These results suggest that Cntn6 is not
involved in the regulation of gross cortical morphology
but rather in the fine-tuning of specific features of corti-
cal development, such as the orientation of dendritic out-
growth. Previous reports suggest that Cntn6 does not
affect the migration of developing pyramidal neurons.*
However, other processes that are involved in cortical
organization might still be affected.”!
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Figure 1. Cntn6 mRNA expression in the murine brain. (A) A low magnification of Cntn6 mRNA expression in coronal sections of P14 and
adult mouse brain. Cntn6 was highly expressed the anterodorsal (AD) nucleus of the thalamus at P14. In the adult brain, both the AD
and anteroventral (AV) nucleus of the thalamus expressed Cntn6. The scale bar represents 500 m. (B) Cntn6 mRNA was present at high
levels in the motor cortex, somatosensory cortex, and visual cortex at P14. The expression was lower in adult brains, most notably in the
visual cortex. The scale bar represents 250 um. (C) In P14 and adult hippocampi, Cntn6 mRNA was present in the cornu ammonis 1
(CA1) and in the dentate gyrus (DG). Cntn6 expression was visible in cell bodies in the hilus (h) of the DG as indicated by the arrows in
the dashed squares, which are the magnified adjacent images. CA3, cornu ammonis 3. The scale bar represents 500 xm. The scale bar

in the magnified image is 100 pm.

Altered numbers of projection neurons in the visual
cortex of adult Cntn6 '~ mice

Next, we focused on the laminar positioning and
numbers of specific cortical projection neurons in the
visual cortex of wild-type and Cntn6~'~ mice. The
location and density of upper and lower layer projec-
tion neurons were investigated by using Cuxl anti-
bodies, which marks cells destined for layers II-IV in
adult wild-type and Cntn6 '~ mice (Fig. 4A). Cell
counting revealed no differences in the total numbers

of cells and neurons, which are DAPI+ and NeuN+
cells respectively, in the upper layers between geno-
types. However, the number of Cuxl+ neurons in the
upper layers was significantly decreased in Cntné '~
mice (Fig. 4B). Measurements revealed no statistical
difference in the total number of cells, neurons, and
the number of Cux1+ displaced neurons in the lower
layers of Cntn6~'~ mice (Fig. 4C).

FoxP2 staining was used to visualize projection neu-
rons in layer VI (Fig. 5A). Cell counting showed no sta-
tistical difference in the total number of cells and
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Cntn6 protein sexpression in the adult mouse brain. (A-B) Immunohistochemistry for Cntn6 (green) and NeuN (red) in the

visual cortex of P14 and adult wild-type and Cntn6~'~ mice. Specific Cntn6 immunoreactivity was only observed in layer V of the P14
wild-type cortex and was strongly decreased in the adult. DAPI is in blue. The scale bar represents 250 um. (C-D) Cntné (green) and
NeuN (red) staining in the thalamic region of P14 and adult wild-type and Cntn6~'~ mice. The staining revealed the presence of Cntn6
protein in the AD and AV nuclei of the thalamus in both P14 and adult wild-type mice but not in Cntn6~'~ mice. DAPI is in blue. The

scale bar represents 250 m.

neurons in layer VI between genotypes. However, an
increase in FoxP2+ neurons in layer VI was found in the
Cntn6~'~ mice (Fig. 5B). These observations indicated a
shift in the numbers of Cuxl+ and FoxP2+ neurons in
their respective layers of the visual cortex in Cntn6 '~
mice. This shift in the numbers of projection neurons
may relate to changes in survival, apoptosis or migration,
which are processes commonly affected by CAMs.

Reduced number of subtype-specific interneurons in
Cntn6 '~ mice

GABAergic interneuron dysfunction was previously
associated with autism and epilepsy’> and was also
found in the cortex of contactin-associated protein-2
(Cntnap2) knockout mice.** Defects in migration may
cause these dysfunctions. The indication that Cntn6
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Figure 3. Cortical thickness in Cntn6-deficient mice. (A) Nissl-stained sections of the motor cortex, somatosensory cortex and visual cor-
tex of adult wild-type and Cntn6~'~ mice. Arrows indicate upper and lower layer thickness. The scale bar indicates 250 xm. (B) Quanti-
tative analysis of the represented upper and lower cortical areas demonstrate equal cortical thickness between the genotypes. Analysis
was performed on at least two sections per brain from wild-type and Cntn6~'~ adult mice (n = 5 per genotype) using unpaired Stu-
dent’s t test and one-way ANOVA. Data are presented as mean £SEM.

exerts a number of CAM functions like axon guid-
ance and survival,'®** prompted us to examine the
migration of GABAergic interneurons. We quantified
two non-overlapping populations of interneurons in
the visual cortex of wild-type and Cntn6 '~ mice,
namely interneurons positive for parvalbumin (PV)
or neuropeptide Y (NPY).>> We observed a significant
decrease in the number of PV+ interneurons in
Cntn6~'~ mice (Fig. 6A), while the amount of NPY+
interneurons remained unchanged (Fig. 6B). These
results indicate that Cntn6 exerts functions in a pro-
cess that determine the number of PV+ interneurons

in the visual cortex.

Abnormal suprapyramidal bundle in Cntn6~'~ mice

In order to investigate if Cntné is necessary for axonal
fasciculation, we determined the integrity of hippocam-
pal mossy fiber projections in the absence of Cntn6. The
fasciculation of efferents of this system is sensitive to
alterations in axon guidance molecules and
CAMs.2%***3¢ In the hippocampus of P14 and adult
mice, there was low Cntn6 mRNA expression in the

pyramidal neurons of CAl and CA3, in the granular
neurons of the DG and in the dispersed cell bodies inside
the hilus of the DG (Fig. 1C). Similarly, Cntné protein
expression was faint in CAl and CA3 at this age
(Fig. 7A-B). Upon closer inspection of the DG, Cntn6
expression surrounded the granular neurons of the DG
and Cntn6 was clearly expressed in the stratum lacuno-
sum-moleculare (slm) and on cell bodies inside the hilus
of the DG (Fig. 7C).

The expression of Cntn6 protein in the hippocampus
at P5 was described before and confirms our results."”
However, another study reported strong Cntn6 mRNA
expression in the CAl region without staining of other
hippocampal structures in P7 mouse pups.'” The differ-
ence between results may be caused by the spatiotempo-
ral expression of Cntn6.

Immunostaining with two specific markers was used
to outline the organization of hippocampal mossy fibers
and their terminals (Fig. 8A). Synaptoporin was
expressed in the mossy fiber system in the hilus of the
DG, and staining shows the suprapyramidal bundle
(SPB) and the infrapyramidal bundle (IPB).*” Staining
for the calcium-binding protein calbindin revealed DG
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Figure 4. Upper layer projection neurons in Cntné-deficient mice. (A) Representative images of Cux1 expression (green) in layers II-IV of
the visual cortex together with NeuN (red) in adult wild-type and Cntn6~"~ mice. DAPI is in blue. The arrowheads show displaced
Cux1+ cells in lower cortical layers. The scale bar represents 100 wm. (B) Quantitative analysis of the upper layers (layers II-IV) did not
show differences in total cell number and total neuron number, but did show a significant decrease in the number of Cux1+ neurons in
adult Cntn6~'~ mice compared to wild-type mice. (C) Quantitative analysis of the lower layers (layers V-VI) did not show differences in
total number of cells and neurons, and in the Cux1+ neurons in adult Cntn6 '~ mice compared to wild-type mice. Analysis was per-

formed on at least two sections per brain from wild-type and Cntn6~'~

and one-way ANOVA. Data are presented as mean +SEM. **, p < 0.01.

adult mice (n = 5 per genotype) using unpaired Student’s t test
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Figure 5. Lower layer projection neurons in Cntné6-deficient mice. (A) Representative images of FoxP2 (green) expression, NeuN expres-
sion and DAPI staining in layer VI of the visual cortex in the visual cortex of adult wild-type and Cntn6 ="~ mice. The scale bar represents
100 pm. (B) Quantitative analysis of layer VI did not show differences in the total numbers of cells and neurons, and did show a signifi-
cant increase in the number of FoxP2+ neurons in adult Cntné '~ mice compared to wild-type mice. Analysis was performed on at least
two sections per brain from wild-type and Cntn6~'~ adult mice (n = 5 per genotype) using unpaired Student's t test and one-way

ANOVA. Data are presented as mean +SEM. **, p < 0.01.

granular cells and mossy fiber axons.”®*” The density of
mossy fibers crossing the stratum pyramidale (SP) of the
CA3 region was measured, which emanate from the DG,
bifurcate and segregate into the SPB and IPB. Both bun-
dles are located on either side of the SP, which is the
layer containing pyramidal neuron somata. Additionally,
the lengths and areas sizes of the SPB, IPB, and the area
size of the SP were measured (Fig. 8B). The length and
area size of the IPB remained unchanged in Cntn6 '~
mice, while these parameters were significantly increased
in the SPB (Fig. 8C). The area size of the SP and the
number of mossy fibers crossing the SP were unaffected
in Cntn6~'~ mice. Although an increase in area size was
found in the SPB, no difference was found in total hippo-
campal surface area between the genotypes (Fig. 8D-E).
These results indicated that Cntn6 is required for the

normal integrity of lamina-restricted projections of
mossy fibers forming the SPB.

Discussion

We here report that Cntné6 contributes to the appropriate
development of cortical layers and hippocampal mossy
fiber tracts. The numbers of projection neurons and
interneurons were changed in the visual cortex of
Cntn6~'~ mice. Additionally, the size of the SPB in the
hippocampus was altered in these mice. We interpret
these impairments as signs that Cntn6 affects the ade-
quate numbers of subtype-specific projection neurons
and interneurons in the visual cortex. We speculate that
Cntn6 could regulate survival and apoptosis, migration
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Figure 6. Parvalbumin- and NPY-positive interneuron numbers in the cortex of Cntné-deficient mice. (A) Representative images of PV+
interneurons (green) across the visual cortex of adult wild-type and Cntn6~'~ mice. DAP! is in blue. Quantification of PV+ cells showed
a significant decrease in Cntn6~'~ mice. (B) NPY-+ interneurons (green) were stained in the visual cortex, with DAPI in blue. Quantifica-
tions of NPY+ cells revealed no difference between wild-type and Cntn6~'~ mice. The scale bars represent 100 zm. Analysis was per-
formed on at least two sections per brain from wild-type and Cntn6~'~ adult mice (n = 7 for PV+ quantifications and n = 5 for NPY+
quantifications per genotype) using unpaired Student’s t test and one-way ANOVA. Data are presented as mean +SEM. *, p < 0.05.

and the fasciculation of axons. Earlier reports on axon
guidance functions of Cntn6 in the cortex demonstrated
misoriented apical dendrites of cortical pyramidal neu-
rons and a delay in corticospinal tract formation in
Cntn6~'~ mice.2b? Together with these data, these
results point to functions of Cntn6 in neuronal migra-
tion, guidance and survival. The underlying mechanism
requires Cntn6 to engage cis- and trans-interactions with
membrane bound proteins. We do not have evidence
that Cntn6 employs homophilic interactions. Therefore,
the present data suggests that the interactions involve
other, partly unknown proteins. Several partners of
Cntn6 have been described in literature,” but lack func-
tional evidence so far. Increasing evidence indicate that
other Cntns engage adhesive trans-interactions, for
example the role of Cntn2 in the construction of the
node of Ranvier,”’ and a role in signaling by cis-interac-
tion, for example by the heterodimeric Cntn4-APP
complex.*!

It has been made apparent that CAMs are important
for the construction of a normal cerebral cortex from
numerous studies in mice deficient of CAMs.”>***° Such
roles were demonstrated for Cntn6 in the regulation of
cortical development after the observation of aberrant
dendritic orientation of pyramidal neurons in layer V of
the visual cortex in Cntn6 '~ mice.”> The visual cortex
of Chl1™"~ mice showed a similar effect and this particu-
lar phenotype was enhanced in mice heterozygous for
both Cntné and Chi1.** Close examination of the visual
cortex in ChlI™'~ mice revealed impairments of neuro-
nal migration in this area.*” These impairments were not
observed in Cntn6 '~ mice.*” Other phenotypes in corti-
cal organization are generally implicated,’ including the
numbers of projection neurons and inhibitory
interneurons.

Our conclusion that Cntné regulates numbers of pro-
jection neurons in the visual cortex is based on the obser-
vation of the altered numbers of subtype-specific
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Figure 7. Cntn6 protein expression in the hippocampus. (A-B) Immunohistochemistry for Cntné (green) and NeuN (red) showed Cntn6
expression in the hippocampus of P14 and adult wild-type mice. No significant background staining was found in Cntn6~'~ adult mice.
Specific Cntn6-staining was also observed in the cortex of wild-type mice (arrows). (C) A higher magnification of Cntn6 (green) and
NeuN (red) immunostaining of the hippocampus of P14 wild-type and Cntn6~'~ mice. The arrowheads show Cntn6 expression at cell

bodies in the hilus (h) of the dentate gyrus (DG) and the arrows indicate Cntn6 expression adjacent to the granule layer of the DG and
at the stratum lacunosum-moleculare (slm) of wild-type P14 mice. All scale bars represent 100 pm.

neurons in the visual cortex of Cntn6'~ mice. In these
mice, the number of Cux1+ neurons in the upper layers
was significantly reduced, while the amount of FoxP2+
neurons in layer VI was increased in the visual cortex.
The decrease of the number of Cux1+ neurons might be

a direct effect of a decrease of the total number of neu-
rons in layer II-TV in the visual cortex of Cntn6 '~ mice.
Although the decrease of the total number of neurons
was not significant, it was indeed slightly reduced. A sim-
ilar observation was made for the lower projection
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Figure 8. Hippocampal mossy fiber distribution in Cntn6-deficient mice. (A) Representative image of synaptoporin (green) and calbindin
(red) expression in adult wild-type and Cntn6~"~ mice. DAPI is in blue. The scale bars represent 250 m. (B) Schematic representation of
the adult mouse hippocampus. The rectangle indicates the area and location used for quantification of mossy fiber crossings in the SP of
the CA3. Abbreviations: CA1, cornu ammonis 1; CA3a-c, cornu ammonis 3a-¢; DG, dentate gyrus; SPB, suprapyramidal bundle; IPB, infra-
pyramidal pundle; SP, stratum pyramidale; slm, stratum lacunosum-moleculare. (C) Quantification of the length (left panel) and area
size (right panel) of the IPB and SPB in wild-type and Cntn6 ™'~ mice only showed a significant increase of both parameters on the SPB.
(D) Quantification of total area size (left panel) and percentage of mossy fibers crossing the SP (right panel) did not reveal a difference
between wild-type and Cntn6~'~ mice. Analysis was performed on at least three sections per brain from wild-type and Cntn6~'~ adult
mice (n = 7 per genotype) using unpaired Student’s t test and one-way ANOVA. Data are presented as mean +SEM. *, p < 0.05, ™,
p < 0.01. (E) Nissl-stained sections of adult wild-type and Cntn6~'~ mice did not demonstrate a difference in hippocampal surface areas
between genotypes. Analysis was performed on at least two sections per brain from wild-type and Cntn6~'~ adult mice (n = 5 per
genotype) using unpaired Student’s t test and one-way ANOVA. Data are presented as mean £SEM.
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neurons. The significant increase in the number of
FoxP2+ neurons might be a direct effect of, although
not significant, a slight increase of the total number of
neurons in layer VI of the visual cortex in Cntn6 ™'~
mice. Simultaneously, the absence of Cntn6 might have a
beneficial effect on neuronal survival specifically in layer
VI. These data indicate that Cntn6é may be involved in
neurogenesis or neuronal survival in the visual cortex.
The notion that Cntn6 plays a role in neuronal survival
was previously demonstrated by the increased amount of
apoptosis in granule cells of the cerebellum and in pri-
mary cultures derived from Cntn6 '~ mouse cortex.'®*’

A selective role of Cntn6 in interneuron function
was derived from the observation that the number of
PV+ interneurons was significantly decreased in
Cntn6 '~ mice, while the number of NPY+ inter-
neurons remained unchanged. Cntné may serve as a
ligand for receptors on PV+ interneurons and
thereby contribute to migration, guidance or survival
or other functions of these interneurons in the visual
cortex. In this case, Cntn6 may serve as a signal to
receptors on PV+ interneurons. Interestingly, PV+
interneurons in particular have been reported to play
important roles in the rhythmic pacing of cortical
neuronal activity.*>** The fast-spiking PV+ inter-
neurons play an essential role in the regulation of
critical periods in the cerebral cortex.*>*® Develop-
mentally regulated perineuronal nets mediate the ini-
tiation and termination of the critical periods, as has
been found in studies on PV+ neurons in the visual
cortex. In an animal model of Rett syndrome, which
is a genetic neurodevelopmental disorder with ASD
symptoms, an aberrant regulation of PV+4 interneu-
ron-associated perineuronal net was linked to func-
tional deficits.*” Our results suggest that Cntn6 is
crucial for maintaining the typical number of PV+
interneurons in the visual cortex. With respect to the
underlying mechanism we suggest that Cntn6 may
mediate contact and adhesion of migrating PV+
interneurons and of growing apical dendrites with the
extracellular matrix or other cells, by providing a per-
missive environment or a directional cue for move-
ment and growth. These suggestions need mechanistic
studies that are beyond the scoop of this study.

We examined if Cntn6 plays a role in the fasciculation
of mossy fibers in the hippocampus during development.
This system is very sensitive to axon guidance defects or
to absence of certain CAMs, as was demonstrated in
Chl1™’~ mice. Mossy fibers represent the fasciculated
axonal projections of DG granule cells on pyramidal cells
in the hippocampus. Their terminals form synapses in
the stratum lucidum with the proximal portion of the
apical dendrites of CA3 pyramidal cells. Numerous

mossy fiber terminals were seen scattered within the
pyramidal cell layer in ChlI™'~ mice, suggesting that the
terminals were formed not only on proximal dendrites of
the pyramidal cells, but also on the cell bodies.***”*
Interestingly, NCAM-deficient animals also have demon-
strated similar abnormal projections of mossy fibers in
the hippocampus.”> However, we did not observe an
increased mossy fiber invasion into the SP of Cntn6™'~
mice, but rather an increase in length and size of mossy
fiber projections in the SPB. These findings imply that
Cntn6 absence from the DG might impair the fascicula-
tion of mossy fibers innervating the SPB.

Our results provide insight in the roles of Cntn6 dur-
ing neurodevelopment, which include maintaining the
proper numbers of subtype-specific neurons and inter-
neurons in the visual cortex and regulating the size of
the SPB in the hippocampus. We speculate that these
observations may relate to changes in cell survival,
migration and fasciculation. Further investigation of the
molecular pathways and protein networks of Cntné6,
which exerts these functions, will provide more insight
in the manner Cntn6 regulates neurodevelopment.

Materials and methods
Animals and tissue treatment

B57BL/6 and Cntn6~'~ mice were obtained from Charles
River and Nagaoka University,'® respectively. Mice were
maintained on a 12-h light/dark cycle with ad libitum
food and water in the animal facility of the Brain Center
Rudolf Magnus, Utrecht. Homozygous and heterozygous
Cntn6 mice and littermate contrls were obtained from
heterozygous breeding. For immunohistochemistry,
adult mice were anesthetized with an overdose of sodium
pentobarbital (19.4 ul/gr) and were perfused intracardi-
ally with 0.9% saline, followed by 4% PFA in PBS, pH
7.5. Brains were post fixed in 4% PFA before transferred
to 30% sucrose for cryopreservation. Tissue was sec-
tioned at 40 pwm sections and free-floating sections were
stored in PBS with 0.02% sodium azide until immuno-
histochemistry was performed. For in situ hybridization,
P14 mouse pups and adult mice were killed by decapita-
tion and their brains were quickly dissected and flash-
frozen in 2-methylbutane between —50 and —55°C.
Brains were sliced into 16 um sections using a cryostat
and mounted onto Superfrost slides (VWR, 631-0108).
For immunohistochemistry and in situ hybridization,
the following stereotaxic coordinates were used for coro-
nal sections of adult mouse brain (Atlas Franklin and
Paxinos): visual cortex (—2.80 mm to bregma), thalamic
nuclei (—0.82 mm to bregma) and hippocampus



(between —1.5 mm and —2.5 anterior posterior (AP)
from bregma).

In situ hybridization

Nonradioactive in situ hybridization was performed
according to Pasterkamp et al., 1998.8 In brief, probe
sequences for Cntn6 (NM_017383.3: nt 283-876) was
polymerase chain reaction (PCR)-amplified from
cDNA. Digoxigenin (DIG)-labeled RNA probes were
generated by a RNA polymerase reaction using 10x
DIG RNA labeling mix (Sigma, 11277073910). Tissue
sections were post-fixed in 4% PFA in PBS, pH 7.40
at room temperature (RT) for 20 min. To enhance
tissue penetration and decrease aspecific background
staining, sections were acetylated with 0.25% acetic
anhydride in 0.1 M triethanolamine and 0.06% HCl
at RT for 10 min. Sections were prehybridized in
hybridization buffer (50% formamide, 5x Denhardt’s
solution, 5x SSC, 250 pg/ml baker’s yeast tRNA and
500 pg/ml sonicated salmon sperm DNA) at RT for
2 hr. Hybridization was performed with 2000 ng/ml
denatured DIG-labeled probe diluted in hybridization
buffer at 68°C for 15 hr. After hybridization, sections
were first washed briefly in 2x SSC followed by incu-
bation in 0.2x SCC at 68°C for 2 hr. Sections were
adjusted to RT in 0.2x SSC for 5 min. DIG-labeled
RNA hybrids were detected with anti-DIG Fab frag-
ments conjugated to AP (Roche, 11093274910)
diluted in 1:2500 in TBS (pH 7.4) at 4°C overnight.
Binding of AP-labeled antibody was visualized by
incubating the sections in detection buffer (100 mM
Tris-HCl, pH 9.5, 100 mM NaCl and 50 mM MgCl,)
containing 240 pg/ml levamisole and nitroblue tetra-
zolium chloride/5-bromo-4-chloro-3-indolyl-phospha-
tase (NBT/BCIP) (Roche, 11681451001) at RT for 14
hr. Sections subjected to the entire in situ hybridiza-
tion procedure, but with no probe or sense probe
added, did not exhibit specific hybridization signals.
The specificity of the in situ hybridization procedure
was also inferred from the clearly distinct gene
expression patterns observed. Staining was visualized
using a Zeiss Axioskop 2 microscope.

Nissl staining and cortical thickness analysis

Coronal sections of mouse brain were immersed in 0.5%
cresyl violet for several minutes and then subjected to
the ethanol series and embedded. Analysis of cortical
thickness was performed within the frontal motor cortex
(+0.5 mm to bregma), primary somatosensory areas
(—1.70 mm to bregma) and visual cortex (—2.80 mm to
bregma) in all used brains. Of the cortices the superficial
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and deeper layers (i.e., layers I-IV and layers V-VI resp)
were measured, which were performed on at least 2 sec-
tions of each area in wild-type and Cntn6 '~ adult mice
(n = 5 per genotype) using Image] software. A statistical
analysis was carried out using unpaired Student’s ¢ test
and one-way analysis of variance (ANOVA).

Immunohistochemistry

The sections were washed with PBS and incubated in
blocking buffer (1% BSA, 0.2% fish skin gelatin (Sigma,
G7765), 0.1% Triton X-100 in PBS) for 45 min. Sections
were washed and incubated in permeabilization buffer
(0.3% Triton X-100 in PBS) for 10 min before incubation
with primary antibody in blocking buffer at 4°C for 2 hr.
The sections were washed in PBS and pre-incubated
with blocking buffer before incubating with secondary
antibody at RT for 2 hr. The sections were washed again
in PBS and a 10 min DAPI incubation was performed.
The sections were embedded with Polyvinyl alcohol
mounting medium with DABCO antifading (Fluka,
10981) onto glass slides after additional PBS wash steps.
Antibodies used were sheep anti-Cntn6 (R&D systems,
AF5890) 1:100; mouse anti-NeuN (Milipore, MAB377)
1:200; rabbit anti-Cuxl (Santa Cruz, sc-13024) 1:200;
rabbit anti-FoxP2 (Sigma, HPA000382) 1:250; rabbit
anti-Parvalbumin (PV) (ImmunoStar, 24428) 1:250; rab-
bit anti-Neuropeptide Y (NPY) (Abcam, ab30914)
1:1000; rabbit anti-Synaptoporin (Synaptic Systems,
102002) 1:1000; mouse anti-Calbindin (Swant, 300)
1:3000; and DAPI, followed by species-specific secondary
antibodies conjugated to Alexa Fluor (Invitrogen).
Images were captured by confocal laser scanning micros-
copy (Olympus FV1000) and a Zeiss Axioscop Al. For
the quantification analysis, images from the Zeiss Axios-
cop Al were used. For the quantifications of projection
neurons in the visual cortex (—2.80 mm to bregma),
measurements were performed on at least two sections
from wild-type and Cntn6 '~ adult mice (n = 5 per
genotype) using Image] software. Cells positive for
NeuN, Cux1 and DAPI were counted in images taken of
layers II-IV and images taken of layers V-VI. Cells posi-
tive for NeuN, FoxP2 and DAPI were counted in images
taken of layer VI. These images comprised of at least 20
randomly selected microscope fields in the designated
layers (area 0.1 mm?) from the visual cortex. For the
quantifications of interneurons in the visual cortex,
measurements were performed on at least two sections
from wild-type and Cntn6 '~ adult mice (n = 7 per
genotype for PV-analysis and n = 5 for NPY-analysis)
using Image] software. Cells positive for PV and NPY
were counted in images taken of the entire cortex. These
images comprised of at least 20 randomly selected
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microscope fields (area 1.5 mm?) from the visual cortex.
For the analyses of the hippocampus (between —1.5 mm
and —2.5 AP from bregma), measurements were per-
formed on at least three sections from wild-type and
Cntn6~'~ adult mice (n = 7 per genotype) using ImageJ
software. Anti-calbindin was used to visualize mossy
fibers and anti-synaptoporin was used to visualize mossy
fiber synapses in the hippocampus. The lengths and area
sizes of the supra- and infrapyramidal bundles (SPB and
IPB) were assessed by tracing the bundles from the end-
points of the dentate gyrus (DG) blades to the last visible
bundle staining at the CA3 side. The analytical region of
the stratum pyramidale (SP) was assessed by placing a
rectangle (Fig. 8B) from the endpoints of the DG blades
to the last visible staining of the IPB at the CA3 side. The
SP region in this rectangle was traced and both the area
size and fiber density were measured. At least 28 ran-
domly selected microscope fields from the hippocampus
were used for measurements. Statistical analysis was car-
ried out using unpaired Student’s ¢ test and one-way
analysis of variance (ANOVA).
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