Biological
Psychiatry

Archival Report

Genetic Mapping in Mice Reveals the
Involvement of Pcdh9 in Long-Term Social
and Object Recognition and Sensorimotor
Development

Hilgo Bruining, Asuka Matsui, Asami Oguro-Ando, René S. Kahn, Heleen M. van‘t Spijker,
Guus Akkermans, Oliver Stiedl, Herman van Engeland, Bastijn Koopmans, Hein A. van Lith,
Hugo Oppelaar, Liselotte Tieland, Lourens J. Nonkes, Takeshi Yagi, Ryosuke Kaneko,

J. Peter H. Burbach, Nobuhiko Yamamoto, and Martien J. Kas

ABSTRACT

BACKGROUND: Quantitative genetic analysis of basic mouse behaviors is a powerful tool to identify novel genetic
phenotypes contributing to neurobehavioral disorders. Here, we analyzed genetic contributions to single-trial, long-
term social and nonsocial recognition and subsequently studied the functional impact of an identified candidate gene
on behavioral development.

METHODS: Genetic mapping of single-trial social recognition was performed in chromosome substitution strains, a
sophisticated tool for detecting quantitative trait loci (QTL) of complex traits. Follow-up occurred by generating and
testing knockout (KO) mice of a selected QTL candidate gene. Functional characterization of these mice was
performed through behavioral and neurological assessments across developmental stages and analyses of gene
expression and brain morphology.

RESULTS: Chromosome substitution strain 14 mapping studies revealed an overlapping QTL related to long-term
social and object recognition harboring Pcdh9, a cell-adhesion gene previously associated with autism spectrum
disorder. Specific long-term social and object recognition deficits were confirmed in homozygous (KO) Pcdh9-
deficient mice, while heterozygous mice only showed long-term social recognition impairment. The recognition
deficits in KO mice were not associated with alterations in perception, multi-trial discrimination learning, sociability,
behavioral flexibility, or fear memory. Rather, KO mice showed additional impairments in sensorimotor development
reflected by early touch-evoked biting, rotarod performance, and sensory gating deficits. This profile emerged with
structural changes in deep layers of sensory cortices, where Pcdh9 is selectively expressed.

CONCLUSIONS: This behavior-to-gene study implicates Pcdh9 in cognitive functions required for long-term social
and nonsocial recognition. This role is supported by the involvement of Pcdh9 in sensory cortex development and
sensorimotor phenotypes.

Keywords: Associative learning, Autism spectrum disorder, Genetic mapping, Information processing, Pcdh9, QTL,
Quantitative trait locus, Recognition, Sensory cortex, Social cognition
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The genetic architecture of psychiatric disorders is complex
and composed of multiple interacting factors. Although many
candidate genes have been identified, not much is known on
how these genes impact specific components of behavior and
social functioning (1,2). One of the reasons is the difficulty of
linking gene products or molecular pathways to the expression
of social behavior; another, the challenge to find meaningful
genetic phenotypes that directly relate to cognitive deficits in
human psychopathology. A commonly proposed solution to
enhance the relevance and specificity of genetic phenotypes is
to focus on underlying quantitative traits that more directly
index neurobiological disruptions (3-5). This is an attractive
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approach, though highly demanding, requiring large human
samples characterized for relevant phenotypes. To overcome
this limitation, we have proposed a complementary strategy to
perform quantitative genetic analysis of basic social behaviors
in mice that are regulated by processes likely to be conserved
across species (6). The advantage of this approach is that
genetic variation underlying differences in specific traits can
be detected using sophisticated mapping panels to gain
understanding of brain function.

In this study, we followed this strategy and performed the
first forward genetic screen of social recognition (SRE) in mice
followed by a functional characterization of a candidate gene
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in a newly generated knockout (KO) model. We chose SRE, as
it represents a basic behavior to form social relationships and
to establish social hierarchies essential for survival (7,8).
Taking advantage of this, SRE tests provide a unique
approach to test essential brain functions required for social
behavioral adaptation. Social recognition can be analyzed in a
social discrimination task that takes advantage of the innate
drive of animals to investigate unfamiliar over familiar social
stimuli and allows direct stimulus presentation for the acquis-
ition of the full olfactory signature (9,10). This test is inex-
pensive and fast with easy application and therefore highly
suitable for quantitative trait locus (QTL) studies involving large
numbers of mice. The SRE capacity can be tested after one-
trial learning with different time intervals, offering the unique
opportunity to separately investigate different processes
underlying recognition during social interaction (9). For
instance, impairments in both short-term and long-term SRE
may indicate inadequate sensory (e.g., smell) perception or
basic encoding problems, while an impairment restricted to
long-term but not short-term SRE indicates proper encoding
but reduced consolidation or cognitive processing of social
information. Impairments in such higher order processes will
have consequences for long-term social interactions and may
affect behavioral development. Furthermore, cue specificity of
recognition can be investigated by comparing the perform-
ance in social versus nonsocial (object) discrimination (11).
Here, we describe the QTL mapping of social recognition in a
panel of consomic strains, leading to the implication of proto-
cadherin 9 (Pcdh9) in long-term social and object recognition and
other phenotypes related to higher order information processing.

METHODS AND MATERIALS

Chromosome Substitution Strains

Breeding pairs for C57BL/6J, A/J, and all 21 C57BL/6J-Chr #%/
NaJ (chromosome substitution strain [CSS)) strains (# = 1-19,
X or Y) were obtained from the Jackson Laboratory (Bar
Harbor, Maine). Strain colonies were subsequently bred in-
house. All experiments were approved by the ethical commit-
tee for animal experimentation of the University Medical
Center Utrecht and performed according to the University
Medical Center institutional guidelines that are in full compli-
ance with the European Council Directive (86/609/EEC).

Social and Object Discrimination Tests

Two-day versions of social and object discrimination para-
digms were used to measure social and object recognition
capacity, as we performed previously (12) (Supplement 1). In
brief, for social discrimination, test animals were habituated in
the test cage for 5 minutes and initially exposed to an age- and
gender-matched A/J conspecific for 2 minutes and then, after
intertrial intervals (ITl) of 5 minutes, exposed to the familiar
conspecific and a first novel A/J conspecific for 2 minutes. On
day 2, after the 24-hour ITI, the test animal was habituated for
5 minutes and re-exposed to the same familiar intruder of day
1 and to a different novel intruder animal from a different cage
and housing room than the intruder of day 1 for 2 minutes. For
object discrimination, a similar test was used involving novel
and familiar objects instead of intruder mice (Supplement 1).
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Behavioral assessments were conducted at 3 to 5 months of
age and only male mice were used in the current study.

QTL Mapping

A CSS14-F; generation was derived by reciprocal mating of
C57BL/6J and C57BL/6J-Chr 14*/NaJ (CCS14) animals. The F,
hybrids were intercrossed, producing CSS14-F, animals. The F,
and control C57BL/6J animals were tested at the same age
range as the CSS mice with social and object discrimination
tests consecutively in fixed order, with 1 to 2 weeks between the
tests. DNA samples of the CSS14-F, mice were obtained
according to a standard procedure (13). For generating a genetic
map of chromosome 14, 19 microsatellites were chosen from the
mouse genome database (Mouse Genome Informatics, Jackson
Laboratory, Bar Harbor, Maine; http://www.informatics.jax.org/)
(Supplement 1). Segregation ratio of the genotypes of individual
microsatellite markers was checked with the chi-squared
goodness-of-fit test. None of the markers showed significant
segregation distortion (p > .05). Cox et al. (14) have constructed
a revised genetic map of the mouse genome and demonstrated
that utilization of the revised map improves QTL mapping.
Therefore, marker positions were taken from this map by using
the mouse map converter (Jackson Laboratory; http://cgd.jax.
org/mousemapconverter/). The location of the QTLs affecting
the measured quantitative traits was determined by using the
scan one function in the R/qtl package (http://www.R-project.
org) and using cross as an additive and interactive covariate
(15). Because the traits were normally distributed, the interval-
mapping module was used. Results were expressed as loga-
rithm of the odds (LOD) scores. The LOD score threshold level
was determined through permutation tests (random shuffling of
genotypes with phenotype based on 10,000 permutations). The
LOD score threshold level, set at a confidence level of .05 (this
level is generally accepted for statistical significance) was 3.31,
whereas at tenfold, increased confidence level (.005) corre-
sponds to a LOD score of 4.52. The power to detect a main
effect locus was calculated using R/gtlDesign (http://www.
R-project.org)(16). Based on an average marker density of ~
3.0 cM, 192 CSS14-F, mice are sufficient to detect a QTL that
has a LOD score of 3.31 and accounting for 10% of the
variance in the phenotypes with a power of 80%.

Generation and Breeding of Pcdh9 Knockout Mice

Pcdh9-deficient mice were generated using a standard pro-
cedure (17) (Supplement 1). A targeting vector was designated
to delete the second exon of the mouse Pcdh9 gene, which
encodes extracellular, transmembrane, and part of cytoplas-
mic domains (Supplement 1).

Developmental Behavioral and Neurological
Screening

The extended SmithKline Beecham, Harwell, Imperial College,
Royal London Hospital, phenotype assessment was used to
assess basic sensorimotoric functions, locomotor activity, and
various reflexes in mice (18,19) (Supplement 1). Sociability was
measured using the three-chambered apparatus (20) and a
variant of the reversal/set-shifting task was used to assess
multi-trial discrimination learning and behavioral flexibility (12)
(Supplement 1). Anxiety-like behavior in a novel environment

486 Biological Psychiatry October 1, 2015; 78:485-495 www.sobp.org/journal


http://www.informatics.jax.org/
http://cgd.jax.org/mousemapconverter/
http://cgd.jax.org/mousemapconverter/
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
www.sobp.org/journal

Pcdh9 Mediates Recognition and Sensorimotor Phenotypes

was measured in an open field test (Supplement 1). Fear-
conditioning tests were performed in a computer-controlled
fear-conditioning system (TSE-Systems, Bad Homburg, Ger-
many) as described previously (21). Acoustic startle and
prepulse inhibition (PPl) were measured during one 45-
minute session as reported previously (21) (Supplement 1).

In Situ Hybridization Profiling of Pcdh9 Expression

In situ hybridization was performed using a digoxigenin-labeled
complementary RNA probe for a 5 untranslated region,
according to a method described previously (Supplement 1).

Analysis of Cortical Thickness

Cortical thickness was assessed in primary somatosensory area
(bregma —1.70 mm: primary somatosensory barrel cortex field)
and primary visual area (bregma —2.30 mm) using 30-um serial
Nissl-stained brain sections at 100-um intervals (Supplement 1).

Immunohistochemistry

Immunohistochemistry was performed on 30-pm serial coronal
brain sections using NeuN primary antibody (Chemicon, Bill-
erica, Massachusetts) and Foxp2 primary antibody (Chemicon)
(Supplement 1).

Golgi Staining and Analysis

Golgi staining was performed on freshly dissected brains using
a FD Rapid GolgiStain kit (FD NeuroTechnologies, Columbia,

Maryland). Dendrites and dendritic spines in L6 of S1 were
traced using Neurolucida software (MicroBrightField, Williston,
Vermont).

Statistical Analysis

Statistical analyses were performed using SPSS 18.0 (Quarry
Bay, Hong Kong) (for details, see Supplement 1).

RESULTS

Genetic Mapping of Long-Term Social and Object
Recognition Capacity in Chromosome Substitution
Strains

To map QTLs underlying SRE in mice, we tested the C57BL/
6J-Chr#A/Nad mouse CSS panel (22) as a genetic reference
panel in a social discrimination paradigm. This consomic
mapping panel has previously been used as a sensitive
genetic reference panel to identify QTLs affecting behavioral
processes (23-26). CSS mice were exposed to a familiar and
an unfamiliar conspecific following a 5-minute short-term and
24-hour long-term ITI to investigate short-term and long-term
SRE capacity (9). Variable SRE performance was observed
among CSSs following these ITIs (Figure 1A,B). To detect
QTLs specifically related to long-term recognition, the effect
size of the difference between 5-minute and 24-hour ITI
recognition indices (Cohen’s d = [Mean_5 min — Mean_24 h|/
[pooled standard deviation]) was analyzed to select CSS
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Figure 1. Quantitative trait locus mapping of social and object recognition using chromosome substitution strains. (A,B) Social recognition (SRE) in the
chromosome substitution strain (CSS) panel (n = 8 per CSS) after 5-minute (A) and 24-hour (B) intertrial interval (ITl). Recognition index (Rl)—values higher
than .5 (dotted line)—indicate that test mice spent more time investigating the unfamiliar intruder compared with the familiar intruder. Most strains displayed
significant increase of social recognition ratio above chance (recognition index greater than .5) following the 5-minute ITl, apart from three CSS (CSS3, CSS4,
and CSS12) . In contrast, five CSS (CSS4, CSS6, CSS9, CSS14, and CSS15) did not show significant SRE after 24-hour ITI or impairments in both ITls (e.g.,
CSS4 and CSS12). (C) The effect size of the difference between social recognition after 5-minute and 24-hour ITI. (D,E) Short-term and long-term social (D)
and object recognition (E) assessments in C57BL/6J and the selected CSS14 with impaired long-term social and object recognition but intact short-term
performance. (F) Logarithm of the odds (LOD) score plot for social recognition index (solid line) and object recognition index (dotted line) for performance after
24-hour ITl in the CSS14-F, population (n = 192). The dashed horizontal line represents the threshold value (3.31) of the LOD score considered significant for
linkage. Genetic map (lower panel) of mouse chromosome 14 (MMU14) (the male revised Shifman map). Data are presented as the mean = SEM; *p < .05,
**p < .01.
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strains for further genetic mapping (Figure 1C). Accordingly,
CSS14 was selected as the strain with impaired long-term
SRE and the strongest decrease in SRE from 5-minute to 24-
hour ITl. We further analyzed associated behaviors in CSS14
during the social interaction sessions and found no significant
differences in the duration of social exploration, activity,
rearing, autogrooming, and immobility between this strain
and the C57BL/6J control animals in any of the test trials,
including during habituation. Thus, the differences in long-term
recognition were not associated with social avoidance,
reduced sociability, or exploratory behaviors (data not shown).
To establish if the long-term SRE impairment of CSS14
(Figure 1D) was limited to social cues, we also analyzed novel
object recognition (NORE) capacity. Similar to SRE, CSS14
showed intact NORE following short-term ITl but impaired
NORE following the long-term ITI (Figure 1E).

To localize genetic loci on chromosome 14 that are
associated with SRE and NORE capacity, an F, progeny of
192 male mice (derived from an F; intercross of C57BL/6J-Chr
14%/NaJ X C57BL/6J hybrids) was tested in the social and
object discrimination paradigms used for CSS14. Following
phenotyping and genotyping of the F, animals, QTL analysis
on the CSS14-F, population revealed significant LOD scores
for both long-term SRE and NORE, while no significant LOD
scores were obtained following the short-term SRE or NORE.
One chromosomal segment was mapped for SRE following
24-hour ITI and two segments were mapped for NORE
following the 24-hour ITI (Figure 1F). Furthermore, no signifi-
cance was reached for other phenotypes, such as locomotor
activity levels, exploration time, or rearing behavior. The high-
est peak for SRE had a LOD score of 3.72 with a 1.0 LOD
support interval of 90,927,318-106,412,167 base pair that
showed a partial 5.5 Mb overlap with the second QTL segment
linked to 24-hour ITI NORE performance, covering 92,453,717~
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97,908,061 base pair. These QTLs accounted for 11.0% and
11.1% of the variance in the long-term SRE and NORE
capacity in the F, population, respectively. This overlapping
locus indicated the presence of genes regulating long-term
SRE and NORE after single trial exposure.

Selection of Pcdh9 as a Candidate Gene from the
QTL Analysis

To pinpoint candidate genes contributing to long-term rec-
ognition performance in the overlapping 5.5-Mb QTL region,
we scrutinized genes and genetic variations using the
following selection criteria: 1) brain expression, 2) protein
variants coded by one or more nonsynonymous single
nucleotide polymorphisms (nsSNPs) (with http://www.jax.
org/) between the progenitor strains of the CSS panel (A/J
and C57BL/6J), and 3) evidence for association with neuro-
developmental disorders from human genetic studies. Fol-
lowing this procedure (Supplement 1), we revealed nsSNPs in
two genes with predominant brain expression: kelch-like 1
(KIhl1) and protocadherin 9 (Pcdh9). Pcdh9 was selected as
a promising candidate in the QTL region because Pcdh9, a
member of the cadherin subfamily of protocadherins, is
implicated in brain development and functioning (27,28).
Multiple members of this large cell-adhesion protein family
display strong and localized expression in the nervous
system (29-31) and have been implicated in a variety of
neurodevelopmental disorders (29,32,33). A particular asso-
ciation of PCDH9 with autism spectrum disorder (ASD) has
been suggested by de novo and inherited copy number
variation, both deletions and duplications, and was further
supported by the finding of downregulated transcript levels in
lymphoblasts of ASD patients (34-38). Furthermore, PCDH9
has also been associated with social behavioral traits in
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Figure 2. Generation of the Pcdh9-deficient mice and validation of quantitative trait locus phenotypes. (A) Strategy of homologous recombination for
targeting of the Pcdh9 gene. Locus and Pcdh9, target vector, and resulting target locus are indicated by restriction sites and positions of probes (5A, 3B, neo)
for genotyping. H, Hind Ill; B, Bam H I; A, Apa I. (B,C) Southern (B) and Western blot (C) analysis to detect expression of Pcdh9. (D,E) Social and object
recognition in wild-type (WT), heterozygous (Pcah9 ™), and knockout (Pcdh9 /") mice, analyzed as time spent sniffing the familiar versus the unknown social
intruder or nonsocial object (n = 10 mice/genotype). Data are presented as means += SEM; *p < .05; *p < .01; **p > .001.
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Figure 3. Spatiotemporal expression profile and structural changes in deep layers of the sensory cortices of Pcdh9 mice. (A) Pcdh9 expression in sagittal
and coronal brain sections at different developmental stages. At postnatal day (P)7, high localized expression in posterior part of the parietal region and the
anterior part of the occipital region and their innervating thalamic dorsal lateral geniculate and ventrobasal nuclei. Nissl staining (P7) lower right panel. Scale
bar = 1 mm. (B) Pcdh9 expression in layers of the occipital region of neocortices. Nissl staining is shown to the left, in situ signals to the right of each stage.
Scale bar = 100 pm. (C) Detection of sensory cortex areas in cortex. For somatosensory cortex (primary somatosensory barrel cortex field [S1BF]),
hippocampus cornu ammonis 2 (CA2) around bregma —1.70 mm area was used as a marker for detection. For visual cortex (primary visual cortex [V1]),
hippocampus dentate gyrus (DG) around bregma —2.30 mm area was used. (D) Examples of Nissl stainings of the primary somatosensory cortex. Scale bar =
200 um. (E,F) Quantitative analysis of cortical thickness in primary somatosensory (barrel) cortex (S1) (E), visual cortex (V1) (F) (n = 4). (G) Expression of Foxp2
(red), a marker for deeper layer projection neurons, NeuN (green), a general neuronal marker, and merge (yellow). A narrower band of FoxP2+ cells in
heterozygous (Pcdh9*/ ") and knockout (Pcdh9 /") versus wild-type (WT) mice is indicated (n = 4). Scale bar = 50 um. (H) Quantitative analysis of neuronal
cell number (NeuN) in deeper layers (L5/6) and quantitative analysis of number of Foxp2+ cell in deeper layers (n = 4 mice/genotype). Data are presented as
means + SEM; *p < .05, *p < .01, **p < .001. E, embryonic day.

another species; a genetic mapping study associated Pcdh9 different mammalian species, Pcdh9 was the most promising
with social behaviors in dogs (39,40). In view of the non- candidate gene for further validation of its functional involve-
conserved nsSNP and its association with social behavior in ment in SRE and ASD.

Biological Psychiatry October 1, 2015; 78:485-495 www.sobp.org/journal 489

Biological
Psychiatry



www.sobp.org/journal

Biological
Psychiatry

o

WT  pcdhg* Pcdhg™
Apical dendrite length

100 600
E

= B9 315
s 3
260 "

-.g’ 210
40 @
5 200 Q

20 .3 8

o

P - WT
3833383208332
- MmN
Distance from soma (um)

Spine count

Pcdh9 Mediates Recognition and Sensorimotor Phenotypes

O
[w)

Surface (um?)
8
8
Intersections

[=3

=]

o
-
o

[

WT  Pcdhg*" Pcdh9™”
Apical dendrite intersections

WT  Pcdhg* Pcdho™
Apical dendrite surface

H I
6
A e — WT
£ B Pcdhgtt
3 B Pcdhg”
B .fh. Q4
)
CH%e
Q2
DB &
; ,.< 0
WT  pcdhg*- Pedhg™ E A B C D E
Spine subtype count

Figure 4. Reduced dendritic arborization and increased spine density in somatosensory cortex of Pcdh9 mice. (A) Golgi staining of the somatosensory
cortex. Scale bar = 50 pm. Note the disorientation and reduced complexity of dendritic arbors in deeper layers of Pcdh9 mutant mice. (B,C,D) Quantitative
analysis of average length (B), surface (C), and number of intersections (Sholl analysis) (D) of apical dendrite in L6 of primary somatosensory (barrel) cortex
(n = 25 neurons from five mice for each genotype). (E,F) Quantitative analyses of segmental (E) and cumulative (F) apical dendrite length as a function from
cell soma distance (Sholl analysis). (G) Quantitative analysis of spine density on apical dendrite segments from 2 X 25 um segments of the first branch of the
apical dendrite of L6 pyramidal neurons (n = 25 neurons from five mice for each genotype). (H) Examples of spine subtypes on apical dendrite segments.
Subtypes ranging from immature (type A) to more mature (type D) and aberrant (type E) were characterized. (I) Quantitative analysis of spine subtypes on
apical dendrite segments of Figure 5G. Data are presented as the mean + SEM; *p < .05; *p < .01. WT, wild-type.

Validation of QTL Recognition Phenotypes in Pcdh9-
Deficient Mice

We generated heterozygous (Pcdh9"?) (HZ) and homozygous
(Pcdh9??) knockout mice by replacing the whole second exon
(Figure 2A-C; Table S2 in Supplement 1). In agreement with the
results of the QTL analysis, we found intact SRE following the
short-term 5-minute ITl and impaired SRE following the long-term
24-hour ITI in both Pcdh9*/~ HZ and Pcdh9™~ KO mice,
analyzed as actual time spent sniffing each nonsocial object or
social intruder (Figure 2D). Importantly, the long-term SRE impair-
ment in KO mice was confirmed in the laboratory in Osaka
showing the robustness of this impairment (Figure S2 in
Supplement 1). Similarly, the NORE capacity in KO mice was
found to be intact after 1-hour ITl and impaired after 24-hour ITI,
while NORE performance was unaffected in HZ mice after both
[Tls (Figure 2E). The genotype effects on long-term SRE and
NORE could not be explained by reduced initial exploration, as
we did not observe genotype differences in the time spent sniffing
of the initial familiar intruder and of the initial identical objects (data
not shown). These results showed that KO mice recapitulated the
SRE and NORE phenotype of the CSS14 mice and supported the
involvement of Pcdh9 in the regulation of long-term recognition.

Effects of Pcdh9 Deletion on Sensory Cortical
Architecture

To gain understanding of how Pcdh9 loss of function reduces
recognition capacity, we investigated the spatiotemporal

490

expression of Pcdh9 in mouse brain. We extended the existing
analyses of Pcdh9 expression (31,41-47) and found that
Pcdh9 was already expressed in several brain regions by
embryonic day 18 (Figure 3A), with peak expression at
postnatal day (P)7 in the somatosensory and visual cortices
and its afferent thalamic nuclei (Figure 3A). Strong expression
in the sensory cortical regions was mostly restricted to cortical
layers 4 and 6 (Figure 3B). At P14, expression declined
markedly to become nearly absent at P21. Pcdh9 expression
was also observed in the hippocampus, superior colliculus,
and cerebellar cortex (Figure 3A). The specific spatiotemporal
expression pattern indicated a developmental role in the
emergence of functional circuitry and of sensory processing
areas in particular.

To test the effect of Pcdh9 deletion in expressed brain
areas, we investigated hippocampus surface and cerebellar
Purkinje cell numbers in Pcdh9 KO mice. Both did not differ in
Pcdh9 KO, HZ, and wild-type (WT) mice (Figure S3 in
Supplement 1). In primary somatosensory (S1) and visual V1
cortices (Figure 3C), we found a significant reduction in
cortical thickness restricted to the deeper layers in both of
HZ and KO versus WT mice (Figure 3D,E). Immunohistochem-
ical analyses identified that this reduction in cortical thinning
emerged with a reduced number of total neuron count (NeuN)
and of Foxp2-positive (Figure 3F), a marker for deep cortical
layer neurons (Figure 3G,H) (48). Consistent with the low
Pcdh9 messenger RNA expression in the motor cortex, the
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Figure 5. Developmental neurological and behavioral screening of Pcdh9 mice. (A-D) Developmental trajectories from early adolescence until adulthood in
wild-type (WT), Pcdh9"/~, and Pcdh9 /~ mice for distance moved (A), movement duration (B), movement velocity (C), and latency to fall off the accelerating
rotarod performance (D). X axis represents the different time points of measurements (n = 10 mice/genotype). (E,F) Social approach as a function of the
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(L). (M-P) Startle results in Pcdh9 mice. Startle magnitude as function of startle stimulus in all genotypes (M). Startle threshold (N) and prepulse inhibition was
tested with different prepulse intensities at 30-millisecond interstimulus interval (ISI) (O) and at 100-millisecond ISI (P). Data are presented as means + SEM;
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thickness and cell numbers of the motor cortex layers were
not altered in this region in HZ and KO mice (Figures S4A and
S4B in Supplement 1).

To further study cortical architecture in deeper layers of S1,
we analyzed dendrite morphology of pyramidal neurons in L6
using the Golgi-Cox impregnation method (Figure 4A). Sholl
analysis confirmed a significant decrease in total apical dendrite

length, surface, and number of intersections in HZ and KO mice
(Figure 4B-D). This phenotype was not related to any particular
segment distance from the cell soma (Figure 4E,F). Basal
dendrite arbor length and surface were not significantly reduced
(data not shown). Finally, we analyzed the type and number of
spine segments of the primary branch of apical dendrites and
found a significant increase in total spine number in Pcdh9 KO
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(Figure 4G). Spine subtype analysis revealed no difference in
KO versus WT mice (Figure 4H,l). Thus, consistent with the
strong messenger RNA expression of Pcdh9 in deeper layers of
the somatosensory cortex, these findings showed that Pcdh9
deficiency caused reduced thickness of deeper layers in
primary somatosensory cortex, which was associated with
reduced dendritic arborization and complexity, increased spine
density, and a reduction in the number of layer-specific
pyramidal neurons.

Behavioral Phenotype of Pcdh9-Deficient Mice

To study the impact of Pcdh9 deletion on behavioral develop-
ment, we studied neurological and behavioral functions
through an extended, partially longitudinal, test battery, the
eSHIRPA (12), starting at 4 weeks of age and repeated at 6, 8,
and 10 weeks of age. Deletion of one or both alleles of the
Pcdh9 gene did not cause any general health problems,
differences in body weight, neurological effects, or gross
morphological features across the different time points
(Table S3 and Figure S5 in Supplement 1). Basic sensory
properties were also intact, apart from one sensory measure in
KO mice, i.e., touch-evoked biting. Locomotor assessments in
the developmental screening revealed that KO, but not HZ,
mice showed increased activity, velocity, and distance moved
across all ages tested (Figures 5A-C) and impaired develop-
ment of sensorimotor competence emerging from 6 weeks of
age that were detected on the rotarod (Figure 5D).

WT and Pcdh9 mutant mice were also tested in the three-
chamber assay. The social approach test of this paradigm
showed that all genotypes preferred to explore the cage with
the mouse to the empty cage, indicating intact sociability and
no social avoidance behavior (Figure 5E). In the second step of
the three-chamber test, social novelty after a 5-minute interval
was tested. This test showed that Pcdh9 knockout mice had a
significant preference for the chamber with the novel mouse
versus that with the familiar mouse (Figure 5F). These three-
chamber test findings were consistent with the intact short-
term SRE performance of Pcdh9 KO mice that were obtained
from the social discrimination procedure (Figure 2E).

Locomotor and anxiety behavior were also investigated
in the Pcdh9 strain using an open field paradigm. No geno-
type differences were observed in total distance moved
(Figure S6 in Supplement 1), indicating that at adult age no
hyperactivity was indicated in contrast to what was observed
in the eSHIRPA test during preadult stages. In addition, normal
levels of anxiety-like behavior were observed by the lack
of genotype differences in exploratory behavior determined
by zone crossings in the open field (e.g., no genotype differ-
ences in levels of outer versus inner zone movements)
(Figure 5H).

Next, we tested whether the single-trial recognition impair-
ments were also upheld in multi-trial associative learning in an
extensive set-shifting paradigm (49). Training with repeated
training sessions indicated that WT and KO mice performed
equally well on learning and memory of compound versus
reward discrimination. Furthermore, KO mice managed the
reversal-learning task, indicating no effect of deletion of Pcdh9
on cognitive flexibility (Figure 5I). Memory and learning were
further tested in single-trial fear conditioning to contextual and

Pcdh9 Mediates Recognition and Sensorimotor Phenotypes

explicit cues (Figure 5J). Both short-term (1-hour) and long-
term (24-hour) memory tests yielded similar performances,
indicating no emotional learning deficit and thus unaffected
fear acquisition and consolidation for hippocampus-
dependent contextual and hippocampus-independent
memory functions in Pcdh9-deficient mice (Figure 5K,L)
(Supplement 1).

Finally, we tested sensory processing capabilities through
startle experiments including sensory gating in a PPl test
(Figure 5SM-P) (Supplement 1). Startle measurements indicated
no difference in the startle intensity and threshold (Figure 5M,
N), suggesting no difference in anxiety-like behavior and no
auditory impairment, extending the auditory fear conditioning
and open field anxiety readouts. Measurement of sensory
gating showed lower prepulse inhibition, specifically at 30-
millisecond interstimulus interval, indicated a sensorimotor
gating deficit in KO mice (Figure 50). Experiments with 100-
millisecond interstimulus interval (Figure 5P) indicated no
significant genotype effect on PPI (Figure 5P).

In summary, the recognition impairments in KO mice were
not associated with reduced perception, social exploration,
social approach behavior, memory, and behavioral inflexibility.
The behavioral phenotype of KO mice was characterized by
hyperactivity, reduced touch-evoked biting, reduced sensor-
imotor competence, and impaired sensory gating. In compar-
ison with KO mice, HZ mice displayed only impaired long-term
SRE and no changes in any of the other investigated
parameters.

DISCUSSION

We show that quantitative genetic analysis of basic mouse
behaviors can uncover genotypes related to subtle behavioral
and neurodevelopmental disruptions of relevance to human
psychiatric disorders. By using chromosome substitution
strains, we identified Pcdh9 as an interesting candidate
previously associated with ASD (34-38) and social behavioral
phenotypes in dogs (39,40). After generation of Pcdh9 KO
mice, we confirmed specific effects of Pcdh9 deficiency on
long-term NORE and SRE, which were recapitulated in a
second independent laboratory. Subsequently, we performed
an anatomical, neurological, and behavioral characterization of
Pcdh9 KO mice to gain understanding of the impact of this
gene on behavioral development and to test various compo-
nents associated with recognition capacities.

Subsequent series of intradimensional set-shifting experi-
ments revealed that long-term memory was equally estab-
lished in KO and WT mice after multi-trial discrimination
learning. The results of the fear memory tests also indicated
no emotional short-term and long-term learning deficits, as
unaffected fear acquisition and consolidation  for
hippocampus-dependent contextual and hippocampus-
independent cued memory functions were found (50). The
developmental screening indicated intact basic neurological
reflexes and sensory perception, apart from reduced touch-
evoked biting in KO mice. Interestingly, two other tests
showed impairments relating to sensorimotor behaviors; the
rotarod test indicated reduced sensorimotor competence and
the PPI test indicated sensory gating impairments. Together,
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these results show that the long-term recognition defects in
Pcdh9-deficient mice are not caused by inadequate sensory
perception, sociability, or encoding (no deficient short-term)
and are also not associated with downstream memory con-
solidation impairment. We hypothesize that the combination of
reduced long-term recognition with sensory gating and sen-
sorimotor competence indicates a discrete impact of Pcdh9
deletion on higher order sensory processing with very specific
behavioral consequences. Interestingly, (proto)cadherins are
known to be involved in the development of functional cortical
circuitry morphology (44,51,52), which has been attributed to
their homophilic binding properties in dendritic outgrowth
and synapse contact formation (53-57). Such a function
seems consistent with the specific spatiotemporal expres-
sion pattern in sensory systems and the observed morpho-
logical changes in the primary somatosensory and visual
cortex. Social and object recognition depend on proper
processing of (social and nonsocial) sensory stimuli followed
by encoding and memory consolidation. Interestingly, pri-
mary sensory cortices have been explicitly implicated in
processing and storage of specific sensory experien-
ces (58,59) and perceptual awareness of sensations, an
important upstream function before hippocampal involve-
ment in encoding and consolidation of more complex
associations, as in contextual fear conditioning. Nonethe-
less, our hypothesis is mostly based upon behavioral and
developmental findings and requires experimental support
from additional (mechanistic) studies.

Our findings have translational value as sensory processing
disorders are increasingly being implicated in neurodevelop-
mental disorders (60-62). In particular, PPl defects are gen-
erally regarded as a schizophrenia-like phenotype (63,64) but
are also reported in genetic mouse models for ASD risk genes
(65,66) and in adult humans with ASD (8). Consistently,
behavioral symptoms relating to lower and higher order
sensory processing abnormalities are frequently reported in
ASD (60,67,68) and have been added to the diagnostic criteria
for ASD in the Diagnostic and Statistical Manual of Mental
Disorders (69). In addition, sensory processing disorders are
also increasingly recognized as an independent clinical entity
(62), which may relate to the phenotypic profile in the Pcdh9
KO mice.

In summary, quantitative analysis of basic mouse behavior
uncovered a role for Pcdh9 in specific cognitive functions
required for long-term recognition. This role is supported by
the involvement of Pcdh9 in sensory cortex development and
the effect of its deletion on sensorimotor behaviors. Our study
underscores the strength of forward genetic mapping in mice
to disentangle functional contributions of genetic variation to
aberrant behavioral development.
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