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Autism spectrum disorder (ASD) is characterized by social and neurocognitive impairments, with mutations of the
SHANK3 gene being prominent in patients with monogenic ASD. Using the InsG3680 mouse model with a Shank3
mutation seen in humans, we revealed an unknown role for Shank3 in postsynaptic oligodendrocyte (OL) fea-
tures, similar to its role in neurons. This was shown by impaired molecular and physiological glutamatergic traits
of InsG3680-derived primary OL cultures. In vivo, InsG3680 mice exhibit significant reductions in the expression
of key myelination-related transcripts and proteins, along with deficits in myelin ultrastructure, white matter,
axonal conductivity, and motor skills. Last, we observed significant impairments, with clinical relevance, in in-
duced pluripotent stem cell-derived OLs from a patient with the InsG3680 mutation. Together, our study pro-
vides insight into Shank3’s role in OLs and reveals a mechanism of the crucial connection of myelination to

ASD pathology.

INTRODUCTION

Autism spectrum disorders (ASDs) are a set of neurodevelopmental
disorders known for the hallmark symptoms of impaired social
behavior and communication, limited interests, and repetitive be-
havior patterns, among others (1-3). Despite ongoing research, the
underlying causes of the various disorders on the spectrum remain
unclear, although there is evidence of a strong genetic link for many
of these disorders (4-10). These genes include SHANK3, mutations
of which are associated with a high risk for monogenic ASD (11-17).
While the impact of these mutations has been extensively studied in
neurons and at excitatory synapses, its effects on oligodendrocytes
(OLs) and myelination are not yet understood. This gap in knowl-
edge is fundamental for our understanding of ASD mechanisms and
clinical approaches.

SHANKS3 is expressed at the postsynaptic density (PSD) of excit-
atory neurons (11, 18). Interacting with main PSD proteins to form
a complex that connects glutamate receptors to actin filaments,
SHANKS3 plays an integral role in synaptic transmission at excit-
atory synapses and in glutamatergic signaling (11, 12, 19). Extensive
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research has shown how different mutations in Shank3 disturb nor-
mal synaptic transmission between neurons due to lower expression
of glutamate receptors, reduced numbers of dendritic spines, abnor-
mal cell morphology, altered ionic currents, and decreased gluta-
mate receptor activity (12, 20-23).

OLs undergo a developmental process, starting as OL progenitor
cells (OPCs) and differentiating into mature OLs (mOLs) (24-26).
OL development and growth depend on various signals, primarily
those originating from neurons (26, 27). These signals act at axon-
glia synapses, where neurotransmitters are released (28, 29). Such
intricate communication is primarily facilitated by glutamate, which
is released by neurons and acts as a presynaptic signal (30, 31). OLs
have glutamate receptors and express postsynaptic proteins, simi-
larly to dendrites in neurons, and act as postsynaptic receivers of the
neuronal signal (32-34). Receptor signal binding leads to calcium
and other ions influx, promoting OPC differentiation (35-40). This
calcium influx also regulates myelin formation and remodeling of
myelin ultrastructure and has a large effect on the expression of key
myelination genes (33, 34, 41-46). Disruption of this pathway could
thus lead to impaired OL maturation and function (42, 43). Recent-
ly, Shank3 was shown to be expressed in OLs (47, 48), although its
role at axon-OL synapses and whether Shank3 interacts with other
postsynaptic proteins to maintain proper glutamate-mediated inter-
actions in this cell population are unknown.

Neuronal function and neural circuit connectivity rely on proper
axonal conductivity, supported by the myelin that wraps axons and
maintains action potential propagation (49-53). Myelin, generated
by mOLs in the central nervous system, comprises lipids and key
myelination proteins, such as Plpl, Mbp, and Mog, responsible for
maintaining the unique condensed layer structure (54-56). Inter-
ruption of this structure was observed previously in ASDs (57), and
there is some evidence of myelination disruption in Shank3-related
ASD models (48, 58). However, at present, the roles of Shank3 in OL
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development and myelination at the molecular, structural, and cel-
lular levels remain unclear.

The InsG3680 mouse model contains an inserted guanine in the
Shank3 gene as in the mutated human gene that causes a frame-
shift and an early stop codon, resulting in marked down-regulation
of Shank3 protein, as compared to controls (12). In humans, the
corresponding mutation leads to a specific disorder on the autis-
tic spectrum, and therefore, studying this mouse model has a greater
potential to understand its underlying mechanisms in humans (12, 13).
At the same time, the use of induced pluripotent stem cells (iPSCs)
from patients with the human equivalent of the mutation found in
InsG3680 mice could provide further insight into the effect of this
mutation in human cells. iPSCs are generated from adult somatic
cells and can be reprogrammed to differentiate into almost any type
of human cell (59). Recent studies found that iPSC-derived neurons
from patients with the mutated SHANK3 gene described above
exhibit similar defects as found in the InsG3680 mouse model
(22, 60, 61). Nevertheless, this mutation’s impact on other cell types
was not deeply studied.

Here, to investigate Shank3’s role specifically in OLs and the po-
tential effect of the InsG3680 mutation in Shank3 on OLs properties,
we first examined the involvement of Shank3 as a postsynaptic pro-
tein and in glutamate signaling in OLs in vitro. Then, to study how
dysfunctional OLs affect myelination on the whole organism level,
we characterized myelination properties in vivo in this model, to
understand the molecular and physiological consequences of the
InsG3680 mutation. To corroborate our findings from the mouse
model, we also investigated clinically relevant iPSC-derived OPCs
obtained from a patient carrying the InsG3680 mutation. Last, we
restored SHANKS3 levels in primary OPC cultures and explored
whether this restoration ameliorates several of the observed deficits.

RESULTS

To perform the following experiments, we used wild-type (WT) lit-
termates, referred to as controls; homozygous InsG3680 mutated mice
referred to as InsG3680 mice; heterozygous InsG3680 mutated mice
referred to as InsG3680~) mice; iPSC-derived OPCs from a con-
trol and a human patient referred to as InsG3680™+~) patient.

Shank3 mutation results in low expression of key
postsynaptic genes in InsG3680 mouse OPCs and affects OL
differentiation and morphology

To dissect Shank3 function in OPCs and determine whether InsG3680
mutation could alter the expression of genes encoding postsynaptic
proteins in OPCs, we prepared enriched primary OPC cultures from
control and InsG3680 mice (Fig. 1A and fig. S1A). We found that
Shank3 is expressed in control OPCs but is markedly reduced in
InsG3680 mouse OPCs using immunocytochemistry assay (Fig. 1B)
and Western blot assay (Fig. 1C). Moreover, we found significant
down-regulation in the mRNA expression levels of Shank3 and of
genes encoding key postsynaptic proteins and glutamatergic recep-
tors in the OPC culture prepared from the mouse model, as com-
pared to controls (Fig. 1D).

To define whether these alterations in transcription have an effect
on cellular properties, we examined the differentiation properties of
OPC and mOL morphology in cells from the mouse model and the
control. We used common markers to stain distinct populations of
OLs; specifically, Olig2 was used to label the entire OL population,
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Pdgfra to identify OPCs, and Mbp to visualize mOLs. We found in
the mouse model-derived cultures a decreased percentage of mOLs,
measured by the number of Olig2* + Mbp™ cells divided by Olig2*
cells, as compared to controls (Fig. 1E) with no significant difference
in Olig2™ cells number (fig. S1B). OL differentiation depends on
many signals and epigenetic changes, such as histone modification
H3K9me3 (62). This histone modification is responsible for hetero-
chromatin formation in certain DNA regions, and it is found in mOLs,
where it is important for normal differentiation processes. In keeping
with our finding of a decreased percentage of mOLs, we measured
lower levels of the H3K9me3 modification in Mbp* cells (Fig. 1F).
Upon addressing whether these changes in the differentiation process
led to altered mOL morphology, we found smaller mOL cell surface
area in the InsG3680 mouse-derived cultures as compared to controls
(Fig. 1G). We also found significantly decreased branching complexity
in InsG3680 mOLs, quantified by the number of branches intersect-
ing with concentric circles around the cell body (Fig. 1H). In addition,
there was a significantly lower percentage of cells with 20 or more branch-
es (Fig. 1I) in InsG3680 mOLs compared to controls.

When examining InsG3680" = mouse-derived cultures, which
represent the genotypic but not the phenotypic state of the human
condition (12), we found no significant difference in mRNA expres-
sion levels between the groups (fig. S2A). However, we observed a
trend of decreased percentage of mOLs (fig. S2B) and a significant
reduction in mOL surface area in InsG3680*'~) mice as compared
to controls (fig. S2C).

These findings suggest that Shank3 functions as a postsynaptic
scaffolding protein in OPCs. Furthermore, the InsG3680 mutation
affects the expression of Shank3 isoforms in OPCs and the develop-
ment of these cells.

Primary OPC cultures from InsG3680 mice show lower
calcium activity rate and altered function in response to
glutamate and basal conditions

We next investigated whether the altered transcription and the im-
paired morphological parameters we observed have physiological
consequences on OPCs. Since a glutamate signal normally activates
OPC glutamate receptors and leads to calcium entry into the cell,
we measured calcium flux at the single-cell resolution before and
after glutamate administration in primary OPC-enriched cultures
(Fig. 2, A to C). Administration of 1 mM glutamate led to a sig-
nificantly lower rate of calcium flux (calcium event) in InsG3680
mouse—derived OPCs, as compared to their control counterparts
(Fig. 2D). Unexpectedly, the amplitude of the first calcium event
was significantly higher in the InsG3680 mouse-derived OPC cul-
tures (Fig. 2E), with no significant difference between the two groups
in the area under the curve of the whole signal, reflecting the sum
of calcium influx throughout the recording (Fig. 2F). This prompt-
ed us to examine glutamate signal stability and whether it is simi-
larly maintained in both groups during the course of recording. We
further identified that the ratio between the sizes of peaks was sig-
nificantly lower in the InsG3680 mouse-derived OPCs as compared
to controls (Fig. 2G), reflecting how the signal in these OPCs was
strong at first and faded as the recording continued. Last, we mea-
sured significantly longer interevent intervals in InsG3680 mouse—
derived OPCs as compared to controls, throughout the period of
recording (Fig. 2H). All these results argue that InsG3680 mouse—
derived OPCs that received a glutamate signal showed overall lower
activity, with a stronger response at the beginning of the recording
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Cellular and molecular properties of OLs in vitro
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Fig. 1. Reduced expression of transcripts encoding postsynaptic proteins in InsG3680 mouse-derived OPCs and abnormal InsG3680-OL differentiation.
(A) Enriched primary OPC culture (left). Percentage of Pdgfra* cells out of all cells, as labeled by DAPI (right). (B) Shank3 detection in control Pdgfra* cells and reduced detec-
tion in InsG3680-derived Pdgfra* cells. (C) Blot showing Shank3 expression in OPC lysate. Black arrowheads indicate control and red arrowheads indicate InsG3680 OPCs
Shank3 isoforms. Some of the Shank3 isoforms are expressed by control but not InsG3680-derived OPCs. (D) Significantly reduced mRNA levels of Shank3, GluR2, GluR4,
NR1, and Psd95 in InsG3680 mouse—derived OPCs compared to controls. No significant difference in mGIluR5 mRNA levels. (E) Immunocytochemistry images showing
mOLs (Olig2* + Mbp™) and OLs (Olig2™) in control and InsG3680 mouse-derived OPCs (left). InsG3680 mice show a significantly lower percentage of mOLs after differen-
tiation (right). (F) H3K9me3 intensity in Mbp* cells, arrows point to Mbp™ + H3K9me3™ cells, from control and InsG3680 mice (left). H3K9me3 intensity in mOLs from
InsG3680 mouse-derived cultures is significantly lower than in controls (right). (G) Control and InsG3680 mOLs (Mbp™ cells) (left). Significantly reduced mOL surface area
in InsG3680 mouse-derived cells compared to controls (right). (H) Significantly decreased branching complexity in InsG3680 mouse-derived mOLs compared to controls.
(1) A significantly lower percentage of mOLs with 20 or more branches in InsG3680 mouse-derived mOLs compared to controls. ns, nonsignificant. *P < 0.05, **P < 0.01,
and *##P < 0.001. Two-tailed t test (D, E, and 1), Kolmogorov-Smirnov test (F and G), and repeated measures analysis of variance (ANOVA) (H). Data are shown as
means + SEM (A) n = 3, primary cultures. (D) n = 5, control mice; n = 3 InsG3680 mice. (E) n = 6, control mice; n = 6, InsG3680 mice. (F) n = 122 cells and n = 3, control mice;
n=115 cellsand n = 5, InsG3680 mice. (G) n = 79 cells and n = 6, control mice; n = 53 cells and n = 6, InsG3680 mice. (H and I) n = 7, control mice; n = 6, InsG3680 mice.
a.u., arbitrary units.
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Fig. 2. Impaired calcium signaling in response to glutamate stimulus of InsG3680 mouse-derived OPCs as compared to controls. (A) The experimental procedure
(left) and calcium labeled in OPCs using Fluo-4 (right). An example of the region of interest (ROI) of a cell is circled and pointed in an arrow. (B) Representative traces of the
signal generated upon glutamate stimulus in control (black) and InsG3680 mouse—-derived OPCs (red). (C) Features that were determined on the basis of the calcium
signal. (D) A significantly reduced activity rate of calcium flux was found in InsG3680 mouse—-derived OPCs, as compared to controls. (E) A significantly higher amplitude
of the first calcium event was measured in InsG3680 mouse-derived OPCs, (F) with no significant differences in the areas under all curves. (G) A significantly smaller ratio
between the sizes of peaks was found in InsG3680 mouse-derived OPCs as compared to controls. (H) A significant increase in interevent intervals was measured in
InsG3680 mouse-derived OPCs as compared to controls. **P < 0.01 and ***P < 0.001. One sample t test (D to H) and Kolmogorov-Smirnov test (D to H). Data are shown
as means + SEM. (D to F) n = 47 cells from control mice; n = 32 cells from InsG3680 mice. (G) n = 39 events from control OPCs; n = 21 events from InsG3680 OPCs. (H) n =76

events from control OPCs; n = 32 events from InsG3680 OPCs. (D to H) n = 3, control mice; n = 3, InsG3680 mice (for one-sample t test).

window that decayed over time, as compared to controls. After-
ward, we studied the calcium response to glutamate in InsG3680~)
mouse-derived OPCs and found no significant difference in the
calcium signal in all quantified aspects as compared to controls (fig.
S2,Dto1).

To describe other physiological changes seen in InsG3680 mouse-
derived OPC cultures, we measured essential ion currents at single-
cell resolution using a patch clamp approach (Fig. 3A). Representative
images depicting ionic currents at the highest depolarization step in
both control and InsG3680 mouse-derived OPCs (Fig. 3B) and de-
tailed views of the current recordings from control OPCs (Fig. 3C)

Fischer et al., Sci. Adv. 10, eadl4573 (2024) 11 October 2024

and InsG3680 mouse-derived OPCs (Fig. 3D) are presented. Sodium
currents (between —20 and 70 mV) were significantly reduced in
InsG3680 mouse-derived OPCs, as compared to controls (Fig. 3E).
Tetrodotoxin (TTX) experiments were performed to demonstrate
that sodium currents were recorded (fig. S3, A to D). No significant
difference was found in fast potassium currents (between 40 and
70 mV) (Fig. 3F) and slow potassium currents (Fig. 3G) in InsG3680
mouse—derived OPCs as compared to controls. These results suggest
that the Shank3 mutation in InsG3680 mouse-derived OPCs affects
sodium current conductance in OPCs, as was shown previously in
neurons (23).
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Fig. 3. Reduced sodium currents measured in OPCs from InsG3680 mice, as compared to OPCs from control mice. (A) Representative image of cells before patch
clamp recordings. (B) A representative trace of ionic currents at a depolarization step in control (black) and InsG3680 mouse-derived OPCs (red). Zoomed-in views of the
current recordings from (C) control OPCs and (D) InsG3680 mouse-derived OPCs. (E) The sodium current was significantly reduced in InsG3680 mouse-derived OPCs, as
compared to control OPCs. (F) Fast and (G) slow potassium currents were not significantly different between InsG3680 and control mouse—derived OPCs. *P < 0.05. Re-
peated measures ANOVA (E to G). Data are shown as means + SEM. (E to G) n = 5, control OPCs; n = 8, InsG3680 OPCs.

Young adult and adult InsG3680 mice show increased OL
numbers and reduced myelination gene expression

Having observed reduced mRNA expression levels of genes encod-
ing key postsynaptic proteins and morphological and physiological
deficits in InsG3680 mouse-derived OL cultures, we next asked
whether similar changes are seen at the organismal level. Specifi-
cally, we considered whether Shank3 mutation has a substantial
impact on OLs and myelination properties in the mouse model at
different developmental stages. As such, we first compared Olig2"
(to identify OLs), OligZJr + CC1% (to identify mOLs), PdgfraJr (to
identify OPCs), and Pdgfra* + Ki67" (to identify proliferating OPCs)
cell numbers in InsG3680 mice and their controls at 30 days postna-
tal (P30) in the frontal cortex, motor cortex, and striatum (Fig. 4A
and fig. S4, A and B). These correspond to regions of interest (ROI)
in this mouse model because of Shank3’s relatively high expression
and function in these areas (11) and the important role that these
areas serve in social, motor, and repetitive behaviors (I, 12, 63).

We found a significantly increased number of OLs with no sig-
nificant difference in other cell properties in the frontal cortex of P30
InsG3680 mice as compared to controls (Fig. 4B). In the striatum, we
also show a significantly increased number of OLs, along with a trend
of increased number of mOLs. In addition, we found no significant
difference in the number of OPCs between both groups; however, we
show a significant decrease in proliferating OPCs in P30 InsG3680 mice

Fischer et al., Sci. Adv. 10, eadl4573 (2024) 11 October 2024

as compared to controls (Fig. 4C). No significant difference was found
in cellular properties in the motor cortex between both groups (fig. S4C).

To examine whether the Shank3 mutation results in myelination-
related abnormalities in vivo, we determined mRNA expression lev-
els of key myelination genes in the frontal cortex and striatum by
real-time polymerase chain reaction (RT-PCR). We found a signifi-
cant reduction in the expression levels of Mbp, Plp1, and Mog in the
frontal cortex (Fig. 4D) and striatum (Fig. 4E) of P30 InsG3680
mice, as compared to controls.

To further address the impact of the Shank3 mutation on key
myelination proteins in these brain regions, we isolated a crude en-
riched myelin fraction (64) from P30 mice. We found a significant
reduction in Mbp and Plp1 expression levels in the frontal cortex
(Fig. 4F) and striatum (Fig. 4G) in P30 InsG3680 mice.

Since this is a model for neurodevelopmental disorders and my-
elin follows a developmental trajectory that is usually completed after
3 months in mice, we next asked whether the changes seen in young
mice (P30) continue into adulthood by addressing the traits consid-
ered above in P90 mice. We found a significantly increased number
of OLs and mOLs in the motor cortex of P90 InsG3680 mice, as com-
pared to controls (fig. S4D). Unexpectedly, unlike what was shown for
P30 InsG3680 mice, there was no significant difference in the num-
ber of OLs in the frontal cortex (Fig. 5A) and striatum (Fig. 5B) be-
tween the two groups. However, a significant decrease in the number of
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Fig. 4. Altered myelination-related properties in young adult InsG3680 mice at the cellular and molecular levels. (A) Representative image of Olig2*, CC1*, Pdgfra*,
and Ki67" cells, with arrows pointing at Olig2* + CC1" and Pdgfra* + Ki67" colocalized cells. (B) A significantly increased number of Olig2* cells with no significant differ-
ence in the number of Olig2* + CC1%, Pdgfra*, and Pdgfra® + Ki67* cells in the frontal cortex of InsG3680 P30 mice, as compared to controls. (C) A significant increase in
the number of Olig2™ cells along with a trend of increase in the number of Olig2* + CC17 cells in the striatum was found in P30 InsG3680 mice, as compared to controls.
No significant difference was found in Pdgfra* cell number, although the number of Pdgfra® + Ki67" was significantly lower in P30 InsG3680 mice, as compared to con-
trols. Significantly reduced Mbp, Plp1, and Mog mRNA expression levels in both the (D) frontal cortex and (E) striatum of P30 InsG3680 mice were measured, as compared
to controls. Significantly reduced Mbp and Plp1 protein expression levels were measured in the crude myelin fraction of P30 InsG3680 mice in the (F) frontal cortex and
(G) striatum, as compared to controls. *P < 0.05, **P < 0.01, and ***P < 0.001. Two-tailed t test (B to E), Mann-Whitney (B, Olig2*), and one sample t test (F and G). Data
are shown as means =+ SEM. (B) n = 14, control; n = 9 InsG3680 mice for Olig2™. (B) n = 14, control; n = 8 InsG3680 mice for Olig2*+CC1* cells. (B) n = 13, control mice;n =9
InsG3680 mice for PdgfraJr and Pdgfra++Ki67+. (C) n = 13, control mice; n = 9 InsG3680 mice. (D and E) n = 9, control mice; n = 9, InsG3680 mice. (E) n = 8, control mice,
n =29, InsG3680 mice for Plp1. (F) n = 4, control mice; n = 4, InsG3680 mice, for Mbp. (F) n = 6, control mice; n = 7, InsG3680 mice, for Plp1. (G) n = 5, control mice; n =5,
InsG3680 mice, for Mbp. (G) n = 7, control mice; n = 6, InsG3680 mice, for Plp1.

Fischer et al., Sci. Adv. 10, eadl4573 (2024) 11 October 2024 6 of 20

¥202 ‘ST 4800100 U0 BI0°80US 105" MMM//:SANY WO} PSPE0 lUMOC



SCIENCE ADVANCES | RESEARCH ARTICLE

M Control B InsG3680

P90- Cellular properties

Frontal cortex Striatum
OLs mOLs OPCs Proliferating OPCs OLs mOLs OPCs Proliferating OPCs
ns P .
2 @ ns 2
1500 2 00 0 300 g 10 3 100 500 820
2 ns 8 3 ns 15 % o o % 3 ns
3 + © ns ~ g0 8 ]
S 5 80 o 4 9 g 15
& 1000 § § 20070 o & ° i) g e o 2 }‘ S
2 © = + =)
S % g B P £ 0o S > 4 %,10 o o8
s 5 w0 s o, 3 o 0000 s 3 40 5 3
= = 100 5 200 - = o
@ 500 - o . [ee5)) @ -
2 ° 2 ° 2 2 K S 5
£ g 20 £ 5 £ g 20 € =
3 a 5 4 3 a 5 2
z E z £ z £ 3 £
0 E] 0 E] 0 2 o 3 0
> S > O > oY > S L > >
£ € & € & &© & &€ &
s & ooo‘ &> & & & & N & &
P90- mRNA expression of genes encoding P90- key myelination protein expression in crude myelin
key myelination proteins
C D E F
Frontal cortex Striatum Frontal cortex Striatum
* 0.06 N
* 20 ns ns ns S ég S ‘O%
c e & 05 & %)
2 2 s & & &
E = C N ns
S é 154 o ! (SN .5 20 ns *% AN é 20 ns
§ P 00 00g  25kDa  |Mee we=| Plpl S s 25kDa  [Weed.| Pipl S5 ﬂ |_|
: : E ¥ £ °
_ [ < o
£ 2 0s 17-20 kDa [#w= === | Mbp 310 17-20 kDa | mmm e | Mbp 310
g g 205 Los
0o 50 kDa E' Tubulin-p4 3 o 50 kDa = as| Tubulin-B4 5
A O & 0.
o0 A 0
\3 Q W \x9° Q\@ \x‘s" q\Q\

Fig. 5. Altered myelination-related properties in adult InsG3680 mice at the cellular and molecular levels. (A) No significant difference between groups in the
number of Olig2*, Olig2* + CC1%, Pdgfra*, and Pdgfra* + Ki67" cells in the frontal cortex of P90 mice. (B) No significant difference between groups in the number of Olig2*
and Olig2* + CC1* cells in the striatum of P90 mice. A significant decrease in Pdgfra® cell number in P90 InsG3680 mice, as compared to controls, with no significant dif-
ference between groups in the number of Pdgfra* + Ki67* cells. (C) Significantly reduced Mbp and Plp7 and a similar trend in Mog mRNA expression levels in the frontal
cortex but not in the (D) striatum of P90 InsG3680 mice compared to controls. (E) Significantly reduced protein expression levels of Plp1 but not Mbp in the crude myelin
fraction isolated from the frontal cortex of P90 InsG3680 mice, as compared to controls. (F) No significant difference was found between groups in the protein expression
levels of Mbp and Plp1 in the crude myelin fraction isolated from the striatum. *P < 0.05 and **P < 0.01. Two-tailed t test (A to D), Mann-Whitney (C, Mbp), and one sample
t test (E and F). Data are shown as means + SEM. (A) n = 11, control mice; n = 11, InsG3680 mice for Olig2* and Olig2™+CC1*. (A) n = 14, control mice; n = 15, InsG3680
mice for Pdgfra®™ and Pdgfra*+Ki67". (B) n = 12, control mice; n = 11, InsG3680 mice for Olig2™ and Olig2* + CC1%. (B) n = 14, control mice; n = 15, InsG3680 mice for
Pdgfra™. (B) n = 13, control mice; n = 15, InsG3680 mice for Pdgfra* + Ki67*. (C) n = 15, control mice; n = 15, InsG3680 mice for Mbp. (C) n = 9, control; n = 11, InsG3680
mice for Plp1. (C) n = 10, control mice; n = 12, InsG3680 mice for Mog. (D) n = 8, control mice; n = 8, InsG3680 mice. (E) n = 6, control mice; n = 6, InsG3680 mice for Mbp.

(E) n = 6, control mice; n =5, InsG3680 mice for Plp1. (F) n = 5, control; n = 5, InsG3680 mice.

OPCs was detected in the striatum of P90 InsG3680 mice compared
to controls (Fig. 5B), which corresponds with our finding of de-
creased proliferating OPCs in the striatum of P30 InsG3680 mice.
When we examined mRNA expression levels of key myelination
genes, we found a significant reduction in the expression levels of
Mbp and Plp1 and a similar trend in Mog levels in the frontal cortex
of P90 InsG3680 mice, as compared to controls (Fig. 5C). On the
contrary, we found no significant difference in the mRNA expression
levels of these genes in the striatum between the groups (Fig. 5D).
In the crude myelin fraction isolated from the frontal cortex, we
found a significant decrease in the protein expression levels of Plp1,
but not in Mbp proteins in InsG3680 mice, as compared to controls
(Fig. 5E). In addition, we found no significant difference in the ex-
pression levels of either protein in the striatum of InsG3680 and
control mice (Fig. 5F). Together, these findings highlight OL deficits
in mutated mice, resulting in myelin production deficits which are

Fischer et al., Sci. Adv. 10, eadl4573 (2024) 11 October 2024

most prominent during early adulthood and become moderated later
in development.

Postsynaptic and myelination protein expression is reduced
in the myelin fraction of InsG3680 mouse brains, alongside
deficits in myelin ultrastructure
To dissect whether the reduced levels of key myelination proteins
seen in the selected brain regions described above is a wider phe-
nomenon in this mouse model, affecting other brain regions as well,
we isolated a pure myelin fraction (64) from the whole brain of P90
mice. Given how this moiety is generated by OLs, the purification of
myelin allowed us to examine changes in this aspect of OL biology
and, in doing so, increase the resolution of the myelin studies de-
scribed above.

Since the pure myelin fraction is highly enriched and contains
almost no axons or other neuronal fractions (fig. S5), we were able
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to consider those postsynaptic proteins that are found in myelin and
which may play an important role in neuro-OL synapse function.
Accordingly, we first assessed the expression levels of Shank3, the
postsynaptic protein Psd95, and the glutamate N-methyl-p-aspartate
receptor (NMDAR) subunit NR1 and found significantly reduced
amounts of all three proteins in InsG3680 mice, as compared to con-
trols (Fig. 6A). When we examined crude myelin samples, which
also contain neuronal cells compartments, we found different iso-
forms of Shank3 in the pure myelin fraction, all extracted from con-
trol mice (Fig. 6B). Next, to increase the resolution of our earlier
findings in the frontal cortex and striatum, we assessed the expres-
sion levels of key myelination proteins in the pure myelin fraction
isolated from whole brain. Here, we found a significant reduction in
both Mbp and Plp1 expression levels in this fraction prepared from
InsG3680 mice, as compared to controls (Fig. 6C).

As these proteins are crucial for the unique condensed layered
structure of myelin (65-68), we subsequently analyzed the ultrastruc-
ture of myelin sheaths in the cortico-striatal circuitry of InsG3680
and control mice. We specifically chose the cortico-striatal circuitry
based on prior research that identified cortico-striatal synaptic dys-
function in InsG3680 mice (12) and since concomitant deficits in
these regions are associated with autistic-like behaviors (69). We
found a significantly decreased g-ratio (Fig. 6D), a parameter often
used to assess axonal myelination, and lower axon diameter (Fig. 6E)
in InsG3680 mice, as compared to controls. The decreased g-ratio,
together with the reduced expression of proteins essential for myelin
compaction, prompted us to examine the myelin ultrastructure spe-
cifically and found a significantly higher percentage of ultrastructural
abnormalities in the myelin of the fibers in the cortico-striatal cir-
cuitry of P90 InsG3680 mice, as compared to controls (Fig. 6F). These
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P90- Protein expression in pure myelin from whole brain

A B C
Key postsynaptic proteins Isoforms of Shank3 in the pure and Key-myelination proteins
) crude myelin, extracted from
> & :
Q,é & control mice
SR
200kDap| -« |Shank3
™ Pure Crude
myelin myelin
-
c * %k k * * c *%k *
6 2.0 s S o 20
50kDa Tubulin-Bs % 200kDap| Shank3 25 kDa 2
215 > 215
g k §
100 kDa NR1 S0 o 8  100kDa 17-20kDa 1o o
o [
50 kDa E TubulinB4  § 05 Los
= 50 kDa E E' Tubulin-B4 50 kDa EI Tubulin-B4 <
£ 00 £ 00
95 kDa Psd95 o o N R
‘@‘* erq \‘Q- & Q\Q
50kDa E Tubulin-B4 &
Electron microscopy (EM) of cortico-striatal fibers
D E F
g-ratio Axon diameter Myelin abnormalities
° 1.0 ° .
2 - 150 =]
8 é % de de ok 8 %
b 038 Iy g
2 § 100 ===mmmmmmmmme-o oo e - - - 3
5 3 Ss L3 £
i T = .- =
o & 80 - g £ l—‘ o S
I 0.6 o ® 5o E10 < E
™ 8 2075 5 = s o0 o
LD ot o E, iﬁ 2 g 0.5- ) g
2 0.70 o K 2 <
= P =0.0001 -y [ Soo £ <
0.4 . 0-t T T T T 1 L L LN M
00 05 10 15 20 00 05 10 15 20 25 S &
Axon diameter (um) Axon diameter (um) s @

Fig. 6. Reduced expression levels of synaptic and key myelination proteins in a pure myelin fraction, along with myelin ultrastructure deficits in adult InsG3680 mice.
(A) Significant reduction in the protein expression levels of Shank3, Psd95, and NR1 in a pure myelin fraction from the whole brain of P90 InsG3680 mice, as compared to controls.
(B) Different Shank3 isoforms (marked in arrowheads) are detected in pure and crude myelin fractions from whole brain of P90 control mice. (C) Significant reduction in the protein
expression levels of Mbp and Plp1 proteins in a pure myelin fraction from the whole brain of P90 InsG3680 mice, as compared to controls. (D) Representative images of myelin ul-
trastructure from both genotypes (left). Significantly reduced g-ratio [axon diameter/(axon diameter + myelin thickness)] (right) and (E) decreased axon diameter in P90 InsG3680
mice, as compared to controls. (F) Representative images of impaired ultrastructure (red) in InsG3680 mice compared to controls (left). Significantly increased percentage area of
myelin ultrastructure abnormalities in the myelin sheaths of P90 InsG3680 mice, as compared to controls (right). *P < 0.05, **P < 0.01, and **##P < 0.0001. One sampled t test
(A and C), linear regression (D), two-tailed t test (D to F), and Kolmogorov-Smirnov (E). Data are shown as means + SEM. (A and C) n = 6, control mice; n =6, InsG3680 mice. (A) n=5,
control mice; n =5, InsG3680 mice for Psd95. (D and E) n = 679 axons, control mice; n = 513 axons, InsG3680 mice. (D to F) n = 6, control mice; n = 3, InsG3680 mice.
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data demonstrate that the InsG3680 mutation disrupts both postsyn-
aptic proteins and essential myelination proteins, leading to abnor-
mal myelin ultrastructure properties.

InsG3680 mice exhibit reduced connectivity between brain
regions, abnormal axonal conductivity in the corpus
callosum, and motor skill deficits

We next investigated how the observed myelin deficits affected wide
connectivity, physiological aspects, and behavior. For this, we first
performed magnetic resonance imaging (MRI) diffusion tensor im-
aging (DTI) scans, to analyze whole-brain tractography. We found
a significant reduction in fractional anisotropy (FA) values, a com-
mon MRI-DTI-generated parameter indicative of the degree of my-
elination, and in the number of tracts, in numerous brain regions in
InsG3680 mice, as compared to controls (Fig. 7A). Only a few areas
showed a significant increase in FA values, with no areas displaying
a significant increase in the number of tracts in InsG3680 mice com-
pared to controls (fig. S6). To dissect whether these changes also
appear in the corpus callosum (CC), corresponding to the largest
white matter (WM) tract, we performed tractography in this region
and noted a significantly reduced number of tracts in InsG3680 mice,
as compared to controls (Fig. 7B).

We next considered physiological aspects of the CC and how
such aspects were affected by the reduced connectivity we found in
this area. Accordingly, we performed compound action potential
(CAP) electrophysiological recordings in which a stimulus was ap-
plied to one side of the CC and the response on the other side was
recorded (Fig. 7C). No significant differences were observed in N1
amplitude, a value which reflects myelinated axon properties or larger
axon diameter, between the two groups (Fig. 7D). Nevertheless, a
significantly increased signal was measured in the N2 amplitude in
InsG3680 mice, reflective of a higher percentage of unmyelinated
axons and smaller diameter axons (Fig. 7E). These data match our
MRI-DTI and electron microscopy (EM) findings, although the EM
results were collected from cortico-striatal tracts while the electro-
physiological recordings were obtained from the CC.

Because myelin and connectivity deficits could cause impaired
motor behavior, we analyzed the mouse motor skills in two different
tests, namely, the rotarod test, which examines coordination, and the
grip strength measurement (GSM) test, which is correlated to the ac-
tivity properties of motor neurons, connected to both the front and
rear limbs. As shown before (12, 70), InsG3680 mice had significantly
shorter latency until they fell off the rotarod, as compared to controls
(Fig. 7F). In addition, we found significantly lower grip strength in
the forelimbs (Fig. 7G) but not in the hindlimbs (Fig. 7H) of InsG3680
mice, as compared to controls. These findings demonstrate that the
InsG3680 mutation has widespread effects throughout the body and
the brain. The altered structure of WM tracts in the mutant mouse
brain leads to physiological and behavioral consequences.

Human iPSC-derived OPCs from a patient with the InsG3680
SHANK3 mutation show lower calcium activity rate and
altered function in response to glutamate

As mentioned above, the InsG3680 mutation also exists in humans,
causing monogenic ASD. Therefore, we addressed iPSC-derived OPCs
from a patient with the counterpart of the mutation presented by
InsG3680 mice to validate some of our findings describing physio-
logical deficits in InsG3680 mouse OPCs. Calcium imaging after
glutamate administration was carried out on iPSC-derived OPCs

Fischer et al., Sci. Adv. 10, eadl4573 (2024) 11 October 2024

prepared from a control and a patient with the equivalent Shank3
mutation (71) as found in InsG3680 mice, at week 8 postdifferentia-
tion. To confirm the accurate differentiation of iPSCs into OPCs, we
conducted staining using the OL marker OLIG2 (Fig. 8A and fig. S7,
A and B) and the OPC marker platelet-derived growth factor recep-
tor alpha (PDGFRA) (Fig. 8B and fig. S7, A and B) and observed a
substantial percentage of OLIG2" and PDGFRA™" cells in both cell
lines. When we examined whether some of the cells differentiated
into neurons using the NEUN marker, we found a considerably low
percentage of this cell population in both cell lines (fig. S7, C to E).
Representative calcium traces from both control and InsG3680™+~
patient iPSC-derived OPCs are shown in Fig. 8C. We found a sig-
nificantly lower activity rate of calcium events in iPSC-derived OPCs
from a InsG3680*/) patient, as compared to the control, in re-
sponse to glutamate administration (Fig. 8D). The amplitude of the
first calcium event was significantly higher in the InsG3680™'~) pa-
tient iPSC-derived OPC cultures (Fig. 8E), accompanied by a sig-
nificantly larger area under the curve of the entire signal, as compared
to controls (Fig. 8F). Unlike our findings in mice, the ratio between
the sizes of peaks remained consistent between both cell lines (Fig.
8@G). In addition, we measured significantly longer interevent inter-
vals in InsG3680"'~) patient iPSC-derived OPCs compared to con-
trols throughout the recording period (Fig. 8H). These data align
with our findings in mice, as both the mouse and human results
demonstrated substantial physiological deficits in OPC processing
in response to glutamate due to the SHANK3 mutation.

SHANKS3 restoration in InsG3680 mouse-derived OPCs
results in increased expression of postsynaptic proteins

To examine whether SHANKS3 restoration could rescue some of the
deficits in OPCs, we transfected InsG3680 mouse—derived OPCs with
a plasmid containing the human sequence of SHANKS3 full-length
isoform. Ninety-six hours after transfection, we examined the expres-
sion of SHANK3 (Fig. 9A) and the postsynaptic proteins Psd95 and
NR1 in transfected OPCs compared to untransfected OPCs.

SHANKS3 was prominently localized in both the soma and pro-
cesses, and its restoration led to Psd95 expression in proximity to
SHANKS localization (Fig. 9B). However, Psd95 expression was not
observed in several SHANK3-restored regions. Moreover, Psd95 ex-
pression levels increased in correlation with SHANK3 levels (Fig.
9C), leading to significant overall up-regulation of Psd95 expression
in transfected OPCs compared to untransfected controls (Fig. 9D).
Similar effects were observed for NR1 (Fig. 9, E to G). These findings
indicate a causal relationship between SHANK3 and other postsyn-
aptic proteins, suggesting that SHANK3 restoration is pivotal in re-
establishing Psd95 within postsynaptic regions.

In summary, our findings reveal that the InsG3680 mutation in
Shank3 profoundly disrupts the function of the postsynaptic region
in OPCs and their response to glutamate. Moreover, it impairs the
differentiation properties of these cells, resulting in deficits in OLs
and compromised myelination properties. These physiological and
behavioral deficits are evident as a consequence of the mutation. We
validated these findings by studying human iPSC-derived OPCs ex-
tracted from an individual with a heterozygous InsG3680 mutation,
which also displayed glutamate-related functional deficits in line
with our observations. Clinically relevant, we found that the restora-
tion of SHANK3 levels in InsG3680 OPC primary cultures leads to
up-regulation in the expression of other postsynaptic proteins. This
suggests that increasing SHANK3 expression may help ameliorate
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Fig. 7. Reduced brain-wide connectivity, abnormal CC axonal conductivity, and motor skill deficits in InsG3680 mice. (A) Connectogram depicting the significant
reduction in FA values of tracts (left) in numerous brain regions and in the number of tracts (right) in P90 InsG3680 mice, as compared to controls. The scale bar indicates
the level of significance, ranging from light to dark lines. Light lines represent significance levels of P < 0.05 and close to this threshold, while dark lines indicate higher
levels of significance. (B) P90 InsG3680 mice exhibit a significantly lower number of tracts in the CC than do controls. (C) Schematic representation of CAP recordings in
the CC, with representative CAP traces obtained from control (black) and InsG3680 (red) mice. (D) No significant difference in the N1 amplitude of InsG3680 mice and
controls. (E) A significantly higher N2 amplitude was measured in InsG3680 mice, as compared to controls. (F) Significant reduction in latency to fall in the rotarod test,
along with (G) significantly reduced grip strength in the forelimbs (H) but not in the hindlimbs of InsG3680 mice, as compared to controls. *P < 0.05 and **P < 0.01. Two-
tailed t test (A, B, and D to H) and repeated measures ANOVA (D and E). Data are shown as means + SEM. (A) n = 19, control mice; n = 19, InsG3680 mice. (B) n = 18, control
mice; n = 19, InsG3680 mice. (D and E) n = 4, control mice; n = 4, InsG3680 mice. (F and G) n = 15, control mice; n = 14, InsG3680 mice. (H) n = 15, control mice; n = 15,
InsG3680 mice.
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Fig. 8. Impaired calcium signaling in response to glutamate stimulus of human iPSC-derived OPCs from an individual presenting a heterozygous InsG3680
SHANK3 mutation. Enriched human iPSC-derived OPC cultures. (A) Representative images of OLIG2™ cells in iPSC-derived OPC cultures. Percentage of OLIG2* out of all
cells in control cultures (left) and InsG3680“/~ patient cultures (right). (B) Representative images of PDGFRa* cells in iPSC-derived OPC cultures. Percentage of PDGFRa*
cells out of all cells in control cultures (left) and InsG3680+/~) patient cultures (right). (C) Representative traces of the signal generated upon glutamate stimulus in control
(black) and InsG36807/~ patient-derived OPCs (pink). (D) A significantly reduced activity rate of calcium flux was found in InsG3680™/ patient-derived OPCs, as com-
pared to controls. (E) A significantly higher amplitude of the first calcium event was measured in InsG3680/~) patient-derived OPCs, (F) with a significantly larger area
under all curves, compared to the control. (G) No significant difference was found in the ratio between the sizes of peaks between the two groups. (H) A significant in-
crease in interevent intervals was measured in InsG3680/~ patient-derived OPCs compared to controls. *P < 0.05, **P < 0.01, and ****P < 0.0001. Kolmogorov-Smirnov
test (D to H) and one sample t test (D to H). Data are shown as means =+ SEM. (D to F) n = 345 cells from control; n = 143 cells from InsG3680/~ patient OPCs. (G) n = 136
events from control; n = 31 events from InsG3680+/~) patient OPCs. (H) n = 118 events from control; n = 33 events from InsG3680/~) patient OPCs. (D to H) n = 3, control;
n=3InsG3680*") patient OPCs (for one-sample t test).
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SHANK3 restoration in InsG3680 mouse-derived OPCs
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Fig. 9. Increased expression of Psd95 and NR1 following SHANK3 restoration in InsG3680 primary OPC cultures. (A) Representative images of SHANK3 expression
in transfected InsG3680 primary OPC culture. (B) Representative images of SHANK3 and Psd95 expression (left). (a) A magnified view of the dashed square shows colocal-
ization between SHANK3 and Psd95, with the Pearson’s coefficient (r) indicating the correlation between the two and the Manders’ coefficient (M1) indicating the overlap
of Psd95 with SHANK3. (b) A binary image showing colocalized regions of both proteins (white). Line scan graphs showing the immunofluorescence intensity along the
arrow of SHANK3 and Psd95 (right). (C) A significant correlation was found between SHANK3 and Psd95 expression levels. (D) A significant increase in Psd95 expression
levels in transfected cells in comparison to untransfected cells. (E) Representative image of SHANK3 and NR1 expression (left). Line scan graphs showing the immunofluo-
rescence intensity along the arrow of SHANK3 and NR1 (right). (F) A significant correlation was found between SHANK3 and NR1 expression levels. (G) A significant in-
crease in NR1 expression levels in transfected cells in comparison to untransfected cells. *P < 0.05. One-sample t test (D and G) and Spearman’s correlation test (C and F).
Data are shown as means + SEM. (C) n = 1378 pixels of SHANK3™ + Psd95* image. (D) n = 16 nontransfected cells; n = 5 transfected cells. (F) n = 1315 pixels of SHANK3* +
NR1* image. (G) n = 15 nontransfected cells; n = 3 transfected cells.
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synaptic deficits by enhancing the overall postsynaptic structure,
potentially providing therapeutic benefits for conditions associated
with SHANK3 mutations.

DISCUSSION

Our study identified a previously unknown role of Shank3 as a post-
synaptic protein in OLs. Furthermore, we found that the Shank3
human-based mutation presented by InsG3680 model mice leads
to major deficits in WM and myelination properties. We examined
the role of Shank3 in OLs by exploring the effect of the InsG3680
mutation on this cell population and found a marked reduction in
postsynaptic-related mRNA and protein levels, morphological abnor-
malities, and major physiological deficits in response to glutamate
stimulus. This was followed by in vivo findings showing how OLs
and myelination are affected by other cell signals, in the whole or-
ganism. We found increased OL numbers, a major reduction in
myelin-related gene transcript and protein levels, abnormal myelin
ultrastructure, and myelin-related physiological and behavioral def-
icits. These results were further supported by the similar physiologi-
cal deficits seen in iPSC-derived OPCs from a human patient with
the same mutation in SHANK3 seen in InsG3680 mice. Last, the
restoration of SHANKS3 expression in InsG3680 OPCs resulted in an
up-regulation in the expression of both the NMDAR subunit NR1
and the postsynaptic protein Psd95. This indicates that SHANK3
restoration can positively influence the synaptic protein environ-
ment in OPCs, potentially leading to improved synaptic function
and connectivity. These data suggest that Shank3 is crucial for OL
function and axon-OL synapses and that the InsG3680 mutation in
mice, along with its human equivalent, may lead to abnormal OL
function and significant myelination deficits.

While Shank3’s role is well-known in the PSD of neuronal syn-
apses (11, 12, 18), its part in OLs remains unclear. Glutamate recep-
tors are essential not only for neuronal communication but also for
axon-OL signaling (27, 30, 31, 36), mediated by calcium and other
ions entering OLs via these receptors (37, 41, 42). This influx was
shown to affect OPC development and regulate myelination process-
es (35, 36, 38). As mentioned earlier, Shank3 is a part of the key com-
plex used for binding glutamate receptors to the cytoskeleton and for
maintaining proper synaptic transmission (11). Our findings suggest
that Shank3 plays a similar role in OLs. We showed that not only is
Shank3 present in OPCs and in myelin-containing fractions but also
that major isoforms of Shank3 are not found in InsG3680 mice OLs.
We have also observed distinct expressions of Shank3’s primary iso-
forms in both pure and crude myelin fractions. Notably, the crude
myelin fraction includes axons as well. This indicates that specific iso-
forms may play varying roles in different cell types, underscoring
the need for further exploration in future research. Moreover, the re-
duced expression levels of glutamate receptors and the postsynaptic
protein Psd95, as well as the impaired calcium flux in response to a
glutamate signal, expand our understanding of SHANK3-linked ASD
and likely contribute to some of the in vivo myelin deficits we ob-
served. In a prior study, researchers demonstrated a positive correla-
tion between high-frequency and low-amplitude calcium activity and
the elongation of myelin sheaths (72). While their investigation fo-
cused on mOLs and ours on OPCs, these findings reinforce our
discovery of impaired calcium activity in InsG3680 OPCs compared
to controls. Such alterations in the physiological function could

Fischer et al., Sci. Adv. 10, eadl4573 (2024) 11 October 2024

potentially lead to deficits in proper differentiation and growth of
OLs (73).

To explore a causal relationship between SHANK3 and other
postsynaptic proteins in OLs and a potential future treatment, we
engineered a plasmid containing the human sequence of SHANKS3.
Our results revealed that mouse primary cells recognized the hu-
man sequence and expressed the protein in both soma and process-
es. We also found that restoring SHANK3 in mutated OPCs resulted
in increased levels of the glutamate NMDAR subunit NR1 and the
postsynaptic protein Psd95, supporting our hypothesis of SHANK3’s
important role as a postsynaptic protein in OPCs.

PSD95 is an essential protein for the structure of the PSD, inter-
acting with SHANK3 through SAP90/PSD95-associated proteins to
connect NMDARs to SHANK3, as previously shown in neurons
(11). Therefore, the expression of Psd95 in the proximity of the re-
stored SHANK3 protein in our study indicates a reconstruction of
postsynaptic regions in SHANK3-restored OLs. Nonetheless, fur-
ther investigation into the connections between Psd95 and Shank3
in OLs, as well as the overall state of the synapse, is needed for a
more comprehensive understanding. It is also important to mention
that the challenges associated with transfecting mouse OPCs, cou-
pled with the large size of the SHANK3 gene plasmid, restricted our
analysis to a small number of cells.

This study relied on the InsG3680 mouse model and iPSC-
derived OPCs from a patient with the same mutation. We should
note that in clinical conditions, the InsG3680 SHANK3 mutation is
heterozygous, whereas, in the current study, we used homozygous
mutant mice to get a clear understanding of the physiological role of
the Shank3 gene and the underlying functional consequences of
its disruption. Nevertheless, the findings from iPSC-derived OPCs
bearing the InsG3680 SHANK3 mutation indicate that similar defi-
cits may also occur in human OPCs due to this mutation.

We also studied OPCs derived from heterozygous InsG3680 mice
to analyze the genetic condition analogous to that observed in hu-
mans. Our observations revealed only a minor phenotype character-
ized by impaired differentiation of OLs and no change in glutamate
response. These outcomes might be attributable to the robust com-
pensatory mechanisms present in mice, which are less pronounced
in humans. Previous research has indicated that the heterozygous
mutation in mice exhibits far less severity compared to humans,
whereas the homozygous mutation in mice better mirrors the hu-
man disorder (12).

The variance between our in vivo and in vitro results in cellular
properties suggests a potential autonomous impact of the InsG3680
mutation on OPCs. In vivo, the differentiation and proliferation of
OPCs could be influenced by other cell types, primarily neurons.
Conversely, our in vitro observations allow us to specifically delin-
eate the mutation’s effects on this cell type. It is important to note
that our in vivo experiments were conducted in specific brain re-
gions, potentially not representing the entire OPC and OL popula-
tion across the brain. In addition, we observed these effects in adult
mice, unlike the developmental stage of pups in our in vitro experi-
ments. Although we noted an increased number of OLs in certain
areas of P30 InsG3680 mice, it appears that their maturation process
is disrupted. This is evidenced by impaired histone modification and
reduced surface area of mOLs in vitro, as well as decreased expres-
sion of key myelination proteins and defects in myelin ultrastruc-
ture in vivo.
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The diminished myelination seen in InsG3680 mice in contrast
to controls can primarily be ascribed to a decrease in axon numbers
and fiber tract density. Nevertheless, additional observations pro-
pose that cellular changes within OLs and abnormalities in myelin
properties play a major role in the pathology. Specifically, compro-
mised OL differentiation, aberrant histone modifications, and mor-
phological anomalies, as evidenced in vitro, imply intrinsic cellular
defects, independent of neuronal influences.

In summary, this study unveiled an unknown role of Shank3
in OLs through the InsG3680 mutation. In addition, we identified
myelin-related deficits in InsG3680 mice, providing crucial insights
into the clinical condition in humans. As the mechanisms underly-
ing ASD symptoms remain elusive, our findings hold promise for
innovative treatment approaches targeting the gene mutation-linked
ASD. Focusing on rescuing improper myelination and supporting
OPC development may offer potential therapeutic avenues.

MATERIALS AND METHODS

Animal work statement

Breeding

Breeding was performed with InsG3680™~ C57 B6/5129 Sv mixed
background mice. The newborn mice were either homozygous
for the mutation (InsG3680*'*)), heterozygous for the mutation
(InsG3680(+/_)), or did not carry the mutation (WT). Only male
mice were used for the in vivo experiments in this study, while mice
from both sexes were used for in vitro experiments. The mutation
occurs in all the cells of the body.

Housing

Mice of identical gender were housed in cages alongside two to four
littermates of random genotypes. The housing environment main-
tained stable conditions with temperatures ranging from 20° to 24°C
and a consistent 12-hour light/dark cycle (lights on from 07:00 to
19:00). Food and water were provided ad libitum throughout the
study. All experimental protocols adhered to the guidelines set by
the Institutional Animal Care and Use Committee of Tel Aviv Uni-
versity, Tel Aviv, Israel (2409-139-2). Every effort was made to re-
duce animal discomfort and distress while minimizing the number
of animals used.

OPC-enriched culture preparation and

differentiation to mOLs

OPC-enriched cultures were prepared from 0- to 3-day-old control
or InsG3680 mouse pups. The cortex was isolated and minced with
scissors and digested in a digestion solution [Hanks’ balanced salt
solution (HBSS), Hepes, CaCl2, EDTA, deoxyribonuclease, cyste-
ine, and papaine]. Digestion was stopped by adding mixed glia me-
dium containing Dulbecco’s modified Eagle’s medium (DMEM) F-12
(Sigma-Aldrich, catalog no. D6421), glutamine supplement (Sigma-
Aldrich, catalog no. G7513), 10% fetal bovine serum, and 1% penicillin-
streptomycin (PS). The cell suspension was centrifuged for 5 min at
1000 rpm, and the pellet was mechanically dissociated 10 times in
mixed glia medium using a glass Pasteur pipette. The dissociated
cells were strained through a 100-pm cell strainer and centrifuged
again for 5 min at 1000 rpm. Cells were seeded in mixed glia medi-
um in T25 flasks with poly-p-lysine (PDL) coating and grown for
8 to 9 days at 37°C in a 5% CO, atmosphere, with fresh medium
exchange every 2 to 3 days. On the fifth day, insulin (5 pg/ml; Sigma-
Aldrich, catalog no. 10516) was added to the medium.
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Next, OPCs and microglia were separated by manually shaking
for 15 times. To discard microglia, the cells were seeded onto uncoated
petri dishes for 45 min. Medium with OPCs was collected from the
petri dishes and centrifuged for 6 min at 1000 rpm. The cell suspen-
sion was diluted with OPC medium (DMEM F-12, 20% SM1, and
1% PS) and counted using a cell countess and methylene blue. Cells
were seeded on PDL at a density of 10* cells/cm® and grown for
3 days at 37°C in a 5% CO, atmosphere. For differentiation of OPCs
into mOLs, cells were grown for 8 days with the same medium. For
RNA and protein extraction from isolated OPCs, these cells were
taken immediately after isolation without seeding. Two samples were
pooled together for protein extraction.

Immunocytochemistry

Enriched OPC cell cultures were fixed after 3 days postseeding for
10 min and then washed three times with phosphate-buffered saline
(PBS). Differentiated mOLs were fixed after 8 days. After fixation,
the cells were blocked with 2% normal goat serum (NGS) and 0.3%
Triton X-100 and induced with primary antibodies for an hour. Af-
ter three washes with PBS, secondary antibodies were added for an
hour. Three washes were then performed on each sample. Last, for
mounting onto glass slides, we used VECTASHIELD Hardset Anti-
fade Mounting Medium with 4',6-diamidino-2-phenylindole (DAPI;
catalog no. H-1500-10, Vector Laboratories). Images were captured
using a light microscope (IX-83, Olympus, Tokyo, Japan), with the
experimenter blind to the genotype. For quantification of cellular
properties, images were taken at X10, X20, or X40 magnification,
according to the type of staining and analysis. Cell number and in-
tensity were quantified manually using the ImageJ program. Inten-
sity was calculated by the mean of the gray value divided by the cell
area. The sholl analysis method was used to evaluate the extent of
branching of mOLSs’ processes (74). This methodology involves quan-
tifying the intersections of these processes with concentric circles of
increasing radii centered around the cell soma, providing insights
into their branching patterns and complexity. Commercial anti-
bodies used were as follows: anti-Olig2 (diluted 1:1000; catalog no.
AB9610, Sigma-Aldrich), anti-Pdgfra (CD140a) (diluted 1:700; catalog
no. 14-1401-82, Invitrogen), anti-Mbp (diluted 1:500; catalog no.
MAB386, Sigma-Aldrich), anti-Shank3 (diluted 1:400; catalog no.
64555, Cell Signaling), anti-H3K9me3 (diluted 1:400; catalog no. ab8898,
Abcam), and secondary antibodies Alexa Fluor 488 (diluted 1:1000;
catalog nos. ab150077 and ab15016, Abcam) or Alexa Fluor 555
(diluted 1:1000; catalog nos. A32732 and A21434, Thermo Fisher
Scientific).

Calcium imaging of OPCs
OPCs were incubated in a custom “well-chip” to ensure high-quality
imaging and higher throughput. The well-chip, specifically designed
to create a modular system for imaging (75), was created from a
polydimethylsiloxane (PDMS) sheet prepared from Sylgard 184
(Sigma-Aldrich, 761028) mixed with a curing agent (1, 10), followed
by curing at 60°C for at least 4 hours. The PDMS sheets were cut into
rings and attached to a 13-mm cover glass (internal diameter, 8 mm)
by mechanical pressure. The “well chips” were sterilized by ethanol
washes and ultraviolet light for 30 min, followed by coating with
PDL before OPC seeding.

OPCs were incubated for 30 min with 5 pM Fuo-4 AM calcium
dye (Abcam ab241082-10-B) at 37°C in a 5% CO, atmosphere. Ex-
cess dye was removed by washing with calcium buffer containing
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20 mM Hepes (catalog no. 03-025-1B, Sartorius), 10 mM glucose
(catalog no. G8769, Sigma-Aldrich), and 2 mM CaCl, in HBSS
(catalog no. 02-018-1A, Biological Industries). Calcium flux
was followed using an Olympus IX83 confocal microscope, with
images being acquired at 1.1-s intervals over 15 min, using an
UCPLFLN20X Universal plan semi-apochromat objective, numeri-
cal aperture of 0.7. Glutamate (1 mM) was added using a pipette
after 2 min of baseline signal acquisition (movie S1).

Calcium imaging data analysis of OPC primary cultures
Image analysis was performed with Fiji software to define ROlIs,
corresponding to the soma of an OPC. First, frames of each record
were stacked using average intensity projection, and automated
segmentation of ROIs was performed using a binary mask to mini-
mize bias in ROI selection. Then, raw calcium fluorescence values
were extracted from each ROI by averaging all data points of an
ROI in one-time series. Using a designated MATLAB script, calci-
um traces were baseline-corrected with the average basal calcium
fluorescence intensity before glutamate administration (F0). To ana-
lyze this, glutamate was added 120 s after the initiation of each re-
cording session. The exact time of glutamate addition was verified
using recorded video footage. During data analysis in MATLAB, we
aligned all events to this specific moment of glutamate addition.
This alignment enabled us to establish the baseline of each calcium
trace using the calcium levels preceding the glutamate addition, and
we performed subsequent analyses on the calcium trace follow-
ing this event. To measure AF/F0 we used the following formula:
AF/F0 = F(t) — F(0)/F(0) where F(t) is the fluorescence intensity in
the ROI in which the calcium transient was observed at time t. Pre-
processed calcium traces were classified into oscillatory and non-
oscillatory signals to ensure that only ROIs showing calcium-related
activity were retained. ROIs with calcium fluctuations (calcium
events) were defined as those with at least one prominent local
maximum that meets the threshold criteria detailed in fig. S8. For
each oscillatory calcium trace, the rate of calcium activity was cal-
culated as the number of events per minute. For each event, the am-
plitude was calculated as an average of three data points around the
maxima of the event. The peak was measured as the vertical dis-
tance between the peak and its lowest contour line (the prominence
of the peak), and a critical threshold was set at 30% of the peak. The
onset of an event was detected when the signal crossed the critical
threshold before reaching amplitude value, and the offset of the
event was detected similarly after reaching the amplitude value. The
event area was measured as the area under the curve bounded in
time by the onset and offset of the event. Interevent intervals were
set as the duration between the offset of an event and the onset of
the following event.

Whole-cell patch clamp recording

Whole-cell patch clamp recordings were performed on mouse OPC
cultures. Thirteen-millimeter cover glass were placed inside a re-
cording chamber filled with Hepes-based artificial cerebrospinal
fluid (aCSF) containing 152 mM NaCl, 10 mM Hepes, 2.8 mM KClI,
2 mM CaCl,, and 10 mM p-glucose [pH 7.3, adjusted using NaOH
(1 M), osmolarity adjusted to 320 to 330 mOsm] at room tempera-
ture. The recording micropipettes (tip resistance of 10 to 15 meg-
ohm) were filled with an internal solution containing 134 mM
K-gluconate, 2 mM MgCl,, 10 mM Na-Hepes, 10 mM Na-Pi creatine,
2 mM Mg,-adenosine triphosphate, and 0.3 mM Nas-guanosine
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triphosphate. The pH was maintained using KOH (1 M). To confirm
the recording of sodium currents, we selectively blocked voltage-
gated sodium channels pharmacologically with 1 pM TTX. Data
were recorded at room temperature using Clampex v11.1 software,
with a sampling rate of 20 kHz.

Analysis of sodium and fast and slow potassium currents
Current measurements for sodium and potassium were taken in
voltage-clamp mode, recorded from the soma of the OPC, as previously
described (76). Voltage steps of 400 ms in the —90- to 80-mV range
were produced while holding the cells at a voltage of —60 mV. Cell
capacitance was used to normalize currents. Cell capacitance was
acquired through a membrane test of the Clampex SW software.
The maximal outward current that occurs right after a depolariza-
tion step, usually within a time range of a few milliseconds, was
used to calculate the fast potassium current. The slow potassium
current was measured as the current at the end of the 400-ms de-
polarization phase. The sodium current was computed by subtract-
ing the sodium current after stabilization from the lowest value of
the inward sodium current. The fast and slow potassium currents
were analyzed between 40 and 70 mV, while the sodium current
was analyzed between —20 and 70 mV. In TTX experiments, we
observed a notable reduction in the measured current, confirm-
ing that it is a sodium current.

Immunohistochemistry

Brain tissue extraction

Mice underwent deep anesthesia with isoflurane, with conscious-
ness being assessed by their response to a foot pinch. Tissue samples
were obtained from one ear for genetic verification. Subsequent-
ly, the mice were subjected to perfusion using 15 ml of ice-cold
PBS solution, followed by 15 ml of ice-cold 4% paraformaldehyde
(PFA). The brain was then extracted. The collected samples were
immersed in 4% PFA for 24 hours and subsequently transferred to
PBS solution.

Staining was done as previously described (70). Briefly, brains
were extracted and sectioned into 100-pum-thick slices using a vibra-
tome. Sections from the motor and frontal cortices were stained us-
ing the free-floating method. After washing and permeabilization,
the sections were blocked and incubated overnight with primary
antibodies. Following additional washes, the sections were incubat-
ed with secondary antibodies. Last, the sections were mounted onto
glass slides using a mounting medium. Images were captured at
a X10 magnification using a light microscope (IX-83, Olympus),
and cellular properties in the motor cortex, frontal cortex, and stria-
tum were quantified manually using ImageJ software. Commercial
antibodies used were as follows: anti-adenomatous polyposis coli
(APC) (Ab-7, CC1) (diluted 1:500; catalog no. OP80, Calbiochem),
anti-Olig2 (diluted 1:1000; catalog no. AB9610, Sigma-Aldrich),
and secondary antibody Alexa Fluor 488 or 555 (diluted 1:1000;
catalog nos. ab150077 and ab150118, Abcam).

RNA extraction, cDNA preparation, and RT-PCR

These procedures were performed as previously described (70).
Brain tissue extraction

The mice were euthanized by cervical dislocation, and the frontal
cortex and striatum were collected for analysis into RNA-later (cata-
log no. AB-AM7020, Thermo Fisher Scientific) for 24 hours and
then frozen in —80°C.
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RNA extraction

Samples were homogenized in safe-lock tubes with stainless steel
beads and cold TRIzol reagent. After incubation and addition of
chloroform, the samples were centrifuged to separate the RNA lay-
er. The RNA was then mixed with isopropanol, centrifuged, washed
with ethanol, and dried. Diethyl pyrocarbonate-treated water was
added, followed by heating and pipetting to attain homogeneity.
RNA concentration was measured using a NanoDrop One device.
Samples were stored at —80°C.

cDNA preparation

Extracted RNA was diluted to a concentration of 20 ng/pl based on
the original concentration of a sample. Reverse transcription was
carried out using random primers and the High-Capacity cDNA Re-
verse Transcription Kit from Thermo Fisher Scientific. The following
protocol was used with the C1000 Touch thermal cycler (Bio-Rad):
10 min at 25°C, 120 min at 37°C, 5 min at 85°C, and a final step at
4°C until storage. The resulting cDNA was then stored at —20°C.
Real-time polymerase chain reaction

mRNA levels were measured by RT-PCR with Fast SYBR Green
PCR Master Mix (Thermo Fisher Scientific) and the CFX Connect
Real-Time PCR Detection System (Bio-Rad). The protocol included
an initial denaturation step, 40 amplification cycles, and melt curve
analysis. mRNA levels were determined using the comparative cycle
threshold (Ct) method. Glyceraldehyde-3-phosphate dehydrogenase
mRNA was used for normalization. Primers were custom-designed
and obtained from Hy Laboratories (Rehovot, Israel). Detailed primer
sequences are provided in table S1.

Myelin isolation

Myelin was isolated as previously described (64), with slight adjust-
ments. Mice were euthanized by cervical dislocation, and the frontal
cortex, striatum, or whole brain was dissected and rapidly frozen
with liquid nitrogen before storing at —80°C. For the frontal cortex
and striatum, samples from two mice with the same genotype were
pooled in a single tube. Next, the tissue was homogenized ina 0.32 M
sucrose solution containing a protease inhibitor (catalog no. 539131,
Sigma-Aldrich). The homogenized samples were layered onto 0.85 M
sucrose solution and subjected to ultracentrifugation using an
Optima XPN80 ultracentrifuge with an SW41-Ti rotor (Beckman
Coulter). This process resulted in the crude myelin fraction being
visible at the interphase of the two sucrose concentrations. To purify
the myelin fraction, two washing and osmotic shock steps with fil-
tered double-distilled water were performed, followed by centrifu-
gation on a second sucrose step gradient (0.85 M at the bottom and
0.32 M at the top) and another washing step, while for the crude
myelin fraction, washes were performed and the pellet was collected.

Western blot

Samples were homogenized in solubilization buffer [50 mM Hepes
(pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM
EDTA (pH 8), 1 mM EGTA (pH 8), 1.5 mM MgCl,, and 200 pM
Na3;VOy], with protease inhibitor cocktail 1 diluted 1:100 (Merck).
Protein levels were determined using Quick Start Bradford 1X Dye
reagent (catalog no. 5000205, Bio-Rad). Equal amounts of protein
were separated by 4 to 20% SDS-polyacrylamide gel electrophore-
sis. The proteins were then transferred onto a nitrocellulose mem-
brane using a transfer buffer composed of 25 mM tris-HCI (pH 8.5),
190 mM glycine, and 20% methanol. Following transfer, the mem-
branes were blocked with 6% skimmed milk in TBST buffer [0.05 M
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tris-HCI (pH 7.5), 0.15 M NacCl, and 0.1% Tween 20] for 45 min at
room temperature. After three consecutive washes with TBST, the
membranes were incubated overnight at 4°C with primary antibod-
ies, with gentle shaking. The next day, the membranes were washed
three times for 15 min each in TBST and subsequently incubated
with horseradish peroxidase-conjugated secondary antibodies for
45 min at room temperature, with gentle shaking. Following anoth-
er three washes in TBST, the immunoreactive bands were visualized
using the SuperSignal West Pico PLUS Chemiluminescent Substrate
(catalog no. 34577, Thermo Fisher Scientific). Images were captured
under specific exposure parameters for each antibody and protein
load. Antibody-labeled/housekeeping protein ratios were deter-
mined using Image]J software by an experimenter blind to the origin
of the samples.

Commercial antibodies used were as follows: anti-Mbp (diluted
1:1000; catalog no. MAB386, Merck), anti-tubulin (diluted 1:5000;
catalog no. AB108342, Abcam), anti-tubulin p4 (diluted 1:1000; cat-
alog no. AB179509, Abcam), anti-Plp1 (diluted 1:12000; catalog no.
AB28486, Abcam), anti-Shank3 (diluted 1:1000; catalog no. 64555,
Cell Signaling), anti-Psd95 (diluted 1:1000; catalog no. CST-3450S,
Cell Signaling), and anti-NR1 (diluted 1:1000; catalog no. AGC-001,
Alomone Labs). Secondary antibodies included goat anti-rabbit (di-
luted 1:10,000; catalog no. AP132P, Merck) and goat anti-rat (diluted
1:10,000; catalog no. AP136P, Merck) antibodies.

Electron microscopy

Mice were transcardially perfused with a modified fixation solution
containing 2% PFA, 2.5% glutaraldehyde, and 0.1 M sodium caco-
dylate buffer (pH 7.4). Brain tissue from the dorsolateral striatum
between the fornix and the CC was dissected into ~1-mm cubes.
The samples were incubated overnight in the fixation solution,
washed, and transferred into 0.1 M sodium cacodylate buffer for
storage at 4°C for 2 days at the most. Ultrathin sections were pre-
pared by the EM unit at Tel Aviv University. Images were captured
using a transmission electron microscope (JEM-1400Plus) at vari-
ous magnifications. Approximately 50 to 200 axons per mouse were
analyzed for g-ratio quantification. The g-ratio values were deter-
mined by measuring the ratio of axon diameter divided by the my-
elinated axon diameter, with the measurements being performed by
an experimenter blind to the genotype. For ultrastructure abnor-
mality analysis, Image] was used to automatically mark the area of
myelin and the area of damaged myelin (size of particles: 0.0003
to 0.3 pm).

MRI-DTI scanning and analysis

A 7 T MRI scanner (Bruker, Billerica, MA) with a 30-cm bore and
gradient strength up to 400 mT/m was used for MRI scanning. The
diffusion imaging protocol involved acquiring 18 slices, each with
a thickness of 0.6 mm, at a resolution of 0.175 mm X 0.175 mm
(matrix size, 128 X 96). A diffusion-weighted spin-echo echo-planar
imaging pulse sequence was used, with a repetition time of 3000 ms,
an echo time of 25 ms, and A/ values of 10/2.5 ms. The protocol
included four echo-planar imaging segments, 15 noncollinear gra-
dient directions, and a single b value shell at 1000 s/mm?, along with
three b0 images. Analysis of the diffusion MRI data was carried out
using ExploreDTTI. This encompassed motion and distortion correc-
tion, transformation into atlas space, whole-brain tractography, and
quantification of the reconstructed number of tracts and FA values
for subsequent statistical analysis between groups.
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Electrophysiological recordings from brain slices

Acute brain slice preparation

Acute brain slices were prepared as previously described (77) from
four control and four InsG3680 male mice at 6 months of age. Briefly,
mice were anesthetized with avertine (tribromoethanol; 20 mg/ml)
via intraperitoneal injection at a dosage of 0.5 mg/g body weight.
Mice were then intracardially perfused with a modified N-methyl-
D-glucamine aCSF cutting solution (NMDG-aCSF) (78) [30 mM
NaHCOj3, 25 mM glucose, 20 mM Hepes, 18 mM NMDG, 10 mM
MgSO,, 2.5 mM KCl, 5 mM Na-ascorbate, 2 mM thiourea, 3 mM Na-
pyruvate, 1.2 mM NaH,POy, 0.5 mM CaCl, (all reagents from Sigma-
Aldrich)], 300 mOsm (pH 7.3 to 7.4), saturated with carbogen (95%
0, and 5% CO;). Coronal brain slices (400-pm thick) were prepared
in carbogenated NMDG-aCSF, using a vibratome (Leica, VS1000) at
a speed of 0.10 mm/s, a frequency of 100 Hz, and an amplitude of
0.6 mm. Slices containing the CC (0.8 to —0.8 mm from bregma)
were collected and allowed to recover at 34°C for 10 min in carboge-
nated NMDG-aCSE Slices were then transferred into aCSF saturated
with carbogen (95% O, and 5% CO,) at room temperature and allowed
to recover for 1 hour before recordings. aCSF composition was as
follows: 119 mM NaCl, 24 mM NaHCO3, 12.5 mM glucose, 2.5 mM
KCI, 2.0 mM CaCl,, 2.0 mM MgSOy, and 1.2 mM NaH,POy (all re-
agents from Sigma-Aldrich), 300 mOsm (pH 7.3 to 7.4).

CAP recordings

Three slices per animal were used to record CAP as previously de-
scribed (79). Briefly, each slice was individually placed in a recording
chamber continuously perfused (3 ml/min) with carbogenated aCSF
at room temperature and visualized using an Olympus BX51WI mi-
croscope. Afferents were stimulated with a 0.1-ms stimulation step
(ISO-Flex, A.M.P.L), delivered at 0.05-Hz frequency using a plati-
num iridium concentric bipolar electrode (FHC, 30213) placed in
the CC (0.5 mm from the midline). CAP responses were recorded
using borosilicate-glass capillaries (GB150F-8P, Science Products),
pulled on a P1000 horizontal puller (Sutter Instruments), backfilled
with 3 M NaCl solution, and placed in the CC of the contralateral
hemisphere at a distance of approximately 1.0 mm from the stimu-
lating electrode (0.5 mm from the midline). Optimal signal was usu-
ally obtained at ~150- to 200-pm depth from the slice surface. After
placing the electrodes and finding optimal signals, the electrodes
were left in place 5 min to accommodate before recordings. Tripli-
cate measurements were obtained for all CAP recordings and aver-
aged to determine peak amplitude and latency. Signals were amplified
using a Multiclamp 700B (Axon Instruments), acquired at a sam-
pling rate of 10 kHz with Digidata 1440A (Axon Instruments), and
analyzed offline with Clampfit 10.2 software (Axon Instruments/
Molecular Devices).

Behavioral tests

Behavioral tests were conducted with the experimenter blinded to
genotype. Before the tests, mice underwent a 1-hour habituation pe-
riod in the test room. Each group of mice participated in two behav-
ioral tests, with at least a 3-day interval between tests. The mice were
tested at 3 months of age.

GSM test

The grip strength of mice was evaluated using a grip strength meter
(TSE Systems) following the manufacturer’s guidelines. Three con-
secutive trials were conducted for each mouse to obtain the average
force (in grams).
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Rotarod test

The mice were positioned on the apparatus of an accelerating ro-
tarod to assess motor coordination, and their latency to fall off the
apparatus was recorded. Each mouse underwent three trials, with a
30-min gap between each test.

Differentiation of iPSCs into OPCs

Human iPSCs generated from a SHANK3 mutant patient and a
healthy control were grown until ~80% confluence (71). Using a pub-
lished protocol (80), the iPSCs were differentiated into OPCs. To gen-
erate embryoid bodies (EBs), iPSCs were grown to confluency and
dissociated using Accutase (STEMCELL Technologies) at 37°C for
5 min. Once the colonies were between 100 and 250 uM in diameter,
EBs were cultured in neural induction medium [mTeSR custom me-
dium containing 10 pM SB431542, 250 nM LDN193189, and 100 nM
retinoic acid (RA)] added freshly on the day of use for 8 days. Thereafter,
the media was replaced by N2 medium [DMEM/F-12 with GlutaMAX,
1% antibiotic-antimycotic, 0.1 mM 2-mercaptoethanol, 1% nones-
sential amino acids (NEAA), N2 supplement, 100 nM all-trans-RA,
and 1 pM smoothened agonist (SAG)] for 4 days.

On day 12, cells were mechanically dissociated to prepare EBs
which were grown in N2B27 medium [DMEM/F-12 with GlutaMAX,
1% antibiotic-antimycotic, 0.1 mM 2-mercaptoethanol, 1% NEAA,
N2 supplement, 100 nM RA, 1 uM SAG, B27 supplement, and insulin
(25 pg/ml)] for 9 days. On day 20, two-thirds of the N2B27 medium
was replaced with PDGF medium [DMEM/F-12 with GlutaMAX, 1%
antibiotic-antimycotic, 0.1 mM 2-mercaptoethanol, 1% NEAA, 100X
N2 supplement, 50X B27 supplement, insulin (25 pg/ml), PDGFaa
(10 ng/ml), insulin-like growth factor 1 (10 ng/ml), hepatocyte growth
factor (5 ng/ml), NT3 (10 ng/ml), T3 (60 ng/ml), biotin (100 ng/ml),
and 1 pM cyclic adenosine 3',5'-monophosphate (cAMP)] for 10 days.

On day 30, EBs that are round and golden brown in the center
with a diameter of 300 to 800 pm were picked and plated onto lam-
inin/poly-ornithine-coated six-well plates. The adherent cells were
fed with two-thirds of PDGF medium every other day until day 50
postdifferentiation. After day 50, iPSCs were transitioned into OPCs
using glial medium [DMEM/F-12 with GlutaMAX, 1% antibiotic-
antimycotic, 0.1 mM 2-mercaptoethanol, 1% NEAA, N2 supplement,
B27 supplement, insulin (25 pg/ml), T3 (60 ng/ml), biotin (100 ng/
ml), 1 pM cAMP, 10 mM Hepes, and ascorbic acid (20 pg/ml)]. The
use of these iPSCs was approved by the Institutional Ethics Commit-
tee (223/23), and written informed consent was obtained from the
patient’s guardians.

Calcium imaging experiments and analyses from
iPSC-derived OPCs

Coverslips containing OPC cultures derived from iPSCs of a patient
with a SHANK3 mutation and a healthy control 8 weeks following
differentiation were transferred into a 24-well plate before the re-
cording experiments. Coverslips were incubated for 45 min with
5 pM Fluo-4 AM calcium dye (Abcam, ab241082-10-B) at 37°C. Excess
dye was removed by washing with calcium buffer containing 20 mM
Hepes (catalog no. 03-025-1B, Sartorius), 10 mM glucose (catalog
no. G8769, Sigma-Aldrich), and 2 mM CaCl, in HBSS (catalog no.
02-018-1A, Biological Industries). Image acquisition was performed
using a Leica THUNDER imager, and the obtained images were sub-
sequently processed and analyzed as described above for primary
OPC cultures.
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Immunocytochemistry of iPSC-derived OPCs

Cells were fixed in 4% PFA for 15 min, followed by three washes of
PBS. Then, cells were blocked and permeabilized in 2% NGS and
0.3% Triton X-100 for 1 hour. The coverslips were incubated with
primary antibodies in the blocking solution overnight at 4°C. On
the next day, they were washed in PBS and incubated with the cor-
responding secondary antibodies for 60 min at room temperature.
Then, coverslips were washed three times, mounted on glass slides
using VECTASHIELD Hardset Antifade Mounting Medium with
DAPI (catalog no. H-1500-10, Vector Laboratories), and dried over-
night while protected from light. Fluorescence signals were detected
using a Leica TCS SP5 Olympus confocal microscope and a light
microscope (IX-83, Olympus, Tokyo, Japan), with the experimenter
blind to the genotype. For quantification of culture purity, images
were taken at X20 or x40 magnification. Cell numbers were quanti-
fied manually using the Image] program. Commercial antibodies
used were as follows: anti-Olig2 (diluted 1:1000; catalog no. AB9610,
Sigma-Aldrich), anti-Pdgfra (CD140a) (diluted 1:700; catalog no.
14-1401-82, Invitrogen), anti-NeuN (diluted 1:1000; catalog no.
MAB377, Sigma-Aldrich), and secondary antibody Alexa Fluor 555
(diluted 1:1000; catalog nos. A32732 and A21434, Thermo Fisher
Scientific) or Alexa Fluor 647 (diluted 1:1000; catalog no. A32728,
Thermo Fisher Scientific).

Transfection of primary OPCs

Twenty-four hours after seeding, primary OPCs were transfected with
a plasmid containing the SHANK3 main isoform human sequence
(2 pg of DNA) using calcium phosphate transfection. A full media
change was performed 24 hours after transfection. The cells were
fixed 96 hours posttransfection to allow sufficient time for gene ex-
pression. Fluorescence signals were detected using a Leica TCS SP5
Olympus confocal microscope and a light microscope (IX-83, Olympus,
Tokyo, Japan). Protein intensity was quantified manually using the
Image] program. The intensity was calculated by the mean of gray
value divided by the cell area, in transfected cells in comparison to
untransfected cells in the field of view of the same image. Pearson’s
coefficient and Manders’ coefficient were calculated using JaCoP
plugin in Image] program. Commercial antibodies used were as fol-
lows: anti-Pdgfra (CD140a) (diluted 1:700; catalog no. 14-1401-82,
Invitrogen), anti-SHANK3 (diluted 1:400; catalog no. 64555, Cell
Signaling), anti-Psd95 (diluted 1:1000; catalog no. ab192757, Abcam),
anti-NR1 (diluted 1:100; catalog no. ab134308, Abcam), and sec-
ondary antibody Alexa Fluor 555 (diluted 1:1000; catalog nos.
A32732 and A21434, Thermo Fisher Scientific) or Alexa Fluor 647
(diluted 1:1000; catalog no. A32728, Thermo Fisher Scientific) or
Alexa Fluor 405 (diluted 1:500; catalog no. ab175671, Abcam).

Statistical analysis

Data are presented as the mean + SEM, as calculated by GraphPad
Prism 9.4.1 for Windows (GraphPad Software, San Diego, CA).
Pvalues were calculated using Student’s ¢ test, one sample ¢ test,
Kolmogorov-Smirnov, Mann-Whitney test, linear regression, re-
peated measures analysis of variance (ANOVA), and Spearman’s
correlation test, with P < 0.05 being considered significant (*P < 0.05,
**P < 0.01, ¥**P < 0.001, and ****P < 0.0001). The normality
of distributions and equality of variances were checked and ad-
dressed accordingly using the appropriate statistical analysis. Out-
liers were determined via the extreme studentized deviate method
(*P < 0.05).
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