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Brief Communications

Selective Dysregulation of Hippocampal Inhibition in the
Mouse Lacking Autism Candidate Gene CNTNAP2

Sofia Jurgensen and Pablo E. Castillo
Dominick P. Purpura Department of Neuroscience and Rose F. Kennedy Intellectual and Developmental Disabilities Research Center, Albert Einstein
College of Medicine, Bronx, New York 10461

Mutations in the human gene encoding contactin-associated protein-like 2 (CNTNAP2) have been strongly associated with autism
spectrum disorders (ASDs). CntnapZ_/ ~ mice recapitulate major features of ASD, including social impairment, reduced vocalizations,
and repetitive behavior. In addition, Cntnap2~'~ mice show reduced cortical neuronal synchrony and develop spontaneous seizures
throughout adulthood. As suggested for other forms of ASDs, this phenotype could reflect some form of synaptic dysregulation. However,
the impact of lifelong deletion of CNTNAP2 on synaptic function in the brain remains unknown. To address this issue, we have assessed
excitatory and inhibitory synaptic transmission in acute hippocampal slices of Cntnap2~'~ mice. We found that although excitatory
transmission was mostly normal, inhibition onto CA1 pyramidal cells was altered in Cntnap2 ™'~ mice. Specifically, putative perisomatic,
but not dendritic, evoked IPSCs were significantly reduced in these mice. Whereas both inhibitory short-term plasticity and miniature
IPSC frequency and amplitude were normal in Cntnap2~'~ mice, we found an unexpected increase in the frequency of spontaneous,
action potential-driven IPSCs. Altered hippocampal inhibition could account for the behavioral phenotype Cntnap2™'~ mice present
later in life. Overall, our findings that Cntnap2 deletion selectively impairs perisomatic hippocampal inhibition while sparing excitation

provide additional support for synaptic dysfunction as a common mechanism underlying ASDs.
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ignificance Statement

cells, could play a critical role in ASDs.

The gene encoding contactin-associated protein-like 2 (CNTNAP2) stands out as one the first genes to have both rare and common
mutations strongly associated with ASDs. Whereas Cntnap2 '~
(e.g., social impairment, language deficits, and repetitive behavior), the cellular and circuit bases of this phenotype remain poorly
understood. Here, we report that synaptic inhibition specifically onto the perisomatic compartment of CA1 pyramidal cells is
impaired, whereas dendritic inhibition and excitatory transmission remain basically unchanged in Cntnap2 '~ mice. These
findings provide additional support to the notion that disruption of inhibition, in particular perisomatic inhibition onto principal

~

mice appear to recapitulate core behavioral endophenotypes

J

Introduction
Autism spectrum disorders (ASDs) are neurodevelopmental dis-
orders associated with both genetic and environmental risk fac-
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tors. Among the large number of identified candidate genes, the
human gene encoding contactin-associated protein-like 2
(CNTNAP2) stands out as one the first genes to have both rare
and common mutations strongly associated with ASDs (Pefia-
garikano and Geschwind, 2012; Rodenas-Cuadrado et al., 2014).
In addition, mutations in CNTNAP2 have also been linked to
intellectual disability, epilepsy, schizophrenia, attention deficit
hyperactivity disorder, learning disability, and language impair-
ment (for review, see Rodenas-Cuadrado etal., 2014). CNTNAP2
encodes CASPR2, a neuronal cell-adhesion molecule whose
function in the brain is poorly understood. In search of a com-
mon neural mechanism to ASDs and other neurodevelopmental
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Normal excitatory/inhibitory balance and synaptic input-to-spike coupling in Cntnap2 ~'~ mice. A, Representative traces (left; 20 averaged responses in each trace) of isolated

inhibitory (IPSC; upward) and excitatory (downward; EPSC) synaptic currents recorded from CA1 pyramidal cells at 0 and —55 mV, respectively. Synaptic responses were elicited by electrical
stimulation in st. radiatum and under conditions of intact excitation and inhibition. Summary plot (right) of the EPSC/IPSC ratio shows no significant difference between wild-type (+/+) and
knock-out (—/—) littermates (wild-type: 0.29 == 0.07; knock-out: 0.29 == 0.04; p > 0.7). B, Input/output curve (right) showing no significant difference in the slope of the fEPSP and the
subsequent population spike at a range of stimulation intensities between wild-type (+/+) and knock-out (—/—) littermates (p > 0.05 for all values). Representative traces (left; 10 averaged
responsesin each trace) of extracellular field recordings in st. pyramidale after electrical stimulation in st. radiatum are shown. Data are presented as mean == SEM; numbersin parentheses represent

animals and experiments (cell or slices), respectively.

disorders, several studies rely on animal models carrying relevant
genetic mutations. Cntnap2 ™'~ mice appear to reproduce all
three core behavioral endophenotypes of ASDs: social impair-
ment, language deficits, and repetitive behavior (Pefiagarikano et
al., 2011). In addition, these mice show reduced neuronal syn-
chrony in neocortex and develop spontaneous seizures through-
out adulthood. Remarkably, the cellular and circuit bases of this
phenotype remain unknown.

Synaptic dysfunction and neural circuit deficits are thought to
play a crucial role in the pathophysiology of ASDs (Zoghbi and
Bear, 2012; Delorme et al., 2013). That some candidate genes for
ASDs encode for synaptic cell-adhesion molecules (Betancur et
al., 2009) further supports the hypothesis that synaptic pathology
underlies the ASD phenotype. Moreover, synaptic dysfunction
has been found in several animal models of syndromic forms of
ASDs (Zoghbi and Bear, 2012; Delorme et al., 2013), and shifts in
the balance between synaptic excitation and inhibition have
emerged as common mechanisms across different ASD animal
models (Gogolla et al.,, 2009; Ramamoorthi and Lin, 2011;
Coghlan et al., 2012; Nelson and Valakh, 2015). Cntnap2 mRNA
is widely expressed in the brain (Bakkaloglu et al., 2008), and a
recent study reported CASPR2 expression in dendritic spines,
soma, and axons of cortical cultured neurons (Varea et al., 2015).
In addition, CASPR2 is enriched in the synaptic plasma mem-
brane fraction of rat forebrain homogenates (Bakkaloglu et al.,
2008). Consistent with these observations, two studies reported
synaptic phenotypes in CASPR2-deficient, cortical cultured neu-
rons. Acute knockdown of Cntnap2 was associated with signifi-
cant deficits in dendritic arborization, spine development, and
global synaptic function (Anderson et al., 2012), and Cntnap2
knock-out neurons displayed reduced spine density and levels of
the GluA1 subunit of AMPA receptors in dendritic spines (Varea
et al., 2015). However, the consequences of lifelong deletion of
CNTNAP?2 on synaptic function in the brain have not yet been
investigated. In the present study, we have assessed excitatory and
inhibitory synaptic transmission in acute hippocampal slices of
Cntnap2 '~ mice. Our findings show that excitatory synaptic
transmission was mostly normal, whereas inhibition was im-
paired. Altered inhibition may contribute to the behavioral
phenotypes of Cntnap2 '~ mice and ultimately to ASD and
other neurodevelopmental disorders associated with CNTNAP2
mutations.

Materials and Methods

Animals. Experiments were conducted blind to genotype in adult (post-
natal days 50— 60) male and female Cntnap2*/* and Cntnap2 ~'~ litter-
mates obtained from heterozygous crossings (C57BL/6] background),
and genotype was confirmed post hoc by PCR using the following prim-
ers: wild-type BSA51, 5-TGCTGCTGCCAGCCCAGGAACTGG-3',
and BSA52, 5'-TCAGAGTTGATACCCGAGCGCC-3’; knock-out
BSA359, 5'-AGCAGCCGATTGTCTGTTGT-3', and BSA360, 5'-
CTCACCCAATCTCACAAACAAG-3'. Mice were kept in a 12 h light/
dark cycle with ad libitum access to food and water. All animal
procedures were approved by the Albert Einstein College of Medicine
Institutional Animal Care and Use Committee and adhered to National
Institutes of Health guidelines.

Hippocampal slice preparation. Animals were deeply anesthetized with
isoflurane and killed by decapitation. The brain was removed and quickly
placed in ice-cold cutting solution (in mm: 215 sucrose, 2.5 KCI, 20
glucose, 26 NaHCO;, 1.6 NaH,PO,, 1 CaCl,, 4 MgCl,, and 4 MgSO,,
equilibrated with 95% O,/5% CO,). Four hundred-micrometer-thick
transverse hippocampal slices were prepared with a VT1200S microtome
(Leica) and immediately transferred to a chamber containing a mixture
of cutting solution and regular artificial CSF (ACSF; 1:1) at room tem-
perature for 30 min. This medium was gradually switched to 100% ACSF
(in mMm: 124 NaCl, 2.5 KCl, 26 NaHCO;, 1 NaH,PO,, 2.5 CaCl,, 1.3
MgSO,, and 10 glucose, equilibrated with 95% O,/5% CO,). Slices were
allowed to recover at room temperature for at least 1.5 h before being
transferred to a submerged recording chamber (TC-344B; Warner In-
struments) and perfused with ACSF at 2 ml/min.

Electrophysiology. Recordings were performed using a MultiClamp
700B amplifier (Molecular Devices). For extracellular field recordings, a
patch-type micropipette was filled with 1 M NaCl. For voltage-clamp
experiments, CA1 pyramidal cells were blind-patched with a micropi-
pette (3—4 MQ)) filled with an intracellular recording solution containing
the following (in mm): 123 cesium gluconate, 8 NaCl, 1 CaCl,, 10 EGTA,
10 HEPES, and 10 glucose, pH 7.2 (280—-290 mOsm). To assess cell
stability, series and input resistances were monitored with a 5 mV, 80 ms
hyperpolarizing test pulse, and cells with >15% change in series resis-
tance were excluded from analysis. To elicit synaptic responses, paired,
monopolar square-wave voltage 200-us-wide pulses were delivered
through a DS2A stimulus isolator (Digitimer) connected to a broken tip
patch-type micropipette filled with ACSE. A stimulating pipette (Figs. 1,
2) was placed in the middle third of stratum radiatum (st. radiatum) in
CAL, 200 wm away from the recording electrode. To evoke perisomatic
inhibition, the stimulating pipette was placed in the middle of stratum
pyramidale (st. pyramidale) 200 uwm away from the recorded cell. To
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Excitation is mostly normal in the hippocampus of (ntnap2 ~/~ mice. A, Input/output curve showing no difference in fEPSP slope versus fiber volley amplitude between wild-type

(+/+) and knock-out (—/—) littermates. Representative traces (left) and a summary plot (right) are shown. B, Paired-pulse ratio of fEPSP responses elicited at various interstimulus intervals
revealed no difference between genotypes. C, Synaptic responses evoked by a 25 stimuli, 14 Hz train. Normalized fEPSPs (left) and a summary plot (right) are shown. No difference was observed
between wild-type (+/+) and knock-out (—/—) littermates ( p > 0.05). D, mEPSC frequency and amplitude recorded from CA1 pyramidal cells (representative traces on right) were not different
between wild-type (+/+) and knock-out (—/—) littermates (frequency: wild type, 0.91 = 0.14 Hz; knock-out, 1.44 == 0.31 Hz; p > 0.07; amplitude: wild type, 12.7 = 0.37 pA; knock-out,

124 = 0.19 pA; p > 0.4).

, The ratio between NMDAR-EPSCs (upward) and AMPAR-EPSCs (downward) showed a modest but significant decrease in the knock-out (—/—) compared with

wild-type (+/+) littermates (*p << 0.05). F, High-frequency stimulation-induced LTP (100 pulses, 100 Hz, 20 s apart, in the presence of 50 wm picrotoxin, three times) was normal in knock-out
(—/—)versus wild-type (+/+)littermates ( p > 0.7 at 30 — 40 min afterinduction). Representative fEPSP traces (left) correspond to the numbers in the time course plot (right). Data are presented
as mean == SEM; numbers in parentheses represent animals and experiments (cells or slices), respectively.

evoke dendritic inhibition, the stimulating pipette was placed in stratum
radiatum (outer half), 300—400 wm away from the recorded cell.

Field recordings and the excitation/inhibition ratio were performed in
the absence of any drugs, with the exception of long-term potentiation
(LTP) experiments that were performed in the presence of the GABA,
receptor (GABA,R) antagonist picrotoxin (50 um). IPSCs were monitored in
the continuous presence of the NMDA receptor (NMDAR) antagonist b-APV
(25 um) and AMPA receptor (AMPAR) antagonist 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo|[f]quinoxaline-7-sulfonamide disodium salt (NBQX; 10 um).
AMPAR-mediated EPSCs were recorded in picrotoxin (50 um) while voltage
clamping at —60 mV, and NBQX was subsequently added to the bath to record
NMDAR-EPSCs while holding the cell at +40 mV. Recordings of min-
iature EPSCs (mEPSCs; V}, = —60 mV) and miniature IPSCs (mIPSCs;
Vi, = 0 mV) were made in the presence of the sodium channel blocker
tetrodotoxin (500 nMm), at 32°C, in addition to the synaptic blockers of
inhibition and excitation, respectively. With the exception of the above-
specified experiments, all other recordings were performed at 25°C. LTP
was induced with three trains of high-frequency stimulation (100 pulses
at 100 Hz each) applied 20 s apart, and synaptic stimulation was per-
formed at 0.05 Hz. p-APV and NBQX were obtained from the National
Institute of Mental Health Chemical Synthesis and Drug Supply Pro-
gram. All salts and other drugs were obtained from Sigma. Wild-type and
knock-out groups were compared for statistical significance using the
Mann-Whitney test (nonparametric data) or unpaired, two-tailed Stu-

dent’s ¢ test (parametric data). Normality of datasets was determined
using the D’Agostino—Pearson’s omnibus K2 normality test. The two-
sample Kolmogorov—Smirnov test was used to compare distributions.

Results

Cntnap?2 deletion does not affect excitatory/inhibitory
balance or pyramidal cell output

A change in the excitatory/inhibitory (E/I) balance is a likely
mechanism underlying ASDs (Gogolla et al., 2009; Ramamoorthi
and Lin, 2011; Coghlan et al., 2012; Nelson and Valakh, 2015). As
an initial approach to evaluate synaptic function in Cntnap2 '~
mice, we assessed E/I balance in acute hippocampal slices from
these mice. Stimulation in st. radiatum generates a compound
EPSC/IPSC in CAl pyramidal cells (this mode of stimulation
mainly recruits excitatory and inhibitory inputs onto the apical
dendrites), and each component can be isolated by holding the
recorded cell at the CI~ (=55 mV) and Na* (0 mV) reversal
potentials, respectively. The resulting ratio between the peak
amplitude of both components was comparable between
Cntnap2™’* and Cntnap2~'~ mice (Fig. 1A), suggesting no sig-
nificant changes in E/I balance in these mice when measured
through activation of putative dendritic inputs. We next assessed
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Inhibition is altered in CA1 area of Cntnap2 ~/~ mice. A, B, Input/output curve (right) and representative traces (left; 20 averaged responses in each trace) of perisomatic (4) and

dendritic (B) IPSCs evoked in CA1 pyramidal cells by electrical stimulation in st. pyramidale or st. radiatum, respectively. The amplitude of perisomatic IPSCs was significantly reduced (*p << 0.05;
*¥p < 0.01; ***p << 0.001) in the knock-out (—/—) compared with wild-type (+/+) littermates. C, Paired-pulse ratio of perisomatic IPSCs at various interstimulus intervals (left, representative
traces; right, summary plot) showed no differences between genotypes. D, Perisomatic IPSCs evoked by a 25 stimuli, 14 Hz train (left, representative traces; right, summary plot) also showed no

difference between genotypes.

the excitatory synaptic input-to-spike (ES) coupling, i.e., the re-
lationship between the synaptic response [measured as extracel-
lular field EPSP (fEPSP)] generated after stimulation in st.
radiatum, and its ability to drive pyramidal cells to fire (measured as the
amplitude of the population spike amplitude). No significant differ-
ences were observed across genotypes (Fig. 1B), suggesting normal den-
dritic computation in the absence of CASPR2. The lack of change in
these parameters raises the possibility that more subtle alterations in
neural circuits may underlie the behavioral deficits observed in these
mice. To explore this possibility, we next examined excitatory and in-
hibitory synaptic transmission in isolation.

Excitatory transmission is mostly normal in the CA1 area of
Cntnap2 '~ mice
Recent studies in cultured cortical neurons suggest that CASPR2 plays a
role in glutamatergic transmission (Anderson et al., 2012; Varea et al.,
2015). To test this possibility in Crtnap2 '~ mice, fEPSPs in CA1 were
elicited in st. radiatum by applying increasing intensities of electrical
stimulation. To our surprise, analysis of the input/output function,
measured as fEPSP slope versus fiber volley amplitude, revealed no sig-
nificant difference between Cntnap2*’" and Cntnap2 '~ mice (Fig,
2A). We also estimated release probability by monitoring the paired-
pulse ratio (PPR) at various interstimulus intervals (Fig. 2B) and synap-
tic depression in response to a stimulus train (25 stimuli, 14 Hz; Fig.
2C), but we found no significant differences between genotypes. To
assess quantal excitatory transmission, we performed whole-cell re-
cordings from CA1 pyramidal cells and monitored mEPSCs. Again,
no differences in amplitude or frequency of spontaneous mEPSCs
were found between Cntnap2™’* and Cntnap2 ~'~ littermates (Fig.
2D). Together, our results show that deletion of Cntnap2 does not
significantly affect basal excitatory synaptic transmission.

A disrupted maturation of excitatory synapses is a common
mechanism in neurodevelopmental disorders (Penzes et al.,

2013), and such disruption is commonly assessed by monitoring
the relative contribution of the AMPAR- and NMDAR-mediated
components of synaptic transmission. To examine whether a
similar mechanism could be linked to CASPR2 deletion, we mon-
itored the NMDA/AMPA ratio in Cntnap2 '~ mice and found a
modest decrease in these mice compared with wild-type litter-
mates (Fig. 2E). Changes in NMDAR subunit composition, man-
ifested as changes in NMDAR-EPSC decay, could be altered in
Cntnap2~'~ mice. However, we found that the NMDAR-EPSC
decay was identical in wild-type versus knock-out mice (p > 0.5).
Furthermore, a shift in the NMDA/AMPA ratio could translate
into deficits on NMDAR-mediated LTP. To explore that possi-
bility, we performed field recordings in st. radiatum in CA1 but
observed no significant differences between genotypes (Fig. 2F).
Thus, beyond a modest change in the NMDA/AMPA ratio,
CASPR2 deletion does not seem to significantly disrupt matura-
tion or plasticity at excitatory synapses.

Inhibition is altered in an input-specific manner in the
hippocampus of Cntnap2 ~'~ mice

The observation that Cntnap2 ~'~ mice display hyperactivity, sei-
zures, and a reduced number of interneurons (Pefiagarikano et
al., 2011) suggests that synaptic inhibition could be altered in the
absence of CASPR2. To directly test this possibility, we analyzed
the input/output function of evoked IPSCs by activating putative
perisomatic or dendritic inputs onto CA1 pyramidal cells (see
Materials and Methods). “Perisomatic” inputs likely include an
axon initial segment, soma, and proximal dendritic inputs
(Freund and Katona, 2007). Consistent with this interpretation,
the rise time of putative perisomatic IPSCs was significantly faster
than that of dendritic IPSCs (perisomatic: 1.96 * 0.21 ms, n = 23
cells; dendritic: 7.06 = 0.26 ms, n = 15; p < 0.0001, Mann—
Whitney test). We found that perisomatic but not dendritic
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Figure4. Altered spontaneous inhibitory activity in Cntnap2 ~/~ mice. A, Spontaneous, action potential-driven IPSCs
recorded from CA1 pyramidal cells (sIPSC; representative traces on top). sIPSC frequency, but not amplitude, was signifi-
cantly increased in knock-out (—/—) versus wild-type (+/+) littermates (frequency: wild type, 16.2 = 1.3 Hz; knock-
out, 22.7 = 1.5 Hz; **p < 0.01; amplitude: wild type, 28.7 = 1.1 pA; knock-out, 29.5 = 1.0 pA; p > 0.5). A cumulative
plot of sIPSC rise time (bottom right) is shown. B, mIPSC frequency and amplitude recorded from CAT pyramidal cells
(representative traces on top) were not significantly different between wild-type (+/+) and knock-out (—/—) litter-
mates (frequency: wild type, 11.8 = 1.3 Hz; knock-out, 14.4 = 2.1 Hz; p > 0.29; amplitude: wild type, 14.9 = 0.3 pA;
knock-out, 15.1 = 0.4 pA; p > 0.3). The rise time of mIPSCs was slower in (ntnap2 ~/~ mice (bottom right; wild type:
1.48 £ 0.02 ms, n = 2125 events; knock-out: 1.63 = 0.02 ms, n = 2732 events). Data are presented as mean = SEM;
numbers in parentheses represent animals and cells, respectively.
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IPSCs showed a significant rightward shift
in the input/output curve of Cntnap2 '~
mice (Fig. 3A,B), indicating a selective
impairment of a subpopulation of inhibi-
tory inputs. In contrast, the decay kinetics
of evoked IPSCs (putative perisomatic in-
puts), a parameter that can be affected by
the GABA,R subunit composition, was
unchanged between Cntnap2*’* and
Cntnap2 ™'~ littermates (wild type: 27.2 = 2.1
ms, n = 23; knock-out: 26.2 = 1.6 ms, n = 22;
p > 0.5). To determine whether the deficit in
perisomatic inhibition could be attributable to
a reduction in transmitter release, we assessed
presynaptic function by delivering paired
stimulation in st. pyramidale at various inter-
stimulus intervals and by applying a train of
25 stimuli at 14 Hz. Analysis of PPR and burst
stimulation revealed a similar profile in both
Cntnap2™* and Cntnap2~'~ littermates
(Fig.3C,D). Thus, itis unlikely that a reduction
in transmitter release can account for the selec-
tive deficit in perisomatic inhibition observed
in Cntnap2 '~ mice.

Given the differential impact of Cntnap2
deletion on putative perisomatic versus den-
dritic inhibition, we sought to determine cell-
wide inhibitory transmission by recording
spontaneous inhibitory events from CAl
pyramidal cells. Intriguingly, we observed a
significant increase in the frequency of sponta-
neous, action potential-driven IPSCs (sIPSCs)
in Cntnap2™'~ mice, whereas sIPSC ampli-
tude and rise-time kinetics remained un-
changed (Fig. 4A). No significant difference in
CALl pyramidal cell input resistance was ob-
served between Cntnap2™’* and Cntnap2 ™'~
littermates (155.4 * 8.7 and 169.1 * 6.7 M(),
respectively; n = 27 cells each group; p =
0.21). We next monitored mIPSCs but found
no significant difference in either mIPSC fre-
quency or amplitude between genotypes (Fig.
4B). However, the rise time of these events was
significantly slower in Critnap2 ~'~ mice (p <
0.0001, Kolmogorov—Smirnov test; Fig. 4B),
suggesting a reduction in the relative contribu-
tion of somatic versus dendritic inputs.

Discussion

The main finding of this study is a selective
impairment of inhibition in the CAl area of
Cntnap2 ™'~ mice. Although excitatory trans-
mission was mostly normal, the inhibitory
deficit was restricted to perisomatic inputs. In
addition, we found a significant increase in
spontaneous, action potential-driven inhibi-
tory synaptic events (sSIPSCs). To our knowl-
edge, these findings provide the first evidence
for functional synaptic impairments in the
Cntnap2~'~ mouse and suggest that subtle,
yet significant, changes in inhibition may un-
derlie behavioral deficits in CNTNAP2-related
ASD:s.
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Evidence from both patient studies and animal models
strongly suggests that dysfunctional GABAergic signaling plays a
major role in ASDs (Pizzarelli and Cherubini, 2011; Ramamoor-
thi and Lin, 2011; Coghlan et al., 2012). Both failure in interneu-
ron migration and impaired functional inhibition might
contribute to the behavioral phenotypes of ASD. An E/I imbal-
ance with loss of GABAergic function is a common feature of
neurodevelopmental disorders, including ASD (Gogolla et al.,
2009; Ramamoorthi and Lin, 2011; Coghlan et al., 2012; Nelson
and Valakh, 2015). Hippocampal interneurons can be segregated
into two major classes, i.e., perisomatic or dendritic, according to
the pyramidal cell compartment that they innervate (Miles et al.,
1996; Freund and Katona, 2007). Dendritic inhibition is thought
to control CA1 pyramidal cell firing by shunting incoming syn-
aptic excitation, whereas perisomatic inhibition controls the local
generation of action potentials (Miles et al., 1996). We found that
putative perisomatic but not dendritic evoked IPSCs were re-
duced in Cntnap2 '~ mice. It is unlikely that a reduction in
GABA release could account for this phenotype given that short-
term plasticity remained unchanged in these mice. Because the
perisomatic compartment of pyramidal cells is highly innervated
by PV ™ interneurons (Hu et al., 2014), our findings could be
explained by a reduced number PV * interneurons in the hip-
pocampus of the Cntnap2~'~ mice, as reported previously
(Penagarikano et al., 2011). Interestingly, PV " interneurons crit-
ically control neuronal oscillations (Sohal et al., 2009), an impair-
ment of which has been associated with ASD (Uhlhaas and
Singer, 2012). In particular, a selective impairment of PV * basket
cell-mediated inhibition in CAl was reported in the ASD-
associated point mutation in neuroligin 3, R451C knock-in mice
(Foldy et al., 2013), and deletion of the cell-adhesion molecule
neuroligin 2 is associated with a loss of postsynaptic specializa-
tions specifically at perisomatic inhibitory synapses (Poulopou-
los et al., 2009). Furthermore, a reduction in molecular markers
for inhibitory synapses in the perisomatic compartment has re-
cently been observed in mouse models of ASD (Gogolla et al.,
2014). Thus, our findings provide additional evidence that im-
paired perisomatic inhibition could be a common alteration in
ASDs.

We also found an unexpected increase in the frequency of
spontaneous, action potential-driven inhibitory events imping-
ing onto CA1 pyramidal cells (Fig. 4A). This synaptic phenotype
could be attributable to an increase in interneuron excitability,
either as an indirect compensatory effect or as a direct conse-
quence of CASPR2 deletion. Whether the increase in sIPCS fre-
quency arises from a specific interneuron type remains to be
determined. Of note, a recent study showed that CASPR2 auto-
antibodies associated with limbic encephalitis in humans mainly
target axons of inhibitory hippocampal neurons in culture, in
particular GABAergic axons surrounding cell bodies (Pinatel et
al., 2015). These observations raise the possibility that interneu-
ron axonal function (e.g., excitability) could be altered in
Cntnap2~'~ mice. Although CASPR2 contributes to clustering
voltage-gated potassium channels in the peripheral nervous sys-
tem (Poliak et al., 2003), evidence for a similar mechanism in the
CNS is lacking, and the direct effect of Cntnap2 deletion on in-
terneuron excitability remains to be tested.

Recent studies in cultured cortical neurons have shown a
global reduction of synaptic function in RNAi-mediated Cntnap2
knock-down neurons (Anderson et al., 2012) and reduced den-
dritic spine density and GluA1 localization in the dendritic spines
of Cntnap2 knock-out neurons (Varea et al., 2015). These obser-
vations suggest that CASPR2 could play a role in glutamatergic
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transmission. However, our results using Cntnap2 '~ mice re-
vealed no major phenotype at excitatory synapses. Although we
found a modest decrease in the NMDA/AMPA ratio, the mecha-
nism and functional relevance of this change are unclear.
Cntnap2 ~'~ mice also showed normal ES coupling and E/I ratio,
which is consistent with normal input/output function at Schaf-
fer collaterals-to-CA1 synapses (Fig. 2A) and normal dendritic
inhibition (Fig. 3B). Given the neurodevelopmental nature of
ASD, and that most human ASD-related mutations in CNTNAP2
result in nonfunctional proteins that are not tethered to the cel-
lular membrane (Falivelli et al., 2012), we argue that the
Cntnap2 ~'~ mouse phenotype likely provides more relevant in-
sights on the mechanisms underlying ASD.

How exactly Cntnap2 deletion leads to altered inhibition is
unknown. Defects in neural migration found in Cntnap2 ™'~
mice (Pefagarikano et al., 2011) could account for the reduced
number of interneurons. In addition, the deficit in dendritic ar-
borization and spine development observed in CASPR2-deficient
neurons suggests that this protein may play an organizational role
in developing neurons (Anderson et al., 2012; Varea et al., 2015).
Finally, CASPR2 may participate in a neuroglial junction multi-
molecular complex (Poliak et al., 2001) and by this means con-
tribute to optimal neuroglial interaction, which is required for
normal neuronal migration.

In conclusion, we report a selective inhibitory phenotype in
the hippocampus of Cntnap2 ~'~ mice indicating that CNTNAP2
may be required for normal inhibitory interneuron development
and function. Our findings also highlight the impairment of peri-
somatic inhibition as a potential common mechanism underly-
ing ASDs.
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