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Inhibitory interneurons mediate the gating of synaptic transmission and modulate the activities

of neural circuits. Disruption of the function of inhibitory networks in the forebrain is linked to

impairment of social and cognitive behaviors, but the involvement of inhibitory interneurons in

the cerebellum has not been assessed. We found that Cadherin 13 (Cdh13), a gene implicated

in autism spectrum disorder and attention-deficit hyperactivity disorder, is specifically

expressed in Golgi cells within the cerebellar cortex. To assess the function of Cdh13 and utilize

the manipulation of Cdh13 expression in Golgi cells as an entry point to examine cerebellar-

mediated function, we generated mice carrying Cdh13-floxed alleles and conditionally deleted

Cdh13 with GlyT2::Cre mice. Loss of Cdh13 results in a decrease in the expression/localization

of GAD67 and reduces spontaneous inhibitory postsynaptic current (IPSC) in cerebellar Golgi

cells without disrupting spontaneous excitatory postsynaptic current (EPSC). At the behavioral

level, loss of Cdh13 in the cerebellum, piriform cortex and endopiriform claustrum have no

impact on gross motor coordination or general locomotor behaviors, but leads to deficits in

cognitive and social abilities. Mice lacking Cdh13 exhibit reduced cognitive flexibility and loss

of preference for contact region concomitant with increased reciprocal social interactions.

Together, our findings show that Cdh13 is critical for inhibitory function of Golgi cells, and that

GlyT2::Cre-mediated deletion of Cdh13 in non-executive centers of the brain, such as the cere-

bellum, may contribute to cognitive and social behavioral deficits linked to neurological

disorders.
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1 | INTRODUCTION

The cerebellum controls motor coordination, fine motor movement

and motor learning, but there is increasing evidence supporting its

contribution to cognitive and motivational processes.1,2 Dysfunction

of the cerebellum has been associated not only with motor conditions

but also with disorders such as autism spectrum disorder (ASD),

attention-deficit hyperactivity disorder (ADHD) and fragile-X

syndrome.3–6 Despite the emerging support for a link between cere-

bellum and neurological disorders, little is known about how disrup-

tions within the cerebellar network contribute to phenotypes ranging

from motor to higher brain function such as cognitive processing and

social behaviors. Moreover, studies linking cerebellar dysfunction and

neurodevelopmental disorders have focused primarily on Purkinje

cells.5,7–9

Golgi cells are dual GABAergic and glycinergic interneurons in

the cerebellar cortex that have been proposed to contribute to the

reduction and filtering of mossy fiber input to granule cells beforeMartesa Tantra and Lanboling Guo contributed equally to this study.
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they innervate Purkinje cells.1,10–12 Golgi cell-mediated neural circuits

thus play an important role in sensory-motor integration.13 Ablation

of Golgi cells in mice results in severe ataxia followed by subsequent

mild motor coordination deficits.14 Golgi cells play critical roles in

oculomotor performance by regulating distinct subtypes of eye

movements.15,16 In addition, computational studies have suggested

that Golgi cells generate behaviorally relevant patterns of activ-

ity.17,18 Despite the importance of Golgi cells in sensory motor pro-

cessing and motor adaptation, the molecular mechanisms underlying

their synaptic functions are not well understood. Moreover, whether

disruption in Golgi cell activity contributes to deficits in nonmotor

behaviors has not been assessed in detail.

Many members of the cadherin superfamily are expressed in the

nervous system with distinct spatial and temporal expression pat-

terns, and have been linked to neurological disorders.19–23 In particu-

lar, Cdh13 has been shown to regulate many neuronal processes.

Both excitatory and inhibitory synaptic function in the hippocampus

depends on Cdh13 expression,24,25 and the complete deletion of

Cdh13 results in impaired spatial learning and conditioned place pref-

erence.25,26 In addition to synapse formation, Cdh13 controls neuro-

nal migration and specificity of axonal targeting in the developing

cerebral cortex and spinal cord.27–29 While evidence for the role of

Cdh13 in the nervous system is growing,25,27,29–32 its expression and

functional relevance in the cerebellum have not yet been examined.

Human genetics studies have implicated CDH13 mutations with

altered social behaviors in ASD patients.33 In addition, genome-wide

association studies have linked CDH13 with violent behavior.34 How-

ever, analysis of the role of Cdh13 in mice to date has relied on dele-

tion of Cdh13 in all tissues, so the critical regions that require Cdh13

to mediate motor and cognitive behaviors have not been defined.

Here, we report the selective expression of Cdh13 in Golgi cells of

the mouse cerebellum. To examine the link between Cdh13 and the

organization and function of cerebellar inhibitory circuits, we gener-

ate mice carrying Cdh13-floxed alleles and delete Cdh13 in Golgi cells

and restricted regions outside the cerebellum. We assess conse-

quences of conditional Cdh13 deletion on the synaptic constituents

and electrophysiological properties of Golgi cells as well as motor and

cognitive behaviors.

2 | MATERIALS AND METHODS

2.1 | Mouse strains

The following mice were used in this study: GlyT2::Cre (line 122.2),35

Rosa::lox-stop-lox-eYFP (The Jackson Laboratory),36 and Cdh13fl/fl

mice were generated with embryonic stem (ES) cells containing the

Cdh13 allele with loxP sites flanking exon 3 from the European

Mouse Mutant Cell Repository (Jm8A3.N1). GlyT2::Cre; Cdh13fl/fl

(GlyT2-Cdh13−/−) mice were generated by crossing male GlyT2::Cre;

Cdh13fl/+ or GlyT2::Cre; Cdh13fl/fl with female Cdh13fl/fl mice. For col-

lection of tissue at different embryonic and postnatal stages, breeders

were housed together between 8 and 12 hours at night, and the male

and female breeder mice were then separated and vaginal plugs were

examined. We designated noon of the following day as E0.5.

The histology of tissues obtained at different time points were care-

fully cross-referenced with images in the Prenatal Mouse Brain

Atlas,37 and Developing Mouse Brain (Allen Brain Atlas). All experi-

ments conducted were approved by the local BRC Institutional Ani-

mal Care and Use Committee.

2.2 | Southern blotting

Primers used to generate 50 DNA probe: forward 50 ATTGC

TATTGCGTGGCTGTGTGAGG 30; reverse 50 TGAGAGCCCTGGTCCT

GTTGTGAGC 30. 30 DNA probe: forward 50 TGGAAGTCTTGACTCA

AGTAGAGATG 30; reverse 50 ACCAAACTTCCGGCCTATCTACTTC

30. The probe was labeled with PCR DIG probe synthesis kit (Roche,

#11636090910, Hoffman-La Roche, Basel, Switzerland). Genomic

DNA was isolated with phenol-chloroform, and digested by using

EcoRI or Stu1, plotted on a 0.8% agarose gel and transferred to a

Hybond-N+ membrane (Amersham Biosciences, RPN225B, Amer-

sham Biosciences, Little Chalfont, UK). Hybridization was performed

at 60�C with ExpressHyb Hybridization Solution (Clontech Laborato-

ries, #636831). After hybridization, the membrane was washed and

blocked with DIG wash and block buffer set (Roche, #11585762001)

and incubated with antibody (Anti-Digoxigenin-AP Fab fragments,

Hoffman-La Roche, Basel, Switzerland, #11093274910) for

40 minutes to 1 hour. The membrane was incubated with CSPD

(Roche, #11755633001) before exposure.

2.3 | In situ hybridization

Chromogenic and fluorescent in situ hybridization were performed

according to previously published work.38–40 The RNA probe was

designed to target the sequence between the second and the third

exon of mouse Cdh13 mRNA. The primers used to make the probe

were: forward 50 CAACGAGAAGCTGCACTACG 30 and reverse 50

GCGCTAATACGACTCACTATAGGGGGACACCACAATGGACCTCT 30.

Mouse brains were sectioned into 18 μm and 60�C was used as incuba-

tion temperature for hybridization. For fluorescent in situ hybridization,

TSA plus cyanine 5 System (PerkinElmer, NEL745001KT PerkinElmer,

Waltham, MA, USA) and TSA plus fluorescein System (PerkinElmer,

NEL741001KT) were used for signal amplification. In addition, in situ

hybridization analysis performed on tissues after viral transduction uti-

lized hybridization solution containing urea utilized hybridization solu-

tion containing urea and 50�C was used for hybridization.

2.4 | Immunohistochemistry

2.4.1 | Staining of slice-mounted sections

Cryosections sliced into 18 μm were mounted on glass slides, washed

with 0.2% Triton-X and blocked in blocking buffer (phosphate-

buffered saline [PBS], 0.1% Triton-X [OmniPur], 2% horse serum

[Invitrogen]). Primary antibody was diluted into blocking buffer and

incubated overnight at 4�C. Then, washing buffer (PBS, 0.1% Triton-

X [OmniPur]) was used to wash slices for 3 times and slices were

incubated with secondary antibody. Next, slices were washed again

with washing buffer and mounted slides with coverslip and mounting
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reagent (ProLong Gold antifade reagent [Life Technologies, Carlsbad,

CA, USA]).

Primary antibodies used in the immunohistochemical staining:

mouse anti-GAD67 (1:500, Merck, MAB5406); rat anti-GFP (1:1000,

Nacalai Tesque, GF090R), mouse anti-mGluR2 (1:1500, Advanced

Targeting System, AB-N32), rabbit anti-Neurogranin (1:1000, Merck,

AB5620). Goat anti-Olig2 (1:250, R&D), mouse anti-Calbindin

(1:5000, Swant).

2.4.2 | Image analysis

All images were collected on a confocal microscope (LSM710; Zeiss,

Oberkochen, Germany). Image acquisition parameters were kept the

same between control and experimental groups for each experiment.

Quantification of images was performed using NIH ImageJ (NIH,

Bethesda, MD, USA version 1.46r). The protein expression was calcu-

lated by measuring the maximal brightness of the 6 brightest layers

of the image stack in 53 μm × 53 μm regions from Crus 2 and lobule

IX of both control and GlyT2-Cdh13−/− mice.

2.5 | In vitro electrophysiology

Mice aged between 26 and 35 days were sacrificed under deep anes-

thesia and the cerebellum was quickly isolated. Sagittal cerebellar

sections (250 μm) were cut at the room temperature and incubated

at 34�C for 1 hour in the oxygenated standard extracellular solution

containing (in mM) 126 NaCl, 24 NaHCO3, 1 NaH2PO4, 2.5 KCl, 2.5

CaCl2, 2 MgCl2, 10 glucose, 0.4 ascorbic acid (pH 7.4/95% O2/5%

CO2). Whole-cell patch clamp recordings were conducted at room

temperature as previously described.41 For whole-cell recordings

from Golgi cells, electrodes (4-7 MΩ) were filled with a CsCl-based

internal solution containing (in mM): 140 CsCl, 4 NaCl, 0.5 CaCl2,

10 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),

5 EGTA (egtazic acid), 2 MgATP (Manganese adenosine triphosphate),

0.4 Guanosine triphosphate trisodium salt (Na3GTP) (pH 7.3,

~290 mOsm). Both inhibitory postsynaptic currents (IPSCs) and excit-

atory postsynaptic currents (EPSCs) were recorded under voltage

clamp with a holding potential of −60 mV and the access resistance

was compensated. Neurobiotin (0.5%; Vectorlabs, Burlingame, Cali-

fornia) was added in the internal solution to identify Golgi cell

morphology.

Spontaneous IPSCs were measured after blocking excitatory

synaptic inputs by addition of glutamate receptor antagonists, NBQX

(10 μM) and D-AP5 (50 μM). Spontaneous EPSCs were measured

during application of SR95531 (10 μM) and strychnine (0.3 μM) to

block GABAergic and glycinergic inputs. After recording spontaneous

IPSCs or EPSCs, tetrodotoxin (TTX; 1 μM) was further added in bath

solution to record miniature IPSCs or EPSCs. The frequency and

amplitude of spontaneous and miniature IPSCs/EPSCs were

analyzed in 5-minute periods after a period of drug equilibration

(5-10 minutes).

2.6 | Behavioral analyses

After weaning and during the period of behavioral testing, male mice

were group-housed in standard plastic cages and kept under

temperature-controlled environment (21 � 2�C) on 12 hours light/

dark cycle with food and water ad libitum, unless stated otherwise.

For behavioral analysis, only male GlyT2-Cdh13−/− mutant mice and

Cdh13fl/fl control mice were used. To minimize behavioral variability

that might occur due to hormonal changes related to the estrous

cycle, we did not analyze female mice.42,43 GlyT2-Cdh13−/− mice were

generated by breeding Cdh13fl/fl females with GlyT2-Cdh13+/− or

GlyT2-Cdh13−/− males. All experiments were conducted by investiga-

tors unaware of the genotype, during the light phase of the day

(between 8 AM and 6 PM). Adult male mice were run through a battery

of tests covering basic behavioral, sensory, motor, cognitive and

social functions, with the order of tests was oriented toward increas-

ing invasiveness.

2.6.1 | Open field

Spontaneous activity in open field was tested in a gray Perspex arena

(Biosystems Corporation, Singapore) (60 × 60 × 40 cm). The mouse

was positioned in the center and allowed to explore the open field

for 7 minutes. The behavior was recorded by a PC-linked overhead

video camera. “Ethovision XT” software (Noldus, Wageningen, Neth-

erlands) was used to calculate velocity and distance traveled which

reflected the spontaneous activity and stay duration in the corner vs

center and number of visits as read outs for novelty-induced anxiety

of the mouse during the open field session.

2.6.2 | Rota-rod

Rota-rod is a test for motor function, balance and coordination and

comprises a rotating drum (TSE GmbH, Bad Homburg, Germany)

which was accelerated from 4 to 40 rotations per minute (rpm) over

the course of 5 minutes. Each mouse was placed individually on a

drum and the latency of falling from the drum was recorded using a

stopwatch. To assess motor learning, the rota-rod test was repeated

24 hours later. Each mouse performed 6 trials in total.

2.6.3 | Odor habituation/dishabituation test

This test consists of sequentially presenting different odors and

assessing the response of mice to each odor.44 The sequence used

was as followed: water, a nonsocial odor (rose) and 2 social odors

(bedding swab from group-housed mice of the same sex). For nonso-

cial odor, the cotton tip was dipped in a solution containing food-

grade rose artificial flavor (1:100 dilution, Star Brand, Malaysia). Social

odor stimuli were prepared by swiping the cage bottom with a cotton

tip. Each odor was presented in 3 consecutive trials for a duration of

2 minutes, with a 1-minute intertrial interval between presentation.

The trial started when the cotton tip applicator containing the odor

was presented into the cage lid. Time spent on sniffing the tip was

recorded using a stopwatch.

2.6.4 | Marble burying

This test was used to assess digging behavior in mice. Mice were

tested in plastic cages (34.5 × 56.5 × 18 cm) filled with 5 cm deep

wood-chip bedding. On top of the bedding, 24 glass marbles were

placed. The marbles were arranged in 6 rows with 4 marbles per row

at a distance of 4 cm. Each mouse was placed into the cage and could

TANTRA ET AL. 3 of 15
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freely manipulate the marbles for 30 minutes. Number of buried mar-

bles (to two-thirds their depth) was scored.

2.6.5 | Resident-intruder test

This test was used to study intermale aggression in adult male mice.

As standard opponents (intruders), group-housed males of C57BL6/

JInv background were used (InVivos, Singapore). An intruder was

introduced into the home cage of the single-housed test resident.

Observation started when the resident first sniffed the opponent and

stopped at first attack (defined as bite) to prevent wounding, but

lasted for 600 seconds if no attack occurred.

2.6.6 | Two-choice digging task

This task was performed as described previously.45–47 This task relies

on the digging behavior of mice and uses multimodal stimuli, though

only one dimension of a stimulus (the texture of the bowl) predicts

the location of the reward, while the other dimension (the texture of

the bedding) provides irrelevant information and thereby serves as a

distraction.

Adult male mice were trained in the task comprising a habitua-

tion, shaping and discrimination learning in a modified perspex box

(30 × 18 × 12 cm) divided into 3 zones with removable dividers.

Two digging bowls separated by a plastic panel were placed into each

quarter section. Mice were food-deprived during the whole period of

testing and habituated with testing apparatus and food reward

(Honey Stars, Nestle). After 2 days of habituation and through the

experiment, mice were maintained at 85% of free-feeding weight

with water ad libitum. The shaping phase lasted for 2 days where

mice were trained to dig in unscented bedding for food reward.

Afterwards, mice were trained to perform a series of discrimination

tasks: selecting a bowl dependent upon a stimulus in a particular

dimension, either texture of the bedding or of the outer bowl. A cor-

rect choice led to a reward buried within the bowl, while an incorrect

choice caused the trial to be terminated and access to the other bowl

was denied.

Each trial was initiated by raising the divider allowing access to

the 2 digging bowls, one of which was baited with reward. The first

task presented was a series of simple discrimination: 2 stimuli were

presented in one dimension (the outer bowl texture, aluminum foil vs

paper wrap, commercially available) while the digging medium was

similar in both bowls. Mice were trained to learn that one dimension,

the outer bowl texture, is the target stimulus (contains food reward)

and the other is irrelevant. Following the simple discrimination, a

compound discrimination task was then applied: a second dimension

(bedding—paper vs woodchip bedding—were introduced but still irrel-

evant, as the mouse was still required to discriminate between the

2 original stimuli (outer texture of the bowls). Next, mice were trained

in an intradimensional (ID) shift: novel stimuli were introduced for

both dimensions (new bedding and new bowl texture), the target

dimension remained the same (outer bowl texture). After the com-

pound discrimination and intradimensional set shift, a reversal phase

of each was introduced, wherein the previously irrelevant stimuli

became relevant and rewarded. We introduced an overtraining para-

digm before proceeding to the second set of ID shift and its reversal.

During the overtraining phase, mice received the same pair of stimuli

as in the reversal phase of the first ID for additional 60 trials. Dis-

crimination learning involves both perceptual- and response-learning

processes where mice were trained to pay attention to the relevant

(rewarded) stimulus dimension,47 and consequently mice produced

bias responses toward the correct cue along the dimension. Over-

training has been shown to either facilitate or retard the subsequent

phases of learning.48 Therefore, we introduced overtraining as an

additional challenge during discrimination learning to investigate the

extent that Cdh13 deletion influences discrimination learning. Follow-

ing the overtraining, a second set of ID shift and its reversal were

introduced with a new pair of stimuli. Throughout the sessions, trials

to criterion and errors were recorded for each stage. Error was

defined as digging into the bowl that was never baited. The mouse

was considered to have reached criterion for each stage when it com-

pleted 8 correct choices within 10 trials.

2.6.7 | Reciprocal social interaction

This test was conducted as described previously.49 The social interac-

tion test was performed pairwise in a neutral arena (gray Plexiglas

box, 30 × 30 × 30 cm). Pairs of unfamiliar mice of the same genotype

were placed into the neutral arena for 10 minutes. The behavior of

mice was recorded and scored by a trained observer who was

“blinded” to the genotype of the mice. The time spent in social inter-

action (defined as staying in close contact) and numbers of contacts

were registered. Also, contact was categorized and analyzed into

nose-to-nose, nose-to-body and nose-to-anogenital area. The first

3 minutes of the interaction was analyzed separately to investigate

whether social behavior in the novel and neutral arena was influ-

enced by the novelty factor of the environment. Pairs of the same

genotype were used to exclude potential confounding factors such as

interactions induced by a wild-type control mouse in case of using a

mutant-control pair.

2.6.8 | Gait analysis

The methods for analysis of gait pattern have been previously

described.50,51 In brief, the footprints were detected optically with a

walkway designed based on disrupted total internal reflection.51 First,

mice were habituated to the walkway. After habituation, mice were

permitted to walk freely within the walkway. The paw prints made

were recorded using a high frame rate camera at 450 frames per sec-

ond (fps) and the footprint patterns were analyzed by using Photo-

shop CS6 to measure the length of each stride.

2.6.9 | Statistical analysis

All experimental data acquisition was performed by experimenters

unaware of group assignment. Data presented were analyzed by

Mann-Whitney U test to for genotype comparisons and/or analysis

of variance (ANOVA) including post hoc testing for genotype and tri-

als effects and interaction effects of genotype and experimental

setup using GraphPad Prism version 6&7 (GraphPad Software, La

Jolla, California).
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3 | RESULTS

3.1 | Specificity of the expression pattern and
conditional deletion of Cdh13 in the cerebellum

Cdh13 is expressed in excitatory and inhibitory neurons in the devel-

oping mouse forebrain, spinal cord and dorsal root ganglion,28,29,52

but details of Cdh13 expression pattern in the cerebellum are not

clear. To define the expression pattern of Cdh13 in the cerebellum

and determine whether Cdh13 is expressed in excitatory and/or

inhibitory neurons, we analyzed and compared the RNA expression

of Cdh13 in the developing and mature cerebellum with GAD67, a

molecular marker for GABAergic inhibitory neurons.53 During embry-

onic development, we observed limited Cdh13 expression at E14 in

the cerebellar ventricular zone where many GAD67+ GABAergic pre-

cursors reside, consisting of mostly Purkinje and Golgi cell precursors

(Figure 1A,B).54 The expression of Cdh13 becomes more prominent

in the white matter layer of the cerebellum and coincides with

GAD67 expression at E18, and Cdh13+ cells make up a subset of

GAD67+ cells at this stage (Figure 1C,D; Figure S1A-E). In the postna-

tal cerebellum, at P10 and P60, Cdh13+ cells are found only in the

internal granular layer (IGL) where GAD67+ interneurons are located,

but not in the Purkinje cell or molecular layer (Figure 1E-H). Coloca-

lized Cdh13 and GAD67 expression confirms that Cdh13 is expressed

by GABAergic interneurons, including Golgi cells, located in the IGL

of the cerebellum (Figure 1I-K). Our expression analysis, however,

does not exclude the possibility that Purkinje and stellate/basket cells

transiently express Cdh13 during embryonic and early postnatal

stages.

In order to assess the functional relevance of Cdh13 in the cere-

bellum, we set out to delete Cdh13 in Golgi cells. We acquired ES

cells from the European Mouse Mutant Cell Repository and gener-

ated mice carrying the Cdh13 allele with loxP sites flanking exon

3 (Cdh13fl/fl) (Figure 2A). We confirmed the occurrence of homolo-

gous recombination of the targeting construct into the genome as

well as the distinction in size of the floxed allele compared to the

wild-type allele (Figure 2B,C). To delete Cdh13 in cerebellar Golgi

cells, we utilized a bacterial artificial chromosome (BAC) transgenic

mouse line which specifically expresses Cre recombinase under con-

trol of the promoter for the glycine transporter 2 gene (GlyT2::Cre).35

We first assessed the recombination ability of GlyT2::Cre mice by

crossing them to Rosa26::lox-stop-lox-YFP mice and found recom-

bined neurons sparsely located in the cortex, and no recombined neu-

rons in the hippocampus.35 In the cerebellum, YFP+ neurons

coexpress mGluR2 and Neurogranin, key molecular markers of cere-

bellar Golgi cells, indicating that GlyT2::Cre mice possess the ability

to recombine in Golgi cells (Figure 2D-F).55 In addition, we observed

YFP+ neurons in the deep cerebellar nuclei, consistent with previous

reports56 (Figure S2A-D,K-L). We note that GlyT2::Cre mice also

mediates recombination in some Purkinje and stellate/basket cells

consistent with previously described (Figure 2D).35 The GlyT2::Cre-

mediated recombination occurs during embryonic stages, and can be

FIGURE 1 Cdh13 is expressed by a

subpopulation of GABAergic
interneurons in the cerebellar cortex.
A-H, Expression of Cdh13 mRNA at
embryonic and postnatal stages of
development. At E14, Cdh13 is not
detected in the VZ (A), where limited
GAD67 expression is present (red
arrows; B). At E18, the expression of

Cdh13 and GAD67 is present in the
WM layer of the cerebellum (red
arrows; C, D). At postnatal stages P10-
100, Cdh13 and GAD67 are both found
in the IGL of the cerebellar cortex (red
arrows; E-H). EGL, external granular
layer; PCL, Purkinje cell layer; RL,
rhombic lip; WM, white matter; VZ,
ventricular zone; ML, molecular layer;
IGL, internal granular layer. I-K, Double
fluorescent in situ hybridization shows
that Cdh13 and GAD67 mRNA are
colocalized in the IGL (white arrows;
I-K). GAD67 signal is detected in
inhibitory neurons in all 3 layers (J), but
Cdh13 signal is only detected in the
IGL (white arrows; I, K). Scale
bar = 200 μm (A-H), 20 μm (I-K)
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detected at E14 (Figure S2). We next crossed GlyT2::Cre mice with

Cdh13fl/fl mice to generate GlyT2-Cdh13−/− mice. We observed that

~85% of neurons in the IGL that express Neurogranin, a molecular

marker expressed by most Golgi cells,55 can be targeted by GlyT2::

Cre mice (Figure 2G,H; Table S1). In addition, we found a >90%

reduction in Cdh13+ neurons in the IGL (Figure 2G,H; Table S1).

Because ~83% of GAD67+-interneurons in the IGL normally express

Cdh13 (Table S1), our strategy permits the genetic manipulation of a

majority, but not all presumptive Golgi cells.

In addition to the cerebellum, analysis of regions where Cdh13 is

normally expressed and regions where GlyT2::Cre-mediated recombi-

nation takes place shows that Cdh13 expression is preserved in most

of the regions examined, but reduced in a subregion of the piriform

cortex in GlyT2-Cdh13−/− mice (Figures S4 and S5; Table S1). We

assessed the colocalization pattern of Cdh13 and YFP in GlyT2::Cre

recombined neurons in 4 brain regions that normally express Cdh13

and are targeted by GlyT2::Cre-mediated recombination (Figure S3).

Similar to our chromogenic in situ hybridization analysis (Figure S4),

significant colocalization between Cdh13 and YFP was detected in

GlyT2::Cre recombined neurons in the Pir and D/IEn indicating dele-

tion of Cdh13 occurred in these regions. Although we provide evi-

dence that Cdh13 expression is lost in select regions of the brain in

GlyT2-Cdh13−/− mice, we have not been able to determine the extent

of protein loss due to the lack of a reliable Cdh13 antibody.

3.2 | Loss of Cdh13 disrupts inhibitory synaptic
protein expression/localization and
electrophysiological properties of Golgi cells

Cdh13 has been implicated in the organization of axon projections

and the regulation of both excitatory and inhibitory synaptic func-

tions.24,25,27 To determine the functional relevance of Cdh13 and

whether loss of Cdh13 in Golgi cells influences presynaptic function,

we assessed the expression of GAD67 in the IGL of the cerebellar

cortex which is derived primarily from Golgi cells.55 We compared

the intensity and area of GAD67 expression in GlyT2-Cdh13−/− and

control mice in 2 lobules of the cerebellum (Figure 3A,B,E,F). In both

Crus2 and lobule IX, the intensity of GAD67 expression is reduced by

FIGURE 2 GlyT2::Cre mediates Cdh13

deletion in cerebellar Golgi cells. A,
Strategy for generation of Cdh13
conditional knockout mice. Exon 3
flanked by loxP is removed by Cre
expression in GlyT2::Cre mice. B,
Southern blot analysis of WT, Cdh13fl/
+, Cdh13fl/fl mice. C, PCR genotyping
analysis of WT, Cdh13fl/+, Cdh13fl/fl

mice. D-F, GlyT2::Cre-mediated

recombination occurs in mGluR2+ (red
arrows; D, E), Neurogranin+ (yellow
arrows; D, F) and
mGluR2+Neurogranin+ neurons (white
arrows; D, E, F) of a P60 GlyT2::Cre;
Rosa::lox-stop-lox-eYFP mouse. Soma
of Purkinje cells are indicated by
asterisks. G-H, Cdh13 expression is
found in the IGL of the cerebellum of a
P100 control mouse (I), but not in a
P120 GlyT2-Cdh13−/− mouse (J).
Corresponding area (Gi-Giii and Hi-Hiii)
from control and GlyT2-Cdh13−/−

mouse (red boxes in G, H). Scale
bar = 100 μm (D-E), 1000 μm (G, H),
100 μm (Gi-Giii, Hi-Hiii)
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~26% to 30% and area is reduced by ~47% to 49% in GlyT2-

Cdh13−/− mice, compared to control (Figure 3C,D,G,H). The decrease

in GAD67 expression is not a consequence of a reduction in the

number of Golgi cells in GlyT2-Cdh13−/− mice due to potential specifi-

cation or migration deficits (Figure S3; Table S2). The significant, but

not total loss of the expression of GAD67 could be due to an incom-

plete deletion of Cdh13 in IGL interneurons (Figure S1; Table 1), or

partial deletion of Cdh13 within individual neurons. These results

indicate that Cdh13 expression is required for proper expression

and/or localization of GAD67, and suggests possible decrease in

inhibitory activity in the cerebellum of GlyT2-Cdh13−/− mice.

Golgi cells receive excitatory input from granule cells and mossy

fibers, as well as inhibitory input from Lugaro cells and other Golgi

cells.13 To assess whether loss of Cdh13 perturbs the postsynaptic

response of Golgi cells to these inputs, in addition to disruption of

the expression/localization of GAD67, we performed whole-cell

patch clamp measurements of postsynaptic responses of Golgi cells

of GlyT2-Cdh13−/− mice (Figure 4A). To measure the spontaneous

IPSCs (sIPSCs) in Golgi cells, we blocked the activity of AMPA recep-

tors with NBQX and NMDA receptors with D-AP5.57 We observed a

decrease in the frequency of sIPSCs in Golgi cells of GlyT2-Cdh13−/−

mice (Figure 4B,C), but not the amplitude of sIPSCs (Figure 4B,E;

Table S3).

To further analyze the characteristics of inhibitory synaptic cur-

rent in Golgi cells lacking Cdh13, we measured miniature IPSCs

(mIPSCs) in Golgi cells by blocking action potential evoked GABA

release with TTX. Similar to sIPSCs, miniature IPSC (mIPSC) fre-

quency, but not amplitude, was reduced in Golgi cells of GlyT2-

Cdh13−/− mice (Figure 4B,D,F; Table S3). TTX treatment did not obvi-

ously affect the frequency or amplitude of IPSCs of Golgi cells, in

both control and GlyT2-Cdh13−/− mice. We next recorded spontane-

ous EPSCs (sEPSCs) and miniature EPSCs (mEPSCs) by applying

SR95531, a GABAA receptor antagonist, and strychnine, an antago-

nist of glycine receptors.58 We found no differences in either sEPSC

or mEPSC frequency, or amplitude of Golgi cells in control and GlyT2-

Cdh13−/− mice (Figure 4B,G-J; Table S3). In brief, we observed

changes in mIPSCs, but not mEPSCs of Golgi cells in GlyT2-Cdh13−/−

mice. This indicates a selective reduction in the strength or number

of inhibitory synapses, but not excitatory synapses, formed onto

Golgi cells. Because Golgi cells form both feedforward and feedback

inhibitory loops with granule cells to coordinate signal processing

between mossy fibers and granule cells,13 these impairments indicate

that loss of Cdh13 in Golgi cells perturbs the activity of Golgi cells,

which may disrupt the cerebellar inhibitory network.

3.3 | Loss of Cdh13 in cerebellar Golgi cells does not
disrupt general locomotor activity

Immunotoxin ablation of Golgi cells in the cerebellum in mice results

in severe motor dysfunction and ataxic phenotypes.14 To assess the

motor consequences of genetic manipulation rather than elimination

of Golgi cells, we subjected GlyT2-Cdh13−/− mice to a series of motor

behavioral paradigms. We examined their gross motor function using

a rota-rod with an accelerating speed from 4 to 40 rotations per

minute. GlyT2-Cdh13−/− mice learned the motor task at a level compa-

rable to that of control mice (Figure 5A; Table S4). We also examined

FIGURE 3 Loss of Cdh13 results in

reduction of the expression/
localization of GAD67. A, B, E, F,
Immunohistochemical analysis of the
expression of GAD67 in the IGL of
Crus2 and lobule IX in the cerebellum
of control (A, E) and GlyT2-Cdh13−/−

mice (P75-90) (B, F). C, G,
Quantification of the intensity of

GAD67 in Crus 2 and lobule IX (Crus2:
control = 19.09 � 1.14, GlyT2-
Cdh13−/− = 13.7 � 0.99, U = 99,
P = .002, Mann-Whitney U test, N = 3,
n = 20-22; LIX:
control = 17.55 � 1.08, GlyT2-
Cdh13−/− = 13.2 � 0.72, U = 103,
P = .0003, Mann-Whitney U test,
N = 3, n = 22-24). D, H, Quantification
of the area coverage of GAD67 in Crus
2 and lobule IX (Crus2:
control = 202.9 � 21.87, GlyT2-
Cdh13−/− = 107.5 � 19.04, U = 103,
P = .003, Mann-Whitney U test, N = 3,
n = 20-22; LIX:
control = 147.3 � 21.42, GlyT2-
Cdh13−/− = 70.3 � 12.5, U = 100,
P = .0002, Mann-Whitney U test,
N = 3, n = 22-24). Closed circles:
control, open circles: GlyT2-Cdh13−/−.
Scale bar = 20 μm
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the footprint pattern of GlyT2-Cdh13−/− and control mice in order to

capture any subtle abnormalities in motor coordination associated

with the loss of Cdh13. We observed that when walking freely in a

walkway optimized for analysis of gait, GlyT2-Cdh13−/− mice walked

with a tendency toward shorter strides, although this result did not

reach statistical significance (Figure 5B,C; Table S4). Taken together,

in contrast to a previous study showing severe motor dysfunction

upon immunotoxin ablation of Golgi cells,14 loss of Cdh13 in Golgi

cells does not lead to prominent motor phenotypes.

We next assessed the effects of conditional Cdh13 deletion on

spontaneous activity and novelty-induced anxiety in the open field.

In addition, we examined whether Cdh13 deletion results in

hyperactivity reported in mice with global loss of Cdh13.25 During

7 minutes of free locomotion, GlyT2-Cdh13−/− mice traveled similar

distances and at the same speed as control mice indicating compara-

ble activity levels (Figure 5D-F; Table S4). To assess novelty-induced

anxiety, we compared the duration of stay in the center vs corner

zone of the open field as well as the number of visits to the center

zone. GlyT2-Cdh13−/− mice behaved in a similar manner as control

mice (Figure 5F-H; Table S4). Using a marble burying and digging par-

adigm, we examined the repetitive and perseverative behavior which

has been shown to be a species-typical behavior sensitive to genetic

manipulations.59 GlyT2-Cdh13−/− and control mice buried a compara-

ble number of marbles, indicating similar digging behavior (Figure 5I;

FIGURE 4 Loss of Cdh13 impairs postsynaptic responses of Golgi cells. A, Whole-cell patch clamp recording of Golgi cells in the IGL labeled

with Neurobiotin. B, Examples of traces of spontaneous postsynaptic currents and miniature postsynaptic currents of Golgi cells in control and
GlyT2-Cdh13−/−mice (P26-35). C-F, Analysis of inhibitory postsynaptic current of Golgi cells in the IGL of control and GlyT2-Cdh13−/− mice
shows reduced sIPSC frequency (C, P = .005, Mann-Whitney U test) and decreased mIPSC frequency of GlyT2-Cdh13−/− Golgi cells compared to
control (D, P = .002, Mann-Whitney U test). No differences in amplitude of both sIPSC and mIPSC were found between control and GlyT2-
Cdh13−/− Golgi cells (sIPSC amplitude, P = .5 Mann-Whitney U test; mIPSC amplitude P = 1.0 Mann-Whitney U test) (E, F). G-J, Excitatory
postsynaptic current in control and GlyT2-Cdh13−/− Golgi cells. sEPSC frequency and amplitude did not change in GlyT2-Cdh13−/− Golgi cells
compared to control (G, I, sEPSC frequency P = .9, Mann-Whitney U test; sEPSC amplitude P = .6 Mann-Whitney U test). In GlyT2-Cdh13−/−

Golgi cells, both amplitude and frequency of mEPSC were not different from that of control Golgi cells (H, J, mEPSC frequency P = 1.0 Mann-
Whitney U test; mEPSC amplitude P = .9 Mann-Whitney U test). Data presented as mean � SEM. P26-35 mice, n = 10-14/group. Scale
bar = 20 μm. See Table S3
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Table S4). Taken together, our results show that the absence of

Cdh13 in cerebellar Golgi cells did not have an impact on general

motor coordination, locomotion or result in anxiety-like behaviors.

However, we note here that the absence of gross motor-related phe-

notype could be due to the deletion of Cdh13 in most, but not all IGL

interneurons.

3.4 | Overtraining in 2-choice digging task reveals
loss of cognitive flexibility in GlyT2-Cdh13−/− mice

Cognitive flexibility is defined as the ability to adapt and shift from

previously learned responses, and recent studies have shown that this

behavior is not exclusively regulated by the prefrontal lobe.60,61

Despite growing evidence linking the cerebellum with cognitive func-

tions and behavioral disorders, our understanding of how disruption in

candidate genes for ASD and ADHD, such as Cdh13, in specific cere-

bellar cell subtypes remains limited. Here, we aimed to assess the role

of cerebellar Golgi cells in cognitive flexibility during discrimination

learning of a 2-choice digging task and to study whether the condi-

tional deletion of Cdh13 contributes to cognitive performance.

The 2-choice digging task is modeled and adapted from the Wis-

consin card sorting test (WCST) administered to human subjects and

the intradimensional/extradimensional set shifting task used in

rodents.45–47 GlyT2-Cdh13−/− and control mice were trained to per-

form a series of discriminations comprised of a simple and compound

discrimination and reversal, an intradimensional shift and reversal, fol-

lowed by an overtraining paradigm before another set of intradimen-

sional shifts and reversals was introduced (Figure 6A). The task

presents a series of discrimination challenges, in which mice are

trained to associate a particular stimulus dimension with food reward.

All mice tested readily acquired and performed a series of discrimina-

tion learning in the 2-choice digging task. However, we observed that

GlyT2-Cdh13−/− mice show a lower level of performance (Figure 6B;

Table S5).

To pose an additional cognitive challenge, we introduced mice

to a new set of stimuli of the same dimensions after overtraining.

Analysis of all completed trials before and after overtraining reveals

FIGURE 5 Deletion of Cdh13 in the

cerebellum has no impact on general
activity and motor coordination. A, In
multiple trials on a rotating rod, GlyT2-
Cdh13−/− mice display similar
performance to that of control mice. B,
GlyT2-Cdh13−/− mice show a tendency
of making shorter strides during
walking (P = .06, Mann-Whitney
U test). C, Comparison of foot prints
between control and GlyT2-Cdh13−/−

mice. D, E, GlyT2-Cdh13−/− mice show
comparable distance traveled (D) and
velocity (E) during 7 minutes of free
locomotion in an open arena. F, No
genotype differences were detected in
exploration of the open field as
illustrated by the heat map of
locomotion tracks. G, Open field
anxiety-related readouts revealed no
genotype differences in preference for
corner/peripheral zone or center
zone. H, Analysis of the number of
visits to the center zone of the open
field. I, Digging behavior was not
influenced by Cdh13 deletion. Data

presented as mean � SEM. Adult male
mice, n = 10-19/group. See Table S4
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higher number of trials to criterion in GlyT2-Cdh13−/− mice

(Figure 6C; Table 5). Similarly, overtraining also affected the perfor-

mance of GlyT2-Cdh13−/− in terms of the average number of errors

made to reach criterion (Figure 6D; Table S5). No difference was

observed in the control group with respect to the average of errors

made in all stages before and after overtraining, while

GlyT2-Cdh13−/− mice made more errors (Figure 6D, control,

GlyT2-Cdh13−/−; Table S5). Indeed, when a new set of stimuli was

introduced after overtraining, GlyT2-Cdh13−/− mice made signifi-

cantly more incorrect choices during trials of IDS2 (Figure 6D,

errors at IDS II; Table S5). Taken together, these findings suggest

that the interruption during a series of discrimination learning in

forms of repeated and over exposure to a set of paired stimuli

results in the decline of cognitive performance of GlyT2-Cdh13−/−

mice. This phenotype appears more closely associated with the lack

of cognitive flexibility, rather than a deficit in discrimination learning

or the execution of the learned responses.

3.5 | Reciprocal social interaction is disrupted in
GlyT2-Cdh13−/− mice

There is emerging evidence supporting a contribution of the cerebel-

lum to social behaviors.5 Deletion of Tsc1, IB2 and SHANK2 results in

autistic-like behaviors, which includes aberrant social interaction in

mice.9,62,63 A genome-wide association study has linked Cdh13 to

extreme violence.34 However, the role of cerebellar Golgi cells in reg-

ulating social behavior in animal models is not known. To investigate

whether loss of Cdh13 in the cerebellum influences social behavior,

we tested GlyT2-Cdh13−/− mice for reciprocal social interaction in a

novel and neutral environment, and a resident intruder paradigm for

intermale aggression in a territorial environment.

During the free interaction of reciprocal social interaction, we

scored and observed the pattern of social interaction, which included

nose-to-nose, nose-to-body and nose-to-anogenital area contacts

(Figure 7A). Pairs of GlyT2-Cdh13−/− mice stayed almost twice as long

FIGURE 6 Overtraining in 2-choice

digging task reveals deficit in cognitive
flexibility in GlyT2-Cdh13−/− mice. A,
Experimental design and set of stimuli
presented in the 2-choice digging task:
the texture of the outer bowl as the
relevant dimension that gave cue for
the reward, while the type of the
digging media was the irrelevant
dimension. B, Both experimental
groups were able to complete all
7 stages of the task, however GlyT2-
Cdh13−/− mice need more trials to
complete the task (2-way ANOVA,
genotype P = .045, task P = .01;
genotype × task P = .7). C, Cumulative
performance across all stages before
and after overtraining showing higher
number of cumulative trials of GlyT2-
Cdh13−/− mice compared to control
mice (2-way ANOVA, genotype
P = .0453, task P = .0002;
genotype × task P = .5). D, Effects of
overtraining on cognitive performance,
measured in terms of errors made to
reach criterion: average of
performance errors of control (left
graph: control mice, P = .9, Mann-

Whitney U test) and GlyT2-Cdh13−/−

mice (middle graph: GlyT2-Cdh13−/−,
P = .0005, Mann-Whitney U test) prior
to and after overtraining and GlyT2-
Cdh13−/− mice made more errors at
IDS 2 stage, commenced directly after
overtraining (right graph: P = .02,
Mann-Whitney U test). Data presented
as mean � SEM. Adult male mice,
n = 6-11 per group. See Table S5
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in contact with each other and exhibited latency to first contact ~6

times faster compared to pairs of control mice during 10-minute ses-

sions of social interaction (Figure 7B; Video S1). We assessed the

number of contacts and observed an increase of social contacts in

pairs of GlyT2-Cdh13−/− mice (Figure 7C, total; Video S1; Table S6).

Control mice displayed varied contact frequency to different body

parts, with nose-to-nose contacts being the most frequent, followed

by nose-to-body and nose-to anogenital (Figure 7C, control;

Table S6). Interestingly, however, no such variance was seen in pairs

of GlyT2-Cdh13−/− mice, despite a significant increase of total con-

tacts observed in pairs of GlyT2-Cdh13−/− mice (Figure 7C, GlyT2-

Cdh13−/−, total; Table S6).

To determine whether novelty influences social interaction, we

analyzed the social interaction within the initial 3 minutes after 2 mice

are placed in the arena. We found an increase in duration and num-

ber of contacts, indicating GlyT2-Cdh13−/− mice exhibit a preference

for social contact during the initial 3 minutes of the interaction

(Figure 7D; Table S6). In contrast to the results of the reciprocal

social interaction test, we observed no genotype differences in the

resident-intruder paradigm to test for male aggression. The attack

latency and contact duration during the first 2 minutes of resident

GlyT2-Cdh13−/− mice were indistinguishable from that of control resi-

dent mice (Figure 7E, latency, duration; Table S6). Thus, we show that

the conditional deletion of Cdh13 disrupts social behavior in a selec-

tive manner depending on the social context. Tested in a neutral and

novel arena, GlyT2-Cdh13−/− mice exhibit increased social interaction

and investigations. However, in a territorial setting of the home cage,

GlyT2-Cdh13−/− mice exhibited behavior comparable to that of

control mice.

To assess whether GlyT2-Cdh13−/− mice exhibit pro-social behav-

ior due to impairment in olfactory functions, we tested mice in odor

habituation/dishabituation paradigm.44 Both GlyT2-Cdh13−/− and

control mice show discriminative responses toward social and nonso-

cial odors (Figure S4; Table S6). Both mice showed a habituated

response to repeated presentation of an odor and dishabituation

response to a novel odor (Figure S4; Table S6). These results indicate

that lack of Cdh13 in the cerebellum and the piriform cortex does not

disrupt the olfactory responsiveness and discriminative response

FIGURE 7 GlyT2-Cdh13−/− mice

exhibit increase in reciprocal social
interactions with loss of preference for
contact region. A, Pattern of contacts
during 10 minutes of reciprocal social
interaction in a novel arena of same
pair genotype: nose-nose, nose-body
and nose-anogenital area. B, During
10 minutes of social interaction, pairs
of GlyT2-Cdh13−/− mice display a
cumulative preference to be in contact
(P = .002, Mann-Whitney U test) and
took a shorter time to initiate contact
(P = .0023, Mann-Whitney U test). C,
Evaluation of the number of contacts
to nose, body and anogenital area
shows a preference for contact to nose
in pairs of control mice (P = .001,
Kruskal-Wallis test), but no preference
for nose, body or anogenitcal in GlyT2-
Cdh13−/− mice (P = .82, Mann-Whitney
U test) despite an increase in number
of total contacts (see Table S4). D,
Analysis of the first 3 of 10 minutes of
social interaction revealed increased in

the duration (P = .004, Mann-Whitney
U test) and number of contacts
(P = .03, Mann-Whitney U test) made
by GlyT2-Cdh13−/− mice. E, In the
resident-intruder paradigm to assess
for inter-male aggression, no genotype
differences was observed in latency to
attack and duration of contact,
including following and sniffing
behavior. Data presented as
mean � SEM. Adult male mice, n = 10-
16 per group. See Table S6
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toward both social and nonsocial odors, and that the social pheno-

type we observed in mice lacking Cdh13 in Golgi cells might be

related to disruptions in processing rather than recognition of social

cue. Taken together, we show that GlyT2-Cdh13−/− mice exhibit

increased social interaction accompanied by the loss of preference

for a specific body zone during contact. While an increase of contacts

in GlyT2-Cdh13−/− mice might suggest a pro-social phenotype, or

increased social approach, the disappearance of preference for nose-

to-nose contacts indicates abnormalities in social repertoire. Further-

more, the selective increase in social interaction in neutral and novel

arenas, but not in territorial arena within a setting for agonistic inter-

action, suggests that the deletion of Cdh13 in the cerebellum and the

piriform cortex may have disrupted the processing of relevant

social cues.

4 | DISCUSSION

The cerebellum mediates not only the precision and timing of move-

ment, but also is implicated in nonmotor functions linked to ASD and

ADHD.2,64,65 However, the underlying mechanisms proposed for the

regulation of nonmotor functions have been derived largely from

analysis of Purkinje cells.61,62,66 Because Golgi and Purkinje cells have

been proposed to differentially process shared input,67 assessment of

the contribution of Golgi cells to nonmotor functions is essential.

Selective ablation of Golgi cells results in severe motor dysfunctions

in mice and therefore precludes analysis of cognitive and social

behaviors.14 Here, we show that the deletion of Cdh13 in select neu-

ronal subpopulations, including cerebellar Golgi cells, and perturba-

tion of their function without elimination of these neurons, preserved

general motor functions in GlyT2-Cdh13−/− mice. Although our results

cannot rule out the involvement of Cdh13 in motor-related processes,

we were afforded an opportunity to assess the behavioral conse-

quences without disruption in motor coordination/learning and gen-

eral locomotor activity. We discuss how Cdh13 regulates inhibitory

synaptic function and how perturbation of the cerebellar inhibitory

network may have overt effects on cognitive and social behaviors.

4.1 | Cdh13 as a genetic entry point to examine the
involvement of Golgi cells in mediating cerebellar-
related behaviors

Cdh13, a gene that has been implicated in ASD and aggressive

behaviors,33,34 is emerging as a key regulator of neuronal functions,

including migration, axon targeting and synapse formation.24,25,27–29

Functional-structure analysis of Cdh13 has revealed insight as to how

Cdh13 is able to achieve these diverse functions.68–70 Cdh13 is an

atypical cadherin that has 5 preserved extracellular domains, but lacks

transmembrane and intracellular domains.71,72 Similar to classical cad-

herins, Cdh13 exerts its activities through homophilic interactions

with an extracellular domain and intermembrane interactions with a

glycosyl-phosphatidylinositol anchor.71,73 In addition, through interac-

tions with proteins containing intracellular constituents, such as

GABAA receptors and integrins, Cdh13 has the ability to influence

many signaling cascades.68,70,74,75 The complexities and intricacies of

Cdh13 activities raise the importance of systematically investigating

specific brain regions and neuronal subtypes that express Cdh13.

Previous studies exploring the function of Cdh13 have assessed

mice with wholesale deletion of Cdh13.25,26 Although these studies

linked Cdh13 with GABAergic function in the hippocampus and cog-

nitive processes,25 and with dopaminergic signaling in the cortex and

addiction,26 their approach precludes the ability to examine involve-

ment of the precise brain region or neuronal subpopulation which

expresses Cdh13. The selective expression of Cdh13 in Golgi cells

and our strategy to delete Cdh13 in Golgi cells using GlyT2::Cre mice

provide a means to study the function of Cdh13 in a more restricted

manner. Importantly, this strategy offers an opportunity to examine

the role of Golgi cells in mediating behavioral processes, which has

been a challenging task due to the lack of genetic tools to selectively

manipulate their gene expression or function. Our strategy, however,

only permits the genetic manipulation of a majority of presumptive

Golgi cells, raising the possibility that the manipulation of this entire

neuronal subpopulation may result in more pronounced behavioral

deficits. Another limitation of our strategy is that although GlyT2::Cre

mice mediates recombination in Golgi cells, recombination does occur

in some Purkinje and stellate/basket cells (Figure 2D).35 In addition to

Cdh13, many genes implicated in ASD or schizophrenia, such as Tsc1,

Cntnap4, Cntnap2 and Shank3 are expressed in Golgi cells (Allen Brain

Atlas). Thus, the development of a novel strategy to delete these

genes selectively in Golgi cells may reveal insight about the function

of Golgi cells as well as the link between perturbation in Golgi cell

function and neurological disorders.

4.2 | Contribution of the cerebellum to cognitive
flexibility

The cerebellum has been proposed to influence executive functions

that require cognitive flexibility.60,61 In a touch screen-based task,

mice with Purkinje cell loss show impairment of reversal learning and

extradimensional (ED) set shifting.61 Also, hemi-cerebellectomized

rats perform poorly in the final phases of a task designed to measure

cognitive flexibility.60 In the 2-choice digging task, we assess the cog-

nitive flexibility of mice with disrupted cerebellar Golgi cells to per-

form a series of discrimination learning task in response to a set of

stimuli presented.46 Only after confronted with a series of overtrain-

ing to reinforce the same set of stimuli, GlyT2-Cdh13−/− mice perform

poorly compared to control mice at the subsequent stages, despite

within-dimension (intradimensional) changes of stimuli set. Additional

presentation of the same dimensions has been shown to strengthen

the formation of attentional set,45,47 which may have contributed to

the poor performance observed in GlyT2-Cdh13−/− mice at the stages

after overtraining.

Cerebellar dysfunction has been implicated in ASD,2,5 and distur-

bances in cognitive flexibility have been associated with both the cer-

ebellum and ASD.76 Set shifting deficits have been reported to be an

intermediate phenotype for ASD, but a majority of studies have failed

to distinguish ASD from typical developing children,77,78 and results

from intradimensional/extradimensional (IDED) task are often con-

flicting.79,80 For instance, while typical ASD individuals have difficulty

during ED, but not ID shift,81 high functioning ASD children have
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difficulty in ID, but not ED shifts.82 In a study using IDED task, ASD

children have more difficulty at later and cognitively more complex

stages of set shifting tasks.80 Using an adapted version of the task,

without extradimensional shifts, we show that GlyT2-Cdh13−/− mice

follow a similar pattern and the deficits manifest only at later stages

after overtraining. Taken together, our results and those from human

studies suggest that disruptions in the cerebellum influence the ability

to adapt to changes following the manipulation of otherwise regular

patterns of discrimination learning (ie, after over-exposure of a cer-

tain set of stimulus pairs), rather than in the initial acquisition of dis-

crimination learning.

4.3 | Cerebellar network and atypical social
interaction

Ablation of Cdh13 expression in Golgi cells leads to a surprising

result, where GlyT2-Cdh13−/− mice display atypical increases of recip-

rocal social interactions, but with a disappearance of the preference

for nose-to-nose contacts. Unlike pairs of control mice that display

an obvious preference for facial contacts compared to body and ano-

genital contacts, GlyT2-Cdh13−/− mice show equal number of con-

tacts to facial, body and anogenital area. Reduced nose-to-nose

sniffing in mice during social interaction has been proposed to be

analogous to reduced eye contact observed in ASD individuals.83 The

absence of preference for a specific body part in GlyT2-Cdh13−/−

mice is reminiscent of symptoms exhibited by ASD individuals and

could arise from deficits in olfactory processing. The piriform cortex

has been shown to be critical for odorant recognition and

processing,84,85 and thus the atypical social interaction we observed

could, in principle, be a consequence of Cdh13 deletion in the piri-

form cortex and cerebellum. Interestingly, in humans, the piriform

cortex and the cerebellum have been shown to contribute to odor

recognition memory and odor intensity/quality discrimination, respec-

tively.86 Our result in mice indicates that the genetic manipulation of

neuronal subpopulations in both regions could disrupt odorant recog-

nition which could lead to social interaction deficits.

Atypical and increased social interactions have been linked to the

disruption of granule cells in CD47 knock-out mice.87 The deletion of

Tsc1, IB2, and an autism-related gene SHANK2 in Purkinje cells results

in an autistic-like phenotype, which includes aberrant social interac-

tion in mice.9,62,63 Besides Purkinje cells, studies on other compo-

nents of the cerebellar network, such as Golgi cells, and how they

might influence social interaction are lacking. In principle, in addition

to Purkinje cell deficits, disruptions to Golgi cell function could also

cause behavioral deficits including abnormal social interaction, since

they are linked to Purkinje cells. The observation that mice lacking

Cdh13 in Golgi cells exhibit disrupted social interaction in a novel and

neutral setting, therefore, suggests that perturbation in Golgi cell

function may be an important contributing factor in behavioral defi-

cits associated with neurological disorders.
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