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Abstract

Transcription factor 4 (TCF4) is a basic helix-loop-helix transcription factor that is implicated in a
variety of psychiatric disorders including autism spectrum disorder (ASD), major depression, and
schizophrenia. Autosomal dominant mutations in TCF4 are causal for a specific ASD called Pitt-
Hopkins Syndrome (PTHS). However, our understanding of etiological and pathophysiological
mechanisms downstream of TCF4 mutations is incomplete. Single cell sequencing indicates TCF4
is highly expressed in GABAergic interneurons (INs). Here, we performed cell-type specific
expression analysis (CSEA) and cellular deconvolution (CD) on bulk RNA sequencing data from
5 different PTHS mouse models. Using CSEA we observed differentially expressed genes (DEGS)
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were enriched in parvalbumin expressing (PV+) INs and CD predicted a reduction in the PV+
INs population. Therefore, we investigated the role of TCF4 in regulating the development and
function of INs in the 7¢c#"/" mouse model of PTHS. In 7¢f4'/" mice, immunohistochemical
(IHC) analysis of subtype-specific IN markers and reporter mice identified reductions in PV+,
vasoactive intestinal peptide (VIP+), and cortistatin (CST+) expressing INs in the cortex and
cholinergic (ChAT+) INs in the striatum, with the somatostatin (SST+) IN population being
spared. The reduction of these specific IN populations led to cell-type specific alterations in the
balance of excitatory and inhibitory inputs onto PV+ and VIP+ INs and excitatory pyramidal
neurons within the cortex. These data indicate TCF4 is a critical regulator of the development
of specific subsets of INs and highlight the inhibitory network as an important source of
pathophysiology in PTHS.

INTRODUCTION

Transcription factor 4 (TCF4;not T-Cell Factor 4 which is encoded by 7CF7L2) is a basic
helix-loop-helix (bHLH) transcription factor (TF) implicated in a variety of psychiatric
disorders including autism spectrum disorder (ASD), major depression, post-traumatic
stress disorder, bipolar disorder, and schizophrenia [1]. Autosomal dominant mutations

in TCF4 result in Pitt-Hopkins Syndrome (PTHS), a rare form of ASD characterized

by developmental delay, intellectual disability, absent or limited speech, distinct facial
features, motor delays, and gastrointestinal issues [2]. A subset of PTHS patients also
experience breathing abnormalities and seizures [3, 4]. Beyond these clinical characteristics
and their association to mutations in TCF4, our understanding of the pathophysiology and
mechanisms downstream of mutations in TCF4 is not complete, and no specific therapeutics
exist to treat PTHS.

TCF4 is a critical transcriptional regulator of many aspects of brain development and
function [2]. In the mouse and human brain, bulk RNA sequencing analysis indicates

that 7CF4 expression is developmentally regulated, peaking during the end of cortical
neurogenesis then subsiding to a lower but stable level of expression throughout the lifespan
[5, 6]. In the postnatal mouse brain, 7¢f4 expression is regional and cell-type specific, with
expression observed in excitatory and inhibitory neurons, astrocytes, and throughout the
oligodendrocyte lineage [7]. Across all cell types that express 7¢f4in the adult mouse brain,
Tcf4is most highly expressed in all major classes of GABAergic interneurons (INs) [8, 9];
however, our understanding of TCF4’s role in IN development and function is lacking.

Coordination between INs and excitatory neurons is required to balance excitation and
inhibition within brain circuits and for the generation of synchronous oscillations [10].
When dysregulated, these processes are associated with neuropsychiatric disorders including
epilepsy, schizophrenia, and ASD [11-14]. INs are an exceedingly diverse population of
neurons with individual subtypes showing distinct or partially overlapping morphological,
electrophysiological, neurochemical, and transcriptomic profiles [15], and can be subdivided
into three major categories based on expression of parvalbumin (PV), somatostatin (SST), or
serotonin 3a receptor (5HT3aR) [16, 17]. Cortistatin (CST) expressing INs are an additional
subtype of INs that partially overlap with PV+ and SST+ INs [18]. During mouse brain
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development, INs are derived from ventral neuroprogenitor cells, with the vast majority of
INs differentiating from medial and caudal ganglionic eminences (MGE, CGE) where they
then tangentially migrate into the cortex [19].

Given the elevated expression of TCF4 across IN populations and the convergent role of
INs and TCF4 in neuropsychiatric risk, we hypothesized that mutations in 7¢/4 could alter
the development and/or function of INs in the mouse cortex. In this study, we surveyed

IN development and function in a mouse model of PTHS which harbors a heterozygous
truncating mutation in 7¢f4[5]. Transcriptomic analysis and immunohistochemistry (IHC)
demonstrated that TCF4 is an important regulator of distinct subsets of INs in cortical and
subcortical regions in the mouse brain. In addition, electrophysiology showed that TCF4
mutation disrupted the excitatory-inhibitory balance by differentially affecting the frequency
of inhibitory and/or excitatory synaptic inputs depending on the postsynaptic target.
Together these results identify IN dysfunction as a potential pathophysiology underlying
PTHS and other neuropsychiatric disorders associated with TCF4.

RESULTS

At the cellular level, 7cf4is broadly expressed in both neuronal and glial populations
with the highest expression levels observed in GABAergic INs (Supplementary. Fig. 1C)
[7, 8]. Moreover, in situ hybridization against 7¢74in embryonic mouse brain sections
demonstrated that 7c/is highly expressed in the proliferative zones of the ventral

pallium which gives rise to cortical and subcortical INs (Supplementary Fig. 1A, B)

[20]. To identify how mutations in TCF4 impact gene expression during embryonic
development, we collected RNA from embryonic E13.5 7¢#4 and WT brains and
performed RNA sequencing. Differential expression analysis identified 8 differentially
expressed genes (DEG; padj<0.05), with 7¢f4 being the top DEG (Supplementary

Table 1). Gene set enrichment analysis of downregulated DEGs (p < 0.005), identified
enrichment for many general terms related to forebrain development such as regulation

of neurogenesis, regulation of neuron differentiation, axonogenesis, and forebrain cell
migration (Supplementary Fig. 2). In addition, we identified GO terms related to
GABAergic neuron differentiation (Supplementary. Fig. 2), cerebral cortex GABAergic
IN, and IN migration (Supplementary Table 2). Given the expression of 7¢f4 within
neuroprogenitor cells of the ganglionic eminences, the dysregulation of genes related to IN
differentiation, and the elevated expression of 7c¢f4in the IN population, we next surveyed
differential gene expression in the adult mouse brain in relation to INs.

We previously performed transcriptomic analysis on five different PTHS mouse models,
collectively referred to as 7cf4Mut and showed that cell-type specific expression analysis
(CSEA) and cellular deconvolution (CD) was effective at identifying biological deficits

in the oligodendrocyte population [6]. Therefore, using updated single cell sequencing
datasets which contain greater cell-type specificity we re-analyzed our transcriptomic data
[21]. Consistent with our prior report, oligodendrocytes showed the greatest enrichment of
differentially expressed genes (DEGS), however this new analysis also revealed a specific
enrichment of DEGs in PV+ INs (Fig. 1A). CD also predicted a marginally significant
reduction in the proportion of PVV+ INs across several PTHS mouse models (Fig. 1B, FDR

Mol Psychiatry. Author manuscript; available in PMC 2024 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 4

= 0.0645). This predicted reduction of PV+ INs was the second largest difference, with

the largest effect size being attributed to a reduction in mature oligodendrocytes, a result
that confirms our prior analysis [6]. The specificity for PVV+ INs was notable because 7c¢f4
expression is relatively consistent across all IN subtypes (Fig. 1C, Supplementary Fig. 1C).
In addition, we updated our prior gene set enrichment analyses by testing for enrichment
of synaptic genes with SynGO [22]. We found the PTHS mouse DEGs were significantly
enriched for genes related to the synapse (FDR = 6.78 x 10712), These genes are further
enriched in synaptic sub processes related to the postsynaptic density, synapse assembly,
and regulation of neurotransmitter levels (Supplementary Fig. 3, Supplementary Table

3). Overall, these transcriptomic results, across development and within specific cellular
populations, suggest that TCF4 is an important transcriptional regulator of IN development
and synaptic function.

During brain development, bHLH TFs regulate cell proliferation, neuronal differentiation,
and fate specification [23]. Canonically, TCF4 regulates transcription by forming
homodimers or heterodimers with proneural class Il bHLH TFs, however dimerization with
non-bHLH TFs is reported [24-26]. In addition, co-occupancy of TFs on DNA is also
known to regulate gene expression [27, 28], and enrichment of FOS/JUN DNA binding
motifs were found to co-occur with TCF4 binding sites in human medial ganglionic
eminence-like organoids [26]. We performed a similar analysis to infer which TFs may
co-bind with TCF4 by re-analyzing three published TCF4 ChIP-seq datasets from SH-SY S5
cell line [29-31]. We identified 13 candidate co-bound TFs that were consistently predicted
across these datasets (maximum FDR = 0.004, Supplementary Table 4). Eight of these TFs
were expressed in a single nucleus RNA-seq dataset of the human prefrontal cortex [32] and
their expression was correlated with TCF4 expression in annotated INs, projection neurons,
and glia (Supplementary Fig. 4). Of these top predicted co-bound TFs, we highlight ASCL1
(or MASH1), which is a class Il bHLH TF that dimerizes with TCF4 [33-35] and is known
to specify and promote differentiation of INs [36—38]. Together, these ChIP-seq analyses
identify potential candidate TFs that may dimerize with TCF4 or co-bind DNA in close
proximity to TCF4 and regulate gene expression in cortical INs.

To begin to understand the role of TCF4 in IN development and function we quantified IN
populations in the 7cf4"/" mouse model of PTHS [5]. We first compared the expression of
IN markers by performing gPCR on whole brain lysates from 7c4"/" and WT littermates
and observed a significant decrease in expression of the IN markers Gadl, Gabral, Pvalb,
and Sst (Fig. 2A). Next, we performed immunohistochemistry to quantify the density of
specific IN populations in the cortex of WT and 7cf4*/ littermates. We observed that
cortical brain sections from 7cf4"/ showed a significant reduction in GABA+ INs (Fig.
2B-D), and this appeared to be due to a specific reduction in the density of PV+ INs, as the
density of SST+ INs was not altered (Fig. 2D).

To determine if these results are indicative of altered expression of IN-specific genes or
reductions in specific IN populations, we next quantified IN density using subtype-specific
reporter mice. IN subtypes can be broadly specified into three groups based on their
expression of PV, SST, and 5HT3aR, with the 5SHT3aR being further subdivided by
expression of VIP [16]. The CST expressing INs is a unique population that overlaps with
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PV+ and SST+ INs [18]. To examine these IN subtypes, we crossed promoter-specific cre
lines (PV-cre, SST-cre, VIP-cre, and CST-cre) with a loxP-gated TdTomato reporter line
(TdTom) and generated PV:TdTom, SST:TdTom, VIP:TdTom, and CST:TdTom reporter
mice. These reporter mice were then crossed with 7¢c/4/7 mice to quantify subtype-specific
IN densities in WT and 7¢f4 mice. We observed a significant reduction in the density

of PV+ and VIP+ populations in the M1 region of the motor cortex, but again the SST+
population was spared (Fig. 3B-D). We also observed a significant reduction in the density
of CST+ INs (Fig. 3E). A similar reduction in the density of PV+ INs was also observed in
the medial prefrontal cortex (mPFC);however, the VIP+ and SST+ INs populations remained
unchanged (Fig. 3F-H).

The MGE and CGE also give rise to INs that populate subcortical brain regions [39-41].
Therefore, we also quantified the densities of INs populations in the striatum (Fig. 4A-C)
and basal lateral amygdala (BLA, Fig. 4D-F). Again, we observed a significant reduction

in the PV+ and VIP+ populations in both the striatum and BLA, with no effect of 7¢cf4
mutations on the density of the SST population. Within the striatum, we also quantified

the density of cholinergic INs, a striatal specific subpopulation of INs that express choline
acetyltransferase (ChAT), using immunostaining for ChAT. The ChAT+ population was also
significantly reduced in 7cf4"/" mice compared to WT littermates (Fig. 4G). Together, these
results indicate that TCF4 is a critical regulator of differentiation and/or survival of specific
subsets of INs in the mouse brain, having effects on the density of PV+, VIP+, CST+, and
ChAT+ INs.

We next determined if TCF4 had any cell autonomous effects on the intrinsic excitability of
INs and whether the observed reductions in IN density had any functional consequence

on spontaneous network activity. We first recorded from layer 2/3 (L2/3) PV+ INs

in acute brain slices of the mPFC and quantified intrinsic membrane properties and
excitability. We observed no difference in the membrane capacitance, membrane resistance,
or resting membrane potential between WT and 7¢c/#/# PV/+ INs (Fig. 5B-D). A consistent
physiological property of PV+ INs is their ability to sustain high frequency firing with

little or no adaptation and therefore are typically referred to as fast-spiking INs [42]. Using
the current-clamp configuration, we elicited trains of action potentials (APS) in response

to depolarizing current injection and observed that both WT and 7¢c/4% PV/+ INs were
capable of generating high frequency trains of APs (Fig. 5A). We observed no effect of
Tcf4 genotype on the frequency of AP output in response to increasing current steps (Fig.
5A), suggesting that although the density of PV+ INs is reduced, the intrinsic excitability of
PV+ INs remains intact. Next, in the voltage-clamp configuration, we recorded spontaneous
excitatory synaptic currents (SEPSCs) in PV+ INs by holding the neurons at =70 mV in

the presence of gabazine, a GABA receptor antagonist, and observed no difference in the
frequency or amplitude of SEPSCs between WT and 7¢f4# PV+ INs (Fig. 5E), suggesting
that excitatory inputs onto PV+ INs remain intact. To examine inhibitory connections onto
PV+ INs, we recorded from PV+ INs using a potassium chloride (KCl)-based internal
solution so that inward spontaneous inhibitory synaptic currents (SIPSCs) could be recorded
at —=70 mV. Consistent with the observed reduction in the density of INs, we observed a
significant reduction in the frequency of sSIPSCs in 7cf4"/" PV+ INs, but no difference in the
sIPSC amplitude (Fig. 5F). These results suggest that inhibition onto PVV+ INs appears to be
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disrupted in the PTHS mouse model, likely due to the reduced densities of PVV+ INs which
are known to make recurrent synaptic connection onto nearby PV+ INs [43-47].

Following a similar paradigm, we recorded from VIP+ INs in L2/3 of the mPFC in acute
brain slices. We observed no differences in the membrane capacitance or RMP, however we
did observe that 7c74'/" \/IP+ INs showed a significant increase in membrane resistance
(Fig. 6B-D). The AP firing pattern of VIP+ INs is known to be heterogeneous [48], but we
did not observe any gross differences in the AP firing patterns in the population of VIP+
INs we recorded and there was no difference in the frequency of AP output in response

to increasing current steps (Fig. 6A). We next quantified SEPSCs recorded from VIP+ INs
and observed a significant decrease in the SEPSC frequency with no differences in the
SEPSC amplitude (Fig. 6E), indicating a reduction of excitatory input onto 7¢cf4"/ \/IP+
INs. Contrary to PV+ INs, VIP+ INs showed no difference in sIPSC frequency or amplitude
(Fig. 6F), indicating that inhibitory inputs onto VIP+ INs remains intact in the mPFC of
Tcf4 " mice. Together, these results indicate that VIP+ INs in the 7¢/4*/" mice show
increased input resistance and reduced frequency of SEPSCs which indicates the excitatory
drive onto VIP+ INs is reduced, and this may be slightly counterbalanced by an increase
sensitivity/responsiveness to synaptic inputs due to the increased input resistance.

Lastly, we determined if the reduction in IN density was reflected in the balance of
excitatory and inhibitory inputs onto pyramidal cells in the mPFC. Prior studies of both
human and mouse models of PTHS have reported a reduction in spontaneous excitatory
synaptic transmission and excitatory synapses [49-52]. Consistent with these prior results,
we observed that pyramidal neurons in brain slices from 7cf4"/" mice showed a significant
reduction in the frequency and amplitude of SEPSCs compared to WT pyramidal cells

(Fig. 7A). Next, we recorded sIPSCs from pyramidal cells at =70 mV with a KCl internal
solution, and observed a reduction in the frequency and amplitude of SIPSC in 7cf4Htr
mice compared to WT neurons (Fig. 7B). The most parsimonious explanation for the
reduction in sIPSC frequency is that it is related to the reduced density of INs in the

mPFC. However, because the frequency of SEPSCs was also reduced, it suggests that the
overall excitability of the mPFC and/or synaptic connectivity may be reduced, which could
also contribute to the reduction in sIPSC frequencies. Therefore, to separate these potential
mechanisms, we blocked spontaneous APs (i.e., excitability) with bath applied TTX and
used a modified cesium methanesulfonate internal solution to record the frequency and
amplitude of miniature EPSCs (mEPSCs) and mIPSCs in pyramidal neurons of the mPFC.
Remarkably, in the presence of TTX, we observed no genotype differences in the frequency
or amplitude of mEPSCs (Fig. 7C), which indicates excitatory synaptic connectivity is not
altered in the mPFC of 7c/#/" mice. However, consistent with the reduced density of PV+
INs, the reduction in mIPSC frequency remained while mIPSC amplitude was no longer
different by genotype (Fig. 7D). Together, these results suggest that deficits in the frequency
and amplitude of SEPSCs in the mPFC of ¢4/ mice appear to result from an overall
reduction in spontaneous network excitability and not synaptic connectivity, whereas the
main source of reduced sIPSC frequency onto pyramidal neurons is related to reduced IN
densities. In summary, these results identify TCF4 as a critical regulator of IN density within
the brain which leads to an overall reduction in network excitability in the cortex of the
PTHS mouse model.
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DISCUSSION

An imbalance between excitation and inhibition is a leading pathophysiological hypothesis
for ASD [12, 53]. Here, we demonstrate in a mouse model of PTHS that mutations in 7¢f4
results in a significant reduction in the density of distinct IN subtypes in the cortex, BLA,
and striatum resulting in abnormal spontaneous network activity. CSEA and CD of bulk
RNA sequencing data highlighted transcriptomic alterations that were enriched in PV+ INs
and gPCR of postnatal brain samples identified reductions in GABA-specific transcripts.
IHC of GABA markers and GABA-specific reporter mice identified reductions in PV+,
VIP+, CST+, and ChAT+ IN populations in 7¢4*" mice. Lastly, we demonstrated that the
reduction of IN density was congruent with observed alterations in spontaneous synaptic
activity and the known connectivity patterns of the postsynaptic cell-types we recorded.
Altogether, we propose that the TCF4-dependent effects on IN density disrupts the balance
of excitation and inhibition by decreasing the overall network excitability of the mPFC.

IN development and TCF4

During cortical development, INs are derived from three proliferative zones of the ventral
pallium, known as the lateral (LGE), medial (MGE), and caudal ganglionic eminence
(CGE). The progenitor cells of the MGE and CGE are the primary source of INs, with

the majority of PV+, SST+ and striatal INs originating from the MGE, while VIP+ INs
primarily originate from the CGE [41, 54]. Cell-type specification of INs requires a complex
interaction between intrinsic genetic programming and activity-dependent mechanisms, but
whether specification is determined at the progenitor cell stage or after they migrate to

their final position in the cortex is not fully understood [55]. Following IN migration, there
is a period of developmental cell death that peaks around postnatal day 7 and eliminates
approximately 40% of the developing cortical INs in a Bax-dependent manner [56]. 7¢cf4is
expressed in the MGE, LGE and CGE during cortical development and maintains expression
across all IN populations into adulthood (Supplementary Fig. 1), suggesting that mutations
in 7cf4 could disrupt any of these developmental stages. TCF4 was previously shown to

be critical to many of these developmental stages for excitatory neurons, including dorsal
progenitor proliferation, neurogenesis in the hippocampus, pyramidal cell fate specification,
and pyramidal cell migration [50, 52, 57-62]. In addition, TCF4 is an activity-dependent TF
which allows it to modify transcription in response to these developmentally instructive
signals [34, 63-67]. Although this is the first direct evidence for TCF4 regulation of

IN density in a mouse model of PTHS, it is consistent with a prior mouse study that

showed TCF4 was highly specific to PV+IN epigenomes, as TCF4 binding motifs were
enriched within ATAC-seq peaks of PV+ INs of the cortex, striatum, and the external

globus pallidus [68]. Moreover, our results complement a human induced pluripotent stem
cell (hiPSC) study that showed GABAergic organoid differentiation of a PTHS patient
hiPSC line produced a lower percentage of GABAergic neurons compared to a parental
control line [50]. TCF4 is also known to regulate the density of oligodendrocytes [6, 33,
69]. Which is an interesting point of convergence, considering that PV+ INs are heavily
myelinated [70-72], and the first wave of MGE-derived oligodendrocyte precursor cells
undergo developmental cell death at a similar developmental time point as INs [56, 73, 74].
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The exact timing and mechanism(s) leading to these TCF4-dependent reductions in specific
IN populations are not determined by our study and will require additional experimentation.
However, based on the location and timing of 7¢f4 expression, its previously identified

roles in excitatory neuronal development, and the stages of IN development, we predict

this TCF4-dependent IN phenotype evolves between the start of IN-genesis and the

second postnatal week, involving either ventral progenitor cells and/or immature INs.
Interestingly, a prior publication showed embryonic reinstatement of 7¢74 glutamatergic
neurons ( 7cf457OP*::Neurod6-Cre) resulted in rescue of several behavior abnormalities
(novel object location memory, anxiety, and nest building), however 7cf4 reinstatement

in GABAergic INs via Gad2 promoter ( 7cf45707*::Gad2-Cre) only showed a modest
improvement in nest building [75]. The underlying mechanism(s) for these differential
effects on behavioral normalization is complex, however it would be informative to quantify
IN density in the 7cA#S70A*::Gad2-Cre mice. Gad2expression in the MGE appears to begin
as neural progenitors transition to becoming INs [76], and therefore this 7¢#4 reinstatement
could help determine if this IN density phenotypes occur in ventral progenitors or committed
INs. Understanding at which stage(s) TCF4 mutations are producing this phenotype will not
only inform us about disease mechanisms in PTHS, but will also provide important insights
into molecular regulation of the development of specific subtypes of INs in the cortex.

PTHS and epilepsy

The prevalence of epilepsy in PTHS is estimated between 37-50% [3, 77], with a similar
proportion of patients showing abnormal EEG with no distinctive characterization [78].

In PTHS mouse models, no evidence of seizure activity has been reported; however,

local field potential (LFP) recordings and EEG have identified abnormalities in brain
activity. For instance, LFP recordings in the hippocampus of awake behaving PTHS mice
identified significant deficits in LFP power in the theta, beta, and gamma bands [75],

and abnormalities in gamma frequency coherence and the latency of theta frequency
coherence was observed in response to auditory evoked potentials [79]. These gamma band
abnormalities are consistent with reduced density of PV+ INs, as gamma band oscillations
are known to be associated with PV + IN function [80, 81].

Given the clinical presence of epilepsy in a subset of PTHS patients and the reduction

of IN density reported here, it may seem surprising that seizure activity has not been
reported in PTHS mouse models. However, the majority of mouse studies of PTHS have
utilized the C57/BL6 mouse strain, which is known to be resistant to seizure activity [82].
Moreover, we observed an overall reduction in the frequency and amplitude of SEPSCs

in pyramidal neurons of the mPFC, which is consistent with prior reports of deficits in
synaptic and intrinsic excitability in both human and mouse models of PTHS [2, 49-52].
Therefore, we suggest the lack of seizure activity in the PTHS mouse model results from the
reduced density of INs that leads to a reduction in network excitability, potentially through
disinhibition of the IN network (see below).

Circuit abnormalities

The wiring diagrams of excitatory and inhibitory neurons in cortical microcircuits is
highly complex with IN subtypes showing connectivity preferences for targeting specific
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subcellular domains of specific postsynaptic target cell types, and is variable depending on
the cortical layer and species [16, 43, 44, 46, 47, 83, 84]. Based on the data presented

here and these prior neuronal connectivity studies, we suggest the reductions in spontaneous
inhibitory and excitatory synaptic activity in the PTHS mouse model reflects the reduced
density of the specific INs subtypes we identified and their well established ability to inhibit
the inhibitory network (i.e., disinhibition). In PV + IN recordings we observed a reduction
in the frequency of sIPSCs (Fig. 5F), which could result from the reduced densities of PV+
INs, as PV+ INs are known to have recurrent inhibitory connections [43, 47]. In recordings
of VIP+ INs we showed no genotype effect on sIPSC frequencies and this appears to be
related to the normal density of SST+ INs, as SST+ INs are the primary source of inhibition
onto VIP+ INs [44, 47]. In pyramidal neuron recordings, we observed a reduction in the
frequency of both sIPSC and mIPSCs, and this likely relates to the reduced density of PV+
INs, as this population of INs strongly regulate pyramidal cell excitation by preferentially
synapsing onto the soma, perisomatic region, and action initial segments [44, 47]. In both
pyramidal neurons and VVIP+ INs, we observed a decrease in the frequency of SEPSCs, a
result consistent with prior studies in human and mouse models of PTHS that show an
overall reduction in excitatory network activity and intrinsic excitability [2, 49-51, 57].
However, our pyramidal cell recordings in the presence of TTX indicate that the reductions
in spontaneous network activity (i.e., SEPSC frequency) are not due to deficits in excitatory
synaptic connectivity or synaptic strength because we observed no genotype differences

in mEPSC frequency or amplitude (Fig. 7). Rather, we posit that the overall reduction

of spontaneous network excitability in the 7¢c£4*#” mouse model in part reflects elevated
inhibition of pyramidal cells due to the reduced densities of VIP+ and PV+ INs, which

in turn leads to decreased disinhibition of INs and increased inhibition of pyramidal cells.
Together, these results suggest that in addition to previously identified cell autonomous
effects of TCF4 mutations on the excitability of cortical pyramidal cells, it also appears that
reduced density of specific cortical IN populations leads to non-cell autonomous effects on
pyramidal cell excitability.

In summary, we provide evidence that indicates TCF4 is an important regulator of
differentiation and/or survival of specific subtypes of INs. Specifically, we show that TCF4
is highly expressed in ventral proliferative zones during development and across all IN
populations into adulthood. Loss of TCF4 function resulted in reductions in PV+, VIP+,
CST+, and ChAT+ INs in both cortical and subcortical regions. In the cortex, this resulted
in altered spontaneous network activity that was specific to the neuronal subtype being
recorded. Overall, these effects on the inhibitory network disturbs the balance of excitation
and inhibition in the cortex of the 7¢4*" mouse model and may represent an important
pathophysiological mechanism in PTHS patients.

MATERIALS AND METHODS

Animals and tissue collection

CST-cre (Cst-T2A-Cre) listed as Cort?m2(cre)Zji’y (Jackson Laboratory strain # 010910):;
PV-cre listed as B6.129P2- Pvalb!m1(cre)Arbrjy (Jackson Laboratory strain #:017320); SST-cre
listed as B6J.Cg-Sst/m2-1(cre)ZjiiMwar] (Jackson Laboratory strain #028864); VIP-cre listed
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as B6J.Cg-VipL(cre)Zjh Areckd (Jackson Laboratory strain #031628); TdTom listed as
B6.Cg-Gt(ROSA) 26Sorm14(CAG-tdTomato)Hze|y (Jackson Laboratory stock #007909); G42
transgenic listed as CB6-Tg(Gadl-EGFP)G42Zjh/J (Jackson Laboratory strain #007677);
Tcf4+t listed as B6;129- Tcf4m12h3 (Jackson Laboratory stock #013598). Mouse colonies
were backcrossed for at least six generations in the C57/B6 background, maintained by
The Lieber Institute for Brain Development’s Animal Facility on a 12-h light/dark cycle
and fed ad libitum. 7c£#*/" mouse samples were matched with samples from 7cf4H* (WT)
littermates, and sex was randomly selected in each genotype and age group. All procedures
were performed in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and approved by the Johns Hopkins University School of
Medicine’s Institutional Animal Care and Use Committee.

RNA isolation and gPCR

Total RNA was extracted as previously described [6, 85, 86]. In brief, adult cortices

or embryonic (E13.5) ventral forebrain were dissected and homogenized using Trizol.

Total RNA was extracted using phenol:chloroform isolation following purification using
RNeasy Mini Prep Kit (Qiagen 74004). Following that, complementary DNA (cDNA) was
prepared using SuperScriptlll. qPCR assays were carried out in duplicate or triplicate using
the QuantStudio3 Real-Time PCR system (Applied Biosystems). gPCR was performed
according to the manufacturer’s instructions using the Tagman probes (Supplementary Table
6).

Immunohistochemistry

Animals (postnatal day 28-56) are anesthetized with isoflurane and cardio perfused with
cold PBS followed by 4% paraformaldehyde (4% PFA). Brains were carefully dissected
out and postfixed in 4% PFA overnight before transferring to PBS with 0.1% sodium

azide for long term preservation. To cryo protect tissue before frozen sectioning, brains
were transferred to 30% sucrose/PBS until fully sank. Frozen sections were sliced to a
thickness of 40 um for adult brains and 30 pm for embryonic brains using the Leica sliding
microtome. Sections were either mounted on glass slides or free floating for antibody
staining. Sections were first washed with PBS three times, 5 min for each wash followed
by permeabilization with 0.3% Triton/PBS for 10 min. Sections were washed by PBS and
then blocked with 5% BSA in 0.3% Triton/PBS for 1 h at room temperature. Primary
antibody was diluted in 0.1% Triton/3% BSA/PBS and incubated at 4 degrees overnight.
The following day, slices were washed three times with PBS and incubated with secondary
antibodies at room temperature for 2 h and followed by PBS wash before counterstain
with DAPI (Invitrogen™, D1306). Details of primary and secondary antibodies are found in
Supplementary Table 7.

Electrophysiology

Animals (postnatal day 28-42) were anesthetized by isoflurane before sacrifice. Brains
were quickly dissected out and maintained in ice-cold slicing ACSF containing 75 NacCl,
25 NaHCOg3, 1.25 NaH,PQy, 3 KCI, 20 Glucose, 72 Sucrose, 0.5 CaCl,, and 1 MgCl,
(in mM) equilibrated with 95% O, and 5% CO». Acute slices were made using the Leica
VT1000 s vibratome with a thickness of 300 pM. Specimens were first kept at 32 °C
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for an hour and transferred and maintained at RT. Whole-cell patch clamp was conducted
using an external solution that consists of 125 NaCl, 25 NaHCOg3, 1.25 NaH,PO,, 3 KClI,

20 Glucose, 2 CaCl,, and 1 MgCls, (in mM). The internal solution for SEPSC recording

is made of 125 KGluconate, 10 KCI, 10 HEPES, 0.1 EGTA, 4 MgATP, 0.3 Na-GTP, 10
Phosphocreatine, and for sIPSC recordings the internal solutions contains 125 KClI, 10
HEPES, 0.1 EGTA, 4 MgATP, 0.3 Na-GTP, 10 Phosphocreatine pH 7.35 with osmolarity
around 285-290. In experiments where mEPSC and mIPSC were recorded from the same
cell the internal solution is made of the following components: 120 Csmethanesulfonate,

10 CsCl, 10 HEPES, 1 EGTA, 5 QX-314 bromide, 0.1 Spermine, 4 MgATP, 0.3 Na-GTP,

10 Phosphocreatine. mEPSC was acquired while holdling cells at =70 mV and mIPSC
traces were recorded while holding at 0 mV. Patch pipettes were fabricated from borosilicate
glass (N15A; King Precision Glass) to a resistance of 2 to 5 Mohm. Current signals were
recorded with either a Multiclamp 700 A amplifier (Molecular Devices) or an Axopatch 200
B amplifier (Molecular Devices) and were filtered at 2 kHz using a built in Bessel filter and
digitized at 10 kHz. \oltage signals were filtered at 2 kHz and digitized at 10 kHz. Data was
acquired using Axograph software on a Dell PC.

Image acquisition

Visualization was carried out on a Zeiss LSM700, Zeiss Apotome, and BioTek Cytation
C10 imager respectively. Imaging and quantification were performed blind to genotypes and
conditions.

RNA sequencing analysis

Embryonic mouse brain analysis.—RNA-seq data analysis was executed as previously
described [6]. Briefly, reads were aligned to the mm39 mouse genome with the splice-read
mapper HISAT2 (version 2.2.1): [*hisat2-align-s -p 4 -x $GRCm39index --1 $FP --2 $RP

-S $SAM -—rna-strandness RF -— phred33’]. Gene expression levels were calculated with
the featureCounts tool (version 2.0.1) based on the GENCODE version M30 annotations

of the mm39 genome. 7cf4*/ expression was summarized with featureCounts arguments
for reversely stranded read pairs: [‘featureCounts -s 2 -p -T 4 -a $GTF -0 $OUT $BAM’].
Differential expression was determined using the R package DESeq?2 using raw gene counts
to determine DEGs by genotype with the linear model geneCounts ~ genotype. Weakly
expressed genes (those with an average normalized count <10 across all samples) were
dropped from differential expression. The Pvalues were adjusted for multiple testing
through DESeq2 with a target a = 0.05, and mouse genes were considered DEGs at FDR <
0.05. We found enriched gene pathways in GO databases with the R package clusterProfiler.
The clusterProfiler analysis tested the DEGs at £< 0.005. DEGs were separated by positive
and negative log2 fold change. We defined the background as the list of expressed genes
with mean normalized counts greater than ten and adjusted for multiple testing with g <
0.05.

Mouse cortex and hippocampus scRNA-seq reprocessing.—We downloaded the
Allen Institute for Brain Science annotated single cell RNA-seq dataset of the mouse
isocortex and hippocampus (https://portal.brain-map.org/atlases-and-data/rnaseq, accessed
May 2020) [21, 87]. We excluded cells that were reported as low quality or doublets,
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class_label = ‘Exclude’. We reprocessed counts within R 3.6.3 normalized raw counts

for each cell using Seurat v3’s SCTransform function [88, 89], and used Scran v1.14.6°s
findMarkers function to identify marker genes for each cell subtype (subclass_label) that are
upregulated for each mouse transcriptionally-defined cell types with respect to all other cell
types: test.type = ‘t’, direction = “up”, pval.type = “all”, groups =“subclass_label”. We plot
the normalized 7c¢f4 expression of each inhibitory neuron subtype in Fig. 1C.

Cell type specific expression analysis (CSEA).—We investigated whether
differentially expressed genes (DEGSs) in mouse models of PTHS with TCF4
heterozygous mutations were enriched for marker genes of neuronal subtypes defined
above [6]. For this cell type-specific expression analysis, we subset to marker

genes with a combined false-discovery rate (FDR) less than 0.05. The list of

these marker genes are available at the corresponding github repository in the file
AllenMouse_markerGenes_UplInAllPairwise.xlsx. We tested the overlap enrichment of
up-regulated or down-regulated DEGs measured in TCF4 mutants with marker genes
of each Allen transcriptomic subtype with Fisher’s Exact tests with a background

gene set of all genes expressed in either datasets. We used FDR to correct for

multiple hypothesis testing and defined significant enrichment with FDR <0.05 with

a positive odds ratio (OR > 1). The numerical results of DEGs are reported

in Supplementary Table 5 and at the corresponding github repository in the file
overlapDEG_FisherEnrichment_plot_AllenMarkerGenesAllGroups.xIsx. We plot the CSEA
enrichments of PTHS DEGs by mouse cell subtypes in Fig. 1A.

Bulk PTHS mouse brain RNA-seq deconvolution.—We investigated whether the
estimated proportion of neuronal subtypes shifted in TCF4 mutants bulk RNA-seq profiles
using cellular deconvolution as described previously [90]. We create the reference cell type
expression profile using the SCTranform expression levels in the marker genes Mouse cortex
and hippocampus scRNA-seq reprocessing. We deconvolve Phan, Bohlen et al. samples with
this reference to estimate the proportion of each cell subtype present within each bulk RNA-
seq profile. We tested the difference in cell type proportion by genotype while adjusting

for the following covariates with a linear regression as in Phan, Bohlen et al: Proportion ~
Genotype + Line + Age. We adjusted the p-value in difference between genotypes for each
cell subtype proportions with FDR for multiple cell type hypotheses and reported significant
changes for cell types with FDR < 0.05, Fig. 1B.

Discovery of candidate TCF4 co-binding transcription factors.—We downloaded
raw sequencing files from three published datasets of TCF4 ChIP-seq in SH-SYS5

or the related SK-N-SH cell line under accession codes (GEO GSE96915, GEO
GSE112704, ENCODE ENCSR922RFY) [29-31]. We followed the ENCODE ChlP-seq
data processing pipeline (https://github.com/ENCODE-DCC/chip-seq-pipeline2) v2.2.1 with
default parameters to align the data by project and call peaks [91]. Subsequently, we used
the optimal reproducible peaks from each dataset to predict which TF are bound at TCF4
ChIP-seq using the computational method, WhichTF v0.2 with default parameters [92].
Unfortunately, TCF4 is not a TF that is part of this repository. We combined predicted bound
TF across the 3 datasets for TFs that were significantly enriched in TCF4 ChlP-seq peaks
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with FDR < 0.05 and report the highest FDR across any dataset for each TF, as well as how
many datasets that TF was significant in.

To assess the potential co-regulation of these candidate co-bound TF, we downloaded

a human postmortem prefrontal cortex single nuclei RNA-seq dataset [32]. Due to the
sparsity of genes in single cell data, especially in weakly expressed transcription factors,
we imputed expression using the SeuratWrappers::RunALRA() function [93]. We plot the
imputed expression of 7CF4 and each expressed candidate co-binding transcription factor
and calculate the Pearson correlation with 7CF4 in the subset of the subjects >14 years old
to match the developmental stages of the animals in our study. We additionally assessed

if these transcription factors were reported by the original authors as developmentally-
regulated across cortical cell types (https://perkinsinstitute.shinyapps.io/listerlab-pfc-major-
trends/) and report those that are developmentally regulated in cortical INs.

Statistical Analysis

GraphPad Prism (GraphPad Software, San Diego, CA) was used to conduct statistical
analyses for all experiments. Results are presented as mean + SEM unless otherwise stated
in figure legends. All data sets were tested for normality using D’ Agostino Pearson omnibus
normality test. When comparing two normally distributed groups, unpaired Student’s #test
was performed. The non-parametric Mann-Whitney test was used when the datasets were
not normally distributed. For multiple comparison testing of the AP input-output curves,
2-way ANOVA was performed. A p value of less than 0.05 was considered statistically.
Significance was indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001. All data was
acquired from three or more mice across multiple litters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cell type-specific expression analyses and cellular deconvolution of bulk RNA-seq data

predicts a reduction in PV + INs in Tcf4+* MUt mice,

A. Bar plot showing the odds ratio (+S.E.M) from gene set enrichment analyses of up- or
down-regulated genes in 7cf4*™/ mice with marker genes for mouse cell types identified
by single cell RNA-seq. Statistically significant enrichments at FDR < 0.05 are plotted with
bold-black outlines. The full numerical results are reported in Supplementary Table 5. B.
Cellular deconvolution of 7cf4"/Mut across different models of 7¢c/4 mutations estimates a
decrease in PV+ INs in mutant mice. The p-value and FDR are reported for the overall effect
of Tcf4 mutation across mouse lines and ages. C. Violin plots of normalized 7¢f4 expression
in the Allen Brain Atlas mouse single cell RNA-seq of interneuron types.
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Fig. 2. Dysregulation of IN specific gene expression in the PTHS mouse model.
A gPCR of IN-specific gene expression in the adult cortex of WT and 7c/4+" mice.

Expression of Gadl (p=0.000678), Gabral (p=0.01514), Pvalb (p=0.002031), Sst(p
=0.000191), and 7cf4 (p = 0.000537) was downregulated in the 74"/ mice compared

to WT littermates. B IHC staining of GABA (green) and DAPI (blue) in the adult
somatosensory cortex of WT (left) and 7cf4H 7 (right) littermates. The density of GABA+
cells was reduced in 7¢cf4"" mice (B1 WT 609.8. + 10.55, V= 15 sections, 7cf4"7'509.5 +
12.19, N= 15 sections, p< 0.0001; B2 WT 609.8 + 18.83, M= 3 animals, 7cf4"7509.5 +
25.89, V=3 animals, p=0.0351). C IHC staining of PV+ cells in the adult somatosensory
cortex of WT (left) and 7c/4 (right) littermates. The density of PV+ cells was reduced in
Tcf4 " mice (C1 WT 83.54 + 2.16, N= 26 sections, 7cf4'"61.46 + 2.2, N'= 26 sections,
p£<0.0001; C2 WT 81.7 +5.14, N'= 3 animals, 7cf4"59.61 + 4.72, N= 3 animals, p=
0.0341). D IHC staining of SST+ cells in the adult somatosensory cortex of WT (left) and
Tcf4H7 (right) littermates. The density of SST+ cells was not different between genotypes
(D1 WT 122.7 + 4.29, N= 23 sections, Tcf4"125.3 + 3.18, N= 23 sections, p = 0.6386;
D2 WT 126 + 7.61, N=4 animals, Tcf4"7126.9 + 3.0, N= 4 animals, p= 0.9125). Stats
presented as mean £ s.e.m, scale bars = 100 um.
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Fig. 3. Reduced density of specific subclasses of INs in the PTHS mouse cortex.
A Schematic design of Cre-dependent labeling of various cortical interneuron subclasses. B

The density of PV+ INs was reduced in the somatosensory cortex of 7¢c##/ mice (B1 WT
175.3 + 4.55, N= 17 sections, Tcf4"7128.5 + 3.08, N'= 17 sections, p< 0.0001; B2 WT
174.4 +9.76, N= 3 animals, Tcf4"7128.4 + 2.92, N= 3 animals, p= 0.0107). C No effect
of 7cf4 loss-of-function on the density of SST+ INs in the somatosensory cortex of 74t
mice (C1 WT 192.1 + 5.74, N= 18 sections, 7cf47196.8 + 3.4, N'= 17 sections, p=
0.496; C2 WT 192.1 + 12.72, N= 3 animals, 7cf4/197.3 + 4.8, N=3 animals, p= 0.725).
D The density of VIP+ INs was reduced in the somatosensory cortex of 7c#4"/" mice (D1.
WT 85.6 +3.17, N= 15 sections, 7cf4"762.92 + 3.11, N'= 15 sections, p<0.0001; D2
WT 85.6 + 0.59, N= 3 animals, 7cf4"/762.92 + 4.64, N =3 animals p= 0.0083). E The
density of CST+ INs was reduced in the somatosensory cortex of 7c#4*/" mice (E1 WT 205
+4.79, N= 26 sections, Tcf4162.5 + 3.92, N= 26 sections, p< 0.0001; E2 WT 200.6
+11.61, N=3 animals 7cf4'159.4 + 7.72, N= 3 animals, p = 0.0419). F The density of
PV+ INs was reduced in the medial prefrontal cortex of 7c#4"/" mice (F1 WT 115.9 + 8.84,
N = 14 sections, Tcf4'" 62 +5.86, N= 14 sections, p< 0.0001; F2 WT131 + 4.11, N=

3 animals, 7cf4768.04 + 12.25, N'= 3 animals, p= 0.0082). G The density of SST+ INs
was not different in the medial prefrontal cortex of 7c/4"/" mice (G1 WT 229 + 8.32, N'=
15 sections, 7cf47237.5 +6.97, N= 15 sections, p= 0.4406; G2 WT 229 + 16.2, N=3
animals, 7cf4"7 238.5 + 22.78, N= 3 animals, p= 0.7512). H The density of VIP+ INs was
not different in the medial prefrontal cortex of 7c4"/" mice (H1 WT 93.17 + 3.95, N= 15
sections, 7cf4"87.86 +5.01, N'= 14 sections, p= 0.3043; H2 WT 93.17 + 4.64, N=3
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animals, 7cf4" 87.87 + 4.64, N= 3 animals, p = 0.4644). Stats mean + s.e.m., scale bars
B-H =100 pm, scale bar in H = 30 ym.
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Fig. 4. Reduced density of specific subclasses of INs in subcortical brain regions.
A Representative images showing PV+ INs in the striatum of WT and 7¢c/4"/" mice. Al

The density of PV+ INs was reduced in the striatum of 7c£#"/ mice (A1 WT 27.91 +

2.03, /=30 sections, HET 12.36 + 1, /=30 sections, p< 0.0001; A2 WT 27.91 + 4.79,
N=5animals, Tcf4"12.36 + 2.37, N= 5 animals, p= 0.0196). B No effect of Tcf4
loss-of-function on the density of SST+ INs in the striatum of 7¢c/#*/ mice (B1 WT 65.98 +
3.35, /= 9 sections, Tcf4"74.31 + 5.3, N= 9 sections, p= 0.2031; B2 WT 65.98 + 4.09,
N=3animals, Tcf474.31 + 8.61, N= 3 animals, p = 0.4318). C The density of VIP+
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INs was reduced in the striatum of 7c#"/% mice (C1 WT 0.932 + 0.13, V= 17 sections,
Tcf4+0.5235 + 0.07, V= 16 sections, p= 0.0095; C2 WT 0.959 + 0.232, /= 3 animals,
Tcf4t70.51 + 0.09, M= 3 animals, p= 0.1464). D Representative images showing PV+

INs in the BLA of WT and 7¢/4" mice. D1 The density of PV+ INs was reduced in the
BLA of 7cf4"" mice (D1 WT 42.34 + 4.74, N= 13 sections, Tcf4"714.42 + 2.37, N=

13 sections, p< 0.0001; D2 WT 42.68 + 6.26, N'= 3 animals, 7Tcf4"" 14.85 + 4.64, N=3
animals, p=0.0233). E No effect of Tcf4 loss-of-function on the density of SST+ INs in the
BLA of 7cf4"" mice (E1 WT 193.3 + 26.67, N'= 12 sections, 7cf4"7180.3 + 19.83, N=
12 sections, p= 0.6995; E2 WT 193.3 + 33.3, /= 3 animals, 7cf4"7180.3 + 27.24, N=3
animals, p= 0.7776). F The density of VIP+ INs was reduced in the BLA of 7c/4#*/" mice
(F1 WT 100.8 + 6.32, N'= 12 sections, Tcf4779.87 + 4.41, N= 12 sections, p= 0.0126;
F2 WT 100.8 + 8.44, N= 3 animals, 7cf4"/779.87 +6.77, N= 3 animals, p= 0.1253). G
Representative images showing ChAT+ INs in the striatum of WT and 7¢c/4"/7 mice. G1 The
density of ChAT+ INs was reduced in the striatum of 7cf4"/" mice (G1 WT 41.19 + 1.47, N
= 24 sections, Tcf4r31.18 + 1.79, N= 24 sections, p< 0.0001; G2 WT 41.19 + 2.38, N=
4 animals, 7cf4731.18 + 2.55, N= 4 animals, p= 0.0285). Stats mean + s.e.m., scale bars
A, G =400 pm, scale bar D = 200 pm.
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Fig. 5. Intrinsic and synaptic characteristics of PV + INs in the PTHS mouse model.
A Representative traces showing high frequency action potentials in response to current

injections. Al No effect of TCF4 loss-of-function on action potential output in PV+ INs
(ANOVA#eq p= 0.3239). B Membrane capacitance is not different by genotype (WT 12.17
+0.9, N=12cells, HET 11.35 + 0.38, /=18 cells, p=0.3538). C Membrane resistance is
not different by genotype (WT 123 + 11.47, N=12 cells, HET 134.1 + 10.76, M= 18 cells,
p=0.4994). D. Resting membrane potential is not different by genotype (WT —62.25 + 1.81,
N=12 cells, HET -60.41 + 1.38, =18 cells, p=0.4197) E Representative traces showing
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SEPSCs recorded from a PV + IN ina WT and 7c/4"/% brain slice. E1 The frequency of
SEPSCs was not different by genotype (WT 3.28 £ 0.58, /=12 cells, HET 3.11 + 0.5, V=
13 cells, p=0.8259). E2 The amplitude of SEPSCs was not different by genotype (WT 17.4
+0.87, N=12 cells, HET 16.67 £ 0.51, V=13 cells, p= 0.466). F Representative traces
showing sIPSCs recorded from PV+ INs in brain slices from WT and 7cf4" mice. F1 The
frequency of sIPSCs was reduced in PV+ INs from 7¢74'/" brain slices compared to WT
PV+ INs (WT 3.79 £ 0.6, V=19 cells, HET 1.87 £ 0.26, V= 20 cells, p=0.0051). F2 The
amplitude of sIPSCs was not different by genotype (WT 20.79 £ 0.98, V=19 cells, HET
22.25+0.9, N=20 cells, p=0.2819).
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Fig. 6. Intrinsic and synaptic characteristics of VIP + INs in the medial prefrontal cortex of the
PTHS mouse model.

A Representative traces showing action potentials in response to current injections. A1 No
effect of TCF4 loss-of-function on action potential output in VIP+ INs (ANOVAreq 0 =
0.3149). B Membrane capacitance was not different by genotype (WT 6.05 + 0.25, V=24
cells, 7cf4/5.58 +0.17, N= 25 cells, p= 0.1125). C Membrane resistance was increased
in VIP+ INs from 7c#4"/ brain slices compared to WT VIP+ INs (WT 180 + 9.24, N/'=

24 cells, Tcf4r227.1 + 14, N= 25 cells, p= 0.0082). D Resting membrane potential was
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not different by genotype (WT —-60.54 + 1.04, N= 24 cells, Tcf4"" -61.67 +1.17, N= 25
cells, p=0.4754) E Representative traces showing SEPSCs recorded from a VIP + IN in

a WT (black) and ¢4 (blue) brain slice. E1 The frequency of SEPSCs was reduced in
VIP+ INs from 7cf4"? brain slices compared to WT VIP+ INs (WT 1.09 + 0.16, /= 32
cells, 7cF4'70.71 £ 0.09, N= 34 cells, p= 0.0415). E2 The amplitude of SEPSCs was not
different by genotype (WT 10.21 + 0.32, N'= 32 cells, Tcf4'/79.97 +0.26, N= 34 cells, p
= 0.5593). F Representative traces showing sIPSCs recorded from VIP+ INs in brain slices
from WT (black) and 7cf4"/ (blue) mice. F1 The frequency of SIPSCs was not different
by genotype (WT 0.82 + 0.2, N=9 cells, 7c/470.79 + 0.16, N= 15 cells, p= 0.9079).
F2 The amplitude of sIPSCs was not different by genotype (WT 32.31 + 1.69, V=9 cells,
Tcf4'r38.12 + 2.6, N= 15 cells, p=0.1228).
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Fig. 7. Excitatory and inhibitory synaptic characteristics of medial prefrontal pyramidal neurons

in the PTHS mouse model.

A Representative traces showing SEPSCs recorded from a pyramidal neuron in a WT (black)
and 7c47 (blue) brain slice. A1 The frequency of SEPSCs was reduced in pyramidal
neurons from 7cf4/% brain slices compared to WT pyramidal neurons (WT 1.48 +0.21, N/
=23 cells, 7cf4"770.72 +0.11, N= 29 cells, p=0.0012). A2 The amplitude of SEPSCs

was reduced in pyramidal neurons from 7c4*/" brain slices compared to WT pyramidal
neurons (15.99 + 0.44, N= 23 cells, Tcf4'/14.02 + 0.47, N= 29 cells, p= 0.0046). B
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Representative traces showing sIPSCs recorded from a pyramidal neuron in brain slices from
WT (black) and 74 (blue) mice. B1 The frequency of sIPSCs was reduced in pyramidal
neurons from 7cf4'" brain slices compared to WT pyramidal neurons (WT 5.53 + 0.68,

N =26 cells, Tcf4/3.04 +0.36, N= 18 cells, Mann-Whitney test p= 0.0117) B2 The
amplitude of sIPSCs was reduced in pyramidal neurons from 7c#4"/ brain slices compared
to WT pyramidal neurons (WT 26.37 + 0.68, N'= 26 cells, Tcf4723.74 +1.22, N=18
cells, p=0.0491) C Representative traces showing mEPSCs recorded from a pyramidal
neuron in a WT (black) and 7c4*/" (blue) brain slice. C1 The frequency of mEPSCs was
not different by genotype (WT 4.39 + 0.6, N= 12 cells, Tcf474.16 + 0.53, N=12 cells, p
= 0.7765). C2 The amplitude of mEPSCs was not different by genotype (WT 14.9 £ 0.37, N
=12 cells, 7Tcf4"714.97 +0.23, N= 11 cells, p= 0.8701). D Representative traces showing
mIPSCs recorded from a pyramidal neuron in brain slices from WT (black) and 7cf#/
(blue) mice. D1 The frequency of mIPSCs was reduced in pyramidal neurons from 7cf#/
brain slices compared to WT pyramidal neurons (WT 3.28 + 0.44, N'= 12 cells, Tcf4r
1.84 +0.32, N=12 cells, p=0.0144). D2 The amplitude of mIPSCs was not different by
genotype (WT 18.94 + 0.34, N'= 12 cells, Tcf4*17.89 + 0.55, N= 12 cells, p=0.1173).
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