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SUMMARY

A deletion on human chromosome 16p11.2 is
associated with autism spectrum disorders. We
deleted the syntenic region on mouse chromosome
7F3. MRI and high-throughput single-cell tran-
scriptomics revealed anatomical and cellular ab-
normalities, particularly in cortex and striatum of
juvenile mutant mice (16p77*/7). We found elevated
numbers of striatal medium spiny neurons (MSNs)
expressing the dopamine D2 receptor (Drd2")
and fewer dopamine-sensitive (Drd71*) neurons in
deep layers of cortex. Electrophysiological record-
ings of Drd2* MSN revealed synaptic defects,
suggesting abnormal basal ganglia circuitry function
in 76p71*~ mice. This is further supported by be-
havioral experiments showing hyperactivity, circling,
and deficits in movement control. Strikingly,
16p11*’~ mice showed a complete lack of
habituation reminiscent of what is observed in
some autistic individuals. Our findings unveil a
fundamental role of genes affected by the 16p11.2
deletion in establishing the basal ganglia circuitry
and provide insights in the pathophysiology of
autism.
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INTRODUCTION

Autism spectrum disorders (ASD) are characterized by social
deficits, language impairments, and stereotyped behaviors
manifested in early childhood (Geschwind and Levitt, 2007).
Epidemiological studies have reported a dramatic increase in
the prevalence of ASD (Fombonne, 2003), now estimated to
affect more than 1 in 100 children (Baron-Cohen et al., 2009).
A number of genomic loci have been associated with increased
risk for ASD (Abrahams and Geschwind, 2008; Persico and
Bourgeron, 2006). A copy number variation (CNV) on human
chromosome 16p11.2 is among the most common genetic
variations found in ASD (Weiss et al., 2008). Patients with this
deletion display motor deficits, speech/language delay, and
cognitive impairments, accompanied by ASD, attention deficit
hyperactivity disorder (ADHD), seizures, and hearing disorders
(Bijlsma et al., 2009; Fernandez et al., 2010; Shinawi et al.,
2010). Conversely, a duplication of 16p11.2 is associated with
schizophrenia (McCarthy et al., 2009).

The most common deletion in the 16p11.2 locus associated
with ASD causes loss of 550 kb of genomic DNA and haploinsuf-
ficiency of 26 genes. Knockdown and overexpression studies
have attempted to model these gene dosage changes, impli-
cating two genes, Kctd13 and Taok2, in altered brain size and
neurite morphogenesis, respectively (de Anda et al., 2012;
Golzio et al., 2012). However, it is not known whether knock-
down-mediated dosage changes accurately model loss of a
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single allele for each of these genes. A 16p11.2 CNV adult mouse
model was recently reported to display activity-related behav-
ioral deficits and subtle morphological changes in the ventral
midbrain (Horev et al., 2011). Nevertheless, the defects in brain
development in the context of the 16p11.2 deletion that may
underlie behavioral abnormalities in patients remain unclear.

Neural circuits modulated by the neurotransmitter dopamine
(DA) play an important role in motor, cognitive, and emotional
control (for review, see DeLong and Wichmann, 2009). DA
neurons in the ventral midbrain send projections to the striatum
and cortex. The striatum contains DA-sensitive medium spiny
neurons (MSNs) and is the entry point of the basal ganglia (BG)
circuitry, which plays a major role in motor control, motivation,
and attention. MSNs that express either dopamine D1 (Drd1%)
or D2 (Drd2™") receptors act antagonistically through the direct
(striatonigral) and indirect (striatopallidal) pathways, respectively
(Kravitz et al., 2012). DA also modulates the activity of Drd71*
neurons in deeper layers of cortex. The role of these cells in regu-
lating behavior has not been studied extensively. Some cortical
Drd1™* cells project back to striatal MSNs, providing important
top-down control of movements, motivation, and attention.
These cells have also been proposed to play a role in gain control
of cortical inputs, as well as in mediating the effects of DA on
learning and memory (Olsen et al., 2012; Seong and Carter,
2012; Thurley et al., 2008). The circuits modulated by DA play
an important role in the pathophysiology of several neurologic
and psychiatric diseases. ADHD is clinically treated with drugs
altering DA levels, like dexamphetamine and methylphenidate,
suggesting DA misregulation as a key element in the etiology
of this disorder. In contrast, agents like risperidone that block
D2 receptors (D2Rs) are used both to control irritability in ASD
and as antipsychotics in schizophrenia, implicating these circuits
in the biogenesis of these disorders. Although DA-modulated
circuits are strongly implicated in schizophrenia, ADHD, and
ASD, the underlying anatomical or molecular defects in patients
are largely unknown.

We generated a mouse model for the 16p11.2 deletion. Using
high-throughput multiplex single-cell gene expression analysis
(sc-gPCR) to identify cell-type-specific deficits across the devel-
oping mouse brain, we found that 16p11.2 heterozygous
(16p11+/’) mice have increased numbers of Drd2* striatal

MSNSs, as well as fewer Drd71* neurons in cortex. MRl revealed
anatomical defects of BG nuclei, direct targets of BG output
structures, and several cortical regions. Electrophysiological
recordings suggested synaptic alterations in Drd2* MSNs.
Finally, extensive behavioral analyses carried out by two inde-
pendent laboratories revealed that 76p71*/~ mice exhibit normal
social behavior but show hyperactivity and deficits in movement
control, hearing, and habituation to familiarity. Taken together,
our findings suggest that BG circuitry and DA signaling play a
critical role in the defects of the 16p11.2 deletion, and more
generally, in the pathophysiology of ADHD and ASD.

RESULTS

A Mouse Model for the Human Chromosome 16p11.2
Microdeletion
The chromosome 16p11.2 CNV encompasses 26 genes (the
16p11 genes) that are highly conserved on mouse chromosome
7F3 (Figure 1A). To generate a mouse model of the 16p11.2
deletion, we introduced LoxP sites flanking the genes deleted
in human patients (Figures 1B, S1A, and S1B). The targeting
strategy also included an mCherry reporter gene coupled to
deletion of the region. Successful targeting of mouse embryonic
stem cells (MESCs) was verified by Southern blotting and PCR
(Figures S1C-S1l; Table S1). The modified mESCs were injected
into blastocysts, implanted into pseudopregnant female mice,
and chimeric offspring were subsequently bred to (1) C57BL/
6N females to produce heterozygous floxed (16p77™/*) mice
and (2) HPRT-Cre transgenic females (Tang et al., 2002) to
produce mice lacking one copy of the 16p77 genes (16p71%/7).
Heterozygous deletion was confirmed by PCR genotyping, as
well as mCherry fluorescence (Figures 1B, inset, and 1C). Quan-
titative real-time RT-PCR (gPCR) analysis of neonate brain RNA
showed a global reduction in transcription of 40%-60% for the
16p11 genes upon loss of one copy (Figure 1D). F1 and further
generations of 76p 11/~ male mice were consequently backbred
to C57BL/6N females.

16p11*~ mice were born at Mendelian ratios. As adults, they
showed a 12.2% reduction in average body length (p = 5.09 x
1077; Figures 1E and 1F), a reduction in the accumulation of
abdominal fat pads, and significantly reduced body weight

Figure 1. A Mouse Model for the Human 16p11.2 Microdeletion

(A) Top: the region on human chromosome 16p11.2 is flanked by segmental duplications (SD), which likely mediate CNVs of the locus by nonhomologous
recombination. Bottom: the syntenic region on mouse chromosome 7F3, in which LoxP sites (blue arrowheads) were inserted at positions indicated.

(B) Sequential recombination steps yield deletion of 440 kb containing the mouse 16p77 genes. pA, poly A; int, intron; CAG, chicken B-actin enhanced CMV
promoter; Neo”and Puro”, neomycin and puromycin resistance cassettes; STOP, translational stop codon; Che, mCherry. Scale bar, 1 kb. Inset, Genotyping of F1
offspring from floxed (16p17™/*) chimeras and HPRT-Cre'?* females shows germline transmission. Arrows in scheme show PCR primer positions.

(C) Red fluorescence in E16.5 16p11*~ embryo confirms mCherry expression and deletion of 16p77 genes.

(D) At birth (P0): gPCR analysis shows global downregulation of 76p771 genes (red) in the brain upon deletion of one allele, whereas neighboring genes are

unaffected.

(E) Adult animals (4 months): 16p71*~ females lack abdominal fat pads (white arrowheads) typical for this age.

(F) Adult animals (3 months): relative body length (n = 12).

(G) Relative body weight (n > 6 per time point) across development normalized to the average of gender-matched wild-type littermates. Inset: independent

analysis of body weight performed at NIMH at P6.

(H) At 6 weeks of age: increased juvenile mortality of 76p71 1*/~ mice is rescued by improved nutritional regimen and alleviated sibling competition.
(1) Adult animals (3 months): food intake is comparable between 76p77*~ and wild-type animals.

(J) Postnatal developmental trajectory of brain weight as a measure for global brain growth (n > 6).

Data are mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. Inset in (G), NIMH.
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starting at early postnatal age (Figure 1G). A small number of
16p11*~ animals recovered to nearly normal body weight in
adulthood. Severely affected mice were runty and died within
the first postnatal weeks (Figure 1H), resulting in lower-than-
Mendelian ratios of survivors past the age of tagging (typically
6 weeks). An improved nutritional regimen and alleviated compe-
tition by wild-type siblings rescued 716p77*/~ pup viability to 60%
of Mendelian expectation (Figure 1H; Supplemental Experi-
mental Procedures). Food intake in adult 76p77*~ animals
was normal (Figure 11). 76p71*/~ pups appeared hyperactive
and displayed severe deficits in motor coordination including
tumbling and tremor (Movie S1). These findings were replicated
and quantified in adult animals as described below. In contrast
to the decreased body size, the brain weight of 16p77*'~ mice
was indistinguishable from controls (Figure 1J) throughout devel-
opment, with the exception of 1-week-old (P7) pups, in which the
brain weight was mildly reduced (p < 0.05).

MRI and Diffusion Tensor Image Analyses of Juvenile
Brains

MRI in P7 mice revealed decreased brain volume throughout
the 76p71*~ brain (total —13.0%; Figures 2A-2C and 2E),
consistent with decreased brain weight at this age. The relative
volume (normalized to total brain volume) of several structures
revealed more complex abnormalities, particularly in the BG,
direct targets of BG output structures (thalamus and superior
colliculus), and major afferent regions to the BG (cortex and thal-
amus). In the BG, the dorsal striatum showed significant expan-
sion in the dorsofrontal direction and reduction at ventrocaudal
areas, although the relative volume was unchanged (Fig-
ure 2A; +0.42%, n.s.). The relative volume of the nucleus accum-
bens (NAc) was increased by 4.83% in 16p71*~ pups compared
to wild-type (Figure 2B; q < 0.01). The globus pallidus (GP), a
major target of striatal afferents, showed a 2.79% increase in
relative volume in 16p77%~ pups (Figure 2C; q < 0.01), suggest-
ing a potential link between striatal and pallidal abnormalities.
These changes in the BG were accompanied by major structural
defects in brain regions projecting to striatum. Abnormalities in
the 16p71*/~ cortex encompassed increased thickness in
medial areas including motor cortices (Figure 2D). In contrast,
lateral, and ventral areas, including sensory (e.g., primary audi-
tory cortex) and insular cortices, showed significant reduction
in thickness. Mesodiencephalic structures were increased in
size, including the thalamus (+9.6%, q < 0.01), hypothalamus
(+4.2%, q < 0.01), and superior and inferior colliculi (+ 5.9%
and +11.7% respectively, both with g < 0.01). In conclusion,
MRI data suggest major structural abnormalities in the early
postnatal 16p11+/* brain, affecting primarily the BG, cortex,
and regions of the mesodiencephalon, which receive projections
from BG output structures.

Single-Cell Gene Expression Analysis

The complex anatomical defects in the brain of juvenile 16p17*/~
mice suggested defects in specific cell populations. We previ-
ously established multiplex sc-qPCR using nanofluidic array
technology as a powerful tool to study the cellular composition
of heterogeneous cell populations in vitro (Pasca et al., 2011;
Yoo et al., 2011). Here, we adapted the method to study the
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composition of cells in defined anatomical regions of the brain:
cerebral cortex, hippocampus, subpallium (including striatum,
NAc, GP, and amygdala), and mesodiencephalon (Figure 3A).
To ensure that our findings would not reflect secondary conse-
quences of the early postnatal weight loss in 16p77*/~ pups,
we performed this analysis in neonate mice (P0), which were
morphologically indistinguishable from wild-type. After tissue
dissociation, single cells were sorted into 96-well PCR plates
using fluorescence activated cell sorting (FACS). Expression of
190 genes (Table S2) was measured in each of more than
2,000 single cells. We selected genes that by virtue of their
expression pattern best distinguished specific neural cell types,
encoding transcription factors, neurotransmitter receptors,
synthetic enzymes, and guidance molecules. In addition, we
included the 716p717 genes.

sc-gPCR data showed a lognormal distribution (Figure S2A)
and high variability across cells (average SD: 1.73 PCR cycles,
average range: 7.93 PCR cycles; n = 172 genes; n > 2,000 cells,
Figure S2B) consistent with previous studies suggesting that
mRNA levels in a single cell are largely a function of the bursting
kinetics of gene transcription (,Bengtsson et al., 2005; Suter
et al.,, 2011). To eliminate this source of variability data were
binarized and a Fisher’s exact test p value (pret) was calculated
for the observed coexpression of a gene with every other gene
based on the expected coexpression frequency if they were
randomly assigned to cells. The logarithm of these p values
(log[pret]) was supplied with an algebraic sign, in order to
recover information about increased coexpression or mutual
exclusiveness that was lost in the process of assessing the
significance of the deviation from the expected coexpression
of genes (Experimental Procedures; Supplemental Experimental
Procedures). The diagonal symmetric coexpression matrix was
then subjected to unsupervised clustering (Figures 3 and S2I).
The resulting gene clusters identified major neuronal subtypes
in the examined brain regions. By example, the subpallium (Fig-
ure 3B) included GABAergic neurons, striatal MSNs, striatopalli-
dal MSNs, striatal interneurons, neurons of the amygdala, lateral
migratory stream, GP, and lateral ventricular wall progenitors
(Arlotta et al., 2008; Ding et al., 2012; Marin et al., 2000;
Nobrega-Pereira et al., 2010). In the cortex (Figure 3C), we found
gene clusters that distinguish progenitor populations, cortical
interneurons, and distinct groups of cortical excitatory neurons.
Among these are deeper layer excitatory neurons that are born
earliest during corticogenesis and already express mature
markers indicating synaptogenesis, upper layer excitatory neu-
rons generated late in embryogenesis, and ventricular zone
(VZ) progenitors, which in the neonate also start to express glial
progenitor markers (Arlotta et al., 2005; Chen et al., 2008; Lai
et al., 2008; Molnar and Cheung, 2006; Sasaki et al., 2008; Take-
moto et al., 2011). This analysis strategy therefore identified gene
clusters correlating with specific cell types previously described
using other methods in vivo.

Altered DA Signaling in the Neonate 16p1 1*/~ Brain

Using these tools, we found that 76p77*/~ and wild-type mice
have highly similar cell-type-specific gene clusters, suggesting
that the mutation does not lead to the generation of ectopic
cell types or to complete loss of existing ones (Figures 3D and
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MRI analysis of mouse brains at P7 (n = 26 for each genotype).
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(D) Coronal flythrough highlighting significant differences in the relative volume of the 16p11*~ mouse and control (red: larger, blue: smaller); only highly sig-
nificant areas are shown (q < 0.01). Error bars represent SEM. *g < 0.05, **q < 0.01.

3E). However, when we quantified the cellular composition we
found striking differences between 16p11+/* and wild-type
mice (Figures 4 and S3). There was a significant increase in the
number of MSNs expressing Drd2 in 16p11*/~ mice (+47.3%,
p = 0.003; Figure 4A). This population of cells also expresses
Adora2a (+43.0%, p = 0.005), as well as other markers of
GABAergic and MSN identity, such as Penk (+83.4%, p =
0.002), Nfh (+111.7%, p = 0.005), PIxnd1 (+58.4%, p = 0.001),
Reelin (+71.1%, p =1 x 1074, Robo1 (+29.5%, p = 3 x 107%),

Foxp1 (+24.1%, p = 3 x 1077), and Ctip2 (+20.2%, p = 3 X
10~%). The number of cells coexpressing all of these genes was
significantly elevated, providing evidence for a general increase
in the number of Drd2* MSNs and not just an increase in Drd2
expression resulting in higher chance of detection. Furthermore,
the increase in Drd2* MSNs was not at the expense of the Drd71*
MSN population, because we found no significant change Drd71*
cell numbers in the 16p 71~ subpallium (p = 0.086) but observed
an overall increase in the total number of cells expressing either
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Drd2 and/or Drd1 (p = 0.017, Figure 4B), suggesting an
increased MSN pool in the striatum. Interestingly, we also
observed an increased number of cells that coexpress both
Drd1 and Drd2 in 16p71*~ mice (p = 4 x 107%. These cells
were rarely observed in wild-type mice suggesting that the
16p11*/~ mutation alters not only the number of Drd2* MSNs,
but also the process of MSN specification.

Although Drd1™ cell numbers were not reduced in the striatum,
we observed a significant decrease in Drd7* cells in the cortex

subpallium

—

4 H-

Taok2
Ypel3

Figure 4. Altered DA Signaling in the
Neonate 16p11*/~ Brain
. (A) Numbers of subpallial cells expressing genes
specific to GABAergic neurons, striatal MSNs, and
striatopallidal MSNs suggest an increase in the
number of indirect pathway MSNs and total MSNs
in 16p71*~ mice.
(B) Striatal MSNs as defined by DA receptor gene
expression only. Note that the increase in Drd2*
MSNs is not at the expense of Drd7* cells, but is
likely due to a total increase in the number of MSNs
consistent with (A).
(C) Abnormalities in deeper layer cortical excitatory
neurons and Pax6* VZ progenitors as well as
callosal projection neurons (CPN). Reduction of
Darpp32 and Drd1 expression indicate a loss of
dopamine-sensitive cells.
(D) Combined consideration of Ctip2 and Darpp32
expression suggests a lower number of dopamine-
sensitive cells in the deeper cortical layers but no
major reduction in deeper layer corticofugal cell
types. n.s., not significant.
(E) Decreased expression of Th in ventral midbrain
DA cells.
(F) Top: coexpression of the 16p771 genes in stria-
topallidal MSNs as defined by Drd2 expression.
Framed 76p171 genes have been reported in ASD
individuals with a smaller deletion in the 16p11.2
locus. Bottom: fraction of Drd2* cells expressing
each of the 16p717 genes.
l Error bars represent SEM. *p < 0.05, **p < 0.01, and
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(~58.2%, p = 1 x 107 Figure 4C). This
reduction was accompanied by reduction
of another marker for DA-sensitive deeper
layer excitatory neurons, Darpp32
(-55.6%, p = 9 x 107%), as well as a
battery of other genes specific to deeper
layer neurons, including Ntsr1 (—44.1%,
p = 0.001), Nrd4a3 (—39.4, p = 9 x 1079,
S$100a10 (—44.1%, p = 2 x 10°°), Reelin
(—60.0%, p = 4 x 107'3), Mef2c (—37.6%, p =1 x 107°), Npy
(-35.5%, p = 8 x 1079), and Foxp? (—20.4%, p = 9 x 107%).
Importantly, based on the expression of Ctip2, a marker specific
for corticofugal projecting cell types such as corticospinal motor
neurons, not all deeper layer neurons appeared equally affected.
We found no major reduction in Ctip2* cells, but fewer Ctip2*
cells coexpressing Drd1 and Darpp32 (Figure 4D), again pointing
toward a reduction in DA sensitivity in these cells. Furthermore,
we observed a downregulation of genes in the cluster specific

Figure 3. Single-Cell Gene Expression Profiling of Cell Types in the Neonate Brain

(A) Experimental workflow: brain dissection, single-cell sorting by FACS, reverse transcription (RT), and preamplification of cDNAs of interest. A total of 190 genes
were profiled by multiplex gPCR using two 96.96 dynamic arrays per sample plate. ctx, cortex; hc, hippocampus; spa, subpallium; ms-dienc, mesodiencephalon.
(B and C) Identification of cell-type-specific gene clusters for the subpallium (B) and cortex (C) by coexpression mapping (n > 500 cells). The dendrogram shows
the proximity of genes based on their coexpression with all other genes. Listed genes are known to be expressed in a cell-type- and/or developmental-stage-
specific manner and used accordingly for identification of cell-type-specific gene clusters.

(D and E) Separate clustering for 76p77*/~ and wild-type samples (n = 250 cells each) of subpallium (D) and cortex (E).

Color code matches (C) and (D), respectively. LVW, lateral ventricular wall; LMS, lateral migratory stream; SVZ, subventricular zone; VZ, ventricular zone.
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to ventricular zone (VZ) progenitors, particularly Pax6 (—32.9%,
p =2 x 1074, and three genes reported to be specific to callosal
projection neurons (CPN), Lp! (—56.9%, p = 7 x 107°), Dkk3
(—28.2%, p0.002), and Satb2 (—54.0%, p = 0.031) (Alcamo
et al., 2008; Molyneaux et al., 2009) (Figure 4C). The latter result
was corroborated by immunohistochemical staining in P7 mice
showing reduced numbers of SATB2* neurons (—18.4% p =
0.0014, Figures S4A and S4B) in 16p71*/~ brains compared to
wild-type. Furthermore, the results are consistent with data
from diffusion tensor imaging indicating morphological abnor-
malities in the corpus callosum of 16p77*/~ pups (Figures S4C
and S4D).

sc-gPCR also revealed changes in the expression of specific
genes in 16p71*~ mice independent of gene clusters. For
example, tyrosine-hydroxylase (Th), which encodes a rate-
limiting enzyme in the DA synthesis pathway, was decreased
in mesodiencephalic DA cells (—52%, p = 0.001), although other
genes expressed in this cell lineage, such as dopa-decarboxy-
lase (Ddc) and Is/1, respectively, were unaffected (Figure 4E).
Together, our results from multiplex sc-qPCR indicate a major
imbalance in the DA signaling system of 16p77*/~ mice.

Finally, we examined which of the 76p17 genes are expressed
in the Drd2* MSNs and therefore might be important for the
defect observed in the mice (Figure 4F). We found that Kctd13
(p = 0.407), Prrt2 (p = 0.227), Fam57b (p = 0.401), Sez6/2 (p =
0.456), and Corola (p = 0.350) are enriched in Drd2* cells,
whereas Kif22 (p = 0.058), Hirip3 (p = 0.394), Mapk3 (p =
0.293), and Ypel3 (p = 0.516) or Taok2 (p = 0.542) show increased
specificity for other cell types at this developmental stage. Inter-
estingly, Kctd13 and Sez6L2 are located within a smaller
16p11.2 deletion of a patient diagnosed with ASD and Kctd13
was identified as a gene that controls neuronal progenitor prolif-
eration in zebrafish (Golzio et al., 2012).

Neuroanatomical Analysis of Drd2* Cells

To independently determine whether the 16p11.2 deletion
caused increased numbers of Drd2* cells in the striatum, we
crossed the 16p717*/~ mice with Drd2-EGFP BAC transgenic
(Gong et al., 2003) mice that express GFP under control of
the Drd2 gene-regulatory region, specifically in striatopallidal
MSNs. We examined brains of Drd2-EGFP'9'+;16p11*/~ mice
at P7, when most structures of the brain have reached relatively
definitive morphology and major migratory streams and pro-
jections have arrived at their target regions. We found a signifi-
cant increase in the fraction of GFP* cells in mutant

Drd2-EGFP'9'*;16p11*'~ mice in both the ventral and dorsal
striatum (+60.6%, p = 1.7 x 107% and +56.4%, p = 2.3 x 1077
respectively) compared to controls (Drd2-EGFP'9*;16p11**,
Figures 5A-5C). In addition, we observed severe enlargement
of the GP (Figure 5D), which receives input from Drd2* MSNs,
as well as ectopic GFP* projections to GPm, which normally
receives input from striatal Drd1* cells (Figures 5E and 5F).
This suggests that heterozygous deletion of the 716p77 genes
results in aberrant expression of Drd2 in cells projecting along
the direct pathway to the GPm. Furthermore, antibody staining
against DARPP32 to label DA-sensitive neurons in cortex of
16p11*/~ mice revealed a significant loss of DARPP32 expres-
sion in deep layers (—23.6%, p = 0.0149, Figures 5G-5I), consis-
tent with our sc-gPCR results. Finally, we tested whether above
described cellular phenotypes could be validated in an indepen-
dent, previously described 16p11.2 deletion mouse model
(16p11.2%%) (Horev et al., 2011). 16p11.2%"* mice were bred
with Drd1a-TdTomato'¥* and subsequently with Drd2-
EGFP'9* mice. Juvenile (P7) Drd1a-TdTomato'¥*;Drd2-
EGFP'9*;16p11.2%"* animals displayed increased numbers of
GFP* MSNs and decreased numbers of TdTomato-expressing
deep layer cortical neurons as compared to controls (Drd7a-
TdTomato'9*; Drd2-EGFP'%*;16p11.2*"*, Figures S5A-S5E).
Taken together, these findings confirm our single-cell study
and support the idea that the 16p11.2 deletion affects DA-sensi-
tive neuronal circuits.

Electrophysiology of Striatal MSNs

We next examined whether changes in the DA-sensitive circuitry
of the developing 16p1 1*/~ brain affected the function of striatal
MSNSs by performing electrophysiological recordings from MSNs
in the NAc while stimulating striatal afferents. AMPA receptor-
mediated excitatory postsynaptic currents (AMPAR EPSCs)
revealed comparable I/V relationships in 76p77*~ and wild-
type mice (Figure 6A) and thus no significant change in the
AMPAR EPSC rectification index (defined as current amplitude
at +40 mV over the current amplitude at —70 mV) (Figure 6B).
This suggests that the stoichiometry of synaptic AMPARSs in
ventral striatal MSNs is unaffected in 16p11*/* mice and that
the vast majority of these AMPARs contain the GIuA2 subunit.
However, a clear increase in the ratio of the AMPAR EPSC to
NMDA receptor-mediated EPSC (AMPAR/NMDAR ratio) was
observed in 16p17*~ MSNs (Figure 6C), in addition to a signifi-
cant decrease in the paired-pulse ratios (PPRs) across multiple
interstimulus intervals (ISls) (Figure 6D). Miniature AMPAR

Figure 5. Excess Numbers of Striatopallidal MSNs and Hypodopaminergia in Cortex of Juvenile 16p71*'~ Mice
A) Coronal cryosections show the expression of a Drd2-GFP BAC transgene in the mouse striatum at P7.

B) Magnification of boxed regions of the dorsal striatum from (A).
C) Quantification of GFP* cells (n = 3 animals per genotype).

E) GPm, the striatonigral (Drd7* MSNs) output structure contains Drd2-GFP* fibers in 76p77*~ not found in wild-type.

F) Magnification of boxed regions in (E).

¢
(
(
(D) The GP, the output structure of striatopallidal projecting (Drd2*) MSNs, is enlarged in 16‘p11*/’ brains.
(
(
(

G) Somatosensory cortex in sagittal sections of P7 brains shows downregulation of DARRP32 expression. CTIP2 was used for visualization of layer V (large,
bright CTIP2* pyramidal neurons), and layer VI (smaller, less bright CTIP* neurons). Blue: Hoechst nuclear stain.
(H) Magnification of boxed area in (G). Although DARPP32 expression is much weaker in 16p11*'~ cortex, some DARPP32* cells can still be identified (yellow

arrowheads).

() Quantification of DARPP32* cells in cortical layers V and VI (irrespective of expression level).

Error bars represent SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 6. Deficits at Excitatory Synapses
onto NAc MSNs in 16p71*/~ Mice
Electrophysiological recordings in NAc MSNs at
4-8 weeks.

(A and B) Comparable I/V relationships (A) AMPAR
Ifg rectification index (B) in 76p77*~ and wild-type

mice (n = 9 cells for each genotype).
(C) Increased AMPAR/NMDAR ratio in 16p77*/~
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EPSC (mEPSC) recordings further showed an increase in the
mean MEPSC frequency (wild-type: 1.82 + 0.19, 16p771*~:
2.90 = 0.45, p = 0.039) (Figure 6E). The mean mEPSC amplitude
was not significantly changed in 76p77*'~ MSNs (wild-type:
18.64 + 2.14, 16p11*/~: 19.76 + 1.27, p = 0.540) (Figure 6F). In
summary, the decrease in PPRs and increase in mEPSC fre-
quency in 716p77*~ MSNs strongly suggest that the release
probability of excitatory synapses on MSNs is increased. The
increased AMPAR/NMDAR ratio suggests that excitatory synap-
ses on 16p71*~ MSNs also exhibit postsynaptic alterations.
These may include increase in quantal size preferentially at syn-
apses with mEPSCs below our detection threshold. Although
these physiological measurements demonstrate that 16p7171*/~
MSNs exhibit changes in excitatory synaptic function, they do
not address the possibility of additional morphological changes
in striatal MSNs. However, analysis of MSN primary dendrite
number and spine density indicated no significant differences
between wild-type and 16p77*/~ (Figures 6G-6).

Previous studies have suggested that release probability at
excitatory synapses terminating on indirect-pathway MSNs is
higher than at synapses terminating on direct-pathway MSNs
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(D) Decreased paired-pulse ratios (PPRs) across
multiple interstimulus intervals (ISls) in 16‘p11*/’
mice.

(E) Consistent with a higher presynaptic release
probability, significant increase in mEPSC fre-
quency in 16p11*/~ mice (n = 12 wild-type cells, n =
14 16p11*~ cells).

(F) Comparable mEPSC amplitude between geno-
types.

(G-1) Morphological analysis (8 weeks of age) of
MSN dendrites (n = 10 cells per genotype). (