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SUMMARY

Mutations in a synaptic organizing pathway
contribute to autism. Autism-associated muta-
tions in MDGA2 (MAM domain containing glyco-
sylphosphatidylinositol anchor 2) are thought to
reduce excitatory/inhibitory transmission. How-
ever, we show that mutation of Mdga2 ele-
vates excitatory transmission, and that MDGA2
blocks neuroligin-1 interaction with neurexins
and suppresses excitatory synapse development.
Mdga2+/* mice, modeling autism mutations,
demonstrated increased asymmetric synapse
density, mEPSC frequency and amplitude, and
altered LTP, with no change in measures of
inhibitory synapses. Behavioral assays revealed
an autism-like phenotype including stereotypy,
aberrant social interactions, and impaired mem-
ory. In vivo voltage-sensitive dye imaging, facili-
tating comparison with fMRI studies in autism,
revealed widespread increases in cortical sponta-
neous activity and intracortical functional con-
nectivity. These results suggest that mutations
in MDGA2 contribute to altered cortical process-
ing through the dual disadvantages of elevated
excitation and hyperconnectivity, and indicate
that perturbations of the NRXN-NLGN pathway
in either direction from the norm increase risk
for autism.
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INTRODUCTION

Autism spectrum disorders (ASDs) are neurodevelopmental
disorders characterized by reduced social interaction and
communication, increased repetitive behaviors, and altered
cognition. Although there is considerable phenotypic and ge-
netic heterogeneity, a major underlying pathway has emerged
affecting synaptic transmission (Bourgeron, 2015; Chen et al.,
2015). A prominent theory is that ASD is associated with an
imbalance in excitatory/inhibitory (E/I) transmission beyond the
capacity of neurons to regulate synaptic homeostasis (Nelson
and Valakh, 2015; Rubenstein and Merzenich, 2003). Elevated
E/I ratio, as originally proposed, is consistent with the high inci-
dence of epilepsy in ASD, on the order of 20% (Amiet et al.,
2008). Furthermore, elevation of E/I ratio by optogenetic stimula-
tion of mouse prefrontal cortical pyramidal neurons impaired
social interaction behavior (Yizhar et al., 2011).

Yet most mouse models based on a direct synaptic pathway in
ASD exhibit a reduced E/I ratio. This direct synaptic pathway in-
volves two of the genes most strongly linked to non-syndromic
ASD, NRXN1 and SHANKS, accounting for perhaps 0.2%-1%
of cases, as well as NRXN2,3; SHANK1,2; NLGN1,3,4X; DLG4;
and DLGAP2 (Béna et al., 2013; Glessner et al., 2009; Leblond
et al.,, 2014; Peca and Feng, 2012). These genes encode a
pathway acting in synapse development and organization: pre-
synaptic neurexins (Nrxs) bind postsynaptic neuroligins (NLs)
which link sequentially to scaffolding proteins of the DLG/
MAGUK, DLGAP/SAPAP and SHANK families at excitatory syn-
apses. Related targeted deletions in mice, for example in Nrxn or
Shank genes, reduced excitatory transmission in cortex, hippo-
campus, and/or striatum, and resulted in behavioral deficits in
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social interaction, nest building, learning and memory, and/or
enhanced repetitive grooming (Etherton et al., 2009; Jiang and
Ehlers, 2013).

We studied a recently identified gene in this synaptic pathway,
MDGAZ2, in which protein-truncating loss-of-function mutations
were found in ten unrelated ASD cases and no controls, a sig-
nificant association (Bucan et al., 2009). MDGA2 is highly
conserved, 99% identical in humans and mice. MDGA2 and
the related MDGA1 are cell-surface proteins that directly bind
the inhibitory synapse-selective NL, NL2 (Pettem et al., 2013b).
MDGAA1, through blocking NL2 interaction with Nrx, selectively
suppresses inhibitory synapse development without affecting
excitatory synapses in cultured neurons (Pettem et al., 2013b).
MDGA2 is also reported to selectively suppress inhibitory and
not excitatory synapse development (Lee et al., 2013). Based
on these studies, we hypothesized that targeted deletion of
Mdga2 in mice would enhance inhibitory synaptic function and
thus reduce E/I ratio, similar to loss of most other genes in the
NRXN-NLGN synaptic pathway.

Contrary to expectations, we report here that MDGA2 blocks
interaction of NL1with Nrx and suppresses excitatory synapse
development. Furthermore, targeted deletion of Mdga2 in
mice, even loss of one allele modeling ASD, elevates E/I ratio
and enhances resting-state cortical activity and intrahemi-
spheric functional connectivity. Associated behaviors include
stereotypy, aberrant social interactions, and impaired cognition.
These data suggest that Mdga2 haploinsufficiency, through
disruption of synaptic interactions, elevates both excitatory
transmission and functional connectivity to produce behavioral
phenotypes related to ASD.

RESULTS

MDGA2 Suppresses the Synaptogenic Function of NL1
and NL2

To assess physical and functional interaction of MDGA2 with the
main excitatory neuroligin NL1 or the main inhibitory neuroligin
NL2 (Krueger et al., 2012), we performed co-immunoprecipita-
tion assays. Whereas CFP-tagged NL2 selectively co-precipi-
tated with HA-MDGA1, as expected (Pettem et al., 2013b),
both NL1 and NL2 co-precipitated with HA-MDGA2 (Figure 1A).
Consistently, HA-MDGA2 co-precipitated with both CFP-NL1
and CFP-NL2 (Figure S1A, available online). To determine if
MDGA2 suppresses NL-mediated synapse development, we
used a co-culture assay in which NLs expressed on non-
neuronal cells induce presynaptic differentiation in contacting
axons. In comparison with an unrelated negative control mem-
brane protein HA-CD4, co-expression of HA-MDGA2 along
with CFP-NL1 or CFP-NL2 significantly suppressed presynaptic
induction by either NL1 or NL2 (Figures 1B-1E). In the same
assay, HA-MDGA1 suppressed presynaptic induction by NL2,
but not NL1, as expected (Pettem et al., 2013b).

Binding of MDGA2 to NLs might inhibit presynapse formation
through reducing surface expression of NLs. However, in these
co-culture assays, we found no difference in surface levels
of CFP-NL1 or CFP-NL2 between cells co-expressing HA-
MDGA2 or HA-CD4 control (Figure S1B). Alternatively, MDGA2
might suppress synaptogenesis by inhibiting trans-synaptic

interaction between NLs and presynaptic Nrxs. To test this
idea, we performed a cell-based binding assay with a Myc-
tagged soluble ectodomain of Nrx-1§ fused to alkaline phospha-
tase (Myc-Nrx-AP). In comparison with HA-CD4 control, cells
co-expressing HA-MDGA2 together with CFP-NL1 or CFP-NL2
showed significantly reduced binding of Myc-Nrx-AP (Figures
1F-11). These data indicate that, similar to MDGA1, MDGAZ2 re-
stricts presynaptic induction through postsynaptic interaction
with NL and inhibition of NL interaction with Nrxs. However,
counter to our initial hypothesis, MDGA2 binds and negatively
regulates the synaptogenic function of NL1 as well as NL2.

Overexpression of MDGA2 Suppresses Synapse
Development in Cultured Neurons

Given our data suggesting that MDGA2 prevents the synapse
promoting NL-Nrx interaction, we hypothesized that overexpres-
sion of MDGA2 would reduce synapse development in neurons.
To assay this, we compared synapse density in cultured neu-
rons transfected with either HA-MDGA2 or control V5-CD4 (Fig-
ures 2A-2D). Quantification of clusters of presynaptic vesicular
GABA transporter (VGAT) apposed to gephyrin postsynaptic
scaffolds revealed reduced density of inhibitory synapses.
Excitatory synapse density was similarly suppressed as shown
by reduced vesicular glutamate transporter (VGIuT1)-positive
PSD-95 clusters in neurons overexpressing HA-MDGA2. To
determine if MDGA2 overexpression resulted in reduction of
functional indicators of synapse density, we quantified miniature
inhibitory and excitatory postsynaptic currents (mIPSCs and
mMEPSCs). Both mIPSC and mEPSC frequencies were signifi-
cantly reduced in neurons overexpressing MDGA2 relative to
control CD4, with no change in respective amplitudes (Figures
2E-2J). These data indicate that excess MDGA2 limits excitatory
and inhibitory synapse development in cultured neurons.

MDGAZ2 Is Highly Expressed in Neocortex and
Hippocampus and Knockout Is Lethal

To determine if MDGA2 suppresses synapse development
in vivo, we generated Mdga2 knockout mice (Figure S2). Reduc-
tion of MDGA2 protein in Mdga2*'~ mice and loss in Mdga2~/'~
mice were confirmed by western blotting (Figure S2C). Second
filial generation (F2) Mdga2~™~ mice were born at a normal
Mendelian rate (wild-type [WT]:+/—:—/— = 28:51:36). However,
although lacking gross anatomical brain defects (Figure S2D),
two-thirds of F2 Mdga2~'~ mice died by postnatal day 10
(P10). Upon further backcrossing to C57BL6, full knockout of
Mdga2 proved to be perinatal lethal (Figure 3A). Mdga2 hetero-
zygous mice were viable and fertile on a C57BL6 background,
with no obvious defects in gross brain morphology into adult-
hood. Previous data suggested roles for MDGAs in cortical
lamination (Ishikawa et al., 2011; Perez-Garcia and O’Leary,
2016; Takeuchi and O’Leary, 2006). Thus, we assessed cortical
morphology using Nissl stain and layer-specific markers Cux2
and Er81 but observed no obvious deficits in adult Mdga2*/~
mice (Figure S2E).

To choose brain regions for in-depth analysis in Mdga2 mutant
mice, we first assessed the expression pattern of MDGA2. As
Mdga2*'~ mice were generated by knockin of lacZ (Figure S2A),
we used B-galactosidase activity as a sensitive readout of
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Figure 1. MDGAZ2 Inhibits the Synaptogenic Activity of NL1 and NL2 by Blocking Their Interaction with Nrx

(A) Recombinant NL1 and NL2 both co-immunoprecipitated (IP) with MDGA2, whereas NL2 selectively co-immunoprecipitated with MDGA1 when co-expressed
in HEK293 cells.

(B-E) In the co-culture assay, NLs on COS7 cells co-cultured with hippocampal neurons induce synapsin clustering in contacting axons; induced clusters are
differentiated from native synapses by the absence of MAP2-positive dendrites. Co-expression of MDGA2, but not MDGA1 or CD4 control, together with NL1
(B and D) in COSY7 cells, suppressed the synapsin clustering induced by NL1 (one-way ANOVA, F,, g7 = 14.9, p < 0.0001; ***p < 0.0001; or NS, not significant [p >
0.999], by Bonferroni’s post hoc test; n = 30 cells from 3 independent experiments). In contrast to the differential effect of MDGAs on NL1, synapsin clustering
induced by NL2 was suppressed by both MDGA1 and MDGA2 compared to CD4 (C and E; one-way ANOVA, F, g7 = 21.31, p < 0.0001; **p < 0.0001 by
Bonferroni’s post hoc test; n = 30 cells each). Punctate synapsin intensity associated with COS7 cells expressing both HA and CFP fusion proteins and not
associated with MAP2 was measured.

(F-1) Co-expression of MDGA2 compared with control CD4 inhibited the binding of Nrx-13 ectodomain (Myc-Nrx-AP) to NL1 (F and H; unpaired t test, tsg = 3.975,
***p = 0.0002) or NL2 (G and I; unpaired t test, tsg = 6.117, **p < 0.001) expressed on the surface of COS7 cells (n = 30 cells from 3 independent experiments).
Bound Myc-Nrx-AP was measured per surface CFP-NL and the ratio normalized to the average value for cells expressing CFP-NL1 or CFP-NL2 with the CD4
control.

Scale bars, 20 pm. Error bars indicate SEM. See also Figure S1.
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Figure 2. Overexpression of MDGA2 Suppresses Both Inhibitory and Excitatory Synapse Development

Hippocampal neurons were transfected with the indicated constructs at plating and analyzed at 14-17 DIV (days in vitro). For (E)-(J), GFP was co-expressed to
mark transfected cells for recording.

(A and B) Overexpression of HA-MDGA2 relative to control V5-CD4 resulted in a reduction in the density of VGAT-positive gephyrin clusters (A, representative
images; B, unpaired t test, t49 = 2.370, *p < 0.05, n > 25 cells from 3 independent experiments). Scale bars, 20 (cells) and 5 pm (dendrites).

(C and D) VGlut1-positive PSD-95 cluster density was similarly reduced by HA-MDGA2 overexpression (C, representative images; D, unpaired t test, t41 = 3.311,
*p < 0.01, n > 25 cells from 3 independent experiments). Scale bars, 20 (cells) and 5 um (dendrites).

(E-G) mIPSC frequency (F) was significantly reduced in HA-MDGA2-expressing neurons (n = 14) relative to cells transfected with V5-CD4 (n = 15; t,5 =2.138, *p <
0.05). There was no change in mIPSC amplitude (G; p > 0.05). Sample trace (E) scale bar, 40 pA, 1 s.

(H-J) Overexpression of HA-MDGA2 (n = 15) similarly reduced frequency of mEPSCs relative to V5-CD4 transfected controls (I; n = 16; tog = 3.111, *p < 0.01)
without altering mEPSC amplitude (J; p > 0.05). Sample trace (H) scale bar, 20 pA, 1 s.

Error bars indicate SEM.
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Figure 3. Mdga2 Knockout Is Lethal and Haploinsufficiency Increases Excitatory Synapse Density

(A) Genotype distribution of P14 pups from Mdga2*/~ crosses. Few Mdga2 '~ pups survived and these survivors were runty.

(B) B-galactosidase activity expressed from the Mdga2 locus is shown with development as a readout of the MDGA2 expression pattern.

(C—E) Asymmetric (red arrow) and symmetric (yellow arrow) synapses are indicated in the representative images from hippocampal CA1 stratum pyramidale and
radiatum (C). Mdga2*/~ mice showed a selective increase in the density of asymmetric synapses (Exc) in stratum radiatum (E) as compared with WT mice
(unpaired t test, t; = 2.770, p = 0.0324) with no difference in the number of symmetric synapses (Inh, ts = 1.285, p = 0.2461). Stratum pyramidale (D) showed no
difference in either asymmetric (ts = 1.149, p = 0.2941) or symmetric (ts = 1.304, p = 0.2399) synapse density. NS, not significant; n = 4 mice per group. Scale
bar, 1 um.

(F-H) Morphological measures from asymmetric synapses showed no significant difference in spine width (F; unpaired t test, t749 = 0.520, p = 0.603), synaptic
vesicle number per terminal (G; t777 = 0.585, p = 0.559), or postsynaptic density (PSD) area (H; ts = 0.0596, p = 0.954) between Mdga2*/’ and WT mice. NS, not
significant.

(I and J) Immunoblots revealed an upregulation of postsynaptic NL1 and PSD-95 family MAGUK proteins in Mdga2*'~ hippocampal CA1 (I; t tests; MAGUKs,
ts=5.78,p =0.0012; NL1, t; = 3.158, p = 0.0196), and for MAGUKSs in PFC (J; t14 = 2.27, *p = 0.0395), with no significant change in level of NL1 in PFC (t14=1.24,
p = 0.237). Protein levels were normalized to the loading control (-actin or tubulin) and then normalized to the mean of the WT value. n = 4 (CA1) or 8 (PFC) mice
per genotype. NS, not significant.

Error bars indicate SEM. See also Figures S2 and S3.
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MDGA2 expression. At P14, a stage of high expression, f-galac-
tosidase activity staining in Mdga2*'~ mice reflected reasonably
well the expression pattern of native MDGA2 analyzed by in situ
hybridization in WT mice (Figure S3A). At P14, MDGA2 expres-
sion was high in most forebrain regions, including deep cortical
layers, hippocampus, thalamus, and striatum, and detected in
midbrain, hindbrain, and cerebellar nuclei and Purkinje cells.
MDGA2 expression estimated from B-galactosidase activity
appeared to diminish at later stages of development but was still
detected in adult mice, particularly in deep cortical layers, ante-
rior olfactory nucleus, superior colliculus, dentate gyrus, and hip-
pocampal CA1 regions (Figure 3B). These expression patterns of
MDGA?2 are consistent with previous reports (Lee et al., 2013;
Litwack et al., 2004). At the cellular level, B-galactosidase immu-
nofluorescence was detected in a subset of pyramidal cells and
interneurons in CA1, including parvalbumin-positive interneu-
rons, and a subset of cortical neurons (Figures S3B-S3D). At
the subcellular level, recombinant epitope-tagged MDGA2
distributed diffusely in cultured hippocampal neurons with no
obvious concentration at excitatory or inhibitory synapses (Fig-
ures S3E and S3F).

Excitatory Synapse Density Is Increased in Mdga2*/~
Mouse Hippocampus

Mdga2*/~ mice model the genetic deletions found in a subset of
ASD patients (Bucan et al., 2009). Many mouse knockouts in the
synaptic pathway in ASD only show phenotypes in homozygous
form; however, given the perinatal lethality of Mdga2 '~ mice, we
wondered whether Mdga2*'~ mice might show altered synapse
density, synaptic function, or behavior. As we were interested in
persistent changes, all assays described below were performed
on adult mice.

Given the persistent expression of MDGA2 in hippocampal
CA1 neurons from postnatal to adult stages, we quantified sym-
metric (inhibitory) and asymmetric (excitatory) synapse number
in CA1 stratum pyramidale and stratum radiatum (Figures 3C-
3E). Mdga2*/~ mice showed an increase in asymmetric synapse
density in CA1 stratum radiatum relative to WT littermates (24 %).
No differences were detected in symmetric synapse density in
stratum radiatum or in either synapse subtype in stratum pyra-
midale. Morphological features of spine width, synaptic vesicle

number, and postsynaptic density area appeared unchanged
in asymmetric synapses of Mdga2*/~ mice (Figures 3F-3H).
These data indicate that MDGA2 negatively regulates excitatory,
but not inhibitory, synapse density within the hippocampus.

NL1 and PSD-95 Family MAGUKSs Are Elevated in
Mdga2*'~ Mice

Our data suggests that MDGA2 may regulate excitatory synapse
numbers by suppressing the function of NL1. We next assessed
whether levels of NL1 or associated PSD-95 family MAGUK pro-
teins (Giannone et al., 2013; Irie et al., 1997) are altered following
genetic reduction of MDGA2. Quantitative immunoblotting of
microdissected CA1 and prefrontal cortex (PFC) tissue was
performed. The levels of PSD-95 family MAGUKs were signifi-
cantly elevated in Mdga2*/~ CA1 and PFC relative to WT litter-
mates (Figures 3l and 3J). NL1 level was increased in CA1,
with a non-significant trend toward increased levels in PFC. No
changes were observed in levels of NL2 or the inhibitory scaffold
protein gephyrin, nor of presynaptic transporters VGIuT1 or
VGAT (Figures 3l, 3J, and S3G). Thus, haploinsufficiency of
Mdga?2 results in a specific upregulation of some excitatory post-
synaptic proteins.

Excitatory, but Not Inhibitory, Synaptic Transmission Is
Enhanced in Mdga2*" Mouse Hippocampus
To determine if basal synapse function is altered as a result
of Mdga2*'~ haploinsufficiency, we performed whole-cell re-
cordings from CA1 pyramidal cells in hippocampal slices from
Mdga2*'~ and WT littermate mice. No differences were detected
in mIPSC frequency or amplitude (Figures 4A-4C). In contrast,
mEPSC recordings from Mdga2*~ mouse pyramidal neurons
showed a 30% increase in mEPSC frequency relative to WT
(Figure 4E). The amplitude of mEPSCs was also significantly
enhanced (Figure 4F). The observed enhancement in mEPSC
frequency is consistent with our ultrastructural data, indicating
a function of MDGAZ2 in suppressing excitatory synapse density.
To test evoked transmission, we generated input/output
curves by stimulating Schaffer collateral (SC) axonal fibers while
recording field excitatory postsynaptic potentials (fFEPSPs) from
stratum radiatum in CA1. An input/output curve comparing fEPSP
slope to stimulus strength or to presynaptic fiber volley amplitude

Figure 4. Excitatory Synaptic Transmission Is Enhanced, Whereas Inhibitory Transmission Is Still Limited, by MDGA1 in Mdga2*'~ Neurons
For (A)-(l), synaptic transmission was analyzed in CA1 region of adult mouse hippocampal slices. For (J)-(O), hippocampal neurons were cultured from Mdga2*/~
mice, transfected at plating with shMDGA1 or shCon plus GFP to mark transfected cells, and analyzed at 15-17 DIV.

(A-C) No significant differences were found between Mdga2*/’ and WT neurons in mIPSC frequency (B; unpaired t test, t15 = 0.7139, p = 0.4862) or amplitude
(C; to = 0.8036, p = 0.4423; n = 8 Mdga2*'~ and 9 WT cells). Sample trace (A) scale bar, 40 pA, 1 s.

(D-F) mEPSCs from Mdga2*/’ hippocampal neurons showed increased frequency (E; unpaired t test, t15 = 2.920, p = 0.0106) and amplitude (F; t6 =5.102, p =
0.001) compared with WT (n = 10 Mdga2*/~ and 9 WT cells). Sample trace (D) scale bar, 20 pA, 1 s.

(G) Representative fEPSPs from CA1 with increasing stimulation intensity (scale bar, 1 mV, 5 ms).

(H) fEPSPs were significantly elevated in Mdga2*/~ hippocampal slices (two-way repeated-measures ANOVA, F1 9=2.781,p =0.0047; *p < 0.05, **p < 0.01, and
**p < 0.001 by Bonferroni’s post hoc test; n = 10 Mdga2*/~ and 8 WT slices). Linear fit slopes comparing fiber volley to fEPSP amplitude plots in Mdga2*'~ (3.08 +
0.11) and WT (1.92 + 0.13) slices were significantly different (p < 0.0001).

(I) Paired-pulse facilitation was not significantly different between groups (two-way repeated-measures ANOVA, F; 7 =0.3707, p = 0.9149; n = 4 slices per group).
Scale bar, 1 mV, 20 ms.

(J-L) In Mdga2*/~ cultured neurons, the frequency of mIPSCs was significantly elevated upon knockdown of MDGA1 (shMDGAT1, n = 14) relative to control
(shCon, n = 14; K, unpaired t test, to5 = 2.717, *p < 0.001). Amplitude of mIPSCs was not altered (L; t,» = 0.406, p = 0.688). Sample trace (J) scale bar, 40 pA, 1s.
(M-0) In Mdga2*'~ cultured neurons, mEPSCs were similar in both frequency and amplitude between shMDGAT1 (n = 13) and shCon (n = 12) cells (N; unpaired
t test, frequency t»» = 0.273, p = 0.393; O, amplitude t;4 = 0.964, p = 0.351). Sample trace (M) scale bar, 20 pA, 1 s.

Error bars indicate SEM. See also Figure S4.
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yielded significantly higher fEPSP responses in Mdga2*'~ slices
relative to WT controls (at stimulus intensities >70 pA; Figures
4G and 4H). No changes in paired-pulse facilitation (Figure 41) or
readily releasable vesicle pool depletion rates (Figure S4A) were
detected at these synapses, consistent with effects on synapse
density and postsynaptic properties. However, fEPSP responses
during 14 Hz stimulation showed a decrease in amplitude (Fig-
ure S4B), which typically reflects increased mobilization of
reserve pool vesicles and suggests some alteration in presynaptic
function.

In contrast to our cell culture data showing that MDGA2
can suppress inhibitory synapse development (Figure 2), there
were no detectable changes in symmetric synapse density
(Figures 3C-3E) or basal inhibitory synaptic transmission in
Mdga2*'~ mouse hippocampal slices (Figures 4B and 4C). Pre-
vious results demonstrated that MDGA1 selectively suppresses
inhibitory synapse development (Pettem et al., 2013b), suggest-
ing that MDGA1 may be partially redundant or able to function-
ally compensate for loss of MDGA2 with respect to regulating
inhibitory synapses. To test this idea, we used short hairpin
RNA (shRNA) against MDGA1 (shMDGA1) (Pettem et al.,
2013b) to knock down MDGA1 in Mdga2*/~ neuron cultures.
Relative to sister neurons transfected with control shRNA
(shCon), Mdga2*'~ neurons harboring shMDGA1 showed a sig-
nificant enhancement in mIPSC frequency with no change in
amplitude (Figures 4J-4L). MDGA1 knockdown did not alter
mEPSC frequency or amplitude (Figures 4M—40). These data
indicate that MDGAT1 is sufficient to maintain normal inhibitory,
but not excitatory, synapse density when MDGA2 is reduced.

Mdga2 Haploinsufficiency Enhances GluA1 Synaptic
Surface Levels and AMPA Receptor-Mediated
Transmission and Alters Synaptic Plasticity

In addition to its role in controlling excitatory synapse density,
the increase in MEPSC amplitude in Mdga2*/~ neurons (Fig-
ure 4F) suggests that MDGA2 may control additional post-
synaptic properties. To probe the basis for such changes, we
analyzed GluA1 immunofluorescence in Mdga2*'~ hippocampal
neurons in culture and found the level of synaptic surface GIuA1
(mean intensity per synapse) was elevated in Mdga2*'~ neurons
(Figures 5A and 5B). In addition, as expected from the in vivo
data, the density of excitatory synapses identified as VGIuT1-
positive PSD-95 clusters was elevated in Mdga2*/~ neurons
relative to sister WT cells (Figures 5A and 5C). Consistent with
the culture data, recordings of CA1 pyramidal neurons with
SC stimulation revealed an increase in AMPA to NMDA ratio
in Mdga2*/~ slices compared with WT (Figure 5D). Thus,
Mdga2 haploinsufficiency alters synaptic transmission in multi-
ple ways, increasing functional excitatory synapses, synaptic
surface AMPA receptor levels, and AMPA/NMDA ratio.

Given such changes in postsynaptic properties as well as
previous data linking NL1 to synaptic plasticity (Blundell et al.,
2010; Shipman and Nicoll, 2012), we next assessed long-term
potentiation (LTP) in Mdga2*/~ mice. Application of high-fre-
quency stimulation (1 x 100 Hz, 1 s) to the SC-CA1 pathway
induced LTP that was significantly enhanced in Mdga2*/~ hippo-
campal slices relative to WT (Figure 5E). In contrast to such early
phase LTP (E-LTP), which typically lasts <3 hr, application of mul-

tiple trains of stimulation induces a long-lasting form of LTP (L-LTP;
Huang and Kandel, 1994; Reymann and Frey, 2007). Application of
an L-LTP stimulation paradigm (4 x 100 Hz) resulted in a deficit in
LTP maintenance in Mdga2*'~ hippocampal slices compared to
WT controls (Figure 5F). Taken together, these data indicate that
AMPA receptor synaptic transmission and E-LTP are enhanced
but L-LTP is compromised upon genetic reduction of MDGA2.

Mdga2 Haploinsufficiency Results in Behavioral
Phenotypes Related to ASD
We next examined the effect of Mdga2 haploinsufficiency
and associated altered excitatory transmission on behavior.
Mdga2*'~ mice showed generally normal home-cage behavior
with a propensity to be slightly active in terms of traveled dis-
tance (p = 0.075; Figure S5A). However, Mdga2*/~ mice spent
a greater fraction of time than WT mice in jumping (Figure S5A),
including more episodes of repetitive jumping behavior rarely
exhibited by WT mice (Figure 6A). Such repetitive jumping is
considered a motor stereotypy relevant to repetitive behavioral
symptoms of ASD (Silverman et al., 2010). General motor co-
ordination of Mdga2*/~ mice was similar to that of WT littermates
in rotarod and fixed bar tests (Figure S5B). Thus, although
MDGAZ is expressed by Purkinje cells and cerebellar nuclei (Fig-
ures 3B and S3A), MDGA2 dosage reduction did not significantly
impair mouse motor activities, but enhanced motor stereotypy.
Along with repetitive behavior, another core symptom of ASD
is profound social impairment, including avoidance behaviors
(American Psychiatric Association, 2000). Thus, we examined
social behavior of Mdga2*~ mice. In a social affiliation test,
Mdga2*'~ mice spent significantly less time than WT littermates
investigating an unfamiliar mouse in the center of a test field (Fig-
ure 6B). This reduced contact does not seem to be due to any dif-
ference in physical activity level, since the distance Mdga2*/’
mice traveled during the test was comparable to that of
WT. To confirm the observed social impairment, we exposed
mice to a three-chamber task in which the middle chamber is
bordered by two chambers, one containing an unfamiliar mouse
in a cage and the other a cage only. WT mice spent more time
investigating the unfamiliar mouse than the empty cage as ex-
pected; however, Mdga2*'~ mice did not display a preference
for interaction with the new mouse (Figure 6C). Thus, overall,
Mdga2*'~ mice exhibited a selective impairment in social inter-
action. Contrary to the observed unwillingness of Mdga2*/~
mice to engage other mice, Mdga2*'~ mice more actively inves-
tigated non-living objects than WT littermates (Figure 6D),
frequently climbing onto the objects.

Cognitive Performance Is Impaired upon Genetic
Reduction of MDGA2

Although ASD can be associated with savant skills, it is more
frequently associated with intellectual disability, perhaps reflect-
ing shared risk genes in the synaptic pathway (Bourgeron, 2015).
Deficits in L-LTP are also typically associated with memory def-
icits in mouse models. Thus, we tested Mdga2*/~ mice in three
assays for learning and memory. Given the L-LTP deficit in the
SC-CA1 pathway of Mdga2*/~ mice, we first examined spatial
learning and memory using the Morris water maze test (MWM),
which requires intact hippocampal CA1 function (Tsien et al,,
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Figure 5. Mdga2 Haploinsufficiency Elevates Surface Synaptic GluA1 and AMPA Receptor Currents and Alters LTP

(A-C) Hippocampal cultures from Mdga2*/ ~ and littermate WT mice were immunolabeled at 22-23 DIV for synaptic markers (A). The mean intensity of surface
GIUA1 at synaptic sites was elevated in Mdga2*/~ neurons (B; unpaired t test, ts¢ = 2.361, *p = 0.0218; n = 29-30 cells from 2 independent experiments). The
density of VGlut1-positive PSD-95 clusters was also increased in Mdga2*/’ neurons relative to WT (C; unpaired t test, t44 = 6.322, *p < 0.0001). Scale bar, 5 um.
(D) AMPA to NMDA ratio was elevated in hippocampal neurons of Mdga2*/~ mice. Responses were recorded at +40 mV for NMDA and —70 mV for AMPA
receptor-mediated currents in WT (n = 14) and Mdgaz*/’ (n = 15) CA1 neurons in adult slices. Comparison of AMPA/NMDA ratio revealed a significant
enhancement in Mdga2*'~ cells (t,; = 2.384, p = 0.0267; *p < 0.05).

(E) LTP induced by 1 x 100 Hz stimulation (E-LTP) was increased in Mdga2*'~ slices relative to WT (Mdga2*/~, 125.6% =+ 0.59%; WT, 107.2% + 0.56%; unpaired
t test, t37 = 22.28, *p < 0.0001; n =10 MdgaZ*”and 8 WT slices). Inset: traces taken at 10 min pre- and 120 min post-tetanization (scale bar, 1 mV, 5 ms). Bar
graph: fEPSPs compared 100 to 120 min post-tetanization.

(F) LTP induced by 4 x 100 Hz stimuli applied 5 min apart (L-LTP) was impaired in Mdga2*'~ slices (Mdga2*'~, 104.3% + 0.76%; WT, 145.0% + 0.55%, unpaired
t test, t3g = 43.29, *p < 0.0001; n = 6 slices per group). Inset: traces taken at 10 min pre- and 170 min post-L-LTP induction (scale bar, 1 mV, 5 ms). Bar graph:

fEPSPs compared during the last 20 min of recording.
Error bars indicate SEM.

1996). Mdga2*/* mice could swim and willingly found a visible
platform as well as WT littermates, but failed to reduce the
time to reach a hidden platform even after consecutive trials
(Figure 6E). A probe trial similarly revealed an impairment for
escape platform location in Mdga2*/~ mice. These observations
suggested that Mdga2*~ mice suffer from hippocampus-
dependent spatial learning and memory deficits.

We examined another hippocampus-dependent learning and
memory task, contextual fear conditioning (Lee and Kesner,
2004). Mdga2*'~ mice could learn to associate the conditioning
chamber with a footshock and exhibited nearly comparable
contextual memory as WT mice at 1 hr after training (Figure 6F).
However, consistent with the MWM results, MdgaZ*/ ~ mice
demonstrated impaired contextual memory performance at
24 hr and 7 days following training.

We further examined the cognitive impairment of Mdga2*/~
mice using a simpler and less stressful task, novel object recog-
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nition. Although this is a non-spatial task, under the conditions
used here (>30 min delay between sample and test sessions),
it is also thought to depend significantly on hippocampal function
(Cohen and Stackman, 2015). Mdga2*'~ mice were attracted
more strongly to the objects placed in the test cage than WT lit-
termates (Figure 6D); however, unlike WT mice, Mdga2*'~ mice
did not show a preference for a novel object over a familiar object
(Figures 6G and S6). Taken together, these data suggest that
Mdga2*'~ haploinsufficiency compromises cognitive perfor-
mance in tasks requiring hippocampal function, increases the
frequency of a motor stereotypy, and impairs social interactions.

Resting-State Cortical Activity and Intrahemispheric
Functional Connectivity Are Enhanced in Mdga2+" Mice
In addition to hippocampus, MDGA2 expression is prominent in
cortex of adult mice (Figure 3B). To assess the effect of Mdga2
haploinsufficiency on cortical function across many regions,
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Figure 6. Mdga2*" Mice Exhibit Motor Stereotypy and Deficits in Social Interaction and Hippocampus-Dependent Learning and Memory
(A) Mdga2*'~ mice exhibited more spontaneous repetitive jumping in the home cage (unpaired t test, t;5 = 2.738, *p = 0.025; n = 9 Mdga2*/~ and 9 WT mice).
(B) In the representative images of paths (red) of mice examined in the social affiliation test, the pale yellow circle represents the area containing the unfamiliar
mouse plus 3 cm of surround, and the brown region the remaining test field. The WT littermate investigated the unfamiliar mouse; however, the Mdga2*/~ mouse
kept a distance and only occasionally interacted with the unfamiliar mouse. Time spent investigating the unfamiliar mouse differed between genotypes (unpaired
t test, t13 = 0.992, *p = 0.0097), but distance traveled did not differ (t;3 = 0.376, p = 0.88; n =7 Mdga2*/’ and 8 WT mice).

(C) In the three-chamber test, WT mice spent more time in the chamber with the unfamiliar mouse than with the cage alone (paired t test, t3o = 3.93, *p = 0.00046),
whereas Mdga2*/’ mice showed little preference (tzp = 1.297, p = 0.204; n =17 Mdga2*/’ and 16 WT mice).

(D) In the object affiliation test, Mdga2*'~ mice spent more time exploring non-living objects than WT littermates (unpaired t test, t;3 = 2.650, *p = 0.020; n = 7
Mdga2*/~ and 8 WT mice).

(E) Inthe MWM, no significant difference was observed in swimming speed of Mdga2*/~ and WT mice (data not shown; unpaired t test, t;; = 0.483, p=0.72;n =7
WT and 12 MdgaZ*/’ mice), suggesting motor function was intact. Mdgaz*/’ and WT mice also showed equal performance and training in terms of latency to find
a visible platform (two-way repeated-measures ANOVA, genotype F4»1 = 0.21, p = 0.65). However, Mdga2*'~ mice required significantly more time to reach a
hidden platform even after consecutive trials (two-way repeated-measures ANOVA, genotype F o4 = 6.493, p=0.019; **p < 0.01 by Bonferroni’s post hoc test). In
the probe trial performed 1 hr after the last trial, unlike WT mice, Mdga2+/ ~ mice did not show a preference to stay in the target quadrant (unpaired t test, t17 =
2.332, “p = 0.032). Representative swim paths show a more directed movement of the WT mouse to the hidden platform (x).

(F) In the contextual fear conditioning task, at 24 hr and 7 days after training Mdga2*/’ mice showed a significant reduction in time exhibiting freezing behavior
when placed back in the test chamber (two-way ANOVA, genotype F1 104 = 13.10, p = 0.0005; *p < 0.05, **p < 0.01 by Bonferroni’s post hoc test; n= 15 Mdga2*'~

(legend continued on next page)
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and to facilitate comparison with fMRI ASD studies, we em-
ployed in vivo wide-field, mesoscale, voltage-sensitive dye
(VSD) imaging (Chan et al., 2015; Mohajerani et al., 2013). As pre-
viously, we used a giant, unilateral cranial window preparation
that allowed us to image voltage activity of nearly the entire dor-
sal neocortex of the right hemisphere (Figure 7A). Both Mdga2*/~
and WT mice exhibited dynamic, spatially complex patterns of
spontaneous cortical activity (Figures 7B and S7). Baseline excit-
ability was examined by computing the SD of the time course
of spontaneous fluorescent voltage activity (AF/Fg) for each
pixel imaged to construct an activity map whereby the cortical
regional distribution of excitability is localized. Evident from
these maps is a heightened level of activity along midline regions
in both genotypes but strikingly more activity in the Mdga2*/~
mice (Figure 7C). To quantify these differences and to assess
region-specific differences, we derived the mean SD measures
of spontaneous activity from 18 regions of interest (ROlIs,
0.112 mm®) across the cortex in Mdga2*~ and WT mice (Fig-
ure 7C). ROI locations were determined by a combination of
direct, multiple modality, sensory-stimulation, and extrapolated
coordinates from atlases. Mdga2*'~ mice exhibited significantly
higher levels of baseline activity than WT mice, with significant
regional increases found in pM2, RS, mBC, and mFL (Figure 7D).
Nonsignificant trends toward enhanced activity were also
observed in aM2/AC and mHL regions. Taken together, these
data are consistent with a region-specific increase in sponta-
neous cortical activity due to Mdga2 haploinsufficiency.
Imaging studies in ASD have revealed changes in resting-state
activity but have focused more on functional connectivity (Hah-
amy et al., 2015; Uddin et al., 2013). Thus, we analyzed the effect
of Mdga2 haploinsufficiency on intrahemispheric functional
connectivity through the construction of connectivity matrices
derived from the cross-correlation of spontaneous activity from
our previously established ROIs. Subtraction from the mean con-
nectivity matrix generated from Mdga2*'~ mice (Figure 8A) by
the mean connectivity matrix from WT mice (Figure 8B) yielded
a difference connectivity matrix that revealed a global increase
in mean functional connectivity in Mdga2+/ - (MeanCorergag"/ T =
0.6666 + 0.0034 versus MeanCofryjg-type = 0.6028 + 0.0038,
Neorr = 1,530; Figure 8C). Functional connectivity strength was
most strongly enhanced in Mdga2*/~ lateral cortical areas en-
compassing secondary somatosensory cortices (HLS2A,
HLS2B, FLS2, and BCS2) and primary auditory cortex, relative
to WT (LateralMeanCorryqgaz™ ~ = 0.6770 + 0.0050 versus Later-
alMeanCorr,iig-type = 0.5959 + 0.0053, ncorr = 680). Results of the
cross-correlation comparison are represented in a network
diagram of functional connectivity (Figure 8D) whereby node
sizes are proportional to the number of connections and node
position by the location the cortical region represented. Connec-
tions between nodes demonstrating enhanced functional con-
nectivity (>15%) in Mdga2*/~ cortex relative to WT are delineated

by green. Changes in functional connectivity of less than 15%
are shown with gray lines. No losses in functional connectivity
strength exceeding 15% were observed. These data suggest
that MDGAZ plays a role in downregulating functional connectiv-
ity between cortical nodes related to sensory processing.

DISCUSSION

Mdga2*'~ mice described here may serve as a useful model for
ASD, mimicking single-allele truncating mutations (Bucan et al.,
2009), and exhibiting stereotypy, social interaction deficits, and
altered cognition. Validity may be further supported by the func-
tional imaging: the increased SD of recorded spontaneous
activity and functional hyperconnectivity in Mdga2*/~ cortex par-
allel the increased amplitude of low-frequency fluctuations
(ALFFs) and hyperconnectivity observed in some fMRI studies
of ASD (Supekar et al., 2013). Mechanistically, we show that (1)
MDGA2 complexes with NL1 and NL2, inhibits their interaction
with Nrx, and inhibits their synaptogenic activity; (2) MDGA2
overexpression suppresses synapse development; (3) Mdga2+/ -
hippocampal CA1 neurons exhibit elevated excitatory syn-
apse density, mEPSC frequency and amplitude, input/output
response, surface synaptic GluA1, AMPA/NMDA ratio, and
E-LTP but defective L-LTP; and (4) resting-state activity is
elevated in multiple cortical regions of Mdga2*~ mice, and intra-
hemispheric functional connectivity is increased. Consistent
with these findings in Mdga2*'~ mice, in addition to deletions
in ASD a de novo deletion in MDGAZ2 was found in epileptic en-
cephalopathy (Lesca et al., 2012). Thus, MDGA2 functions in the
NRXN-NLGN-SHANK pathway but in an unusual capacity, as a
suppressor of excitatory synapse development. Paradoxically,
whereas ASD-associated mutations in NRXNs and SHANKs
diminish function of this pathway to reduce E/I ratio (Etherton
et al.,, 2009; Glessner et al., 2009; Jiang and Ehlers, 2013),
ASD-associated mutations in MDGA2 enhance function of this
pathway to elevate E/I ratio. These findings imply that perturba-
tions of this synaptic pathway in either direction from the norm
increase risk for ASD.

Although many proteins are known to promote excitatory
synapse development, information about suppressors has
been lacking in mammalian systems. Other proteins that limit
excitatory synapse density work through indirect mechanisms
and affect other processes such as neuron arbor development.
For example, transcription factor MEF2 acts through FMRP,
mGIuR5, and Arc (Wilkerson et al., 2014), and Ephexin5 and
Nogo receptors both act through RhoA GTPase (Margolis
et al., 2010; Wills et al., 2012). MDGAs appear to play a specific
role in suppressing synapse development by blocking binding
of Nrx to NLs on the plasma membrane. If the localization
observed for recombinant MDGA2 is representative of the
native distribution, MDGA2 may interact with extrasynaptic

and 13 WT mice). There was no difference in freezing response to the initial shock, assessed either as duration of first freeze or as percent time frozen in the 30 s

following the shock (both p > 0.5; data not shown).

(G) In the novel object recognition test, of the time exploring objects, WT mice spent a greater fraction of time exploring the novel object at both 30 min and 24 hr
after the last training session. However, Mdga2*/~ mice did not show a preference for the novel object over a familiar object (two-way ANOVA, genotype Fi06=
14.63, p = 0.0007; *p < 0.05 by Bonferroni’s post hoc test; n = 7 Mdga2*/~ and 8 WT mice).

Error bars indicate SEM. See also Figures S5 and S6.
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Figure 7. Wide-Field VSD Imaging of Spontaneous Activity Reveals Enhanced Regional Resting-State Activity in Mdga2*'~ Mouse Cortex
(A) Top: cartoon illustrating the perspective and field of view (dashed red box) used to image voltage activity. Bottom: exemplar image of the cortical surface as
viewed through the cranial window (scale bar, 2 mm).

(B) Montage over time of VSD imaging of a segment of spontaneous cortical activity from Mdga2*/~ and WT mice illustrating dynamic and spatially complex
activity. Amplitude of fluorescent voltage signal (% AF/F0) scaled to color bar.

(C) Exemplar map of spontaneous activity illustrating regional differences derived from the SD of recorded spontaneous activity for Mdga2*” and WT mice (scale
bar, 2 mm). White circle denotes position of the bregma. Compass points indicate anterior (A), posterior (P), left (L), and right (R) directions. Right: schematic of
cortical imaging field of view illustrating positions of regions of interest (ROIs).

(D) Mean activity derived from 18 ROIs (0.112 mm?) described in (C) indicated increased activity in medial cortical regions including pM2, RS, mBC, and mFL in
MdgaZ*/’ (n = 10) relative to WT (n = 10) mice (two-way ANOVA, genotype p < 0.0001; *p < 0.05, **p < 0.01, ***p < 0.001, with Bonferroni’s post hoc test).
Error bars indicate SEM. See also Figure S7.

NL1, facilitated by the high mobility of surface NL1 (Chamma  pressed the synaptogenic activity of both NL1 and NL2 in
et al., 2016). co-culture, and MDGA2 overexpression suppressed excitatory

In Mdga2”’ mice we observed a selective enhancement and inhibitory synapse development. We suggest that MDGA1
of excitatory, but not inhibitory, synapses. Yet MDGA2 sup- may be sufficient to maintain normal inhibitory synapse density
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Figure 8. Mdga2*~ Mice Exhibit Enhanced Intrahemispheric Functional Connectivity

(A-C) Intrahemispheric functional connectivity matrices were derived from the cross-correlation of 18 ROIls (described in Figure 6C) from VSD imaging of
spontaneous activity from anesthetized Mdga2*/~ (n = 10) and WT mice (n = 10). The difference correlation matrix (C), obtained by subtracting the mean WT from
the mean Mdga2*/~ correlation matrix, reveals a global increase in mean functional connectivity (MeanCorrypaas™’~ = 0.6666 + 0.0034 versus MeanCorryig-type =
0.6028 + 0.0038, ngorr = 1,530; p < 0.0001, Wilcoxon rank-sum test). Lateral cortical ROls, denoted by red brackets, including secondary somatosensory cortices
(HLS2A, HLS2B, FLS2, and BCS2) and primary auditory cortex (A1), exhibited enhanced functional connectivity strength in the Mdga2*/~ population compared to
WT (LateralMeanCorrMDGAz*/ ~=0.6770 = 0.0050 versus LateralMeanCorryig-type = 0.5959 + 0.0053, ngorr = 680; p < 0.0001, Wilcoxon rank-sum test). Correlation
coefficients (A and B) or their difference (C) are represented by color (R or AR bars). Self-correlated ROIs forming the diagonal have been omitted.

(D) Network diagram of functional connectivity derived from the difference correlation matrix in (C). Node locations reflect spatial organization according to
experimentally derived locations and atlas coordinates with size proportional to the strength of connections per node. Green lines indicate enhanced functional
connectivity (>15%) between nodes in Mdga2*'~ mice with respect to WT; reductions >15% were not observed. Gray lines indicate changes in functional
connectivity of less than 15%.

upon genetic reduction of MDGA2. MDGA1 also suppresses
the synaptogenic activity of NL2 in co-culture (Pettem et al.,
2013b) (and Figure 1), and MDGAT1 is highly expressed by hip-
pocampal CA1 pyramidal neurons and broadly in cortex (Ishi-
kawa et al., 2011; Litwack et al., 2004). Moreover, knockdown
of MDGAT1 in Mdga2*'~ neurons increased functional inhibitory

1064 Neuron 97, 1052-1068, September 7, 2016

synapses with no effect on excitatory synapses (Figure 4).
However, further studies are needed to determine whether
MDGA2 may play a subtle masked role or no role at inhibitory
synapses, and more generally to better understand the struc-
tural, cellular, and circuit basis of selective roles of MDGA
family proteins.



Consistent with the function of MDGA2 to suppress NL1-Nrx
interaction, Mdga.?*” mice share some phenotypes with trans-
genic mice overexpressing NL1, namely an increase in excitatory
synapse density, increased input/output response, and learning
deficits in the MWM (Dahlhaus et al., 2010). NL1 overexpression
can increase AMPA/NMDA ratio (Schnell et al., 2012), and NL1
recruits AMPA receptors through PSD-95 family MAGUKs (Mon-
din et al., 2011). The increased levels of PSD-95 family MAGUKs
observed here may contribute to the increase in surface synaptic
GluA1, mEPSC amplitude, and AMPA/NMDA ratio observed in
Mdga2*'~ neurons. We observed little effect of Mdga2 haploin-
sufficiency on presynaptic release properties, similar to NL1
overexpression in vivo (Dahlhaus et al., 2010; Schnell et al.,
2012). Interestingly, whereas NL1 transgenic mice showed a
simple deficit in LTP, the effect of Mdga2 haploinsufficiency on
synaptic plasticity was more complex.

Mdga2*'~ mice exhibited enhanced potentiation in an E-LTP
paradigm but a significant reduction in the maintenance of
potentiation in an L-LTP paradigm. These two forms of LTP
involve different mechanisms. Generally, E-LTP is mediated by
changes in AMPA receptor trafficking whereas L-LTP requires
protein synthesis (Reymann and Frey, 2007; Takeuchi et al.,
2013). In Mdga2*'~ mice, the increased basal excitation and syn-
apse density may contribute to cooperativity during stimulation,
resulting in more robust E-LTP, but signaling mechanisms
required for L-LTP may be compromised. Supporting this idea,
other models that exhibit normal or enhanced E-LTP together
with deficient L-LTP include mice expressing an inhibitory regu-
latory subunit of PKA or lacking GCN2 kinase or Rictor mTORC2
component (Abel et al., 1997; Costa-Mattioli et al., 2005; Huang
et al,, 2013). All of these mouse models exhibited memory
deficits, supporting the widely held notion that L-LTP may under-
lie memory (Takeuchi et al., 2013). The cognitive deficits in
Mdga2*'~ mice observed in the MWM, contextual fear condition-
ing, and novel object recognition may likewise reflect the deficit
in L-LTP or underlying alterations in shared molecular signaling
pathways. Alternatively, the deficit in novel object recognition
might be more related to restricted interests as suggested for
another mouse model relevant to ASD (Kane et al., 2012).

The Mdga2+/ ~ mouse model, with elevated E/I ratio, repre-
sents a distinct contrast to most other models of ASD in the
NRXN-NLGN-DLG-DLGAP-SHANK synaptic pathway, which
exhibit reduced E/I ratios. Two other interesting exceptions are
Nign4~'~ and Syngap1*~ mice. Nign4~'~ mice show a mild
impairment in inhibitory transmission associated with a severe
impairment in y-oscillations (Hammer et al., 2015) and may be
mechanistically similar to models with reduced numbers of inter-
neurons. Like Mdga2, complete knockout of Syngap1 is lethal,
and haploinsufficiency results in behavioral deficits (Komiyama
et al., 2002; Ogden et al., 2016). However, Syngap1+/’ mice
exhibit elevated E/I ratio only transiently during development
and SYNGAP regulates GTPase signaling, perhaps contributing
to the association of SYNGAP1T mutations with a broader disease
spectrum (Ogden et al., 2016).

The application of meso- and macroscopic functional imaging
to intact mouse models of ASD has been limited. Conventional
neuroimaging approaches such as fMRI most frequently used
in human populations have limited temporal resolution and

have more limited efficacy in small animal models where spatial
resolution is often insufficient to resolve regional-scale activity.
However, the advent of ultra-high-field fMRI is facilitating such
studies and has revealed increased local functional connectivity
in sensory cortices in acallosal BTBR mice (Dodero et al., 2013).
More spatially targeted imaging has described consistent fea-
tures of enhanced connectivity in sensory cortex in fragile X
models (Goncalves et al., 2013; Zhang et al., 2014). Intrinsic
signal imaging in BTBR mice also revealed deficits in multisen-
sory integration in insular cortex that resulted from impaired
inhibitory drive (Gogolla et al., 2014). These targeted functional
imaging studies using ASD mouse models re-affirm consistent
features of cortical hyper-excitability and elevated functional
connectivity. The application of wide-field VSD imaging as per-
formed here can provide a basis for broadly assessing cortical
excitability and functional connectivity with high spatiotemporal
resolution.

Two striking findings arose from our VSD imaging of Mdga2*/~
mice: enhanced resting-state cortical activity and functional in-
trahemispheric hyperconnectivity. The midline regions exhibiting
enhanced activity are associated with a proposed rodent analog
of the default mode network, a network that exhibits low activity
during goal-directed tasks and is thought to function in reflection
and conceptual processing (Lu et al., 2012). Consistent with the
enhanced cortical activity observed here, a recent analysis of
task-free resting-state fMRI (rs-fMRI) data revealed an increase
in global mean ALFF, indicating enhanced activity in children
with ASD compared with typically developing children (Supekar
et al.,, 2013). A large-scale rs-fMRI study associated with the
Autism Brain Imaging Data Exchange (ABIDE) also reported a
large middle frontal region of enhanced ALFF, and a smaller oc-
cipital region of reduced ALFF, associated with ASD (Di Martino
et al., 2014).

Most fMRI studies in ASD have focused on functional connec-
tivity, with variable findings. Reports of hypo-connectivity have
tended to predominate (Uddin et al., 2013). However, more in
keeping with our findings in the Mdga2*/~ model, two recent
studies of children with ASD reported an overall increase in func-
tional connectivity, and in both studies the degree of hypercon-
nectivity correlated with symptom severity (Keown et al., 2013;
Supekar et al., 2013). Perhaps the largest study, using the ABIDE
database, found neither hypo- nor hyperconnectivity on a global
scale, but rather idiosyncratic distortions, i.e., greater variations
from the mean in individuals of the ASD group (Hahamy et al.,
2015).

An important consideration in the interpretation of our connec-
tivity analyses in the context of rs-fMRI studies is that we imaged
membrane potential changes as opposed to blood-oxygena-
tion-level-dependent (BOLD) contrast imaging used in fMRI.
While the underlying neural activity correlate of spontaneous
BOLD signals is unclear, electrophysiological correlates such
as slow cortical potentials and infraslow EEG fluctuations,
among others, have been identified (He et al., 2008; Hiltunen
et al., 2014; Logothetis, 2008). We recently demonstrated that
the functional organization of infraslow spontaneous VSD ac-
tivity resembled the higher-frequency activity described here
and previously, providing us with confidence that these large
resting-state network structures are preserved and observable
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across imaging modalities (Chan et al., 2015; Mohajerani et al.,
2013). The diversity of ASD findings with respect to connectivity
observed using rs-fMRI may reflect the heterogeneity of disease
mechanisms and emphasizes the need to correlate imaging,
complemented by diverse neuronal activity reporters such as
VSD, with behavior, biomarkers, and genetics.

In conclusion, our results demonstrate a novel mechanism
through which the genetic pathway mediating E/I balance can
be disrupted and how this alteration contributes to ASD pheno-
types ranging from the molecular to the systems level. Although
the majority of data investigating NLs suggests that mutations or
changes in absolute levels of NLs or their effectors contribute
to autism, our data represent an alternative but complemen-
tary model in which disinhibition of NL function through loss
of endogenous regulators may yield autism phenotypes. The
approach presented here for assessing wide-field regional
cortical activity and functional connectivity with high spatiotem-
poral resolution may also prove useful in assessing other mouse
models of neuropsychiatric disorders. Such parallel animal im-
aging studies in genetically based ASD models may reciprocally
guide approaches in human imaging studies to better under-
stand disease etiology, identify biomarkers, and eventually
develop individualized treatments.

EXPERIMENTAL PROCEDURES

Experimental procedures are described in detail in the Supplemental Experi-
mental Procedures. All values are presented as mean + SEM.

Cell culture, immunofluorescence, co-immunoprecipitation, and binding as-
says were performed essentially as described (Linhoff et al., 2009; Pettem
etal., 2013b; Siddiqui et al., 2013). Imaging and analysis were performed blind
to transfection group.

Animal care and use protocols were approved by the respective host
institutions. MDGA2 null mice were generated and backcrossed to C57BL/6
for at least ten generations. Assays were performed on adult mice (6-10 weeks
old) unless otherwise indicated. In situ hybridization, p-galactosidase activity
staining, western blotting, electron microscopy, and electrophysiology fol-
lowed previous methods (Ishikawa et al., 2011; Pettem et al., 2013a; Siddiqui
et al., 2013).

All behavioral studies were performed blind to genotype, following previous
protocols (Kishimoto et al., 2015) and Supplemental Information.

In vivo VSD imaging of anesthetized mice was performed essentially as pre-
viously described (Chan et al., 2015; Mohajerani et al., 2013). VSD was applied
to the exposed cortex, staining all neocortical layers and images captured at
150 Hz with a CCD focused into the cortex to a depth of ~1 mm. VSD re-
sponses were expressed as a percent change relative to baseline, (F — Fo)/
Fo*100. Network analysis was performed using custom MATLAB scripts (Lim
et al., 2015; http://www.neuroscience.ubc.ca/faculty/murphy_software.html)
and the Brain Connectivity Toolbox.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.neuron.2016.08.016.
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