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Supplementary figure legends
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Supplementary figure 1. Positions of single-unit tetrode tips and examples of WT
and Shank2~- mPFC neurons that show target-specific or broadly-tuned neuronal
firings.

(a) Positions of single-unit tetrode tips in mPFC regions.

(b) Examples of neurons in the mPFC of WT and Shank2-- mice that show target-
specific or broadly-tuned discharges. S, social; O, object; E, empty.

(c) Social and object target explorations in the first and second S-O session in the linear
chamber, as shown by nose-poke time. Data: minimal, maximal, median, 25%, and 75%
values. Data: mean = SEM. (n = 56 experiments with 5 mice [WT] and 60, 5 [KO], ***p <
0.001, ns, not significant, two-way repeated-measures ANOVA).

(d) Discriminative neuronal responses for target pairs in the E-E, first S-O, and second
S-0 sessions, as shown by the discrimination index (d’; absolute values without
consideration of response directions) 2. Data: minimal, maximal, median, 25%, and
75% values. Data: mean + SEM. (n = 293 neurons from 5 mice [WT] and 386, 5 [KO], *p
< 0.05, ***p < 0.001, Friedman test with Dunn’s multiple comparison).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 2. Discharge patterns of WT and Shank2”- mPFC neurons
grouped according to their discriminative discharges to S-O and S-E, or O-S and
O-E, target contexts.

(a—d) Two-dimensional plots of p-values for the discrimination of S-O and S-E pairs of
target contexts (or target pairs, in short) by total neurons (a and b; n = 293 and 429
neurons from WT and KO, respectively). Data: mean + SEM. P-values for discriminative
discharges for specific target pairs were determined by two-way ANOVA, as described
previously (Lee et al., 2016). Dotted lines in panels a and b indicate p = 0.05 (two-way
ANOVA with Tukey’s test). Panels ¢ and d indicate averaged discharges of all neurons
that significantly (p < 0.05) discriminated specific target pairs plotted against the time
window encompassing nose poke (number of neurons are indicated). Shading indicates
standard error of the mean (SEM).

(e—h) Two-dimensional plots of p-values for the discrimination of O-S and O-E target
pairs by total neurons (a and b; n = 293 and 439 neurons from WT and KO,
respectively). Data: mean + SEM. Averaged discharges of all neurons that significantly
(p < 0.05; two-way ANOVA with Tukey’s test) discriminated specific target sets plotted
against the time window encompassing nose poke (c and d; numbers of neurons are
indicated).
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Supplementary figure 3. Burst firing profile of WT and Shank2-- pinh neurons.

(a) I1SI histograms of WT and KO (Shank2--) pInh neurons (black: WT, red: KO). Note
that the two distributions of ISIs peak at 13.5 ms, forming the basis for the definition of
burst firing as consecutive spikes with ISI <12 ms.

(b) Number of spikes in each burst using various thresholds of burst definition. Note that
as the ISl threshold of a burst increases, the number of spikes in each burst increases
and that large portions (~60—-80%) of the bursts across different thresholds, including 12
ms, contain two consecutive spikes.

(c) Bar graphs for Aburst firing (changes in high-frequency burst firings during S/O/E
target encounter relative to the R state) for E, O, and S in WT and KO pInh neurons,
with different burst thresholds. Note that levels of Aburst firing are always higher in WT
than KO plnh neurons with three different burst thresholds (ISI < 6 ms, 12 ms, and 24
ms are shown as examples). Note also that the average difference in Aburst firing
between WT and KO were significant in the I1SI threshold range of 6-21 ms, as shown by
the genotype differences at each ISI thresholds (graph on the right). Data: minimal,
maximal, median, 25%, and 75% values. Data: mean + SEM. (n = 36 neurons [WT] and
41 [KO], two-way ANOVA with Tukey’s test [left three graphs]).

(d) Same as C, bur for pExc neurons. Note that different I1SI thresholds for bursts did not
lead to significant differences in Aburst firing between KO and WT pExc neurons. Data:
minimal, maximal, median, 25%, and 75% values. Data: mean £ SEM. (n = 340 neurons
[WT] and 286 [KO], two-way ANOVA with Tukey’s test [left three graphs]).

(e) Shuffling spike times eliminates Aburst firing differences across targets in plnh
neurons. r'WT/KO, random shuffling in WT/KO. Data: minimal, maximal, median, 25%,
and 75% values. Data: mean + SEM. (n = 340 neurons [WT] and 286 [KO], two-way
ANOVA with Tukey’s test).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 4. Changes in the spectral powers of target-induced
oscillations in delta, theta, and alpha ranges in the Shank2-- mPFC.

(a—c) Quantification of the temporal changes in oscillatory activities in the Shank2-'-
mPFC, using spectral power densities before and after nose poke (-1.5 to -0.5 sec and
0.5 to 1.5 sec, respectively). Data: minimal, maximal, median, 25%, and 75% values.
Data: mean £ SEM. (n = 52 experiments from 5 WT mice, and 53 experiments from 5
Shank2-- mice, *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant, two-way ANOVA
with Tukey's test).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 5. Normal Pv neuronal density in the Shank2”- mPFC.

(a) Normal density of Pv- and somatostatin/Som-positive neurons in the Shank2-'-
mPFC, although there is a tendency for a decrease for Pv neruons, as shown by the
density of Pv/Som-positive neurons normalized to the indicated subregions of the
mPFC (anterior cingular [Cg1], prelimbic [PrL], and infralimbic [IL]). The relative
densities of Pv and Som neurons could vary depending the affinity of the antibodies
used, although a previous study has reported that Pv and Som neurons comprise ~40%
and 30% of neocortical interneurons 3. Scale bar, 1 mm and 50 ym. Data: minimal,
maximal, median, 25%, and 75% values. Data: mean + SEM. (n = 33 slices from 5 mice
[WT-PV], 36/5 [KO-PV], 33/5 [WT-SST], 36/5 [KO-SST], ns, not significant, Mann-
Whitney test and Student’s t-test depending the normality of data distribution).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 6. Comparable photocurrents in WT and Shank2-- Pv
neurons, and minimal effects of synaptic blockade on the WT-KO difference in
burst firing.

(a) Comparable photocurrents recorded in Pv neurons directly light-stimulated in
voltage-clamp recordings (-70 mV) in WT and Shank2-- with in the presence/absence
of induced firings. (n = 11 neurons from 3 mice [WT and KO with firing], 11 neurons
from 3 mice [WT and KO without firing], ns, not significant, Mann Whitney test [with
firing], Student’s t-test [without firing]).

(b) Synaptic (excitatory and inhibitory) blockade minimally affects the difference in burst
firing between WT and Shank2-- Pv neurons neighboring the directly stimulated Pv
neurons, as shown by neuronal proportions with distinct firing patterns and mean firing
rates. The following synaptic blockers were used to block excitatory and inhibitory
synaptic transmission; GABAzine (SR-95531; 10 uM) for GABA receptors, APV (50 uM)
for NMDA receptors, and NBQX (10 uM) for AMPA receptors. Note that the moderate
(~2-fold) decrease in burst firing in Shank2-- Pv neurons contrasts sharply with the
mefloquine-induced strong (~20-fold; from 16% to 0.67%) decrease in burst firing in
Shank2~- Pv neurons (Fig. 5b). Data: minimal, maximal, median, 25%, and 75%
values. (n = 47/10 [WT-ACSF], 42/15 [KO-ACSF], 8/3 [WT-blockade], and 8/3 [KO-
blockade], **p < 0.01, ns, not significant, Chi-square test [proportion], two-way ANOVA
with Tukey’s test [firing rate]).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 7. Optogenetic Pv neuronal stimulation induces strong
burst firings in the mPFC of freely behaving Shank2'- mice.

(a and b) Optogenetic Pv neuronal stimulation (473 nm, 5 ms, 10 Hz) leads to stronger
burst firings in the mPFC of Shank2~— mice compared with WT mice, as shown by
neuronal firings that frequently occur immediately after the 5-ms light stimulation
epochs. By comparison, such firings are rarely observed in the WT mPFC, where light
stimulation-matched tonic firings are prevalent. Pv-Cre;WT and Pv-Cre;Shank2-- mice
were injected with AAV-DIO-ChR2-EYFP in the mPFC and allowed to express ChR2-
EYFP for 3 week before Pv neuronal stimulation in the mPFC during R state or E/O/S
encounters. Numbers indicate individual neurons.

(c) ISI (interspike interval) analyses of plnh neuronal firings in the mPFC of WT and
Shank2-- mice indicate strong increases in the ISI range smaller than 5 ms in Shank2-

= mice, which is absent in WT mice, in line with the increased burst firings in Shank2-'-
Pv neurons.

See Source Data for raw data values.
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Supplementary figure 8. Differential effects of the frequency of Pv neuronal
stimulation (10, 40, and 80 Hz) on burst firing.

(a) Differential effects of Pv neuronal stimulation at three sequential stimulation
frequencies (10, 40, and 80 Hz) on burst firing in Pv neurons neighboring a stimulated
neuron, as shown by proportions of firing patterns and mean-firing rates. Note that 10-
Hz, but not 40-Hz or 80-Hz stimulation, can reliably induce burst firing in neighboring Pv
neurons. Data: mean £ SEM. (n = 18 neurons from 4 mice [WT], 21/4 [KO], **p < 0.01,
***p < 0.001, ns, not significant, Chi-square test [proportion], two-way ANOVA with
Tukey’s test [firing rate]).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 9. Computational modeling of burst-firing patterns of Pv
neurons induced by single Pv neuronal stimulation at 10 and 40 Hz

(a and b) Mean-firing rates in light-stimulated (at 10/40 Hz) single Pv neurons (a) and
Pv neurons neighboring a light-stimulated single Pv neuron (b) in the network of 100 Pv
neurons. Note that the number of gap junctions and the strength of individual gap
junctions in a Pv neuron are positively correlated with the mean firing rate in the
network of Pv neurons. Note also that 10- and 40-Hz Pv neuronal stimulations induce
similar levels of increases in mean firings rates in stimulated and neighboring Pv
neurons, although to a lesser extent in stimulated Pv neurons, in contrast with the
strong burst firings induced by 10- but not 40-Hz Pv neuronal stimulation.

(c and d) Increased burst firing in the Pv neuronal network with the decreased total
number of Pv neurons but the unaltered total number of gap junctions and the strength
of individual gap junctions. (c) Stronger burst firing, as shown by burst ratio, in the Pv
neuronal network with the decreased total number of Pv neurons (n = 50, bottom),
compared with that with 100 Pv neurons (top, the condition used for the modeling
described in Fig. 5a and the panels above [a and b]). (d) Line drawing of the results
from the modeling described in (c) to highlight the impacts of the decrease in the total
number of Pv neurons on burst firing (top), and the increases in the number of GJs and
the strength of individual GJs on burst spike number (bottom). Data: mean + SEM.

See Source Data for raw data values.
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Supplementary figure 10. Normal levels of dendritic arborization in Shank2- Pv
neurons.

(a) Comparable level of dendritic arborization in WT and Shank2~- Pv neurons in the
mPFC (9 wees) as analyzed by neuronal dye infusion (NEUROBIOTIN Tracer; Vector Lab)
followed by Sholl analysis (right).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 11. NMDAR activation does not enhance burst firing in
directly light-stimulated WT or Shank2-KO Pv neurons.

(a) NMDAR activation by D-cycloserine treatment (20 yuM) does not enhance burst firing
in Shank2-- or WT Pv neurons that are directly light stimulated in slice preparations
(prelimbic, layer 2/3, 12—13 weeks). Data: minimal, maximal, median, 25%, and 75%
values. (n = 20, 7 [WT-V/vehicle, before D-cycloserine/DCS treatment]; 20, 7 [WT-DCS,
after DCS treatment], 16, 4 [KO-V], and 16, 4 [KO-MQ], ns, not significant, Chi-square

test [proportion], Wilcoxon matched-pairs signed rank test and Student’s t-test [firing
rate]).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 12. Burst-evoking Pv neuronal stimulation improves social
interaction and cortical social representation, indicated by two-way ANOVA

results.

(a—d) The results shown in Fig. 7b-e are presented here again using two-way ANOVA
results. Data: minimal, maximal, median, 25%, and 75% values. Data: mean = SEM. (n
=15 mice [WT-EYFP], 11 [KO-EYFP], 20 [WT-ChR2-10-Hz], 16 [KO-ChR2-10-Hz], 8
[WT-ChETA], 10 [KO-ChETA], 15 [WT-SSFQ], 14 [KO-SSFOQ], *p < 0.05, **p < 0.01, ***p
< 0.001, two-way repeated-measures ANOVA with Tukey’s test).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 13. 10-Hz Pv neuronal stimulation does not affect
locomotor activity or anxiety-like behavior in WT or Shank2-- mice, and 40-Hz Pv
neuronal stimulation fails to rescue social interaction in Shank2-- mice.

(a and b) Effect of optogenetic stimulation of Pv neurons on locomotor activity.
PvCre;WT and Pv-Cre;Shank2-— mice were infected in the mPFC with AAV-DIO-
ChR2EYFP or AAV-DIO-EYFP (>8 + 3 weeks), followed by blue light stimulation (10 Hz,
5 ms, 473 nm) in the mPFC in the open-field test, in which 5-min light-on and light-off
sessions were alternated over 25 min. Data: mean + SEM. (n = 12 mice [WT-EYFP], 20
[WT-ChR2], 12 [KO-EYFP], 14 [KO-ChR2], two-way repeated-measures ANOVA).

(c and d) Time spent in the center region of the open-field arena was also analyzed as a
measure of anxiety-like behavior. Data: mean + SEM. (n = 12 mice [WT-EYFP], 20 [WT-
ChR2], 12 [KO-EYFP], 14 [KO-ChR2], two-way repeated-measures ANOVA).

(e) ChR2-driven Pv neuronal stimulation at 40 Hz (5 ms; ChR2) in the mPFC does not
improve three-chamber social interaction in Pv-Cre;Shank2-- mice infected in the
mPFC with the indicated viruses (>8 + 3 weeks), as shown by time spent sniffing (or
nose-poking) social and object targets. Note that light-stimulated WT mice prefer to
explore S over O target, whereas light-stimulated mutant mice do not social preference.
Mice were subjected to a single round of the three-chamber test, without involving Pre
or Post round without light stimulation. Data: mean £ SEM. (n = 9 mice [KO-EYFP], 6
[KO-ChR2-40-Hz], *p < 0.05, ns, not significant, Student’s t-test).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 14. Examples of mPFC neuronal responses to different
optogenetic manipulations of Pv neurons.

(a and b) Stimulation of ChETA-expressing Pv neurons at 40 Hz induces transient
(~10—-20 ms) decreases in firing rates of mPFC neurons, which likely represent Pv
neuronal targets, immediately after the 2-ms light stimulation, as shown by peristimulus
time histograms, without affecting the mean firing rate of mPFC neurons. In vivo single
units were recorded for 20 min in mPFC neurons in Pv-Cre;WT mice injected in the
mPFC with AAV-DIO-ChETA-EYFP in the presence and absence of light stimulation (40

Hz, 2 ms). (n = 25 neurons, ns, not significant, Wilcoxon matched-pairs signed rank
test).

(c) Stimulation of Pv neurons expressing SSFO induces a decrease in the mean firing
rate of mPFC neurons. In vivo single units were recorded in mPFC neurons for 20 min
in Pv-Cre;WT mice injected in the mPFC with AAV-DIO-SSFO-EYFP in the absence of
light stimulation or after a 2-s light stimulation, which induces long-lasting activation of
SSFO. (n = 25 neurons, *p < 0.05, Wilcoxon matched-pairs signed rank test).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 15. Positions of tetrode tips in the mPFC, and responses of
WT and Shank2~- mPFC neurons during target encounters in the presence and
absence of 10-Hz optogenetic Pv neuronal stimulation.

(a) Positions of tetrode tips in the mPFC of WT and Shank2~- mice used to measure
single-unit recordings in the presence and absence of 10-Hz Pv neuronal stimulation.

(b) Discharge patterns of mPFC neurons in WT and Shank2-- mice (3 mo) to social and
non-social targets, as shown by a Venn diagram with proportions of mPFC neurons (in
percentage) that show discriminative discharges (ANOVA, p < 0.05) to specific target
pairs (S-E, S-O, and E-O) or those with target-specific responses (S-specific/spc,
overlap of S-E and S-O; O-spc, overlap of S-O and E-O; E-spc, overlap of S-E and E-
0O). (n = 194 neurons from 7 mice for WT-EYFP, 72, 8 [WT-ChR2], 163, 4 [KO-EYFP],
and 364, 9 [KO-ChR2]).

(c) 10-Hz Pv neuronal stimulation in the mPFC of WT mice exploring social and
nonsocial targets in the linear apparatus does not affect the number of total targets to
which a single neuron can respond. (n = 194, 7 [WT-EYFP], 72, 8 [WT-ChR2], ns, not
significant, Chi-square test).

See Source Data for raw data values and Supplementary Table 1 for statistical details.
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Supplementary figure 16. Characterization of connexin-36 knockdown constructs.
(a) Knockdown efficiency of connextin-36-shRNA1 and connextin-36-shRNA2 by AAV-
S5E2-Flex-shRNA1 infection of HEK293T cells expressing the connexin-36-HA
expression construct, followed by immunoblot analysis, which show that ~50%
knockdown efficiency of target protein expression. Test of shRNA2 could not be
performed because of low infection efficiency of HEK293T cells and also detecting
reliable bands of endogenous connexin-36 protein in mouse brain lysates by
immunoblot analysis was not feasible. (n = 3 independent experiments [WT and KQOJ).
(b) Lack of the effects of connexin-36 knockdown (KD) by AAV-shRNA1/2 in the
locomotor activity (total distance moved) and anxiety-like behavior (center time) in WT
mice in the open-field test. (n = 9 mice [control 1], 9 [shRNA1], 10 [control 2], 10
[shRNAZ2], ns, not significant, Student's t-test).

See Source Data for raw data values and images and Supplementary Table 1 for
statistical details.
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Supplementary tables

Supplementary Table 1. Statistical details.
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Supplementary Table 2. Intrinsic properties of pyramidal neurons and Pv neurons
in WT and Shank2-KO neurons.

Comparable intrinsic properties in WT and Shank2-- pyramidal and Pv neurons in the
mPFC (> 12 weeks). Pv neurons were marked by ChR2-EYFP expression. IR, input

resistance; AP, action potential, FWHM, full width at half maximum, AHP, after
hyperpolarization, 1SI, inter-spike interval. Data: mean + SEM. (n = 21 neurons from 5
mice [WT-PN/pyramidal neurons], 13/5 [KO-PN], 24/6 [WT-Pv], and 16/4 [KO-Pv], ns,

not significant, Student’s t-test).

Stat method
Property WT Py KO Py Statistics W Pv KOPv Statistics Py (WT vs. KO) PV (WT vs. KO)
(n=21) (n=13) (n=24) (n=19)
IR (passive) (MQ) 75.23+5914 73.90+8.765 p=09165 748742452 78.50+1.865 p=05012 Mann-Whitney test | Mann-Whitney test
Sag (mV) 20.44+0.9932 21.69+1.626 p=04894 244441168 | 26.06+09098 p=00893 Unpaired t-test Mann-Whitney test
AP threshold (mV) -42.73+1.770 -38.70+1.535 p=0.2608 -38.7341.083 -39.24+2.107 p=0.6240 Mann-Whitney test Mann-Whitney test
AP amplitude (mV) 69.71+1.604 7130£3.112 p=0.5817 47.97+1.639 48.50+1.629 p=0.8245 Mann-Whitney test Unpaired t-test
FWHM (ms) 1309005330 144501185 p=02431 0.7982£002326 | 0.8608+0.07486 p=09133 Unpaired t-test Mann-Whitney test
AHP (mV)? 122808922 102141354 p=03955 158609857 17.13+1.484 p=06896 Mann-Whitney test | Mann-Whitney test
Rheobase (pA) 135.710.99 150.0£30.56 p=06160 239641592 18161761 p=00616 Mann-Whitney test Unpaired t-test
IS! ratio 4225+03090 3746:0.5036 p=03963 1307£002791 | 1.933:04037 p=03255 Unpaired t-test Mann-Whitney test
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