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ABSTRACT

BACKGROUND: Heterozygous mutations or deletions of MEF2C cause a neurodevelopmental disorder termed
MEF2C haploinsufficiency syndrome (MCHS), characterized by autism spectrum disorder and neurological symp-
toms. In mice, global Mef2c heterozygosity has produced multiple MCHS-like phenotypes. MEF2C is highly
expressed in multiple cell types of the developing brain, including GABAergic (gamma-aminobutyric acidergic)
inhibitory neurons, but the influence of MEF2C hypofunction in GABAergic neurons on MCHS-like phenotypes
remains unclear.

METHODS: We employed GABAergic cell type-specific manipulations to study mouse Mef2c heterozygosity in a
battery of MCHS-like behaviors. We also performed electroencephalography, single-cell transcriptomics, and
patch-clamp electrophysiology and optogenetics to assess the impact of Mef2c haploinsufficiency on gene
expression and prefrontal cortex microcircuits.

RESULTS: Mef2c heterozygosity in developing GABAergic cells produced female-specific deficits in social
preference and altered approach-avoidance behavior. In female, but not male, mice, we observed that Mef2c
heterozygosity in developing GABAergic cells produced 1) differentially expressed genes in multiple cell types,
including parvalbumin-expressing GABAergic neurons, 2) baseline and social-related frontocortical network activity
alterations, and 3) reductions in parvalbumin cell intrinsic excitability and inhibitory synaptic transmission onto
deep-layer pyramidal neurons.

CONCLUSIONS: MEF2C hypofunction in female, but not male, developing GABAergic cells is important for typical
sociability and approach-avoidance behaviors and normal parvalbumin inhibitory neuron function in the prefrontal
cortex of mice. While there is no apparent sex bias in autism spectrum disorder symptoms of MCHS, our findings
suggest that GABAergic cell-specific dysfunction in females with MCHS may contribute disproportionately to
sociability symptoms.

https://doi.org/10.1016/j.bpsgos.2024.100289

The MEF2 (myocyte enhancer factor 2) family of transcription
factors (MEF2A-D) regulates programs of gene expression that
influence the proper development of the nervous, muscular,
and immune systems and their adaptive responses throughout
adulthood (1-13). MEF2C has emerged as a particularly
important gene for brain development and function (7,14-16).
Genome-wide association studies have linked MEF2C variants
to increased risk for neuropsychiatric disorders, including
schizophrenia, major mood disorders, and attention-deficit/
hyperactivity disorder (17-22). De novo deletions or loss-of-
function mutations in 1 gene copy cause MEF2C hap-
loinsufficiency syndrome (MCHS), which is a neuro-
developmental disorder characterized by frequently observed
symptoms of autism spectrum disorder (ASD), intellectual
disability, absent or limited speech, seizures, and various

motor and sensory abnormalities (23-34). The important
function of MEF2C is conserved across species, as mice that
lack 1 functional Mef2c allele (Mef2c™~) display numerous
behavioral and brain circuit abnormalities that are reminiscent
of MCHS (12-14,16).

In the developing mouse cortex and hippocampus, MEF2C is
highly expressed in excitatory and inhibitory neurons and in
microglia (7,9,16,35). Conditional Mef2c heterozygosity in most
forebrain excitatory neurons (Emx1-lineage) has been shown to
produce a subset of global Mef2c™~ mouse phenotypes,
including hyperactivity and altered approach-avoidance
behavior, but without influencing social preference (16), while
conditional Mef2c heterozygosity in microglia (Cx3cr1-lineage)
produce deficits in sociability and male-specific, enhanced
jumping behavior (16). Mef2c heterozygosity using multiple Cre
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driver lines and the corresponding behavioral phenotypes are
outlined in Table 1.

GABAergic (gamma-aminobutyric acidergic) neurons make
up ~10% to 30% of neurons within the cerebral cortex (36-40)
and possess distinct morphological and electrophysiological
properties that dictate their function (41). GABAergic in-
terneurons, which are born in the ganglionic eminences and
migrate into the developing cortex, are important for feedback
and feedforward inhibition, forming a delicate balance of excit-
atory and inhibitory tone that is necessary for cortical information
processing and neurotypical behavior (42-44). Perturbations to
local cortical networks can cause hyper- or hypoexcitability (45),
which can desynchronize neuronal oscillations that coordinate
the activity of different brain regions to guide complex behavior
(46). Abnormalities in GABAergic inhibitory synaptic trans-
mission, particularly in the prefrontal cortex (PFC), have been
linked to altered cognition and social behaviors (47). Shifts in the
balance of excitatory and inhibitory medial PFC (mPFC) synaptic
transmission have been implicated in ASD and other neuropsy-
chiatric disorders (44). Previous studies have revealed that con-
ditional knockout of both Mef2c alleles in GABAergic neuron
precursors (DIx5/6-lineage) disrupted differentiation of parval-
bumin (PV)-positive GABAergic neurons (8), but the impact of
Mef2c heterozygosity in PV cell precursors, or more broadly in
GABAergic cells, remains unknown.

METHODS AND MATERIALS

Animals

Mice (Mus musculus) were group housed (2-5 animals per
cage) with same-sex littermates in a reverse 12-hour light/dark
cycle facility with ad libitum access to food and water. We
generated cell type—specific Mef2c conditional heterozygous
(cHet) mice by crossing Mef2c™* mice (RRID:MGI:3719006)
with Vgat-Cre (Jackson Laboratory, #028862), Sst-Cre (Jack-
son Laboratory, #013044), or Vip-Cre (Jackson Laboratory,
#010908) mice. Experimenters were blinded to mouse geno-
type during experimentation, data collection, and analysis.
Animals were tested under guidelines provided by the Medical
University of South Carolina Institutional Animal Care and Use
Committee and the National Institutes of Health.

RESULTS

Mouse Model of Mef2c Conditional Heterozygosity
in GABAergic Inhibitory Populations

To study the impact of MEF2C hypofunction in GABAergic cell
populations during development, we bred Vgat-Cre mice,
which express Cre recombinase broadly in early developing
GABAergic neurons (48), with floxed Mef2c loss-of-function
mice (49) to create offspring that are GABAergic cell-specific
Mef2c heterozygous mutants (Mef2c™*;Vgat-Cre or Mef2c
cHetV9%). Vgat-Cre crossed with Ai14 reporter mice produced
the expected pattern of recombination in GABAergic pop-
ulations as validated in our laboratory (48,50) (Figure S1A in
Supplement 1). Previous studies in our laboratory have
confirmed that Vgat-cre and Ai14 recombination occurs on or
before embryonic day E15.5 (50). Conditional knockout of both
Mef2c alleles in GABAergic cells (Mef2c cKOV9®) resulted in
postnatal lethality (i.e., around postnatal days 15 to 25) in most

of the mutant mice (~70-90%; J Cho, B.S., 2020-2022). One
Mef2c cKOV92! male that escaped postnatal lethality displayed
severe motor impairments (J Cho, B.S., July 2020). In contrast,
loss of only 1 Mef2c allele in GABAergic cells (Mef2c cHetV9)
resulted in the expected Mendelian frequency and life spans
(Figure S1B in Supplement 1).

Next, we subjected the 8- to 12-week-old Mef2c cHet"9™
and littermate control male and female mice to a battery of
behavior tests (Figure 1). Analysis of maternal separation—
induced ultrasonic vocalizations (USVs) at postnatal days 4,
7, and 10 revealed no difference in the number of USVs pro-
duced (Figure S1C in Supplement 1). As young adults, Mef2c
cHet"9 mice displayed normal locomotion and jumping in a
novel environment (Figure 1B, C). In the Y-maze, Mef2c
cHet"9%" mice displayed fewer correct spontaneous alterna-
tions (Figure 1D; Figure S1D in Supplement 1), suggesting a
deficit in spatial working memory. In the elevated plus maze
(EPM), female, but not male, Mef2c cHet"9® mice spent
significantly more time in the unprotected, open arms of the
EPM (Figure 1E), revealing a female-specific change in neu-
rotypical approach-avoidance behavior. In the 3-chamber so-
cial interaction test, only female Mef2c cHet"93 mice showed a
significant deficit in social preference for a novel, sex-matched
mouse compared with a novel object (Figure 1F; Figure S1E in
Supplement 1). Finally, Mef2c cHetV9% mice displayed typical
freezing behaviors in the context and cued Pavlovian fear
conditioning tests, similar to the global Mef2c*’~ mice (16)
(Figure 1; Figure S1F in Supplement 1).

Mef2c Heterozygosity Within Individual Major
GABAergic Interneuron Subpopulations Alone Does
Not Reproduce Mef2c cHet"9%* Mouse Behavioral
Phenotypes

Next, we examined whether behavioral phenotypes in Mef2c
cHet"9®" mice might be produced primarily by major GABAer-
gic interneuron subclasses, namely the somatostatin (SST),
vasoactive intestinal peptide (VIP), and PV-expressing pop-
ulations. However, neither the Mef2c cHet>* (Mef2c™";Sst-
Cre or Mef2c cHet®Y) nor the Mef2c cHet"® (Mef2c*;Vip-Cre
or Mef2c cHet"P) mice displayed notable behavioral differ-
ences from littermate controls in the battery of assessed be-
haviors (Figure 2A-H; Figure S2A-J in Supplement 1). Female
Mef2c cHet>' mice displayed an increase in freezing time
during fear conditioning training compared with control female
mice, suggesting a heightened response to tone-shock pair-
ings (Figure S2C in Supplement 1). Additionally, male Mef2c
cHet"® mice exhibited a significant increase in jump counts,
which suggests a possible role for MEF2C in VIP-expressing
inhibitory neurons to regulate repetitive behaviors
(Figure S2G in Supplement 1); however, this was not observed
in the pan-GABAergic context (Figure 1C). We previously re-
ported that Mef2c cHet"™ mice did not display the behavioral
phenotypes observed in Mef2c cHetY9% mice (16). However,
because Pv-Cre expression begins at postnatal day 8 or later
(16,51), we cannot preclude the possibility that Mef2c het-
erozygosity in developmental precursors of PV neurons before
the second postnatal week of life influences the expression of
abnormal phenotypes. Taken together, these findings indicate
that Mef2c heterozygosity in embryonic SST or VIP cells or in
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Figure 1. Mef2c cHetV9%! mice display spatial working memory deficits, altered approach avoidance, and reduced social preference. (A) Behavior battery
paradigms and legend. (B, C) Mef2c cHet'9% mice exhibited normal locomotor activity as assessed by distance traveled and jump counts in a 1-hour lo-
comotor assay. (D) Mef2c cHet'9%! mice performed worse on the Y-maze, a spatial working memory assay, with significantly fewer correct spontaneous
alternations than control mice. (E) Female, but not male, Mef2c cHetV9% mice displayed altered approach-avoidance behaviors on the EPM. (F) Unlike control
mice, female Mef2c cHetV9% mice showed no preference for the social target over the novel object. Female control, male control, and male Mef2c cHetV9at
mice showed a statistically significant social preference. (G) Mef2c cHet"9% and control mice displayed normal freezing in the context (left) and cue (right) fear
conditioning tests. Red data points represent females, circles represent control animals, and triangles represent Mef2c cHet9%! mice. Data are reported as
mean = SEM. Statistical significance was determined by unpaired t test for (B), (C), (D), and (G) (left). Statistical significance was determined by analysis of
variance for (E) (2-way), (F) (3-way), and (G) (right) (2-way). ns = not significant (p > .05), *p < .05, **p < .005, ***p < .001. For (B-E), there were 19 mice (12
male, 7 female) in the control group and 18 mice (9 male, 9 female) in the Mef2c cHet'9% group. For (F), there were 17 mice (11 male, 6 female) in the control
group and 18 mice (9 male, 9 female) in the Mef2c cHetV9® group. For (G), there were 8 mice (5 male, 3 female) in the control group and 8 mice (5 male, 3
female) in the Mef2c cHet"9" group. Outliers were removed using the Grubbs’ test. Control mice include Cre-negative and Cre-positive mice. cHet, conditional
heterozygous; Cond, conditioning; EPM, elevated plus maze; Loc, locomotor; Obj, object interaction zone; Soc, social interaction zone; Soc Pref, 3-chamber
social interaction assay; USV, ultrasonic vocalization.

postnatal PV cells does not, at least by itself, account for
Mef2c cHetV9%! behavior phenotypes.

Mef2c cHetVe® Mice Display Female-Specific
Frontocortical Gamma Power Alterations

To detect differences in cortical processing of social in-
formation, we recorded in vivo brain activity using

electroencephalography (EEG). Mef2c cHetV9% and control
mice were tethered and acclimated for 10 minutes in the
novel open field arena. Mice were then introduced to a
novel age- and sex-matched mouse for 10 minutes
(Figure 3A). Relative EEG power in the PFC was measured
during active social interaction and noninteraction periods
throughout the social encounter (Figure 3B). Gamma power
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displayed normal spatial working memory on the Y-
maze compared with littermate control mice. (F)
. Mef2c cHet"P mice displayed normal approach-
avoidance behaviors on the elevated plus maze.
(G) Mef2c cHet"® and control mice strongly
preferred the social target over the novel object. (H)
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group. For (E, G), there were 13 mice (7 male, 6 fe-
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were 13 mice (7 male, 6 female) in the control group
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was found to be significantly higher during periods of social
interaction than noninteraction for all groups except for
control males (Figure 3C-E), and females had significantly
higher gamma power than males (Figure 3E). We found no
significant difference between male and female control
mice in low gamma power during noninteraction periods;
conversely, during periods of social interaction, we detec-
ted a significant decrease in low gamma power in males,
perhaps due to varying arousal states, estrus status, and

4

differing social dynamics (Figure 3E). During social inter-
action, there was higher gamma power in control females
than Mef2c cHet'9%' females, while no differences were
detected in the male Mef2c cHet"93 and control male mice
(Figure 3E). These findings demonstrate baseline gamma
power differences between control mice in response to
social information and increased gamma power during so-
cial interaction in control females compared with female
Mef2c cHetV9% mice.
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Figure 3. Female Mef2c cHet"9%' mice display reduced medial prefrontal cortex gamma power during social behavior. (A) Screws were placed epidurally
atop the prefrontal cortex, somatosensory cortex, and cerebellum. The experimental mouse was placed in an open arena and tethered to a custom elec-
troencephalography recording system. (B) Social interaction in video recordings were detected using BORIS. Social bouts were characterized as mutual
orientation (snout to snout), proximity, and physical interaction with the other animal (snout to body). (C, D) Visual representation of the relative power at low
gamma frequencies during social interaction and during noninteraction throughout the 10-minute social exploration period. (E) Quantification of relative power
during periods of social interaction and periods of noninteraction. According to the post hoc test of marginal mean difference (emmeans package, R language),
gamma power was higher during social interaction compared with noninteraction (estimated mean difference = 0.015, SE = 0.002, t,1 = 8.993, p < .0001).
Females had higher gamma power compared with males (estimated mean difference = 0.020, SE = 0.020, t,4 = 2.955, p = .008). Post hoc pairwise com-
parisons using the Tukey method to correct for multiple comparisons showed higher gamma power in control females than in Mef2c cHet"9® females
(estimated mean difference = 0.032, SE = 0.010, t,4 = 3.249, adjusted p = .058), whereas control males did not have significantly different gamma power
compared with Mef2c cHet"92! males (estimated mean difference = —0.006, SE = 0.010, t,, = —0.558, adjusted p = .999). For (C-E), there were 10 mice (5
male, 5 female) in the control group and 15 mice (7 male, 8 female) in the Mef2c cHetVoat group; each data point represents an average of 2 prefrontal cortex
recordings (1 in each hemisphere). #p < .1, *p < .05. Control mice include Cre-negative and Cre-positive mice. cHet, conditional heterozygous; F, female; M,
male; no int, no interaction; ns, not significant; Soc int, social interaction.
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Single-Cell Transcriptomic Analysis of Mef2c
cHet"?2' Mice Reveals Significant Dysregulation of
Gene Expression in Multiple GABAergic Cell Types
of the PFC

While MEF2C is expressed in GABAergic neurons throughout
the brain, and the complex behaviors we analyzed in this study
involve distributed neural circuits functioning across multiple
brain regions, we chose to focus on PFC transcriptomics
because social interaction, approach-avoidance, and working
memory are all dependent on the mPFC (44,52-54). Accord-
ingly, we examined the impact of GABAergic cell type-specific
Mef2c heterozygosity on cell type distribution and gene
expression in this central brain region. Toward this end, we
isolated and pooled mPFC tissue from 3 female Mef2c cHet"9
and 3 female control mice and performed single-nucleus RNA
sequencing (snRNA-seq) (Figure 4A; Figure S3A-E in
Supplement 1). After quality-control filtering, we retained a total
of 23,599 nuclei for snRNA-seq (Figure S3A-C in Supplement 1).
We applied uniform manifold approximation and projection
dimensionality reduction and Leiden clustering to transcriptomic
datasets and identified 22 distinct cell-type clusters (Figure 4B).
We profiled all major mPFC cell types of the brain—excitatory
neurons, inhibitory neurons, astrocytes, microglia, oligodendro-
cytes, oligodendrocyte progenitor cells, vascular cells, and
endothelial cells. Clusters were annotated based on known
marker genes (Figure 4C). Next, we examined the composition of
each cluster in the context of Mef2c cHet"9% mice and found no
significant differences in overrepresented or underrepresented
cell types (Figure S3C in Supplement 1). As expected, Mef2c
messenger RNA was enriched predominantly in excitatory and
inhibitory neurons and microglia, and the relative proportions of
the various mPFC cell populations were similar in control and
Mef2c cHet"9® mice (Figure 4D).

To gain more insight into the effect of Mef2c at a cell-type
level, we performed differential gene expression analysis
(Table S1in Supplement 2; Table S2 in Supplement 3). We found
numerous differentially expressed genes (DEGs) in female
Mef2c cHetV9% mice. As expected, a large proportion of DEGs in
Mef2c cHetV9% mPFC was observed in GABAergic interneuron
clusters (Figure 4E). Nonetheless, we observed DEGs in excit-
atory glutamatergic neurons, microglia, oligodendrocytes, and
vascular cell clusters, presumably from cell nonautonomous
influences of Mef2c heterozygosity in GABAergic cells. Within
the GABAergic cell clusters, the largest number of DEGs was
observed in the Lamp5* (lysosome-associated membrane
protein 5) and Pvalb ™ inhibitory cell types, with fewer DEGs in the
Sst* and Vip™ inhibitory neuron clusters (Figure 4E). Moreover,
we found that DEGs were highly specific, with minimal overlap
between inhibitory cell types (Figure 4F). Because MEF2C is a
high-risk neurodevelopmental disorder gene, we advanced our
understanding of ASD risk by performing gene-set enrichment
with known ASD genes. Interestingly, among the inhibitory cell
types, we found a significant enrichment (false discovery rate <
0.05) in the Inh_Pvalb™ cluster for high-confidence autism-
linked genes (Figure 4), such as Grin2a, Nrg1, Grik2, and Reln
(Figure 4G, H). Furthermore, we investigated the overlap be-
tween genes affected in the mPFC of Mef2c cHetV9%" mice and
snRNA-seq data from postmortem brains of humans with ASD.
Interestingly, Inh_Pvalb DEGs were enriched for genes

perturbed in human PVALB neurons, thus underscoring the key
role of Mef2c in regulating ASD genes in PV inhibitory neurons
(Figure S3D in Supplement 1). Next, we performed functional
enrichment for inhibitory neuron DEGs and found high cell type-
specificity. We found that in the Inh_Pvalb™ cluster, DEGs
showed significant enrichment of genes linked to axon devel-
opment, synaptic transmission, synapse organization, synaptic
signaling, and cell junction assembly (Figure 4l; Table S3 in
Supplement 4). To further support the role of Mef2c in the
regulation of inhibitory cell type DEGs, we analyzed MEF2C
chromatin immunoprecipitation sequencing data from an inde-
pendent study (55) and found significant enrichment in
Inh_Pvalb* and Inh_Lamp5™" DEGs for genes bound by MEF2C
in multiple genomic regions (Figure S4E in Supplement 1).

To explore snRNA-seq data at a systems level, we specifically
analyzed inhibitory neurons by using a weighted co-expression
network method (Figure 4J). In total, we found 8 co-expression
modules, 4 of which were significantly correlated with geno-
type, and their module eigengene showed significant differences
between Mef2c cHet"9® and control mice (Figure 4K). Moreover,
using differential module eigengene analysis, we found that M6
was the most differentially expressed between Mef2c cHet"9at
and control mice (Figure 4L). Additionally, the M6 module
showed enrichment for the Mef2c binding motif, and its overall
expression is enriched in Inh_Pvalb™ (Figure 4M-0). Finally, we
highlighted the top 25 hub genes of M6 and detected Mef2c, as
well as genes like Cntnap4, which contribute to GABAergic
synaptic transmission (56,57). Thus, our differential expression
analysis and system-level network analysis facilitated the iden-
tification of cell type-specific disease biology driven by Mef2c
heterozygosity and highlighted a key role for MEF2C in regu-
lating the transcriptional landscape of PV inhibitory neurons.

MEF2C Hypofunction in GABAergic Neurons
Reduces PV Cell Intrinsic Excitability and Inhibitory
Synaptic Transmission in the mPFC

While conditional embryonic knockout of Mef2c in DIx5/6-Cre
lineage GABAergic cells dramatically reduces PV cell differ-
entiation (8), our snRNA-seq studies revealed no differences in
the number of Inh_Pvalb* cells in female Mef2c cHet"9% mice
compared with female control mice (Figure S3C in Supplement
1). We also detected no difference by genotype in Pvalb
messenger RNA levels in the P56 mPFC (Figure 5A) and no
difference in PV" neuron density in the mPFC of Mef2c
cHet¥9% mice (Figure 5B), suggesting that 1 functional Mef2c
allele is sufficient for PV cell differentiation.

Because there were numerous Mef2c cHet"9% DEGs in the
PV cell cluster linked to synaptic transmission (Figure 4l), we
examined the intrinsic and synaptic properties of PV in-
terneurons in Mef2c cHetV9% mice at P56. We performed
whole-cell patch-clamp recordings of PV cells in current clamp
mode and analyzed action potentials produced with current
stimulation. While there was no apparent change in rheobase,
PV cells from female (Figure 5C), but not male (Figure S4A in
Supplement 1), Mef2c cHetV9%" mice showed a significant
reduction in action potentials elicited over a wide range of
current steps, revealing a reduction in PV cell intrinsic excit-
ability. In voltage-clamp mode, we did not observe any dif-
ferences by genotype or sex on excitation/inhibition ratio
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Figure 4. Single-nucleus RNA sequencing in female Mef2c cHet'9% mice. (A) Schematic representation of the mice, prefrontal cortex dissection, nuclear
dissociation and isolation, fluorescence-activated nucleus sorting, sequencing, and downstream bioinformatic approaches used in this study. (B) UMAP
visualization of the single-nuclei data. Dots correspond to individual nuclei for 23,599 nuclei profiled with single-nucleus RNA sequencing. (C) Dot plot
depicting the expression of known neuronal and glia markers. Gradient color corresponds to the expression level, whereas dot size corresponds to the
percentage of nuclei expressing the marker. (D) UMAP visualization depicting Mef2c expression distribution in the cell types identified. (Right) A stacked bar
plot showing the proportion of nuclei within a cell type expressing Mef2c in Mef2c cHet'9®* and control mice. (E) Bar plot depicting the number of genes
differentially expressed in each cell type identified. (Right) Spider plot showing the number of DEGs in neuronal populations (red = inhibitory neurons, blue =
excitatory neurons). (F) UpSet plot summarizing the overlap between DEGs in inhibitory neurons. (G) Bubble chart showing the enrichment of ASD genes in cell
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calculated from evoked excitatory postsynaptic currents
(AMPA-mediated currents) and evoked inhibitory postsynaptic
currents (IPSCs) (GABA-mediated currents) onto PV cells
(Figure S4B, C in Supplement 1), suggesting preserved syn-
aptic transmission onto PV cells in Mef2c cHet 9% mice at P56.
Moreover, similar spontaneous excitatory postsynaptic current
frequency and amplitude onto PV cells supported typical levels
of excitatory transmission onto PV cells in Mef2c cHet"9%! mice
(Figure S4D, E in Supplement 1). Next, to assess the output
from PV cells onto deep-layer pyramidal neurons, we elicited
optogenetically evoked IPSCs (0elPSCs) onto deep-layer py-
ramidal neurons. We observed that female (Figure 5D), but not
male (Figure S4F in Supplement 1), Mef2c cHet"9® mice dis-
played a decrease in 0elPSC amplitude onto pyramidal neu-
rons. However, there was no effect by genotype on the oelPSC
paired-pulse ratio (PPR) (Figure S4G in Supplement 1), sug-
gesting that the reduction in inhibitory synaptic transmission
onto deep-layer pyramidal neurons is not caused by a change
in PV cell presynaptic function. When we recorded sponta-
neous IPSCs (sIPSCs) of all GABAergic inputs onto the deep-
layer pyramidal neurons, we observed a small but significant
reduction in the frequency of sIPSCs in female (Figure 5E), but
not male (Figure S4H in Supplement 1), Mef2c cHetY9% mice.
No changes in sIPSC amplitude were observed in pyramidal
cells (Figure 5E; Figure S4H in Supplement 1), and we detected
no differences in GABAergic PPR in pyramidal cells (Figure S4l
in Supplement 1). We did not observe any difference by sex or
genotype on membrane resistance, membrane capacitance, or
resting membrane potential in PV cells of control or Mef2c
cHetV9 mice (Figure S4J-L in Supplement 1).

Taken together, these data suggest that Mef2c heterozy-
gosity in GABAergic cells produces significant sex-specific
reductions in PV interneuron excitability and inhibitory synap-
tic transmission onto deep-layer mPFC pyramidal neurons.

DISCUSSION

MCHS is characterized by numerous neurological symptoms
(23-34), and a mouse model of MCHS (global Mef2c™/~) has
shown face-valid behavioral differences that are reminiscent of
MCHS symptoms (14,16). MEF2C is highly expressed in mul-
tiple cell types, but whether MEF2C haploinsufficiency in
certain cell types disproportionately contributes to MCHS-
related phenotypes remains unclear. In this study, we exam-
ined Mef2c’s role in GABAergic cell populations (Vgat-lineage)
for MCHS-like behaviors. In Mef2c cHet"9® mice, we detected

2 behavioral differences that are seen in global Mef2c™’~ mice:

1) decreased social preference and 2) reduced avoidance of
the unprotected arms of the EPM. However, unlike global
Mef2c™~ mice, relevant Mef2c cHetV9% behavior differences
were only present in females. Analysis of EEGs in the frontal
cortex of female, but not male, Mef2c cHetV9! mice revealed a
reduction of EEG power in the gamma bands during social
engagement, suggesting sex-specific alterations in fronto-
cortical information processing. Analysis of cell types in the
mPFC of female Mef2c cHetV9® and control mice exposed
DEGs in several populations, including robust changes in PV*
neurons and strong evidence for Mef2c’s role as a hub gene in
the PV cell population. Analysis of PV cells in the mPFC of
Mef2c cHet"9%" mice revealed a significant reduction in intrinsic
excitability and inhibitory synaptic transmission onto mPFC
deep-layer pyramidal neurons. Taken together, our findings
uncover an interaction between Mef2c heterozygosity in
GABAergic cells and sex for social preference and anxiety-like
behaviors, and they demonstrate that MEF2C hypofunction in
one or more GABAergic cell populations is sufficient to alter
mPFC-linked neurotypical behaviors, gene expression, and
inhibitory microcircuit function.

Notably, we did not directly assess whether Mef2c floxed
mice or Cre-positive mice conferred biochemical or behav-
ioral phenotypes in the current study; however, we have
previously utilized Mef2c floxed mice as Cre-negative control
mice, and we did not detect overt abnormal behavioral phe-
notypes (7,16). We cannot exclude the possibility that the
Mef2c floxed allele or the presence of Cre recombinase per-
turbs natural behavior, thereby differentiating these mice from
true wild-type mice. Moreover, a limitation of our model is that
we are assessing the isolated role of MEF2C in inhibitory
neurons and the following compensatory or cell nonautono-
mous changes, such as circuit function, that are unique to this
manipulation. These findings do not fully translate to circuit
changes present in Mef2c global heterozygous mice, which
are found across many different cell types and relate more
closely to MCHS.

In this study, we focused on the mPFC due to its strong
connection to social behavior, ASD, and approach-avoidance
behavior. Moreover, PV interneurons in the mPFC play
important roles in social behavior (58,59). The PFC plays an
essential role in social motivation (60), social information pro-
cessing (61), behavioral flexibility, response inhibition, atten-
tion, and emotion (62). Functional magnetic resonance imaging
studies of adults with ASD have reported weaker functional

type-specific DEGs. Gradient color corresponds to the —logo(FDR), whereas dot size corresponds to the OR (Fisher’s exact test). (H) Heatmap visualizing the
DEGs in inhibitory neurons ranked by fold change difference between Mef2c cHetV9%! and control mice. Highlighted genes are associated with ASD. (I) Bubble
chart highlighting the top 3 functional categories enriched in DEGs of inhibitory cell types. Gradient color and dot size correspond to the —log4o(FDR). (J)
Network visualization of the 8 inhibitory modules identified by co-expression analysis. (K) Heatmap showing the correlation between module eigengene and
genotype. Stars correspond to statistically significant correlations. Gradient corresponds to positive or negative correlation. (L) Volcano plot depicting module
eigengene differences between Mef2c cHet"9%! and control mice. The x-axis shows the log,(FC), whereas the y-axis shows the —log1o(FDR). Analysis was
performed using a linear model. (M) Bar plot showing the enrichment of MEF2C motifs in the inhibitory-associated modules. Stars correspond to statistically
significant enrichment. (N) Bubble chart depicting the overall expression of genes within the modules in each cell type. Gradient color corresponds to the
expression level, whereas dot size corresponds to the percentage of nuclei expressing the genes within the modules. (O) Co-expression plot for INH-M6
showing the top 25 hub genes. (Right) UMAP showing the relative expression of INH-M6. Control mice as a group include Cre-positive mice. ASD, autism
spectrum disorder; cHet, conditional heterozygous; DEG, differentially expressed gene; ER, endoplasmic reticulum; FC, fold change; FDR, false discovery rate;
HET, heterozygous; OR, odds ratio; SRP, signal recognition particle; t-SNE, t-distributed stochastic neighbor embedding; UMAP, uniform manifold approx-

imation and projection; WT, wild-type.
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Figure 5. mPFC PV neurons display reduced intrinsic excitability and hypofunction, and PNs receive reduced GABAergic input. (A) PV messenger RNA
levels are not different between Mef2c cHetV9% (n = 7; 3 male, 4 female) and control (n = 6; 3 male, 4 female) mice in the PFC by quantitative polymerase chain
reaction at age 8 weeks. (B) The number of PV-expressing cells in the PFC are not different between Mef2c cHet"9% (n = 16; 8 male, 8 female) and control (n =
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connectivity of the mPFC during mentalization (63,64). We
strongly suspect that PV cell dysfunction is not limited to the
mPFC.

Mef2c expression in GABAergic striatal projection neu-
rons is reportedly transient during development and impacts
corticostriatal synaptogenesis and ultrasonic vocalizations
(65). However, Mef2c heterozygosity in VGAT-positive cells
in our study did not disrupt USVs during early postnatal
periods (Figure S1C in Supplement 1), suggesting that 1
allele of Mef2c is sufficient for corticostriatal connectivity
and USVs. One interesting observation in Mef2c cHetY9™
mice is the reduction in spontaneous alternations in the
Y-maze assay, which is often interpreted as a deficit in
spatial working memory (66). Notably, PV neurons in the PFC
are required for spatial working memory (67), and transient
decreases in PV neuron activity in the PFC can irrevocably
affect cognitive behavior and gamma oscillations (68).
Similar to sociability and working memory, there is evidence
for dichotomous regulation of the excitatory and inhibitory
tone in the PFC to differentially influence avoidance and
approach on the EPM (69).

In this study, we found that Mef2c heterozygosity in em-
bryonic SST- or VIP-positive cells did not reproduce pheno-
types observed in Mef2c cHet'9%" mice, suggesting that
MEF2C hypofunction in either of these populations alone does
not account for Mef2c cHetV9% behavior phenotypes. Despite
robust changes in gene expression, excitability, and inhibitory
transmission in PV cells of Mef2c cHet"9®' females, Mef2c
cHet™ mice did not display deficits in social interaction, EPM,
or Y-maze tests, suggesting that reduced MEF2C function in
PV cells, at least after the first postnatal week, is dispensable
for the assessed behaviors that we examined. Notably, our
snRNA-seq data revealed numerous changes in all 4 inhibitory
cell clusters in the mPFC of Mef2c cHetV9® females, with the
largest changes occurring in the PV" and Lamp5™ inhibitory
neuron clusters. While Lamp5™ cells represented a consider-
ably lower percentage of inhibitory cells than Pvalb™ cells in
the PFC, LAMPS5, a brain-specific membrane protein, has been
found to influence evoked GABAergic transmission, and
LAMPS5-deficient mice had reduced anxiety and deficits in ol-
factory discrimination (70). Therefore, it seems likely that the
phenotypes detected in the Mef2c cHet"9® females are due to
the combined effects of multiple GABAergic cell types and/or
cell nonautonomous changes in non-GABAergic cells, many of
which are impacted at the level of gene expression.

How sex interacts with MEF2C hypofunction in GABAergic
cells remains unclear. Current clinical evidence does not
suggest a sex bias in ASD symptom prevalence in MCHS

(71,72), and both male and female global Mef2c™~ mice
showed social preference deficits (16). Our previous in-
vestigations into Mef2c mutant mice (Table 1) have not yielded
female-specific phenotypes. We observed possible sex dif-
ferences between control male and control female mice in 1)
prefrontocortical EEG, especially during social interaction
periods and not during noninteraction, and 2) in PV neuron
excitability, specifically in the 340 to 500 pA current range.
These findings suggest sex differences in PFC processing at
baseline, and the caveat remains that we are observing a
complex interplay between existing sexual dimorphisms and
further modification due to MEF2C haploinsufficiency,
possibly through regulatory gene expression changes. There
are documented sex differences in EEG power in autism;
however, the literature on frequency-specific changes in
specific contexts is not well-described (73). Because PV
neurons play a critical role in generating and maintaining
gamma oscillations, the differences that we observed be-
tween male and female mice could be attributable to how
female cortical fast-spiking neurons are activated by touch,
regulated by estrus state, and influenced by estradiol (74). It is
possible that estrus-related tuning of interneuron activity and
concomitant changes in GABAergic receptor expression (75)
may contribute to interneuron cycling, characterized by
changes in cortical inhibitory tone. Emerging evidence sug-
gests that excitation/inhibition balance is dynamic and that
estrogen can increase PV neuron excitability in the deep
layers of the cortex through its actions on estrogen receptor
beta, and estrus state can affect inhibition and reduce evoked
inhibitory latency (74). These female-specific modifiers could
be at play when evaluating PV intrinsic excitability. We con-
ducted a gene-set enrichment analysis in DEGs of PV cells to
detect changes in estrogen pathway and signaling; however,
we did not observe any significant enrichments. How sex
hormones interact with MEF2C’s developmental influences
on GABAergic neurons will be an important question for
future studies.

Neuropsychiatric disorders and neurotypical cognitive
function are heavily influenced by excitation/inhibition balance
within the brain (43,44). Our findings here suggest that mPFC
PV interneurons in Mef2c cHetV9% females are less excitable
and show a reduction in inhibitory synaptic transmission onto
deep-layer pyramidal neurons. We failed to detect a clear
change in PV presynaptic function (by 0elPSC PPR), sug-
gesting that the inhibitory transmission deficit could be due to
postsynaptic strength or fewer PV synapses onto deep-layer
pyramidal neurons. Analysis of sIPSCs, which involves mea-
surement of all GABAergic synapses rather than isolated PV

17; 8 male, 9 female) mice by immunohistochemistry at age 8 weeks. Representative images of PV immunostaining in the PFC are shown (scale bar = 250 uM).
(C) AAV2-S5E2-ChR-mCherry was injected into the PFC at age 5 weeks, and whole-cell patch-clamp recordings took place at age 8 weeks. PFC PV neurons

from female Mef2c cHet"9!

mice (n = 4, 8 cells) elicited fewer action potentials with current injection than female control mice (n = 4, 9 cells). (D) When

recording from pyramidal neurons after shining blue light atop the PFC to stimulate PV neurons, we observed a decrease in 0elPSC amplitude in female Mef2c
cHet"9% (n = 4, 14 cells) compared with female control (n = 4, 16 cells) mice. (E) We detected a decrease in sIPSC frequency onto pyramidal neurons, but not
amplitude, in the PFC of Mef2c cHet"9% mice (n = 6, 18 cells) compared with control mice (n = 6, 18 cells). Red data points represent females, circles represent

control animals, and triangles represent Mef2c cHet"9*

mice. Data are reported as mean + SEM. Statistical significance was determined by unpaired t test for

(A, B). Statistical significance was determined by Kolmogorov-Smirnov test for (C) and analysis of variance for (D, E) (2-way). ns = not significant (p > .05), *p <
.05, *p < .01, **p < .005. Outliers were removed using the Grubbs’ test. Control mice as a group include Cre-positive mice. cHet, conditional heterozygous;
GABA, gamma-aminobutyric acid; mPFC, medial prefrontal cortex; oelPSC, optogenetically evoked inhibitory postsynaptic current; PN, pyramidal neuron; PV,

parvalbumin; sIPSC, spontaneous inhibitory postsynaptic current.
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cells, showed normal sIPSC amplitude, suggesting preserved

g:ﬁ postsynaptic strength, but we detected a reduction in sIPSC
25 frequency. However, there was no detectable change in IPSC
2978, SIS S 0 PPR, suggesting that the reduction in frequency is not due to
8 .go reduced presynaptic function. As such, the findings demon-
§'§ strate a possible reduction in PV synapses onto deep-layer
e mPFC pyramidal cells, which will be important to examine in
the future.
g Conclusions
& In this study, we assessed the role of MEF2C hypofunction
% Siulslelulaluly in developing GABAergic cells using genetic dissection
o - ) strategies and found that reduced MEF2C function in
'§ é GABAergic cells produced female-specific deficits in social
%] = preference and approach-avoidance behavior. Moreover,
§ our findings revealed significant impacts on mPFC gene
2 expression, basal and social-induced frontocortical EEGs,
£ and PV cell excitability and inhibitory synaptic transmission.
ﬁ 'g g Our findings demonstrate an important female-specific role
S < s for MEF2C in GABAergic populations for multiple behaviors
3 g) o 8 with relevance to MCHS, including sociability, and provide
e R e R R - new mechanistic insights into the essential dosage-sensitive
% E % roles for MEF2C in neurotypical development and brain cir-
3 E o cuit function.
wE g
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