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ABSTRACT

BACKGROUND: Autism spectrum disorder involves neurodevelopmental dysregulations that lead to visible symp-
toms at early stages of life. Many autism spectrum disorder—related mechanisms suggested by animal studies are
supported by demonstrated improvement in autistic-like phenotypes in adult animals following experimental
reversal of dysregulated mechanisms. However, whether such mechanisms also act at earlier stages to cause
autistic-like phenotypes is unclear.

METHODS: We used Shank2™’~ mice carrying a mutation identified in human autism spectrum disorder (exons 6 and
7 deletion) and combined electrophysiological and behavioral analyses to see whether early pathophysiology at pup
stages is different from late pathophysiology at juvenile and adult stages and whether correcting early pathophysi-
ology can normalize late pathophysiology and abnormal behaviors in juvenile and adult mice.

RESULTS: Early correction of a dysregulated mechanism in young mice prevents manifestation of autistic-like social
behaviors in adult mice. Shank2~’~ mice, known to display N-methyl-D-aspartate receptor (NMDAR) hypofunction
and autistic-like behaviors at postweaning stages after postnatal day 21 (P21), show the opposite synaptic
phenotype —NMDAR hyperfunction—at an earlier preweaning stage (~P14). Moreover, this NMDAR hyperfunction
at P14 rapidly shifts to NMDAR hypofunction after weaning (~P24). Chronic suppression of the early NMDAR
hyperfunction by the NMDAR antagonist memantine (P7-P21) prevents NMDAR hypofunction and autistic-like
social behaviors from manifesting at later stages (~P28 and P56).

CONCLUSIONS: Early NMDAR hyperfunction leads to late NMDAR hypofunction and autistic-like social behaviors in
Shank2~'~ mice, and early correction of NMDAR dysfunction has the long-lasting effect of preventing autistic-like
social behaviors from developing at later stages.
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Autism spectrum disorder (ASD), characterized by social def-
icits and repetitive behaviors, exhibits a strong genetic influ-
ence. While the number of candidate ASD-risk genes is rapidly
increasing (1), our understanding of the underlying mecha-
nisms has lagged, partly because of the intrinsic heterogeneity
and complexity of causal mechanisms in different brain regions
at different developmental times.

Many ASD-related mechanisms suggested by animal
studies are supported by demonstrated improvement in
autistic-like phenotypes in adult animals following experi-
mental reversal of dysregulated mechanisms (2-11). However,
whether such mechanisms also act at earlier stages to cause
autistic-like phenotypes is unclear (12,13).

SHANK is a family of postsynaptic scaffolding proteins
known to regulate excitatory synapse development and

function (14,15) and involved in various psychiatric disorders,
including ASD and Phelan-McDermid syndrome (4,7,16,17).
SHANK?2, the second member of the family also known as
PROSAP1, has also been implicated in ASD and other disor-
ders, including intellectual disability, developmental delay, and
schizophrenia (18-31).

More recently, studies on mice lacking SHANK2 in the
whole brain or specific cell types have further enhanced our
understanding of the normal functions of SHANK2 as well as
ASD-related pathophysiology (32-45). For example, mice
lacking exons 6 and 7 and exon 7of Shank2 display autistic-
like behavioral abnormalities that are associated with altered
N-methyl-D-aspartate receptor (NMDAR) function (37,38).

More specifically, Shank2™'~ mice with exons 6 and 7
deletion show decreased NMDAR-mediated synaptic currents
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and NMDAR-dependent synaptic plasticity (38). Importantly, original mice in the genetic background of C57BL/6N with
the treatment of adult Shank2 /~ mice with D-cycloserine C57BL/6J for more than six generations. Shank2 /= mice
(NMDAR agonist) rapidly normalizes social interaction, sug- lacking exon 7 have been previously published (37) and
gesting that suppressed NMDAR function may underlie the backcrossed to and maintained in a C57BL/6J background for
social deficits. However, it remains unclear whether the more than five generations.
NMDAR hypofunction observed in adult Shank2™/~ mice Further information on methods is available in the
(exons 6 and 7) also acts at early stages to play important roles Supplement.
in the development of social deficits.

In the present study, we found an increase in NMDAR RESULTS
function at an earlier stage (~ postnatal day 14, or P14), which
sharply contrasts with the decreased NMDAR function at ~ Distinct Transcriptomic Profiles in Shank2™'~
~P21. Importantly, suppression of the early NMDAR hyper-  Mouse Brains at P14 and P25
function by the treatment of Shank2™/~ mice with memantine Mice lacking SHANK2/PROSAP1 (Shank2™’~ mice; exons 6
(NMDAR antagonist) during the P7 to P21 period normalized  and 7; global deletion) display autistic-like social deficits that
NMDAR function and social interaction at jUVenile (~P28) as are rap|d|y improved by acute D_Cyc|oserine (NMDAR agonist)
well as adult (~P56) stages. These results suggest that early  treatment at juvenile and adult stages (38). However, excitatory
NMDAR  hyperfunction induces NMDAR hypofunction and  synaptogenesis in mice is most active during the first 3 post-
social deficits at later Stages, and that early correction of natal weeks (46), and expression levels of SHANK2 protein in

NMDAR function has long-lasting effects. the whole brain peak at ~P14 (Figure 1A), although SHANK2
messenger RNA levels did not show a similar pattern
METHODS AND MATERIALS (Figure 1B).

We thus sought to identify phenotypes that are most
prominent at P14 through comparative RNA sequencing tran-
Shank2~/~ mice lacking the exons 6 and 7 of the Shank2 gene scriptomic analysis of WT and Shank2™/~ mouse brains at
have been previously reported (38). Shank2™’~ mice lacking P21, a stage around weaning when active synaptogenesis is
exon 7 (37) and exon 24 (33) have also been previously largely completed (Supplemental Table S1). We found 16
reported. All mutant and their wild-type (WT) littermates of differentially expressed genes (false discovery rate < .05, fold
Shank2~'~ mice lacking exons 6 and 7 were generated on and change > 2.0) in six pairs of naive WT versus Shank2 ™'~ mice
backcrossed to a C57BL/6N background for >20 generations. at P14, and 35 differentially expressed genes at P25
Shank2™'~ mice lacking exons 6 and 7 under a different (Supplemental Table S2). However, because the small number
background (C57BL/6J) were generated by backcrossing the of the identified differentially expressed genes did not yield
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Figure 1. Distinct transcriptomic profiles in Shank2 ™/~ mouse brains at postnatal day 14 (P14) and P25. (A) Levels of SHANK2 proteins in whole mouse
brains increase during postnatal days, reaching a plateau at ~P14. For quantification, SHANK2 signals at each developmental stages were normalized to
those of a-tubulin and also to the average values of each age group (n = 6 male mice for each stage). (B) Levels of SHANK2 messenger RNAs in the mouse
brain during development, revealed by in situ hybridization of sagittal sections. The limited correlation between SHANK2 protein and messenger RNA levels
might be attributable to the fact that the transcripts are differentially translated or that the in situ images do not cover the whole brain. For quantification,
SHANK?2 signals normalized to the brain area at each developmental stage were normalized to the average values of each age groups (n = 3 male mice for each
stage). E18 indicates embryonic day 18. Scale bar = 10 mm. (C) A schematic of gene set enrichment analysis. The direction (positive and/or negative) and
amplitude of enrichments reflect the extent to which the genes in a target gene set fall at the top (positive) or bottom (negative) of the ranked input gene list. (D)
Gene set enrichment analysis using knockout/wild-type (KO/WT)-P14 and KO/WT-P25 gene lists from Shank2 '~ mice and target gene sets in the C5-CC category
(gene ontology_cellular component). Positive and negative normalized enrichment score (NES) values, accounting for the degree of overrepresentation at the top or
bottom of a ranked list, are indicated in green and violet, respectively. (n = 6 mice for WT and KO at P14 and P25. **False discovery rate [FDR] < .001.) (See
Supplemental Table S4 for details.) (E) Gene set enrichment analysis using KO/WT-P14 and KO/WT-P25 gene lists from Shank2~'~ mice and N-methyl-D-
aspartate receptor (NMDAR)-related gene sets in the C2-all category. “Activation of NMDA receptor ...” indicates “Activation of NMDA receptor upon glutamate
binding and postsynaptic event.” (n = 6 mice for WT and KO at P14 and P25. *FDR < .05, **FDR < .001.) (See Supplemental Table S3 for details.)
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significant gene ontology terms or pathways, we next per-
formed gene set enrichment analysis (software.broadin-
stitute.org/gsea/) (Figure 1C), which aims to achieve unbiased
results by testing the enrichment of a list of ranked, whole
genes, rather than a subset above an arbitrary cutoff (fold-
change or significance), in precurated gene sets (47,48).

The two lists of genes from Shank2 ™/~ versus WT (knockout
[KO)/WT) mice at P14 and P25, ranked by differential expres-
sion, were distinctly enriched for a large number of target gene
sets in the C2 category (curated gene sets) (Supplemental
Table S3). Importantly, the top 10 enriched target gene sets
for P14 and P25 were largely distinct, and in the case of the
four overlapping gene sets associated with ribosome/trans-
lational terms, the directions of enrichments were opposite
(Supplemental Figure S1).

Additional gene set enrichment analysis using target gene
sets in the C5 category (gene ontology) revealed that the KO/
WT-P14, but not KO/WT-P25, gene list was enriched for gene
sets associated with excitatory postsynaptic compartments,
including excitatory synapse, postsynaptic membrane, and
postsynaptic density (Figure 1D, Supplemental Figure S2,

WT-P25 gene list was enriched for gene sets associated with
NMDAR activation and NMDAR-dependent synaptic plasticity
(long-term potentiation and long-term depression) (Figure 1E,
Supplemental Figure S2). Collectively, these results suggest
that Shank2 deletion in mice leads to distinct transcriptomic
changes at P14 and P25.

Reversal of NMDAR Function in Shank2 '~ Mice
During P14 and P25

Based on these results, we next measured excitatory synaptic
transmission mediated by NMDARs and a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors (AMPARS) in the
hippocampus, a brain region implicated in ASD (49-51), in
Shank2~'~ mice at P14 and P25. We found an increase in the
ratio of NMDAR- to AMPAR-mediated synaptic transmission at
Schaffer collateral (SC)-CA1 pyramidal synapses at ~P14, as
compared with that at WT synapses (Figure 2A; all electro-
physiology data summarized in Supplemental Table S5).

In contrast, basal synaptic transmission, mainly mediated
by AMPARSs, and paired-pulse ratio (a measure of presynaptic

release probability) were normal at Shank2™/~ SC-CA1 syn-
apses (Supplemental Figure S3). In addition, there were no
changes in miniature excitatory postsynaptic currents
(MEPSCs), mediated by AMPARs, and miniature inhibitory

Supplemental Table S4).

Because Shank2/~ mice show autistic-like behaviors
accompanied by reduced NMDAR function (38), we examined
NMDAR-related enrichments. The KO/WT-P14 but not KO/
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Figure 2. Reversal of N-methyl-D-aspartate receptor (NMDAR) function in the Shank2™’~ hippocampus during postnatal day 14 (P14) and P25. (A, B)
NMDAR function is enhanced at Shank2 '~ Schaffer collateral (SC)-CA1 synapses at ~P13 to P15, but reduced at ~P21 to P27, as shown by the NMDA-a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) ratio. (n = 18 neurons from 11 mice for wild-type [WT] and 16 neurons from 11 mice for knockout
[KO; Shank2’/’] at P13-P15, and 13 neurons from 8 mice for WT and 10 neurons from 6 mice for KO at P21-P27; *p < .05, *p < .01; Student’s t test. See
Supplemental Table S5 for the summary of electrophysiology results and Supplemental Table S6 for statistical details.) (C, D) Reduced decay of NMDAR
currents at Shank2 '~ SC-CA1 synapses at ~P13 to P15, but not at ~P21 to P27. (n = 10 neurons from 4 mice for WT and 10 neurons from 4 mice for KO at
P13-P15, and 8 neurons from 6 mice for WT and 16 neurons from 9 mice for KO at P21-P27; *p < .05, not significant [ns]; Student’s t test.) (E) NMDAR
currents at P14 Shank2 ™'~ SC-CA1 synapses are more sensitive to ifenprodil (GluN2B antagonist) relative to those at WT synapses, which, in combination with
the data in panel (A), predicts a ~2.07-fold and ~1.06-fold increases in ifenprodil-sensitive GIUN2B and ifenprodil-insensitive GIUN2A components,
respectively. Numbers 1 and 2 in WT and KO traces indicate NMDAR currents before and after ifenprodil treatment, respectively, and gray lines in WT and KO
traces indicate ifenprodil-sensitive (or GluN2B-dependent) component. Note that the decay constant of the residual NMDAR-excitatory postsynaptic currents
(EPSCs) lacking the GIUN2B component is comparable between genotypes. (1 = 15 neurons in 9 mice for WT and 15 neurons in 7 mice for KO; **p < .01;
Student’s t test.)
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postsynaptic currents in Shank2™/~ CA1 pyramidal neurons
(Supplemental Figure S4). These results suggest that NMDAR-
mediated, but not AMPAR-mediated, synaptic transmission is
increased at P14 Shank2 ™/~ SC-CA1 synapses.

At ~P24 (P21-P27), however, the NMDA-AMPA ratio at
Shank2~/~ SC-CA1 synapses was decreased, as compared
with that at WT synapses (Figure 2B), consistent with the re-
sults from the previous study (38). This study also demon-
strated normal basal transmission at Shank2 /- SC-CA1
synapses and normal mEPSCs in Shank2™/~ CA1 pyramidal
neurons. These results suggest that NMDAR-mediated, but
not AMPAR-mediated, synaptic transmission is reduced at
P25 Shank2™’~ SC-CA1 synapses.

This age-dependent shift in NMDAR function was similar in
male and female mice (Supplemental Figure S5). In addition, the
increased NMDAR function at P14 in Shank2~/~ mouse syn-
apses involved mainly the GIuN2B subunit of NMDARSs, as
supported by the slower decay kinetics of NMDAR currents in
the Shank2 ™/~ mice at P14, but not at ~P24 (Figure 2C, D), and
the higher sensitivity of the currents to the GIuN2B-specific in-
hibitor ifenprodil, as compared with those in WT mice (Figure 2E).

In addition to the hippocampus, layers Il and lll pyramidal
neurons in the medial prefrontal cortex (MPFC), another
ASD-related brain region (52), showed a similar switch of
NMDAR function: an increased NMDA-AMPA ratio at Shank2™/~
mouse synapses at P14, but a decreased ratio at ~P24
(Supplemental Figure S6).

When mEPSCs were measured in these mPFC neurons, the
amplitude of MEPSCs in P14 Shank2™/~ mouse neurons was
normal (Supplemental Figure S7A), suggesting, together with
the increased NMDA-AMPA ratio, that NMDAR-mediated
transmission is selectively increased. The mEPSC frequency,
however, was decreased in these Shank2’~ mouse mPFC
neurons, which, together with the normal paired pulse ratio
(Supplemental Figure S7B), suggests that excitatory synapse
number is decreased in P14 Shank2 ™/~ mouse mPFC neurons.

These results collectively suggest that Shank2 deletion
induces a rapid temporal switch of NMDAR function from
hyper- to hypofunction across the period of P14 to P24 in the
hippocampus and mPFC.

To explore the mechanisms underlying the distinct NMDAR
function at P14 and P25 Shank2™/~ mouse synapses, we
examined total and phosphorylation levels of NMDAR subunits
in Shank2™'~ mouse brains. Phosphorylation, but not total,
levels of NMDAR subunits (GIuN2B-Ser1303 and GIuN1-
Ser896), which have been shown to regulate surface and
synaptic trafficking of GIuN2B (53), were increased at P14 but
decreased at P21 (Supplemental Figure S8A, B).

Other glutamate receptor (GIuA and mGIuR) subunits were
largely normal in total levels in both P14 and P21 Shank2™'~
mouse brains. In addition, signaling molecules were also largely
normal, with moderate changes in the phosphorylation of
extracellular signal-regulated kinase 1, cAMP-response
element binding protein, and p38 (Supplemental Figure S8C, D).

Early Memantine Normalizes NMDAR Function in
Juvenile and Adult Shank2~/~ Mice

We next tested whether the early NMDAR hyperfunction at P14
is causally associated with NMDAR hypofunction at later

stages by chronically suppressing NMDAR hyperfunction at
~P14 (P7-P21) and examining NMDAR phenotypes in juvenile
(~P28) and adult (~P56) Shank2™’~ mice.

We first tested whether early memantine treatment rescues
NMDAR function in adult Shank2 ™/~ mice. Young Shank2 '~
mice orally administered the NMDAR antagonist memantine
(20 mg/kg, twice daily) for 2 weeks before weaning (P7-P21)
showed normalized NMDA-AMPA ratio at hippocampal SC-
CA1 synapses in Shank2™’~ mice at P25 to P31 (Figure 3A),
without affecting mEPSCs (Supplemental Figure S9).

In addition, early memantine treatment rescued NMDAR-
dependent long-term potentiation induced by high-frequency
stimulation at SC-CA1 synapses in Shank2™/~ mice, both
immediately after memantine treatment (P25-P31) and at an
adult stage (>P56) (Figure 3B,C), with no difference between
male and female mice (Supplemental Figure S10). In contrast,
early memantine treatment had no effect on long-term poten-
tiation at WT SC-CA1 synapses at either stage.

Early memantine treatment for a shorter period (P7-P14)
could rescue the NMDA-AMPA ratio even at P14, without
affecting mEPSCs (Figure 3D, Supplemental Figure S11),
which is indicative of a strong and immediate effect of early
memantine treatment on the normalization of NMDAR function.
These results collectively suggest that early memantine treat-
ment induces immediate and long-lasting normalization of
NMDAR function.

Early Memantine Improves Social Interaction in
Juvenile and Adult Shank2™/~ Mice

We next tested whether early memantine treatment can rescue
abnormal behaviors in Shank2~/~ mice at later (juvenile and adult)
stages. Early memantine treatment (20 mg/kg, twice daily;
P7-P21) significantly improved social interaction of juvenile
(P28-P35) Shank2™’~ mice in the direct interaction test
(Figure 4A, B). Social isolation or weaning of mice before direct
social-interaction tests had no effect on the results (Supplemental
Figure S12). In contrast, early memantine treatment did not affect
social interaction in WT mice (Figure 4B). Memantine also
improved social interaction of adult (~ P56) Shank2 ™/~ mice in the
three-chamber test (54) (Figure 4C-E, Supplemental Figure S13),
which is indicative of a long-lasting effect.

When we tested olfactory function and social hierarchy,
known to significantly affect social interaction in mice (55-60),
olfactory function was similar between genotypes, as reported
previously (38), whereas Shank2 '~ mice were submissive to
WT mice in both tube and urine tests (Supplemental
Figure S14A-C), suggesting that Shank2 deletion affects so-
cial hierarchy in mice. This submissiveness, however, did not
correlate with social interaction at the individual mouse level
(Supplemental Figure S14D-G). In addition, this submissive-
ness was not improved by early memantine treatment
(Supplemental Figure S14B, C).

Early memantine treatment modestly improved hyperactivity
in adult Shank2™/~ mice in the open-field test (Supplemental
Figure S15A-C). However, increasing habituation to a new
environment eliminated the drug effect (Supplemental
Figure S15D-G). In addition, the hyperactivity of Shank2 ™/~
mice in a familiar environment was not normalized by early
memantine treatment (Supplemental Figure S16). Early
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Figure 3. Early memantine treatment normalizes N-methyl-D-aspartate receptor (NMDAR) function in the juvenile and adult Shank2 /" hippocampus. (A)
Early memantine treatment (postnatal day [P]7-P21) normalizes the NMDA-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) ratio at juvenile
(~P25-P31) Shank2 ™'~ Schaffer collateral (SC)-CA1 synapses. Young Shank2 ™'~ mice were orally administered memantine (20 mg/kg) twice daily for 2 weeks
during the P7 to P21 period followed by measurements of NMDA-AMPA ratio at ~P25 to P31. (n = 22 neurons from 9 mice for wild-type vehicle [WT-V], 19
neurons from 6 mice for WT-memantine [M], 18 neurons from 9 mice for knockout [KOJ-V, and 13 neurons from 3 mice for KO-M; *p < .05; two-way analysis of
variance with Holm-Sidak test.) (B, C) Early memantine treatment (P7-P21) normalizes long-term potentiation induced by high-frequency stimulation at juvenile
(~P25-P31) (B) and adult (>P56) (C) Shank2 '/~ SC-CA1 synapses. Numbers 1 and 2 indicate field excitatory postsynaptic potential (fEPSP) slopes during the
baseline and last 5-minute recordings, respectively. (Juvenile, n = 12 slices from 6 mice for WT-V, 10 slices from 5 mice for WT-M, 16 slices from 8 mice for KO-
V, and 14 slices from 8 mice for KO-M; adult, n = 18 slices from 9 mice for WT-V, 25 slices from 12 mice for WT-M, 23 slices from 9 mice for KO-V, and 20 slices
from 7 mice for KO-M; **p < .01, **p < .001, not significant [ns]; two-way analysis of variance with Holm-Sidak test.) (D) Early memantine treatment for a shorter
period (P7-P14; 20 mg/kg oral/day) normalizes the NMDA-AMPA ratio at ~P15 at Shank2/~ SC-CA1 synapses. (n = 14 neurons from 8 mice for WT-V, 14
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memantine treatment did not rescue other behavioral abnor-
malities of Shank2™/~ mice, including reduced ultrasonic
vocalizations, enhanced repetitive behaviors, and anxiolytic-
like behavior (Supplemental Figure S17).

Early D-Cycloserine or Late Memantine Fails to
Normalize Social Interaction in Shank2 /'~ Mice

Importantly, treating Shank2™’~ mice with D-cycloserine
instead of memantine from P7 to P21 did not improve social
interaction or hyperactivity, which is similar to the results from
WT mice (Figure 5A-C, Supplemental Figure S18). Intriguingly,
early memantine-treated WT mice showed decreased NMDAR
function at ~P21 to P25, as shown by the decreased NMDA-
AMPA ratio and normal mEPSC amplitude (Supplemental
Figure S19); the mEPSC frequency was also reduced, likely
through compensatory mechanisms. These results suggest
that artificially elevated NMDAR function in WT mice during an
early stage (P7-P21) is sufficient to induce NMDAR hypo-
function in juvenile mice (~P21-P25) but not abnormal be-
haviors in adult mice.

Treating Shank2™/~ mice with memantine at a late stage
(P25-P39) failed to improve social interaction or hyperactivity
(Figure 5D-F, Supplemental Figure S20). Acute memantine
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treatment at P56 also failed to correct social interaction or hy-
peractivity (Supplemental Figure S21). These results collectively
suggest that early NMDAR hyperfunction in Shank2~/~ mice
should be corrected early and in the right direction.

Developmental Switch of NMDAR Function Is Not
Observed in Other Shank2 /~ Mutant Mice

We next tested whether the temporal shift in NMDAR function
in our Shank2 ™/~ mice also occurred in other Shank2-mutant
mouse lines (33,37). Shank2™'~ mice lacking exon 24 (Shank2-
dEx24) showed reduced NMDAR function at P21, similar to the
reported NMDAR hypofunction at ~2 to 4 months (33), but
normal NMDAR function at P14 (Supplemental Figure S22). In
addition, Shank2 '~ mice lacking exon 7 (Shank2-dEx7)
showed enhanced NMDAR function at P21, similar to the re-
ported NMDAR hyperfunction at ~P24 (37), but normal
NMDAR function at P14 (Supplemental Figure S23).

Moreover, a switch in the background of our Shank2™/~
mice lacking exons 6 and 7 from C57BL/6N to C57BL/6J had
no effect on the reduced NMDAR function at ~P24
(Supplemental Figure S24). Therefore, temporal patterns of
NMDAR functions in different Shank2 ™'~ mouse lines seem to
be distinct.
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Figure 4. Early memantine treatment improves social interaction in juvenile and adult Shank2~’~ mice. (A) Schematic depiction of early memantine
treatment. Young Shank2~'~ mice were orally administered memantine (20 mg/kg) twice daily for 2 weeks from postnatal day (P)7 to P21, followed by
measurements of social interactions at juvenile (P28-P35) and adult (P56) stages. (B) Early memantine treatment improves social interaction of juvenile
Shank2~'~ mice (P28-P35), as indicated by time spent in social interaction in the direct interaction test. (n = 18 mice for wild-type vehicle [WT-V], 19 mice for
WT-memantine [M], 29 mice for knockout (KO)-V, and 23 mice for KO-M; *o < .05, **p < .01; two-way analysis of variance with Bonferroni test.) (C-E) Early
memantine treatment improves social interaction of adult Shank2 '~ mice (> P56), as indicated by time spent sniffing stranger mouse/object (S1/0) (D) and the
social preference index based on sniffing time (the numerical difference between the time spent sniffing S1 and O divided by their sum X 100) (E) in the three-
chamber test. [n = 25 mice for WT-V, 24 mice for WT-M, 27 mice for KO-V, and 17 mice for KO-M; **p < .001; Student’s t test for WT-V and WT-M in panel (D),
Wilcoxon matched-pairs signed rank test for KO-V and KO-M in panel (D), and Mann-Whitney U test in panel (E); two-way analysis of variance was not

performed because the social preference index is a normalized value]. Max, maximum; min, minimum; ns, not significant.

Lastly, we sought to identify additional molecular differences
between Shank2™/~ mice lacking exons 6 and 7 and those
lacking exon 7, which show opposite NMDAR functions at ~P21
(37,38) and minimally overlapping transcriptomic profiles (34).
Intriguingly, Shank2 ™/~ mice lacking exons 6 and 7 had unde-
tectable levels of the shorter SHANK2A splice variant, whereas
Shank2™/~ mice lacking exon 7 had markedly increased
(~sixfold) levels of the SHANK2A variant, while both mouse
types had similarly decreased levels of the longer SHANK2B
splice variant (Supplemental Figures S25 and S26). Whether this
differential splice variant expression leads to differences in
NMDAR function remains to be determined. Our molecular
modeling, however, predicted that the short peptide (57 aa-long)
produced from the SHANK2B splice variant in Shank2-dEx7
mice by protein truncation may form a structure that partly
mimics the N-terminal region of the SHANK2 PDZ domain and
may compete with the normal SHANK2 PDZ domain for binding
to the C-terminal PDZ-binding domains of GKAPs/SAPAPs in a
dominant-negative manner (Supplemental Figure S27).

DISCUSSION

Our study provides early NMDAR hyperfunction at ~P14 as a
causal mechanism for the NMDAR hypofunction and social

Biological Psychiatry April 1, 2019; 85:534-543 www.sobp.org/journal

deficits in Shank2 ™~ mice at juvenile (~ P28) and adult (~ P56)
stages. In support of this, Shank2 ™/~ mice display a rapid
reversal of NMDAR function during P14 and P21 in the hip-
pocampus (Figure 2, Supplemental Figures S3-S5) as well as
in the mPFC (Supplemental Figures S6 and S7). Importantly,
early memantine treatment (P7-P21) normalizes NMDAR
function and social interaction without affecting other behav-
iors at juvenile and adult stages (Figures 3 and 4, Figures S9-
S17). In addition, pharmacological correction of NMDAR
function in a wrong direction (early D-cycloserine), or during a
wrong time window (late memantine), does not normalize so-
cial interaction in Shank2™/~ mice (Figure 5, Supplemental
Figures S18 and S20). These results strongly suggest that
early NMDAR hyperfunction induces late NMDAR hypo-
function and social deficits in Shank2™'~ mice, and early
correction of NMDAR function has long-lasting effects on
NMDAR function and social interaction.

Regarding how early memantine treatment induces long-
lasting influences on electrophysiology and behavior in
Shank2™'~ mice, it is possible that once the NMDAR function
is normalized by early chronic memantine treatment at the ju-
venile stage, the continuing lack of Shank2 expression after the
end of early memantine treatment period (P7-P21) may not
induce a further change in NMDAR function. This hypothesis
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Figure 5. Early D-cycloserine (DCS) or late mem-
antine treatment does not improve social interaction
in adult Shank2~/~ mice. (A) Schematic depiction of
early D-cycloserine treatment and behavioral tests.
Young Shank2’~ mice were orally administered
D-cycloserine (40 mg/kg) twice daily for 2 weeks
during the postnatal day (P)7 to P21 period, followed
by consecutive measurements of open-field hyper-
activity and three-chamber social interaction during
the P56 to P70 period. (B, C) Early D-cycloserine
treatment fails to improve social interaction of adult
Shank2™’~ mice, as indicated by time sniffing
stranger mouse/object (S1/0) and the social prefer-
ence index based on sniffing time in the three-
chamber test. [n = 21 mice for wild-type vehicle
(WT-V), 16 mice for WT-memantine (M), 21 mice for
knockout (KO)-V, and 11 mice for KO-M; **p < .001,
not significant (ns); paired Student’s t test or Wil-
coxon matched pairs signed rank test (B), Mann-
Whitney U test (C).] (D) Schematic depiction of late
chronic memantine treatment and behavioral tests.
Shank2~~ mice were orally administered memantine
(20 mg/kg) twice daily for 2 weeks during the P25 to
P39 period, followed by consecutive measurements
of three-chamber social interaction and open-field
hyperactivity during the P56 to P90 period. (E, F)
Late chronic memantine treatment fails to improve
social interaction in Shank2 ™/~ mice, as indicated by
time sniffing S1/0 and the social preference index
based on sniffing time in the three-chamber test. [n =
15 mice for WT-V, 14 mice for WT-M, 13 mice for
KO-V, and 14 mice for KO-M; **p < .001; paired
Student’s t test or Wilcoxon matched pairs signed

rank test (E), unpaired Student’s t-test (F).]

&)
<

(Sniffing time

Sniffing time
in 3-chamber (s)
o 5]
£ %

Social preference index

o

S1 O

could be tested by inducing a Shank2 KO by a genetic method
that starts from ~P21 after the completion of normal brain
development during embryonic and early postnatal stages. Our
results are reminiscent of a recent report (61) that showed early
correction of serotonin levels in infants through mother milk in
a mouse model of autism carrying the human 15q11-13
duplication has long-lasting effects, rescuing serotonin levels
as well as social behaviors in adults, which, together with our
results, strongly suggest that early corrections are important.

Early memantine treatment of WT mice does not affect
NMDAR function (Figures 3 and 4). This might be attributable to
the fact that the daily and total doses of memantine are in the
range that can normalize NMDAR function in Shank2™’~ mice
but that do not suppress the normal NMDAR function in WT
mice. Intriguingly, early D-cycloserine treatment of WT mice
induces a decrease in NMDAR function at the juvenile stage
(Supplemental Figure S19), although it does not affect behav-
iors at the adult stage (Figure 5A-C). This could be attributable
to the fact that the doses of D-cycloserine may be just enough
to induce a decrease in NMDAR activity but not enough to
impair behaviors in WT mice, which may require a continuing
deficit such as Shank2 KO. Alternatively, D-cycloserine may
affect all NMDAR-expressing neurons, whereas Shank2 KO
may mainly affect Shank2-expressing neurons.
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Our data also provide evidence suggesting that the GIuN2B
component contributes to the distinct NMDAR functions at
P14 and P21 in Shank2™/~ mouse synapses (Figure 2). Spe-
cifically, P14 Shank2™/~ mouse synapses show markedly
increased GIuN2B component, whereas P21 Shank2™'~
mouse synapses show normal levels of GIuN2B component.
Therefore, the increased NMDAR-mediated currents at P14
may be mainly mediated by GluN2B-containing NMDARs with
slower decay kinetics, whereas the decreased NMDAR-
mediated currents at P21, where both GIuN2A and GIuN2B
are reduced, may involve both GIuN2B-dependent and -inde-
pendent mechanisms.

Regarding further details, our immunoblot analyses suggest
candidate mechanisms involving GIuN1/GIluN2B phosphory-
lation (Supplemental Figure S8). It is known that GluN1-Ser896
phosphorylation promotes the endoplasmic reticulum-to-
plasma membrane trafficking of GIuN1 (62). In addition,
calcium/calmodulin-dependent  protein  kinase  II/PKC-
dependent GIuN2B-Ser1303 phosphorylation promotes syn-
aptic retention of GIuUN2B through mechanisms involving the
binding of GIuN2B to MAGUKs (i.e., PSD-95) and activated
protein kinase 2-dependent endocytosis of GIUN2B (63-66).
Therefore, the increased phosphorylation of GluN1-Ser896
and GIUN2B-Ser1303 at P14 Shank2 ™/~ mouse synapses may
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promote surface and synaptic localization of NMDARs,
whereas the decreased phosphorylation of GIuN1-Ser896 and
GIuN2B-Ser1303 at P21 Shank2™’~ mice synapses may sup-
press synaptic retention of NMDARs. These mechanisms
might contribute to the differential contributions of the GIuUN2B
component to NMDAR currents in P14 and P21 Shank2™'~
mice. However, it should be pointed out that these biochemical
changes could reflect those from many different types of cells
with some limitations in the interpretation.

Developmental switches of NMDAR function were not
observed in other Shank2™/~ mouse mutant lines. Shank2-
dEx7 mice show normal NMDAR function at ~P14 but show
increased NMDAR function at ~P21, as reported previously
(67). In addition, Shank2-dEx24 mice showed reduced NMDAR
function at ~P21, as reported previously (33), but normal
NMDAR function at ~P14, which is partly similar to our mouse
line. This discrepancy might be attributable to the differential
expression of Shank2 splice variants in these mouse lines
(Figures S25 and S26). For instance, we found a marked dif-
ference in the levels of the SHANK2A transcript in Shank2-
dEx6-7 and Shank2-dEx7 lines and, by molecular modeling
(Supplemental Figure S27), the possibility that a short trun-
cated peptide derived from the SHANK2A transcript in Shank2-
dEx7 mice inhibits the normal interaction between SHANK2 and
SAPAPSs, which may affect NMDAR activity or signaling, in a
dominant-negative manner, although the presence of such
short peptides could not be directly determined by immunoblot
analyses. In addition, the exon 24 deleted in Shank2-dEx24
mice encodes the proline-rich region containing the Homer- and
cortactin-binding sites (33), which are known to mediate the
formation of a polymeric network structure and regulate the
actin cytoskeleton in the postsynaptic density (68,69). Although
further details remain to be studied, these results are at the very
least in line with the finding that, in humans, different SHANK2
mutations, in other words, exons 6 and 7 and exon 7 deletions,
are associated with distinct ASD symptoms (37). Similarly, two
different mutations of SHANK3 (a SHANK2 relative) from ASD
and patients with schizophrenia, respectively, cause ASD- and
schizophrenia-like phenotypes in mice (70).

NMDAR dysfunction, which would suppress normal brain
development and function, has been suggested as an important
candidate mechanism that may underlie ASD (71). Disturbances
in NMDAR function, as a subset of excitatory synaptic function,
would also induce the imbalance between synaptic and neuronal
excitation and inhibition, another key mechanism implicated in
ASD (72,73). Given that NMDAR function is an important target
for dynamic regulation and fine-tuning for normal brain devel-
opment and function (53,74), our results suggest that NMDAR
dysfunctions observed in many other animal models of ASD
(71,75-90) may need to be further examined for their temporal
changes. This might eventually help us develop more cautious
treatment strategies for patients who have ASD with distinct
temporal patterns of NMDAR dysfunctions.

In conclusion, our results suggest that Shank2 deletion in
mice leads to NMDAR hyperfunction at an early stage that is
causally associated with NMDAR hypofunction and social
deficits at later stages. In addition, our study suggests that
early correction of NMDAR hyperfunction in Shank2 ™/~ mice
has long-lasting effects, preventing synaptic and social ab-
normalities from manifesting at later stages.
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