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Summary. Niemann-Pick type C1 (NPC1) disease is an
autosomal recessive disorder characterized by
dysmyelination and neurodegeneration, which can result
in the death of patients in early childhood in some cases.
Members of the delta-protocadherins (Pcdhs) play
important roles in neurogenesis and brain development.
In this study, we compared expression profiles of Pcdhs
in the brain between wild-type and Npcl mutant mice
from postnatal day (P) 9 onwards by in situ
hybridization. Our data show that laminar distribution of
some Pcdhs in the cerebral cortex of Npcl mutated mice
is different from that of wild-type mice. Furthermore,
expressions of Pcdhs by oligodendrocytes in the corpus
callosum and by Purkinje cells and granular cells in the
cerebellum are strongly decreased in Npcl mutated mice
at later stages. Taken together, our data suggest that
aberrant expression of Pcdhs is a pathological process
accompanied by neurodegeneration in Npcl mutant
mice.
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Introduction

Niemann-Pick type C (NPC) disease is an autosomal
recessive disorder characterized by cellular
accumulation of unesterified cholesterol and
glycosphingolipids. Approximately, 95% of NPC disease
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is caused by mutations of Npcl gene and 5% of Npc2
gene (Carstea et al., 1997; Loftus et al., 1997;
Naureckiene et al., 2000). Both Npc proteins collaborate
in processes of transporting intracellular cholesterol
from lysosomes to the endoplasmic reticulum and Golgi
apparatus (Carstea et al., 1997; Vanier and Millat, 2003).
Different mutations of Npcl gene typically cause
dysmyelination and axonal swelling, resulting in
neuronal death in early childhood, and subsequently
leading to motor impairment in the central nervous
system (CNS) of the patients (Pentchev et al., 1984;
Bauer et al., 2002; Vaikar et al., 2002; Baudry et al.
2003).

The Npcl mutant (Npcl”/-) mouse is usually
asymptomatic at birth, but gradually develops
neurological symptoms, including tremor and ataxia
from about seven weeks onwards (Ong et al., 2001;
Luan et al., 2008). Npc1”- mice show spatio-temporally
pathological changes, e.g., loss of neurons in the
prefrontal cortex, thalamus and brainstem, predominant
loss of Purkinje cells in the cerebellum; myelination
defects in the cerebral cortex, the hippocampus and in
the middle layer of the corpus callosum; and activation
of microglia and astrocytes (German et al., 2002; Baudry
et al., 2003; Sarna et al., 2003). Furthermore,
experiments have demonstrated cognitive impairment
for learning and remembering in Npc1”/- mice (Vikar et
al., 2002; Hovakimyan et al., 2013). All these
pathologies mimic a phenotype similar to human NPC1
patients.

Cadherins are Ca?*-dependent cell adhesion
molecules involved in neurogenesis and functional
neural networks (Hirano et al., 2003; Luo et al., 2004;
Redies et al., 2003, 2005; Takeichi, 2007; Hulpiau and
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van Roy, 2009). Protocadherins, members of the
cadherin family, play important roles in multiple
processes, including gray matter differentiation, axon
pathfinding, target recognition, and synaptogenesis
(Homayouni et al., 2001; Uemura et al., 2007; Emond et
al., 2009; Liu et al., 2010).

Members of delta-protocadherins (Pcdhs) of the
protocadherin subfamily are expressed under specific
spatial and temporal conditions in the developing and
mature vertebrate brain, contributing to generation of
complex neural networks and regulation of brain
function (Aoki et al., 2003; Hirano, 2007; Liu et al.,
2009, 2010; Hertel and Redies, 2011). Abnormality of
Pcdhs is associated with neurological disorders and
diseases (Ostergaard et al., 2010; Miyake et al., 2011;
Miar et al., 2011; Redies et al., 2011, 2012; Kahr et al.,
2013). For example, Pcdh9 expression is downregulated
in cerebral glial tumors (Wang et al., 2012), while
PcdhB1 and Pcdh7 are up-regulated in postmortem
brains of Rett syndrome patients. A mutation of Pcdhl5,
a key molecule forming the link between neighboring
hair cells in the cochlea, is associated with both
syndromic and non-syndromic hearing loss (Alagramam
et al., 2001; Ahmed et al., 2003; Sliwinska-Kowalska
and Pawelczyk, 2013). Pcdh19 is predicted to be
involved in the establishment of neuronal connections
and in synaptic transduction (Yagi and Takeichi, 2000)
and a defect of Pcdhl19 results in epilepsy and mental
retardation (Jamal et al., 2010). Furthermore, Pcdh10
promotes growth of striatal axons and thalamocortical
projections (Uemura et al., 2007) and defective Pcdh10
causes an autism-spectrum disorder (Tsai et al., 2012).

The main pathologies of the NPC1 disease are the
loss of neurons in the cerebral cortex and of Purkinje
cells in the cerebellar cortex. Pcdhs are expressed in the
cortical layers (Krishna-K et al., 2011) and their
combinatorial expression patterns in the cortical layers
are disrupted under a pathological condition (Hertel and
Redies, 2011). Therefore, it is of interest to know
whether the spatio-temporal expression of Pcdhs is
altered in Npcl”~ mice. In the present study, our data
show that perturbation of Pcdhs expression accompanies
the phenotypes of the Npc1~~mouse.

Materials and methods
Animals and tissue preparation

Inbred pairs of heterozygous Npcl-mutated mice
(BALB/cNctr-Npc1™IN/J) " purchased from Jackson
Laboratory (Bar Harbor, ME, USA), were used to
generate control wild (Npc1**) and Npcl”- mice. After
being deeply anesthetized with pentobarbital, for
Western blots, mice were killed by decapitation and the
cerebral cortex was rapidly separated and collected; for
immunohistochemistry and electron microscopy, mice
were killed by cardiac perfusion with phosphate-
buffered saline (PBS), followed by 4% para-
formaldehyde in 0.1 M PBS. Then brains were removed

and postfixed overnight in the same fixation solution. At
least 3 samples for each genotype at postnatal day (P) 9,
P30, P49 and P62 were used for this study. Animal
experiments were conducted in compliance with the
rules and regulations of the local ethical committee and
the NIH Guide for the Care and Use of Laboratory
Animals.

For RNA profiling analysis by microarrays, fresh
tissues of the forebrain, the hindbrain and the cerebellum
were separated. Tissue perseveration was done using
RNAlater (Ambion, lifetechnologies) according to the
manufacturer’s recommendation and stored in a freezer
(-80°C). At least 6 samples for each genotype at P35
were used for this study.

In situ hybridization

Digoxigenin-labeled cRNA probes were synthesized
in vitro using plasmids containing the sequences of
different Pcdhs as described previously (Hertel and
Redies, 2011) and in situ hybridization on cryosections
was performed according to the previous protocol (Lin et
al., 2013). Briefly, cryostat sections were pre-treated
with proteinase K and acetic anhydride, and
hybridization was performed with a cRNA probe in a
concentration of 1-2 ng/ul overnight at 70°C in
hybridization solution. Subsequently, alkaline
phosphatase-coupled anti-digoxigenin Fab fragments
(Roche) were used to couple the cRNA probe at 4°C
overnight, followed by a enzymatic reaction by adding a
mixed substrate solution of nitroblue tetrazolium salt
(NBT) and 5-bromo-4-chloro-3-indoyl phosphate
(BCIP). The resulting signal in the sections was detected
and documented using a microscope system BZ-8000
(Keyence Deutschland GmbH, Neusenburg, Germany).
Photographs were adjusted in contrast and brightness by
the Photoshop software (Adobe, Mountain View, CA).

For all quantification analyses, Image J software was
used to quantify the intensity of Pcdhs in the cortical
regions from original bright-field images. The average
intensity of the detected regions was measured from 3
images per slide for comparison between Npcl~”- and
control brains. At least 3 samples for each genotype of
mice at postnatal day (P) 9, P30 and P49 were analyzed
for this study.

Antibodies and immunohistochemistry

Primary mouse, rabbit or rat antibodies raised
against astrocyte (GFAP; DAKO, Hamburg, Germany),
oligodendrocyte (MBP; Convance, California, USA),
neuron (NeuN; Chemicon, Darmstadt, Germany), and
neurofilament (NF; Abcam) were used. Appropriate
Alexa 488- (Molecular Probes, Eugene, USA) or Cy3-
labeled (Dianova, Hamburg, Germany) antibodies
against mouse, rabbit or rat IgG served as secondary
antibodies.

Double fluorescent immunostaining was performed
on cryosections according to the method described
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previously (Yan et al., 2011). Briefly, after postfixation
with 4% formaldehyde, cryosections were blocked with
a milk solution (5% skimmed milk and 0.3% Triton X-
100 in TBS) at room temperature for 60 min. Then
sections were incubated overnight at 4°C with the
primary antibody NF, followed by the Alexa-488-labeled
secondary antibody (Molecular Probes). After a further
blocking step, the sections were incubated with the
primary antibody MBP at 4°C overnight. Subsequently,
the Cy3-labeled secondary antibody (Dianova) was
applied. Finally, cell nuclei were counterstained with
4’ ,6-diamidino-2-phenylindole (DAPI; Sigma).
Fluorescence was imaged under a fluorescent
microscopy system (BZ-8000; Keyence Deutschland
GmbH, Germany). Digital images were adjusted in
contrast and brightness with the Photoshop software
(Adobe Systems).

Double staining for in situ hybridization and
immunostaining was performed in the same section
according to the method described previously (Lin et al.,
2010).

Western blot analysis

Semiquantitative western blot detection was carried
out using the Odyssey Infrared Imaging System (LI-
COR Biosciences GmbH, Bad Homburg, Germany)
according to protocol described previously (Yan et al.,
2011). The primary antibodies of anti-Pcdh10 (1:1000,
EMELCA Bioscience) and anti-Pcdh17 (1:1000,
EMELCA Bioscience) were used. The antibody of anti-
GAPDH (1:10000, Abcam) was used as a loading
control. Alexa-Fluor 680 and goat anti-mouse IRDye
800 (1:10.000; Invitrogen) were used as secondary
antibodies.

RNA array analysis

Samples stored in RNAlater were lysed in a
chaotropic buffer (RNeasy, Qiagen, Hilden) using a
FastPrep-24 device (MP Biomedicals) and disposable
Lysings Matrix D tubes (BIO 101 Systems). After an
additional phenol extraction, the RNAeasy spin column
(Qiagen) chromatography protocol was adapted
according to the manufacture’s guidance. Quality control
of the obtained RNA was carried out by a lab on a chip
electrophoresis (Bioanalyzer, Agilent) and spectro-
photometrical quantification followed by a Nanodrop
device (Thermo Fisher).

To perform the Profiling study, Affymetrix
GeneChip Mouse Gene 1.0 ST Arrays were hybridized
following the Affymetrix WT (whole transcriptome)
protocol. Briefly, RNA samples of 200 ng were reverse
transcribed introducing a T7 promoter sequence
randomly ending with Ny to all RNA molecules
(Ambion WT Expression Kit, Ambion lifetechnologies).
Then in vitro transcription reaction was performed via
the linear amplification protocol using T7 polymerase.
After magnet bead based cleanup and spectro-

photometrical quantification, twelve microgram cRNA
per sample were used to generate a random primed
strand-identical new cDNA (GeneChip WT Terminal
Labeling and Hybridization Kit, Affymetrix). End
labeling was performed using terminal deoxynucleotidyl
transferase.

Hybridisation was carried out over night at 45°C in
the GeneChip® Hybridisation Oven 640 (Affymetrix)
and the microarray was scanned using the GeneChip
Scanner 3000 (Affymetrix) at 0.7 micron resolution. All
microarray analyses were performed with the statistical
programming software R/Bioconductor and the array
quality was assessed using the R/Bioconductor package
affyPLM (Bolstad et al., 2004, 2005, Brettschneider et
al., 2008). Based on the quality control, all arrays were
of sufficient quality except one hindbrain sample, which
was deleted from the analysis due to quality concerns.
Array pre-processing was performed separately for each
tissue and consisted of background correction by RMA
(Irizarry et al., 2003), and quantile normalization and
summarization by median polish. Differential expression
of genes was determined by two-sided, unpaired t-tests.

Statistical analysis

Results were reported as mean = SEM from at least
three independent experiments. Statistical evaluation
was carried out using the two-tailed Student’s t-test with
Excel software (Microsoft, USA). A difference was
considered to be significant, when the p-value was less
than 0.05 (* p<0.05; ** p<0.01; *** p<0.001).

Results

Previous studies have demonstrated that members of
the Pcdh family are expressed in the embryonic and
adult brain (Redies et al., 2008; Krishna-K et al., 2011)
and mutation of reelin protein in the reeler mouse results
in an aberrant laminar distribution of the Pcdhs in the
cerebral cortex (Hertel and Redies, 2011). In this study,
we compared expression patterns of Pcdhs in wild-type
and Npcl”~ mice at P9, P30, and P49 in different regions
of the brain using antisense cRNA probes, and sense
cRNA probes were used as negative controls (e.g., Fig.
2D). The regions of the retrosplenial granular cortex
(RSG), the retrosplenial dysgranular cortex (RSD) and
the visual cortex (V2) were confirmed visually by
comparing structures of the investigated sections with
the mouse brain atlas (Franklin Keith and Paxinos,
2007). Results were ordered and presented by regions
and developmental stages (from early to late). Fig. 1,
Fig. 2 and Fig. 3 show expression patterns of Pcdhs in
RSG, RSD and/or V2; Fig. 4 shows quantitative analyses
of Pcdhs in the different regions of the cortex; Fig. 5 and
Fig. 6 show expression patterns of Pcdhs in the corpus
callosum; Fig. 7 in the hippocampus; Fig. 8 in the
cerebellum; and Fig. 9 demonstrates the microarray
analysis of Pcdh mRNAs in the forebrain. Generally, our
results showed that the expression of Pcdhs in the
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anatomical structures of the CNS investigated here was
altered in Npc1”~ mice compared to wild-type mice.

Pcdhs expression in the cortex at P9

In the cortex region (Fig. 1A), thionin staining
revealed that cell distribution and layer structures were
similar in both wild-type and Npc1”- mice (Fig. 1B,C).
Expression patterns of Pcdhs, including protocadherin-1
(Pcdhl), Pcdh7, Pcdh9, Pcdh10, Pcdh17, and Pcdh19

between wild-type and Npcl”~ mice were similar (Fig.
1D-0), but in Npcl”- mice signals of Pcdh7 (Fig. 1G),
Pcdh9 (Fig. 11), Pcdh10 (Fig. 1K), Pcdh17 (Fig. 1M),
and Pcdh19 (Fig. 10) were stronger compared to wild
type mice (Fig. 1D,F,H,J,L.N).

Furthermore, we also performed semiquantitative
analyses to measure the mRNA level of Pcdhs in in situ
hybridization with the Image J software and the protein
level of some Pcdhs by Western blots with antibodies
supplied commercially. The results indicated that the

Npc1--P9

B Npc1-P9 C

Npc1**-P9
F : G

Npc1/-P9

Fig. 1. In situ hybridization for Pcdhs in the adjacent transverse sections through retrosplenial dysgranular cortex (RSD), retrosplenial granular cortex

(RSG) and visual cortex (V2) at postnatal day (P) 9 in the wild-type (Npc1+*) and NPC1 mutant (Npc17") mice. A. A schematic overview of the
anatomical structures investigated here, I-VI indicates different cortical layers. B, C. Thionin staining in similar sections for Npc1** and Npc1”/- to
identify the different anatomical parts and the cortical layers. D-O. In situ hybridization of Pcdh1 (D, E), Pcdh7 (F, G), Pcdh9 (H, 1), Pcdh10 (J, K),
Pcdh17 (L, M) and Pcdh19 (N, O) in the adjacent transverse sections through RSG, RSD and V2 cortex. Asterisks in H, J, K, and N indicate the
artificial break or folder. cc, corpus callosum; cg, cingulum; ec, external capsule; Hi, hippocampus; Pcdh, protocadherin; RSD, retrosplenial dysgranular
cortex; RSG, retrosplenial granular cortex; Th, thionin. Scale bar: 300 ym in B for all.
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Fig. 2. In situ hybridization
for Pcdhs in the adjacent
transverse sections through
retrosplenial dysgranular
cortex (RSD) and
retrosplenial granular cortex
(RSG) at postnatal day (P)
30 and P49 in the wild-type
(Npc1+/+) and NPC1 mutant
(Npc17) mice. A. A
schematic overview of the
anatomical structures
investigated here, |-VI
B indicates different cortical
M layers. B, C. Thionin
¥ staining in similar sections
for Npc1+/+ and Npc1- to
identify the different
anatomical parts and the
cortical layers. D. In situ
hybridization using sense
cRNA-probe for Pcdh1 as
§ negative control. E-B’. In
situ hybridization of Pcdh1
(E-H), Pcdh7 (I-L), Pcdh9
& (M-P), Pcdh10 (Q-T),
Pcdh17 (U-X) and Pcdh19
(Y-B’) in the adjacent
transverse sections through
i RSG and RSD cortex at P30
and P49. cc, corpus
N callosum; cg, cingulum; ec,
external capsule; Hi,
hippocampus; Pcdh,
protocadherin; RSD,
retrosplenial dysgranular
| cortex; RSG, retrosplenial
granular cortex; Th, thionin.
Scale bar: 200 ym in B for
all.
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mRNA amount of Pcdhs in the regions of RSG, RSD
and V2 between Npcl”~ and wild type mice was not
significantly different (Figs. 4A,B). However, the
amounts of Pcdh10 (Fig. 4G.I) and Pcdh17 (Fig. 4H.J)
protein in whole tissue lysate of the cerebral cortex were
significantly increased in Npc1”/- mice at P9 when
compared to the wild type mice (Fig. 4G-J).

Pcdhs expression in RSG and RSD at P30 and P49

In RSG and RSD regions (Fig. 2A), thionin staining
revealed that cell distribution and layer structures were
similar in both wild-type and Npc1”~ mice (Fig. 2B,C).
In wild-type mice, Pcdhl signals were mainly restricted
to layers II-1IT of the RSG and RSD regions at P30 (Fig.
2E) and P49 (Fig. 2G). However, in Npc1”/~ mice,
signals were also found in layers IV-VI at corresponding
stages (Fig. 2F,H). For Pcdh7, signals were found in all
layers in wild-type mice at P30 and decreased at P49,
but they were stronger in layers V-VI in Npcl”" mice
(Fig. 2J,L). The expression of Pcdh9 in Npc1”- mice was
stronger than that in wild-type mice, especially in layers

Npc1-P30  Npc1”-P30  Npcl™-P49

oy

Npc17*-P49
B i,

Spdht S Pedh

Bodho L Pédhg

CPeaNTS v PeIEE - PCDEAT ¥ Podm7

U

II-VI (Fig. 2M-P). In wild-type mice Pcdh10 signals
were strong in the RSD cortex and weak in the RSG
cortex at P30 (Fig. 2Q), but in Npc1”- mice signals were
stronger in all layers in both regions at P30 (Fig. 2R).
The expression patterns of Pcdh17 in both wild-type and
Npcl”- mice were similar, but signals in the RSG region
of Npcl”/- mice were stronger than that of wild-type
mice gFig. 2U-X). Finally, the expression of Pcdh19 in
Npcl”- mice was decreased at both P30 and P49, when
compared to that in wild-type mice (Fig. 2Y-B’).
Furthermore, semiquantitative analyses of the
mRNA level by in situ hybridization were evaluated
using the Image J software. The results indicated that in
the regions of RSG and RSD, the mRNA amount of
Pcdh9 was significantly increased at both P30 and P49
in Npc1”~ mice (Fig. 4C.E), but Pcdh19 significantly
decreased (Fig. 4C.E) when compared to wild type mice
(Fig. 4C.E). The amounts of other Pcdhs, including
Pcdhl, Pcdh7, Pcdhl10, and Pcdhl7 were not
significantly different between Npcl”~ and wild type
mice (Fig. 4C,E). Moreover, the amounts of both Pcdh10
(Fig. 4G,I) and Pcdhl17 (Fig. 4H.,J) protein in whole
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Fig. 3. In situ hybridization for Pcdhs in the adjacent transverse sections through the visual cortex V2 in Npc1*+ and Npc1” mice with a series of
adjacent sections at postnatal day 30 (P30) and 49 (P49), respectively. Results were obtained with cRNA probes for Pcdh1 (A-D), Pcdh7 (E-H), Pcdh9
(I-L), Pcdh10 (M-P), Pcdh17 (Q-T) and Pcdh19 (U-X). I-VI indicates different cortical layers; WM, white matter. Scale bar: 200 ym in A for all.
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Fig. 4. Quantitative analyses of Pcdhs mRNAs and proteins in the different regions of the Npc1- cortex from P9 to P62, compared to the Npc1++
cortex. A-F. Image J software was used to quantify mMRNA intensity of Pcdhs in the retrosplenial granular cortex (RSG) and retrosplenial dysgranular
cortex (RSD) at P9 (A), P30 (C) and P49 (E), in visual cortex V2 at P9 (B), P30 (D) and P49 (F). Data are normalized to the control mice and presented
as mean + SEM from at least three independent experiments. * p<0.05, ** p<0.01, *** p<0.001 compared to the control. G-J. Western blots and semi-
quantitative analyses show the protein levels of Pcdh10 (G, 1) and Pcdh17 (H, J) in the Npc1- cortex from P9 to P62 compared to the Npc1+/+ cortex.
GAPDH is used as a loading control. Data are normalized by the number of control mice and presented as mean + SEM from at least three

independent experiments. * p<0.05, ** p<0.01 compared to the control.
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Fig. 5. Decreased expression of Pcdhs in the corpus callusom (cc) of Npc1++ and Npc1” mice. A. A schematic overview of the anatomical structures
investigated here. B-M. Results from in situ hybridization were obtained with cRNA probes for Pcdh9 at postnatal day (P) 9 (B, C), P30 (F, G), and P49
(J, K) and for Pcdh17 at P9 (D, E), P30 (H, I), and P49 (L, M). N-U. Co-expression of myelin basic protein (MBP, red) and neurofilament (NF, green) in
the cc in Npc1**and Npc1 mice, detected by double-immunohistochemistry at P30. V-X. Comparison of the thickness of corpus callusom (V), Pcdh9-
positive cells (W), and Pcdh17-positive cells (X) between Npc1++ and Npc1-- mice at different stages. Abbreviations: cc, corpus callosum; vhe, ventral
hippocampal commissure; DAPI, cell nuclear staining. Arrows indicate Pcdhs positive cells. ** p<0.01, *** p<0.001 compared to the control. Scale bar:

200 pym in A for all.
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tissue lysate of the cerebral cortex were significantly Pcdhs expression in the visual cortex V2 at P30 and P49

increased in Npcl‘/‘ mice at P30, but not at P62, when
compared to the wild type mice (Figs. 4G-J).

In wild-type mice, Pcdhl was mainly restricted to

, - N A (O T A '4 ¥ W A 5 74 . . et o
Fig. 6. Pcdh9 expression in the corpus callusom (cc), compared to the expression of different markers for oligodendrocyte - myelin basic protein
astrocyte - GFAP and neuron - NeuN at P30. A-D. Double-labeling in the same section for Pcdh9 (green color) and the oligodendrocyte marker (MBP;
red color) in cc of Npc1++ mice. E-H. Double-labeling in the same section for Pcdh9 (green color) and the oligodendrocyte marker (MBP; red color) in
the cc of Npc1”- mice. I-L. Double-labeling in the same section for the Pcdh9 (green color) and the astrocyte marker (GFAP; red color) in the cc of
Npc1++ mice. M-P. Double-labeling in the same section for the Pcdh9 (green color) and the neuronal marker (NeuN; red color) in the cc of Npc1++
mice. Q-T. Immunolabeling for the astrocyte marker (GFAP; red color) in the cc of Npc1”- mice. D, H, L, P, T show the high magnification of the regions
boxed in C, G, K, O, and S, respectively. Arrows in D, L, P indicate the Pcdh9-positive cells. Arrowheads in L indicate astrocytes. Py, pyramidal cell
layer of the hippocampus; vhc, ventral hippocampal commissure. Scale bar: 50 um in D for H, L, P; 200 ym in A for the others.

(MBP),
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layers II to IV at P30 and P49 (Fig. 3A,C), but in Npc1--
mice, strong expression was found in all layers at P30
and P49 (Fig. 3B,D). Expression patterns of Pcdh7,
Pcdh9, Pcdh10 and Pcdhl7 were found to be similar
between Npcl” mice and wild type mice (Fig. 3E-T).
However, Pcdh19 signals were strongly decreased in
Npc1”~ mice, although the distribution patterns of Pcdh-
positive cells were similar in both cases (Fig 3U-X).
Furthermore, the mRNA level by in situ
hybridization was evaluated by semiquantitative
analysis. The results indicated that in the region of the
visual cortex V2, Pcdh17 and Pcdh9 mRNA amount was
significantly increased at P30 (Fig. 4D) and at P49 (Fig.
4F), respectively, but Pcdh19 decreased at both P30 and
P49 (Fig. 4D,F) in Npcl”~ mice. The amounts of other

Pcdh9-P30

Pcdh9-P49

o
(ap)
-
N
h wa
e
o
O
o

Pcdh17-P49

Pcdhs, including Pcdhl, Pcdh7, and Pcdh10 were not
significantly different between Npcl”~ and wild type
mice (Fig. 4D F).

Pcdhs expression by oligodendrocytes in the corpus
callosum

During development, specific neurons in the cortical
layer extend their projecting fibers across the corpus
callosum (CC) to the contra-lateral hemisphere
(Molyneaux et al., 2007). Homophilic adhesion of
cadherins, including protocadherins, guides axon
pathfinding to the correct terminal position (Treubert-
Zimmermann et al., 2002; Leung et al., 2013).
Therefore, we further investigated the expression of the

Fig. 7. Expression mapping of Pcdhs in the hippocampus of Npc1++ and Npc1- mice in a series of adjacent sections at postnatal day 30 (P30) and 49
(P49), respectively. Results were obtained with cRNA probes for Pcdh9 (A-H) and Pcdh17 (I-P). B, D, F, H, J, L, N, P show the high magnification in
the regions boxed in A, C, E, G, I, K, M, O, Q, respectively. CA1, field CA1 of the hippocampus; CA3, field CA3 of the hippocampus; DG, dentate
gyrus; ec, external capsule; fi, fimbria of the hippocampus; LDVL, laterodorsal thalamic nucleus, ventrolateral part. Arrowheads indicate the Pcdhs
positive cells. Scale bar: 200 um in Afor C, E, G, I, K, M, O;inB for D, F, H, J, L, N, P.
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Pcdhs in the corpus callosum. Generally, our results
demonstrated that the number of Pcdh9- and Pcdhl7-
positive cells and the thickness of the corpus callosum in
Npc1”- mice (Fig. 5B-X), especially at later stages, was
decreased, showing a morphological defect (Fig. 5B-U).
At P9, only a few Pcdh9- and Pcdh17-positive cells were
found in the corpus callosum of both wild-type and
Npcl”- mice (Fig. 5B-E). However, at P30 and P49, the
number of Pcdh9- (Fig. 5G,K) and Pcdh17-positive cells
(Fig. 5I,M) was significantly decreased in Npcl” mice
when compared to wild-type mice (Fig. SF,J,H,L). In
adjacent sections, double immunostaining against myelin
basic protein (MBP) and neurofilament (NF) showed
that MBP was strongly decreased in Npcl”- mice (Fig.
5S-U) at P30, suggesting a possible defect of
oligodendrocytes in the corpus callosum. When

Npc1**-P30 Npc1/-P30

A

quantifying the Pcdh-positive cells in the corpus
callosum at P30 and P49, we found that the number of
Pcdh9- and Pcdhl7-positive cells at P30 and P49 was
strongly decreased in Npc1”~ mice compared to the wild
type mice (Fig. 5W,X). Furthermore, the thickness of the
corpus callosum was significantly decreased in Npcl-
mice from P9 onwards (Fig. 5V).

To confirm which cell type of the Pcdh-positive cells
in the corpus callosum belongs to, we performed double
imaging with in situ hybridization for Pcdhs and
immunostaining for MBP in the corpus callosum of
wild-type mice. The results showed that, e.g., at P30,
Pcdh9 mRNA (green in Fig. 6A-P) and the
oligodendrocyte marker MBP (red in Fig. 6B-D) were
expressed in the same cells (Fig. 6C,D) in the corpus
callosum of wild-type mice, but not in Npc1”~ mice (Fig.

Npc1++-P49

Npc1/-P49
D

Fig. 8. Expression mapping of Pcdhs in the cerebellum of Npc1++ and Npc1- mice in a series of adjacent sections at postnatal day 30 (P30) and 49
(P49), respectively. Results were obtained with cRNA probes for Pcdh7 (A-D), Pcdh9 (E-H), Pcdh17 (I-L) and Pcdh19 (M-P). Arrowheads indicate the
Pcdh17-positive cells in IGL. IGI, internal granular layer; Purk, Purkinje cell layer. Scale bar: 200 um in A for all.
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6E-H). In contrast, the astrocyte marker GFAP (red in
Fig. 6J-L) and the neuronal marker NeuN (red in Fig.
6N-P) were not co-expressed with Pcdh9 mRNA in wild
type mice (Fig. 6K,L,0,P), suggesting that the Pcdh-
positive cells in the corpus callosum were
oligodendrocytes and that their number was decreased in
Npcl”- mice, although the number of astrocytes was
increased in Npcl1”~ mice (comparing Fig. 6R-T with
Fig. 6J-L).

Pcdhs expression in the hippocampus

Furthermore, we investigated expression patterns of
the Pcdhs in the hippocampus. Our results showed that
the expression patterns of all Pcdhs were conserved
between wild-type and Npc1”- mice (data not shown).
For example, Pcdh9 and Pcdh17 were expressed in the
CAl, CA2 and CAS3 fields and by pyramidal neurons of
the dentate gyrus in both wild-type and Npc1”- mice
(Fig. 7A-H and 71-P). However, in the hippocampal
fimbria, we found some differences between wild-type
and Npc1”~ mice at later stages. For example, at P30
(Fig. 7A-D, I-L) and P49 (Fig. 7E-H, M-P), the number
of the Pcdh9- (Fig. 7D,H) and Pcdhl17-positive cells
(Fig. 7L,P) was lower in Npc1”- mice than in wild-type
mice (Fig. 7B ,F,J,N).

Pcdhs expression in the cerebellum
In the cerebellum, Pcdh-positive cells were found in

Purkinje cells and granular cells of the internal granular
layer (IGL) in wild-type mice. For example, Pcdh7-

forebrain

(Fig. 8A,C), Pcdh9- (Fig. 8E.G), Pcdh17- (Fig. 81.K) and
Pcdh19-positive cells (Fig. 8M,0) were observed in both
the Purkinje cells and granular cells in wild-type mice at
P30 and P49, as demonstrated by cell location and
morphology, respectively. At P9, we did not find
differences of Pcdhs expression by Purkinﬂ'e cells and
granular cells between wild-type and Npcl” mice (data
not shown). However, the number of the Pcdh7- (Fig.
8B.,D), Pcdh9- (Fig. 8F,H), Pcdh17- (Fig. 8J,L), and
Pcdh19-positive cells (Fig. 8N,P) of the Purkinje cells
and granular cells in Npc1”/- mice was strongly
decreased at P30 and P49, respectively. Our data suggest
that Pcdhs can be used as markers to monitor the number
change of Purkinje cells and granular cells in Npcl™-
mice.

Cadherin mRNA in Npc1 mutant mouse detected by
microarray

We did mRNA microarray and obtained transcription
profiles across three brain tissues (including forebrain,
cerebellum, and hindbrain) for a number of cadherins
and protocadherins at P35. Results showed that the
mRNA amount of most cadherins and protocadherins
exhibited only minor, if any, differences between Npc1--
and control wild-type mice (e.g., see Fig. 9 for a
scatterplot of the forebrain data). An exception is
cadherinl9 (th19), which is consistently down-
regulated in Npcl™  mice across all tissues, most
prominently in the forebrain with a highly significant
mean fold change (Fig. 9 and data not shown). Taken
together, our data suggest that the distribution of

[ cadherin
[l Protocadnerin

10

e Cdh19; p=0.001

Npc1-/-; gene expression value, log 2

Fig. 9. Scatter-plot of selected
mRNA-microarray data from the
forebrain tissue at postnatal day 35.
Depicted are mean log-transformed
signal intensities for cadherin (red)
and protocadherin (blue) genes in
wild-type mice (controls, X-axis) vs.
Npc1”- mice (Y-axis). Cadherin19 is
the only one with the most
pronounced differential expression
between wild-type and Npc1” mice
as determined by microarray
analysis with a p-value of 0.001 by a
two-sided, unpaired t-test at P35.

Npc1+/+; gene expression value, log 2

The dotted lines signify a fold
change of 1.3 and -1.3 between the
groups, respectively.
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protocadherins in Npcl”/~ mice was altered when
compared to wild-type mice, although the mRNA
amount of protocadherins in the CNS seems stable at
least until P35.

Discussion

The NPCI1 disease is characterized by a widespread
neurodegeneration, an increased number of astrocytes,
and dysmyelination in the cerebral cortex (Ong et al.,
2001; Takikita et al., 2004). The Npcl'/' mouse mimics
features of the human NPC1 neuropathology (Boothe et
al., 1984), including cerebral atrophy, dysmyelination
and neuronal degeneration, and cognitive impairment for
learning and remembering (German et al., 2002; Voikar
et al., 2002; Baudry et al., 2003; Sarna et al., 2003;
Hovakimyan et al., 2013). Therefore, it is a useful mouse
model to study potential phathomechanisms and
therapeutic interactions for the NPC1 disease.

In this study, we showed that in the regions of RSG,
RSD, and V2 of the Npcl‘/' mouse, although the
distribution of some Pcdhs in the cortical layers is
altered to be stronger or weaker, the laminar patterns
(structures) of Pcdhs still remain (Figs. 1-4), suggesting
that Pcdh-mediate adhesion and sorting of early neurons
in the cortical development is not abolished by Npcl
mutation.

The corpus callosum is the largest fiber tract in the
brain and connects neurons between both cerebral
hemispheres. The formation of the corpus callosum is
strictly controlled by a large number of molecules, which
are involved in, e.g., the formation of glial populations
and the guidance of callosal axons (Richards et al.,
2004). We showed that the thickness of the corpus
callosum in the Npcl”~ mouse is different compared to
the wild-type control (Fig. 5), suggesting a defect of the
corpus callosum in the Npc1”- mouse. Interestingly, our
data further revealed that Pcdh-positive oligo-
dendrocytes and myelination in the corpus callosum are
strongly decreased, accompanied by an increase of
GFAP-positive astrocytes. This finding is consistent with
the data described previously (Takikita et al., 2004;
Pressey et al., 2012). However, the up-regulation of
GFAP is not connected with the decreased expression of
Pcdhs investigated here, because we found that only
oligodendrocytes, but not astrocytes or neurons, express
Pcdh9 (Fig. 6). Therefore, the decreased expression of
Pcdhs coincides with the loss of oligodendrocytes in the
corpus callosum of Npcl”/- mice, suggesting that the
Pcdhs, e.g., Pcdh9 and Pcdhl7, can be applied as a
marker to monitor olif?rodendrocyte number of the corpus
callosum in the Npc1” mice.

In the present study, seven Pcdhs were found to be
expressed by pyramidal neurons in the CA fields and
dentate gyrus of the hippocampus. There was no obvious
difference between wild-type and Npcl”/- mice (Fig. 7,
data not shown). However, in the hippocampal fimbria
region, the expression of Pcdh9 and Pcdh17 was reduced
in the Npc1”- mouse compared to the wild-type mouse

(Fig. 7). The precise mechanism of this phenomenon has
to be studied further.

Purkinje cell degeneration is a prominent feature of
neuropathology in the NPC1 disease. During the early
postnatal stage, Purkinje cells exhibit a morphological
abnormality with an axonal swelling and cytological
accumulation (Sarna et al., 2003), followed by a
progressive loss of Purkinje cells in the Npc1”/- mouse at
later stages (Sarna et al., 2003; Zhang et al., 2008). Here,
our data show that decreased expression of the Pcdhs is
compatible with the degeneration of Purkinje cells in the
Npcl”- mouse. It is of interest to know whether the
decreased Pcdhs is involved in Purkinje cell
degeneration or whether the Pcdhs are only a marker for
Purkinje cells, which are degenerated in the Npcl-/-
mouse, resulting in the decrease of Pcdhs.

It should be noted that although expressions of
Pcdhs in the local regions are either decreased or
increased in the Npcl”" mouse when compared to the
wild-type mouse, the mRNA amounts of distinct Pcdhs
in the forebrain, the hindbrain and the cerebellum
detected by mRNA microarray have only minor changes
between them at least at P35 (see Fig. 9). Based on the
present data, it is difficult to determine whether the
alteration of Pcdhs in the Npcl”- mouse is caused
directly by Npcl mutation or resulted from the
accumulation of lipids in cells. The relationship between
them should be further investigated.
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