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Central glutamatergic synapses and the molecular pathways that
control them are emerging as common substrates in the patho-
genesis of mental disorders. Genetic variation in the contactin
associated protein-like 2 (CNTNAP2) gene, including copy number
variations, exon deletions, truncations, single nucleotide variants,
and polymorphisms have been associated with intellectual disabil-
ity, epilepsy, schizophrenia, language disorders, and autism.
CNTNAP2, encoded by Cntnap2, is required for dendritic spine de-
velopment and its absence causes disease-related phenotypes in
mice. However, the mechanisms whereby CNTNAP2 regulates glu-
tamatergic synapses are not known, and cellular phenotypes have
not been investigated in Cntnap2 knockout neurons. Here we
show that CNTNAP2 is present in dendritic spines, as well as axons
and soma. Structured illumination superresolution microscopy re-
veals closer proximity to excitatory, rather than inhibitory synaptic
markers. CNTNAP2 does not promote the formation of synapses
and cultured neurons from Cntnap2 knockout mice do not show
early defects in axon and dendrite outgrowth, suggesting that
CNTNAP2 is not required at this stage. However, mature neurons
from knockout mice show reduced spine density and levels of
GluA1 subunits of AMPA receptors in spines. Unexpectedly, knock-
out neurons show large cytoplasmic aggregates of GluA1. Here we
characterize, for the first time to our knowledge, synaptic pheno-
types in Cntnap2 knockout neurons and reveal a novel role for
CNTNAP2 in GluA1 trafficking. Taken together, our findings pro-
vide insight into the biological roles of CNTNAP2 and into the path-
ogenesis of CNTNAP2-associated neuropsychiatric disorders.
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Abnormalities in excitatory synapses of cortical pyramidal
neurons have emerged as key cellular substrates in the

pathogenesis of several psychiatric disorders. Disease-specific
disruptions in synaptic morphology or number and glutamate
receptors accompany several neuropsychiatric disorders, partic-
ularly those that involve deficits in information processing (1). In
support of this view, postmortem neuropathological studies
found altered dendritic spine density on cortical pyramidal
neurons in individuals with intellectual disability (2), autism
spectrum disorders (3), and schizophrenia (4). Dendritic spines
are the sites of the majority of excitatory glutamatergic synapses
in the mammalian brain and represent the postsynaptic com-
partment of these synapses. Spines are rich in actin, and their
morphology changes during development and in various physi-
ological conditions (5). Spines contain glutamate receptors, of
which the AMPA subtype are the ones responsible for fast
neurotransmission (6). AMPA receptors, like other membrane
proteins, are processed in the endoplasmic reticulum and the
Golgi complex, then delivered to synapses by forward trafficking
mechanisms (7). At the synapse, they undergo constitutive and
regulated exo- and endocytosis, known to modulate synapse

strength (6). Together, changes in spine number and morphol-
ogy, along with glutamate receptor content in synapses, underlie
functional connectivity in synaptic circuits.
Recent genome-wide association studies, copy number variant

(CNV) analyses, and exome sequencing studies have implicated
networks of genes that encode glutamatergic synaptic proteins in
the etiology of neuropsychiatric disorders (8–10). One such gene,
which has received considerable attention, is contactin associ-
ated protein-like 2 (CNTNAP2). Gene dosage, rare mutations,
and common variations in CNTNAP2 have been associated with
several neuropsychiatric disorders. Whereas all subjects with
disruptions in the CNTNAP2 gene have complex phenotypes, it
appears that shared common features are intellectual disability,
seizures, autistic phenotype, and language impairments. Geno-
types detected in subjects with intellectual disability include in-
version of exons 11 and 12, large deletions, frameshift mutation,
splice site mutation, exon deletions, deletions of the 3′ UTR, and
a complex rearrangement (11). Subjects with autism have been
shown to carry copy number variations, complex rearrangements,
an intron deletion, a promoter deletion, and amino acid sub-
stitutions (12–20). Disruptions detected in schizophrenia include
deletion of exons 9–24, an intron deletion, and copy number
variations (21–25). Other disease-associated disruptions include
a large deletion, intron deletion in attention deficit and hyper-
activity disorder (26, 27), deletion of exons 2–4 in epilepsy (28,
29), and deletion of exons 2–4 in speech delay (30). In addition,
common variants in CNTNAP2 have been associated with au-
tism, dyslexia, schizophrenia, and bipolar disorder (31).
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A potentially important role for CNTNAP2 in mental disor-
ders is supported by the presence of autism-related behavioral
phenotypes in Cntnap2 knockout (KO) mice (32). Sequence
variation in CNTNAP2 is associated with altered functional
connectivity in the human frontal lobe (33). By contrast, little
is understood about the cellular and molecular mechanisms
whereby CNTNAP2 controls brain function. Hence, under-
standing the roles of Cntnap2 gene product in synapses can
provide insight into the mechanisms underlying normal and
pathological synapse function.
The CNTNAP2 gene encodes a neurexin-related cell adhesion

molecule, CNTNAP2 or Caspr2. CNTNAP2 was first identified
in the peripheral nervous system, where it was shown in vitro to
cluster K+ channels at the juxtaparanodal region (34). However,
CNTNAP2 is also abundant in the brain, where it is enriched in
the synaptic plasma membrane fraction (14). Notably, a recent
article reported that shRNA-mediated knockdown of CNTNAP2
in young developing cultured cortical neurons causes a signifi-
cant and cell-autonomous reduction of AMPA and NMDA
mEPSCs (miniature excitatory postsynaptic currents) and GABA
mIPSCs (miniature inhibitory postsynaptic currents), without af-
fecting presynaptic function (35). Knockdown also resulted in re-
duced dendritic arborization and reduced spine head size, but not
spine density. However, the mechanisms whereby CNTNAP2 af-
fects synapses are still poorly understood.
In this study, we investigated the cellular phenotypes of neu-

rons generated from Cntnap2 knockout mice, focusing on syn-
apses. We compared the effects of absence of CNTNAP2 in
developing and mature neurons and found late-emerging alter-
ations in spine morphology and GluA1 AMPA receptor subunit
localization. When investigating the cellular substrates of AMPA

receptor abnormalities, we found an unexpected presence of
cytoplasmic GluA1-containing aggregates. Taken together, our
data show that CNTNAP2 is important for GluA1 localization to
spines, and its loss causes the formation of GluA1-containing
aggregates. These mechanisms may contribute to cognitive def-
icits in CNTNAP2-associated disorders and may represent a
general mechanism of pathogenesis in these disorders.

Results
CNTNAP2 Is Present in Multiple Neuronal Compartments. CNTNAP2
has been shown to be required for the development of spines,
synapses, and dendrites, but the underlying mechanisms are not
known. We therefore used immunofluorescence confocal imag-
ing to examine the subcellular distribution of CNTNAP2 in cultured
neurons. We found that CNTNAP2 is present in punctate structures
throughout the neurons, including axons, dendrites, spines, and
somata (Fig. 1). This antibody was specific for CNTNAP2, as it did
not detect signal in Cntnap2-knockout neurons or neuronal ho-
mogenates, by immunofluorescence or Western blotting (Fig. S1;
see also Fig. 3E). Filling neurons with GFP, immunostaining for
CNTNAP2 and dendritic marker MAP2, and imaging with standard
confocal microscopy revealed that a subset of CNTNAP2 puncta
are present in dendrites and spines (Fig. 1 A and B). However,
CNTNAP2 puncta were also present in structures not stained for
MAP2, suggesting CNTNAP2’s axonal distribution. This is further
supported by costaining with axonal marker Tau5 (Fig. 1B). Simi-
larly, exogenously overexpressed CNTNAP2 (CNTNAP2-HA) was
targeted to dendrites and spines (Fig. 1B). Endogenous CNTNAP2
can also be visualized in the soma of GFP-filled neurons (Fig. 1C).
To achieve higher imaging resolution, we used structured

illumination microscopy (SIM), a superresolution method that

Fig. 1. CNTNAP2 is present in multiple neuronal compartments. (A) Confocal images show GFP-transfected wild-type mouse neurons immunostained for
endogenous CNTNAP2. White boxes show axon and dendrite regions for zoom panels on Right. Red arrows indicate CNTNAP2 present in both axons and
dendrites. Neuronal outline of GFP fill shown in yellow. (Scale bars: 10 μm and 5 μm, respectively.) (B) Confocal images of neurons filled with GFP and
immunostained for CNTNAP2 and MAP2 or tau5, or overexpressing HA-tagged CNTNAP2. Neuronal outline of GFP fill shown in red. (Scale bar: 5 μm.)
(C) Confocal images of GFP-filled neurons immunostained for CNTNAP2 to show presence within the soma. (Scale bar: 10 μm.) (D) SIM images of somatic
endogenous CNTNAP2. (Scale bar: 5 μm.) (E) SIM images of GFP-filled neurons immunostained for CNTNAP2 along with gephyrin, bassoon, or GluA1. Boxed
regions are shown in zoom panels. CNTNAP2 and the costained protein were analyzed with the colocalization highlighter feature in ImageJ, shown in Right
(colocalization in white). (Scale bars: 1 μm and 500 nm, respectively.) White arrowheads show colocalization in spines. (F) Mander’s colocalization coefficients
for SIM images of GFP-filled neurons coimmunostained for CNTNAP2, gephyrin, bassoon, and GluA1.
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allows a twofold increase in lateral resolution (36). SIM imaging
revealed presence of CNTNAP2 within the soma (Fig. 1D), in
dendrites, and at excitatory synapses, shown by partial colocali-
zation with AMPA receptor subunit GluA1 with less colocali-
zation evident with presynaptic marker bassoon and inhibitory
marker gephyrin (Fig. 1 E and F). These data indicate that
CNTNAP2 is more abundant at or near excitatory synapses
and that the mechanisms of CNTNAP2-dependent regulation of
excitatory and inhibitory synapses may be different. In addition,
SIM imaging suggests that CNTNAP2 may be implicated in
GluA1 trafficking in dendrites and spines.

CNTNAP2 Is Dispensable for Synapse Formation and Axon and
Dendrite Outgrowth. Because CNTNAP2 is at excitatory syn-
apses, and Anderson et al. (35) have shown that it regulates syn-
apse development, we wanted to see whether it has synaptogenic
properties. We used a coculture assay in which we expressed
tagged CNTNAP2 constructs in HEK293 cells, which we then
cocultured with hippocampal neurons. We then assessed the
ability of surface-expressed CNTNAP2 to induce formation of
pre- or postsynaptic sites along the interface of neuronal pro-
cesses with the HEK293 cells (Fig. 2A). We found that CNTNAP2
was not capable of inducing the differentiation of either pre-
(synapsin I labeled) nor postsynaptic (PSD-95 labeled) sites in
excitatory synapses, similar to GFP alone. On the other hand, netrin-
G ligand 3 (NGL-3) or neurexin-1β (Nrx-1β) were readily able to
induce pre- or postsynaptic differentiation, respectively. Similarly,
CNTNAP2 was not able to induce the differentiation of inhibitory
synapses, as labeled by gephyrin (Fig. 2A). Control experiments show
that GFP alone was unable to induce pre-, post-, or inhibitory syn-
apse development, whereas neuroligin and neurexin were able to
induce synapse differentiation, as shown previously (37).
We next examined the role of CNTNAP2 in the initial for-

mation of axons and dendrites. To this end, we examined the
early stages of neuronal differentiation in 3 day in vitro (DIV)
cultures from wild-type and Cntnap2−/− mice. We did not detect
any differences in the total length of axons [t90 = 0.5508; P =
0.5831; n = 42 (WT) and 52 (KO)] or dendrites [t440 = 1.043; P =

0.2976; n = 205 (WT) and 237 (KO)] or in the number of den-
drites (t88 = 0.0; P = 1; n = 45) between wild-type and Cntnap2−/−

neurons (Fig. 2 B and C). In addition, we examined the time
course of CNTNAP2 protein expression in cultured cortical
neurons (Fig. 3E). We found that CNTNAP2 expression was low
in young (1 week old) neurons, and expression increased in the
following weeks in culture. These data suggest that CNTNAP2 is
not likely to play an essential role in synapse formation or out-
growth of neuronal processes.

Absence of CNTNAP2 Affects Mature Glutamatergic Synapses. To
determine whether absence of CNTNAP2 affected the mor-
phology and glutamate receptor content of mature excitatory
synapses, we examined mature cultures (21 DIV) of pyramidal
neurons generated from wild-type and Cntnap2−/− mouse em-
bryos. We detected a reduced density of spines in knockout
neurons (Fig. 3 A and B) [t146 = 3.824; P = 0.0002; n = 67 (WT)
and 78 (KO)]. Interestingly, spines on Cntnap2−/− neurons had
an increased breadth-to-length ratio [U = 55,611; P = 0.0014; n =
483 (WT) and 286 (KO)]. Moreover, knockdown of CNTNAP2
also resulted in a decrease of spine density [t31 = 4.650; P <
0.0001; n = 13 (WT) and 20 (KO)] (Fig. S2), although over-
expression (OE) of CNTNAP2 did not affect spine density [t15 =
0.564; P = 0.5811; n = 16 (WT) and 18 (KO)].
We next examined AMPA receptor localization in dendrites

and spines of GFP-expressing wild-type and Cntnap2−/− neurons
by imaging the immunofluorescence signal of the GluA1 subunit,
along with GFP. Interestingly, total GluA1 content in spines was
decreased in Cntnap2−/− neurons, but no difference could be
detected in the shaft between wild-type and Cntnap2−/− neurons
(Fig. 3 C and D). Also, surface staining of GluA1 showed the
same pattern as total GluA1; a decrease was found in the spine
head [U = 10,262; P < 0.0001; n = 7 (WT) and 12 (KO)] but no
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Fig. 2. CNTNAP2 does not affect synaptogenesis and axon/dendrite out-
growth. (A) Coculture synapse formation assays show that exogenous CNTNAP2
displayed on HEK293T cells does not induce pre- or postsynaptic differentiation
in contacting axons or dendrites of cocultured hippocampal neurons (10–13
DIV), as measured by the clustering of synapsin I (presynaptic) and PSD-95 or
gephyrin (excitatory and inhibitory postsynaptic, respectively). (Scale bar: 20 μm.)
(B) Young cultured cortical neurons (3 DIV) from wild-type and Cntnap2−/−

mice do not show alterations in axon and dendrite outgrowth. (Scale bar:
10 μm.) (C) Quantification of dendrite length, number of dendrites/neuron, and
axon length. Data shown are means ± SEM; Student’s unpaired t test.
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Fig. 3. Alterations in spine morphology and GluA1 content in spines in
cultured cortical pyramidal neurons from Cntnap2−/− mice. (A) Analysis of
spine morphology in wild-type and Cntnap2−/− mature cultured cortical
neurons (21 DIV). (B) Quantification of average spine density and breadth/
length ratios. (C) Immunostaining with a GluA1-specific antibody of GFP-
expressing cultured wild-type and Cntnap2−/− neurons (21 DIV). (Scale bars:
20 μm in whole neuron images and 5 μm in magnifications.) (D) Quantifica-
tion of average GluA1 cluster immunofluorescence intensity/area in spines
and shaft. Data shown are means ± SEM; **P < 0.01, ***P < 0.001 compared
with WT by Student’s unpaired t test in number of spines, and GluA1 intensity
in spine head and shaft and Mann-Whitney’s test in bread/length ratio.
(E) Developmental time course of CNTNAP2 protein expression in cultured
cortical neurons (1, 2, and 3 weeks in vitro) from Cntnap2-WT and KO mice.

6178 | www.pnas.org/cgi/doi/10.1073/pnas.1423205112 Varea et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423205112/-/DCSupplemental/pnas.201423205SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1423205112


differences were found in the shaft [t17 = 1.796; P = 0.0903; n =
67 (WT) and 78 (KO)] (Fig. S3).
In addition, Western blotting of 21 DIV cortical neurons

(Fig. S4) from wild-type and Cntnap2−/− mice detected no al-
terations in the expression levels of GluA1 (t8 = 0.02323; P =
0.9820; n = 5 per group) or GluA2 [t11 = 0.7235; P = 0.4845;
n = 7 (WT) and 6 (KO)]. Similarly caspr1 was not altered [t10 =
0.3469; P = 0.7359; n = 7 (WT) and 5 (KO)], indicating that it
did not compensate for the absence of CNTNAP2.

GluA1 Accumulates in Cytoplasmic Aggregates in Cntnap2−/− Neurons.
To understand the cellular mechanisms underlying the reduced
AMPA receptor levels in spines, we examined images of wild-type
and Cntnap2−/− neurons stained for GluA1. We observed the
presence of large aggregates of GluA1 in the soma of knockout
neurons (Fig. 4A). Quantification shows that a significant fraction
(40%) of Cntnap2−/− neurons presented this phenotype (Fig. 4B)
(t4 = 5; P = 0.0063; n = 3 per group). SIM of Cntnap2−/−neurons
suggests that these somatic aggregates are composed of clusters
of puncta immunopositive for GluA1 (Fig. 4C). Further charac-
terization of the aggregates (Fig. 4D), with coimmunostaining for
GluA1 and aggresome markers BiP/GRP98/HSPA5 and ubiq-
uitin do not show extensive colocalization. Meanwhile, coimmu-
nostaining of GluA1 with trafficking markers clathrin (CHC),
rab5 and syntaxin6, show increased colocalization with the GluA1
positive aggregates, suggestive of a deficit in trafficking processes.
Interestingly, these GluA1 aggregates seem to be specific to

this AMPA receptor subunit, because immunostaining for
GluA2 showed no apparent alteration in the distribution in the
soma (Fig. S4 D and E) and furthermore, cells that presented
GluA1 aggregates did not show the same pattern for GluA2
(Fig. S4E).

Discussion
In this study, we investigated synaptic phenotypes caused by the
absence of CNTNAP2 in developing and mature cortical pyra-
midal neurons. We found late-emerging, but not early, alter-
ations in spine morphology and AMPA receptor distribution.
When investigating the cellular substrates of AMPA receptor
abnormalities, we found an unexpected presence of GluA1-
containing cytosolic aggregates and abnormal GluA1 trafficking.
Taken together, our data show that CNTNAP2 is present in
synaptic compartments in dendrites, is important for spine
morphology and AMPA receptor trafficking, and its loss causes
formation of GluA1-containing aggregates. These cellular
mechanisms may contribute to behavioral deficits in Cntnap2−/−

mice and cognitive deficits in CNTNAP2-associated disorders,
and may represent a general mechanism of pathogenesis in
such disorders.

Subcellular Localization. CNTNAP2 has been originally identified as
a major component of juxtaparanodes of myelinated axons. How-
ever, recent studies (35) have shown that loss of CNTNAP2 affects
the development of excitatory and inhibitory synapses. However,
the underlying mechanisms are not known. Here we show for the
first time to our knowledge that CNTNAP2 protein is localized to
multiple subcellular sites in mature pyramidal neurons. We found
that CNTNAP2 was present in axons, dendrites, dendritic spines,
and the soma. Superresolution microscopy revealed that CNTNAP2
is present in a subset of excitatory synapses and overall showed a
higher degree of colocalization with GluA1 than with inhibitory
synapse marker gephryin or presynaptic marker bassoon. This
finding suggests different mechanisms whereby CNTNAP2 may
regulate excitatory and inhibitory synapses. Interestingly, super-
resolution images also showed that CNTNAP2 colocalizes with
GluA1 inside the dendritic shaft, suggesting a potential role in
glutamate receptor trafficking.

Late-Emerging Cellular Phenotypes. Whereas CNTNAP2 knock-
down has been shown to affect the development of pyramidal
neurons, it is not known what stage of their development re-
quires CNTNAP2. Like other adhesion molecules, CNTNAP2
may be involved in one or several steps of development, in-
cluding synaptogenesis, axon, or dendrite outgrowth, or syn-
apse maturation. Our data show that CNTNAP2 does not have
the ability to induce synapse formation in pyramidal neurons, in
a coculture system, and unlike its structural relative neurexin1, is
not a synaptogenic molecule. Similarly, absence of CNTNAP2
does not interfere with neurite outgrowth at early stages of

Fig. 4. Cytoplasmic aggregates containing GluA1 are present in Cntnap2−/−

cortical pyramidal neurons. (A) Low magnification images of GluA1 in wild-
type and Cntnap2−/− cultured pyramidal neurons (21 DIV). Arrows point to
GluA1 aggregates in the soma. (B) Quantification of the percent of cells
containing GluA1 positive aggregates in the soma in wild-type and
Cntnap2−/− neurons. (C) SIM images of GluA1 in Cntnap2−/− cultured pyra-
midal neurons. Arrows point to GluA1 positive puncta of aggregates. (Scale
bar: 5 μm.) (D) Confocal images of neurons transfected with GFP and
coimmunostained with GluA1 and BiP, ubiquitin (Ub), clathrin heavy chain
(CHC), rab5, and syntaxin 6. Insets show zoom of soma. (Scale bars: 20 μm
and 10 μm, respectively.)
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neuronal differentiation in culture. These findings suggest that
CNTNAP2 is dispensable for processes during early postnatal
development. However, analysis of mature neurons, with de-
veloped synapses, showed that absence of CNTNAP2 caused a
reduction in spine density and alterations in spine morphology.
In addition, knockout neurons showed reduced levels of GluA1
AMPA receptor subunit on spines, similar to knockdown (35).
These data indicate that CNTNAP2 is most likely necessary for
the maturation and maintenance of spiny synapses, but not for
earlier stages of postnatal development of pyramidal neurons
when the expression levels of this protein are the lowest. In
agreement with the idea of CNTNAP2 having a role in matu-
ration and maintenance, Anderson et al. (35) showed a decrease
in total dendritic length and branching and a decreased spine
size in mature CNTNAP2 knockdown neurons. Such findings
may suggest a potential mechanism for the delayed emergence
of symptoms in some clinical cases associated with CNTNAP2
mutations. For example, CNTNAP2 CNVs and truncations are
associated with schizophrenia, which emerges in adolescence.
Interestingly, language regression is present in Amish patients
carrying a CNTNAP2 truncation, suggesting a later-onset clinical
phenotype.

Cytosolic GluA1 Aggregates. One intriguing and unexpected cel-
lular phenotype in knockout neurons is the presence of large
aggregates containing GluA1. Presence of GluA1 in cytoplasmic
aggregates could be caused by a number of mechanisms, in-
cluding defective protein folding, defective assembly of subunits,
abnormal proteolytic degradation, or defective trafficking.
Immunostaining for trafficking markers such as rab5 and syntaxin6
showed the highest degree of colocalization; therefore, it seems
that the presence of aggregates is at least in part due to a traf-
ficking problem. The exact mechanisms will be the subject of fu-
ture studies. Whereas AMPA receptor-containing aggresomes
have not previously been reported in pyramidal neurons, GluA1-
containing aggresomes have been reported in normally developing
spinal cord neurons (38). These aggresomes appeared transiently
between embryonic day 17 and postnatal day 19 and did not
contain other AMPA receptor subunits.
Our findings could provide a molecular and cellular substrate

for some of the behavioral phenotypes reported in Cntnap2−/−

mice (32). Interestingly, protein aggregates have been reported
in postmortem studies of brain tissue from patients with age-
related neurodegenerative diseases, including Parkinson’s disease,
Alzheimer’s disease, Huntington’s disease, and amyotrophic lat-
eral sclerosis (39). However, presence of aggregates, and specifi-
cally AMPA receptor-containing aggregates, have not yet been
reported in autism, schizophrenia, intellectual disability, or in
animal models of these disorders. Our data suggest that similar
mechanisms may contribute to the pathogenesis of CNTNAP2-
associated neuropsychiatric disorders, and are therefore worthy
of further investigation. Furthermore, our data suggest that ab-
normalities in synaptic protein trafficking are a mechanism of
potential interest in psychiatric disorders.

Materials and Methods
Antibodies and Plasmids. The following antibodies were purchased: CNTNAP2
(rabbit polyclonal; Millipore), CNTNAP2 (mousemonoclonal; NeuroMab), actin
(mouse monoclonal; Abcam), GluA1 (rabbit polyclonal, intracellular epitope;
Millipore), GluA1 (mouse monoclonal, extracellular epitope; Millipore), bas-
soon (mouse monoclonal; NeuroMab), PSD95 (rabbit polyclonal; Cell Signal-
ing), PSD-95 (mouse monoclonal; NeuroMab), gephyrin (mouse monoclonal;
Connex), GluA2 (mouse monoclonal; NeuroMab), MAP2 (mouse monoclonal;
Millipore), HA (mouse monoclonal; Sigma), GFP (mouse monoclonal; Milli-
pore), GFP (chicken polyclonal; Abcam), clathrin (rabbit monoclonal; Cell
Signaling), Rab5 (rabbit monoclonal; Cell Signaling), Syntaxin6 (rabbit
monoclonal; Cell Signaling), BiP (rabbit polyclonal; Enzo Life), and ubiquitin
(rabbit polyclonal; Sigma). For mixed-culture assays the following antibodies
were used: Guinea pig polyclonal EGFP antibodies (#1997) were raised against

H6-EGFP (aa 1–240); other antibodies were purchased, HA (mouse mono-
clonal; Covance and rabbit polyclonal; Santa Cruz), Synapsin I (rabbit poly-
clonal; Millipore), PSD-95 (mouse monoclonal; NeuroMab), and gephyrin
(mouse monoclonal; Synaptic Systems). Plasmids used in this study were:
pEGFP-N1 (Clontech) and WT CNTNAP2-HA (kindly provided by Elior Peles,
Weizmann Institute of Science, Rehovot, Israel). Interference plasmids specific
for Cntnap2 (shRNA) and scrambled control (Sc) were purchased from Ori-
Gene. NGL-3 EGFP and EGFP pDisplay constructs have been described (40).
Neurexin-1β CFP was a kind gift from Ann Marie Craig, University of British
Columbia, Vancouver.

Neuronal Culture and Transfections.Medium (50,000 cells/cm2) and high density
(100,000 cells/cm2) cortical neuron cultures were prepared from Sprague-
Dawley rat E18 embryos as described previously (41). Briefly, neurons were
plated onto coverslips coated with poly-D-lysine (0.2 mg/mL; Sigma), in feed-
ing medium (neurobasal medium supplemented with B27 (Invitrogen) and
0.5 mM glutamine). A total of 200 μM DL-aminophosphonovalerate (APV)
(Ascent Scientific, now Abcam) was added to the medium 4 d later. Cortical
neurons were transfected at DIV 23 using Lipofectamine 2000 following the
manufacturer’s recommendations and the neurons were maintained in the
feeding media for 3 d after the transfection (unless stated otherwise). Neu-
rons were then fixed in 4% (wt/vol) formaldehyde + 4% (wt/vol) sucrose in
PBS for 10 min. Coverslips were then processed for immunostaining. Only
neurons that exhibited a pyramidal asymmetric morphology, with a single
long, highly branching protrusion, likely to be the apical dendrite, and many
shorter dendrites radiating from the soma, likely to be the basal dendrites,
were selected for further analysis as it has been previously described (41). Any
signs of poor neuronal health meant the exclusion of the cell from quantifi-
cation. Rats and mice were used in accordance with Northwestern University
Institutional Animal Care and Use Committee and national guidelines and
regulations.

Mixed-Culture Assays. Mixed-culture/coculture assays were performed as
described previously (40). In brief, primary hippocampal neuron cultures at
10 DIV prepared from E18–19 rat brains were cocultured for 3 d with
HEK293T cells expressing CNTNAP2 (CNTNAP2-HA), NGL-3, neurexin-1β, or
EGFP in the presence of 10 μM 5-fluoro-2′-deoxyuridine (Sigma; F-0503) and
10 μM uridine (Sigma; U-3003) to suppress HEK293T cell proliferation, fol-
lowed by immunostaining for EGFP, HA, synapsin I, or PSD-95 at 13 DIV.

Cntnap2 Knockout Mice. The Cntnap2−/− mice were generated by Elior Peles
(Weizmann Institute of Science). The colony was genotyped following the
primers and conditions previously described (34), and it was maintained in
their original strain, CD1. Mice cortical neurons were obtained from new-
born mice (P0), either wild type or Cntnap2−/−, following the same method
used for the rat neurons described above. The transfection of mouse neu-
rons was identical to the rat cortical neuron protocol and conditions. For the
comparison between wild-type and Cntnap2−/− neurons, the experiments
were performed in parallel. The immunocytochemistry of wild type and
Cntnap2−/− was done using the same antibody preparation and the same
conditions were applied for acquisition of images.

Immunocytochemistry. For the staining of endogenous proteins, medium
density 24 DIV neurons were first washed in PBS and then fixed in 4%
formaldehyde 4% (wt/vol) sucrose in PBS for 10 min. Fixed neurons were then
permeabilized and blocked simultaneously [NGS 2% (vol/vol), Triton X-100
0.1% in PBS, 1 h at room temperature], followed by incubation of primary
antibodies (overnight, 4 °C). The coverslips were washed three times with
PBS and incubated with the correspondent fluorophore-secondary anti-
bodies (25 °C, 1 h) (Alexa Fluor 488, Alexa Fluor 596; Life Technologies), as
described previously (42). The coverslips were then mounted onto slides
using ProLong Antifade reagent (Invitrogen) and stored at 4 °C until the
acquisition of the images. All images were acquired in the linear range of
fluorescence intensity.

Toanalyze the localizationofGluA1, EGFP-transfectedneuronswere labeled
as indicated above. The resulting immunofluorescence images were quantified
using MetaMorph software (Universal Imagining) (42). Images were acquired
using a Zeiss LSM 5 Pascal confocal microscope. The background corresponding
to areas without cells was subtracted to generate a “background-sub-
tracted” image. Dendritic spines were designated as “regions” using the
EGFP-filled neuron image, and both area and the average intensity of each
AMPA receptor cluster immunofluorescence were measured automatically.
Cultures that were directly compared were stained simultaneously and
imaged with the same acquisition parameters. Experiments were carried
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out blind to condition and on sister cultures. All statistical analysis was
performed as described below.

Quantitative Analysis of Spine Morphology and Density in Immunofluorescence
Staining. Confocal images of double-stained neurons were obtained as de-
scribed previously (41). Briefly, images were acquired with a Zeiss LSM 5
Pascal confocal microscope using a 63× oil immersion objective [Zeiss; nu-
merical aperture (N.A.) = 1.4] as a z series (z sectioning: 0.37 μm). The ac-
quisition parameters were kept the same for all conditions. Two dimensional
maximum projection reconstructions of images were generated, and mor-
phometric analysis (spine number, area, length, and breadth) was done us-
ing MetaMorph software. To examine the morphologies of dendritic spines,
individual spines on dendrites were manually traced, and spine dimensions
were measured by MetaMorph. Cultures that were directly compared were
stained simultaneously and imaged with the same acquisition parameters.
For each condition, 11–12 neurons from at least three separate experiments
were used. For overall dendritic spine linear density measurements (repre-
sented as number of spines/10 μm of dendrite length), at least two dendrites
(secondary or tertiary branches), totaling 100 μm, were analyzed per neuron.
Experiments were done blind to conditions and on sister cultures.

SIM Imaging.Neurons were fixed after 24 DIV, and immunocytochemistry was
performed as described above. Three-channel images were taken using a
Nikon SIM microscope with a 100× 1.4 N.A. objective (Cell Imaging Facility
and Nikon Imaging Center, Northwestern University, Feinberg School of
Medicine) that allows a resolution range of 110–130 nm. Images were an-
alyzed with ImageJ with the McMaster Biophotonics Facility set of plugins.

Statistical Analysis. For quantitative immunofluorescence experiments,Western
blots, and dendrite length or number measurements, differences between
condition means were identified by Student’s unpaired t tests or analyses of
variance performed in GraphPad. Error bars represent SEM.
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Fig. S1. Cultured cortical pyramidal neurons from wild-type and Cntnap2−/− mice. Immunostaining of GFP-expressing cultured 21 DIV wild-type and
Cntnap2−/− neurons (n = 11–14 neurons). Insets show CNTNAP2 immunofluorescence.

Fig. S2. Effect of CNTNAP2 knockdown and overexpression on spine density. (A) Effectiveness of RNAi to knockdown (KD) CNTNAP2 measured by Western
blot. (B) Effects of RNAi-mediated KD and overexpression (OE) of CNTNAP2 in mature 21 DIV neurons. Data shown are means ± SEM; ***P < 0.001 compared
with scrambled control (Sc) by Student’s unpaired t test.
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Fig. S3. Alterations in surface GluA1 content in spines in cultured cortical pyramidal neurons from Cntnap2−/− mice. Quantification of average surface GluA1
immunofluorescence intensity/area in spines and shaft in cultured wild-type and Cntnap2−/− neurons (21 DIV). Data shown are means ± SEM; ***P < 0.001
compared with WT by Student’s unpaired t test.
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Fig. S4. Western blot analysis and immunofluorescence of 21 DIV wild-type and Cntnap2−/− cortical neurons in vitro. Analysis of GluA1 (A), GluA2 (B), and
Caspr1 (C) expression. Representative blots are shown in the Top image together with actin used as a housekeeping control. Data shown are means ± SEM;
Student’s unpaired t test showed no differences between groups. (D) GluA2 staining of WT and KO cortical neurons. (Scale bars: 20 μm.) (E) Soma of
Cntnap2−/− cortical neuron stained for GluA1 and GluA2. (Scale bars: 10 μm.)
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