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NEUROSCIENCE

Control of striatal circuit development by the chromatin
regulator Zswimé

Kyuhyun Choi"?*t, Nathan T. Henderson't, Emily R. Feierman®, Sean Louzon*?,
Jamie Galanaugh1'3, Felicia Davatolhagh1'3, Isha Bhandaru', David J. Tischfield®,
Stewart A. Anderson’, Erica Korb*, Marc V. Fuccillo'*

The pathophysiology of neurodevelopmental disorders involves vulnerable neural populations, including striatal
circuitry, and convergent molecular nodes, including chromatin regulation and synapse function. Despite this, how
epigenetic regulation regulates striatal development is understudied. Recurrent de novo mutations in Zswimé are
associated with intellectual disability and autism. We demonstrate that ZSWIM6 localizes to the nucleus where it
associates with repressive chromatin regulators. Disruption of Zswimé6 in ventral telencephalic progenitors leads
to increased chromatin accessibility and transcriptional dysregulation. Ablating Zswimé in either striatal direct or
indirect pathway spiny projection neurons resulted in similar cell-autonomous changes in excitatory but not in-
hibitory synaptic transmission. Specifically, Zswimé disruption altered the desensitization properties of AMPA re-
ceptors, leading to enhanced synaptic recruitment of SPNs, explaining SPN-subtype specific effects on activity
and behavioral sub-structure. Last, adult deletion of Zswimé identified a continuing role in the maintenance of
mature striatal synapses. Together, we describe a mechanistic role for Zswimé6 in the epigenetic control of striatal
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synaptic development.

INTRODUCTION

Increasing evidence suggests the pathophysiology of neurodevelop-
mental disorders (NDDs) involves dysfunction of vulnerable neural
circuits along convergent molecular pathways (I, 2). As the input
nucleus of the basal ganglia, the striatum is crucial for both motor
and cognitive processes, mediating a range of attentional, decision-
making, and motor control functions that are widely perturbed in
neuropsychiatric disease (1, 3-5). Furthermore, mapping of autism
and schizophrenia-associated gene candidates to cell type-specific
transcriptomes throughout the brain consistently reveal striatal spiny
projection neurons (SPNs) as vulnerable circuit elements (6, 7). Re-
garding molecular pathways of pathophysiology, NDD candidate genes
are strongly enriched for both synaptic proteins and chromatin reg-
ulators. A substantial body of work has implicated synaptic adhesion
molecules, postsynaptic scaffolding proteins, and glutamate receptor
subunits in widespread excitatory synaptic dysfunction (8, 9), as well
as the disruption of social/appetitive reward processing and motor
control (1, 5, 10-13). While less studied, functionally diverse chroma-
tin binding proteins affecting histone methylation, acetylation, ubiqui-
tination, and adenosine 5’'-triphosphate (ATP)-dependent chromatin
remodeling have also been implicated in NDDs (14, 15). The degree
to which dysfunction of chromatin regulation converges at the level
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of striatal synapse development and circuit function in NDD patho-
genesis remains unclear.

Zswimé6 (zinc finger SWIM domain containing protein 6), a gene
of unknown function, has been implicated in schizophrenia and
NDDs via genetic association studies (16-19). The presence of con-
served SWIM and Sin3-like domains within ZSWIM6 suggest a
possible role in the regulation of chromatin structure and gene ex-
pression (20, 21). Notably, two recurrent de novo point mutations
that result in complex syndromic presentations involving intellec-
tual disability (ID) and autistic features are each predicted to affect
the Sin3-like domain—the R913Ter nonsense mutation introduces a
premature stop codon upstream of the Sin3-like domain (16), while
the R1163W missense mutation in the Sin3-domain is predicted to
be functionally disruptive in this highly conserved region (17). In
both human (Allen Brain Atlas) and mouse, Zswimé6 is highly ex-
pressed in the developing telencephalon and adult striatum (22, 23).
Detailed expression studies in mice show dynamic expression in the
subventricular zone (SVZ) of the lateral ganglion eminence (LGE)
followed by increasing postnatal expression in both direct and indi-
rect pathway striatal SPNs, the principal striatal cell type (23). Con-
sistent with a key role in brain development, constitutive knockout
of Zswimé6 in mice resulted in ~50% early postnatal lethality. Gross
anatomical studies revealed a decrease in cortical and striatal vol-
umes and reduced dendritic complexity and spine density of striatal
SPNs. Last, Zswim6 knockout (KO) mice displayed multiple repeti-
tive motor abnormalities and an increased sensitivity to subthresh-
old amphetamine challenge (22). Despite the converging evidence
from human and animal studies suggesting a crucial role for Zswim6
in brain development, the cellular and circuit level functions of this
protein remain a mystery (22).

Here, we demonstrate that Zswim6 is a previously unrecognized
chromatin regulator that links gene regulation with SPN synapse and
circuit function during striatal development. Tagged ZSWIM6 exhib-
ited robust nuclear localization in neurons both in vitro and in vivo
and interacted with chromatin and chromatin-associated proteins in
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heterologous cells. Assay for transposase-accessible chromatin with
high-throughput sequencing (ATAC-seq) in postnatal day 8 (P8) con-
ditional KO (cKO) mice revealed a broad increase in chromatin ac-
cessibility, consistent with a role for Zswim6 in the establishment of
repressive chromatin structure. Single-nucleus RNA sequencing
(snRNA-seq) in Zswim6 cKO mice revealed concomitant transcrip-
tional dysregulation, with an overall bias toward up-regulation of tran-
scripts in Zswim6 cKO mice, and functional enrichment for genes
involved in synaptic function, protein translation, and axon develop-
ment. Functionally, SPN subtype-specific cKOs resulted in dysregulat-
ed a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPAR)-dependent synaptic transmission and enhanced SPN re-
cruitment by excitatory inputs. Behaviorally, SPN-specific cKO result-
ed in activity levels consistent with increased synaptic drive of SPNs
and SPN subtype-specific impacts on locomotion and spontaneous
behavioral substructure. Last, we show that adult deletion of Zswim6
results in similar synaptic phenotypes as those observed from late-
embryonic deletion, reflecting a continued requirement for Zswimé in
adulthood. Together, these findings establish Zswimé6 as a molecular
link between chromatin regulation and synaptic function, which sup-
ports important aspects of striatal circuit development.

RESULTS

ZSWIM6 associates with chromatin modifiers and mediates a
repressive chromatin state

As the conserved Sin3-like domain found at the C-terminal domain
of ZSWIMS6 is known to function in SIN3 to repress transcription in
neurons via the RE1 silencing transcription factor (REST) complex
(17, 24-26), we hypothesized that ZSWIMG6 could function via chroma-
tin regulation. To investigate the subcellular localization of ZSWIM6
protein, we used an adeno-associated virus (AAV) to express the full
Zswim6 coding sequence with an N-terminal Flag tag under the
elongation factor 1 alpha (EF1a) promoter (AAV-EF1a::Flag-Zswim6-
pA). In cultured mouse cortical neurons [day in vitro (DIV) 12], the
majority of ZSWIMS6 protein (~75%) was found in the nucleus (fig.
S1, A to C). We tested whether this localization was altered by bidi-
rectional changes in neuronal activity by incubating cortical neuron
cultures in media containing either tetrodotoxin (TTX) to decrease
activity or picrotoxin (PTX) to indirectly increase activity via sup-
pression of local inhibition (fig. S1A). We found that while TTX
treatment did not alter ZSWIMS6 localization, PTX exposure led to a
small decrease in the amount of nuclear ZSWIMS (fig. S1, B and C).
While Zswim6 mRNA is expressed in a complex pattern throughout
the developing telencephalon (23), the striatum shows a uniquely
dynamic regulation, with early expression in the SVZ of the lateral
ganglionic eminence, which gives rise to striatal GABAergic projec-
tion neurons (SPNs) and local circuit GABAergic interneurons. Fol-
lowing a decrease in Zswim6 expression during late embryogenesis,
Zswim6 mRNA is increased in the postnatal striatum and maintained
into adulthood (23). We used viral injection of AAV- EFla::Flag-
Zswim6 into adult striatum to confirm the predominantly nuclear
localization of ZSWIMS6 protein in striatal SPNs, similar to our result
in cultured neurons (Fig. 1, A to D, and fig. S1D). Consistent with
the robust nuclear localization of Flag-ZSWIMS6, we noted a pre-
dicted nuclear localization sequence (NLS) near the N terminus of
ZSWIMSG that is well-conserved across species (fig. S1E) (27). We
generated a mutant version of our Flag-ZSWIM6 AAV in which the
10-amino acid putative NLS is removed (AAV- EFla::Flag-ANLS-
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Zswim6) and asked whether nuclear localization was disrupted. In
cultured mouse cortical neurons, the nuclear enrichment of Flag-
ANLS-ZSWIM6 was markedly abolished, and in many neurons ap-
peared enriched in the cytoplasm relative to the nucleus (Fig. 1, E
and F). Thus, the putative NLS is necessary for enriched localization
of ZSWIMS protein to the nucleus of neurons.

To examine whether nuclear-localized ZSWIMS6 protein associ-
ates with chromatin, we expressed Flag-tagged ZSWIMS in heterolo-
gous cells [human embryonic kidney (HEK) 293T] and performed
sequential salt extraction on isolated nuclei. ZSWIM6 protein was
captured in eluates containing 100 to 300 mM NaCl, partially over-
lapping with early fractions in which histone H3 dissociates, indicat-
ing a loose association with chromatin (Fig. 1G). We next tested
whether ZSWIMS6 associates with endogenous chromatin-modifying
proteins, focusing on known components of the polycomb repressive
(SUZ12 and G9A), SIN3 (HDACI1), or SWI/SNF (BRG1) complexes
(17, 28-30). We found that both SUZ12 and HDAC1 immunopre-
cipitated with Flag-tagged ZSWIMS6 but were not detected in control
immunoprecipitation (IPs) performed in mock-transfected cells (Fig.
1H). Histone H3 similarly precipitated with Flag-ZSWIMS6, further
confirming the association of ZSWIM6 with chromatin (Fig. 1H).

Given our data showing the association of ZSWIM6 with repres-
sive chromatin regulators, we examined whether striatal deletion of
Zswim6 altered global chromatin architecture. To do this, we crossed a
Zswim6 conditional allele (stim6c /C) to the DIx5/6-Cre line, which
expresses Cre recombinase in all ventral GABAergic progenitors as
early as embryonic day 12.5 (E12.5) (31, 32), verifying the effectiveness
of recombination via in situ hybridization across the floxed exon (Fig.
11). Isolated striatal tissue from P8 control Zswim6™*; DIx5/6-Cre
[Dlx-wild type (WT)] and mutant Zswim6“'S; Dix5/6-Cre (DIx-cKO)
mice were used for ATAC-seq, which uses Tn5 transposase activity to
quantitatively probe general chromatin accessibility (33, 34). Striking-
ly, we found increased chromatin accessibility at transcriptional start
sites (TSSs) of DIx-cKO samples as compared to control (Fig. 1] and
fig. S1F). Similarly, enhancer regions showed increased chromatin
accessibility in DIx-cKO samples, consistent with a broad loss of
repressive chromatin upon deletion of Zswimé6 (Fig. 1K). Together,
our data suggest that ZSWIMS6 protein largely localizes to the nucleus
where it associates with specific chromatin regulatory proteins and
its disruption in striatal progenitors leads to global opening of chro-
matin structure.

Zswim6 regulates transcription in both progenitors and
developing striatal SPNs

Given the expression of Zswimé6 in differentiating striatal progeni-
tors (23) and its role in chromatin regulation, we hypothesized that
loss of Zswim6 during embryonic development may result in tran-
scriptional changes in both GABAergic progenitors and developing
striatal neurons that normally express Zswim6. To test this, we used
10x snRNA-seq as it allowed us to detect transcriptional changes
specific to individual striatal cell types. We isolated nuclei from P8
striatum as this time point marks the onset of excitatory synapto-
genesis (35, 36) and provides a contemporaneous existence of
both neural progenitors as well as developing and maturing SPNs
(Fig. 2A) (37). After standard quality controls and the removal of pu-
tative doublets (see Materials and Methods), we obtained 45,732 nu-
clei from four DIx-WT and cKO mice, with an average of 2760 unique
molecular identifiers (median = 2523) and 1499 genes (medi-
an = 1418) detected per nucleus (fig. S2, A to C). We next performed
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Fig. 1. ZSWIM6 localizes to the nucleus, interacts with chromatin, and regulates chromatin accessibility. (A) Experimental schematic and image of AAV-hSyn-GFP
and AAV-Ef1a-Flag-Zswimé injection into dorsal striatum. Scale bar, 100 pm. (B) Confocal images showing Flag-ZSWIM6, cell-filling GFP, and nuclear CTIP2 in striatum.
Orthogonal views confirm nuclear ZSWIM6 localization. Scale bar, 10 pm. (C) Individual labeled SPN demonstrating nuclear localization of Flag-ZSWIM6 (left) and corre-
sponding line plot of fluorescent intensity (right) along the line indicated in the merged image. Scale bar, 4 pm. (D) Quantification of nuclear and cytoplasmic percentage
of total Flag-ZSWIM6 in labeled SPN somas (means + SEM, n = 38 cells from three animals, ***P < 1 x 10’12, paired t test). (E) Control and Zswim6*-ANLS AAV construct
(left). DIV9 neurons transduced with Flag-ZSWIM6 and Flag-ZSWIM6*-ANLS AAV and stained for MAP2, H2AZ, and Flag. Scale bar, 5 pm. (F) Flag intensity (nucleus/cyto-
plasm) in control vs ANLS neurons (n = 29/28 cells, ***P < 1 x 107 '?, paired t test). (G) Western blot following 100 to 300 mM salt extraction from HEK 293 T nuclear lysates
with Flag-ZSWIM6 (n = 3). (H) Co-IP of SUZ12, HDAC1, and H3 with Flag-ZSWIM6 from HEK 293T nuclear lysates compared to untransfected control (n = 3). (I) Zswim6 SPN
cKO breeding scheme (top). Images from BaseScope In Situ Hybridization (ISH) for Drd1 and Zswim6 mRNA in WT/cKO (left, scale bar: 20 pm) and quantification (right,
n = 305/535 from one of two animal, ***P < 1 x 107", t test). (J) ATAC-seq schematic (top). Heatmaps (left) and summary graph (top, right) demonstrating normalized
reads surrounding TSS in DIx WT versus cKO P8 striatum. Box and whisker plots displaying fold change at TSS (****P < 1 x 10’12, t test). (K) Reads per million mapped reads
within enhancer regions from DIx WT versus cKO P8 striatum (top). Box and whisker plots displaying fold change within enhancer regions (***#P < 1 x 1072, t test).
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

an unbiased clustering analysis to identify cell types within the data-
set (Fig. 2A). Using published data on adult and P9 striatum (37, 38),
we were able to identify putative SPNs, neurogenic progenitors, and
other known neuronal and glial cells type in both DIx-WT and DIx-
cKO datasets (Fig. 2, A and B, and fig. S2D). We also detected two
small clusters that did not correspond to known cell types within the
striatum (fig. S2E). Both clusters were predominantly composed of
DIx-cKO nuclei, raising the possibility that they represent aberrant
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cell types in DIx-cKO striatum (fig. S2F). Consistent with published
work, we found highest levels of Zswim6 in clusters identified as
neurogenic progenitors and “immature SPNs” (fig. S2D) (22, 23).
Also, in agreement with previous work, Zswim6 was expressed in
both dSPN and iSPN clusters, with a slight bias toward higher ex-
pression in iSPNs (fig. S2D) (23, 38). When comparing the relative
proportion of cell types between genotypes, we noted that DIx-cKO
mutants had an ~43% increase in immature cells (neurogenic
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Fig. 2. Transcriptional dysregulation in P8 striatum of DIx-cKO mice. (A) snRNAseq workflow (top left). Uniform manifold approximation and projection (UMAP) plot of
post-filtered nuclei (center-right, n = 4/4 DIx WT/cKO animals, 44,460 nuclei. Nuclei belonging to two unidentified clusters in fig. S2E are not displayed). Cell types with
cluster colors (left). (B) Heatmap showing normalized expression of select cell type markers across all striatal neurons and neural progenitors. (C) Numbers of indicated cell
types in DIx WT/cKO samples, displayed as percentage of all striatal neurons and neural progenitors. (D) Clusters of cells from UMAP plot shown in (A) that were selected for
downstream analysis. Red and blue indicate DIx WT/cKO nuclei, respectively. (E) Volcano plot of DEGs identified in DIx WT/cKO neural progenitors/immature SPNs. (F) GO
enrichment analysis illustrating enrichment of GO categories in down-regulated and up-regulated DEGs. (G) Venn diagrams illustrating the overlap of up- and down-
regulated DEGs in mature iSPNs and dSPNs. (H) Volcano plot of DEGs identified in DIx-WT/cKO dSPNs (left) and iSPN (right). (I) GO enrichment analysis illustrating enrichment
of GO categories in down-regulated and up-regulated DEGs in mature SPNs. Dashed lines in all volcano plots indicate of an p value of <0.05, and log, fold change (log,FC)
of >0.15 or <—0.15. Genes that meet both criteria are colored red. Only genes with and false discovery rate-corrected P value of <0.05 were selected for further analysis.
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progenitors and immature SPNs, 10.4% DIx-W'T versus 14.9% DIx-
cKO; Fig. 2C).

We next performed a genotypic comparison of the transcription-
al profiles of neural progenitors and immature SPNs as well as ma-
ture direct and indirect pathway SPNs (Fig. 2D). Consistent with
increased chromatin accessibility seen in our ATAC-seq data, we
found a strong bias in all cell groups toward an up-regulation of
genes in DIx-cKO samples compared to control (Fig. 2, E and H).
This bias was particularly evident in immature cells (neurogenic
progenitors and immature SPNs), with 279 up-regulated genes and
only 9 down-regulated genes meeting criteria for statistical signifi-
cance. Examination of the gene ontology groupings for up-regulated
genes within immature cells revealed functional enrichment in tran-
scripts relating to axonogenesis, ribosomal biogenesis, and protein
translation (Fig. 2F and fig. S1G). We then compared the transcrip-
tomes of control and DIx-cKO mature SPN, finding a similar but
less prominent bias toward up-regulated genes in mutants (n = 50
down-regulated; n = 130 up-regulated; Fig. 2G). We found that over
one-third of dysregulated genes were commonly shared between
SPN pathways (40% for down-regulated; ~38% for up-regulated; Fig.
2G). When broadly looking at the Gene Ontology (GO) groupings
of dysregulated genes, we found that down-regulated genes centered
on synapse assembly and organization, while up-regulated gene net-
works included transcripts involved in axonogenesis and the regula-
tion of membrane potential, particularly potassium channels (Fig.
2I). Together, these data suggest that Zswim6 functions in differenti-
ating progenitors to repress transcriptional programs that maintain
SVZ progenitors in a more immature proliferative state, allowing for
the subsequent up-regulation of transcriptional programs involved
in the development of SPNs, with a focus on synapse development.

Zswimé6 plays a key role in the function of excitatory
synapses onto striatal SPNs
Prior work on the whole brain constitutive knockout (KO) of Zswim6
uncovered a simplification of dendritic structure and a modest reduc-
tion in spines in the adult striatum (22). Given the broad synapse-
related transcriptional changes observed in our DIx-cKO mutants, we
examined whether deletion of Zswimé6 altered SPN morphology and
synaptic connectivity in a subtype-specific manner. To do this, we
crossed the Zswim6"'C with either the D1-Cre allele or the A2a-Cre
allele to remove Zswim6 from dSPNs and iSPN, respectively, creat-
ing experimental Zswim6~'; D1-Cre (D1-cKO)/Zswim6"'; A2a-Cre
(A2A-cKO) mice or their respective littermate controls [Zswim6™* I,
DI-Cre (D1-WT)/Zswim6™'*; A2a-Cre (A2A-WT)]. After confirm-
ing the SPN-specific deletion of Zswim6 via in situ hybridization
(Fig. 3A), we used a dual-virus strategy involving co-injection of
AAV5- EF1a::DIO-FLPo-myc and AAVDJ-hSyn::fDIO-mRuby into
dorsal striatum of D1-cKO/A2A-cKO and their controls to create op-
timal sparse labeling for anatomical analyses (fig. S3A). In contrast
with brain-wide Zswim6 KOs, we did not observe changes in the total
dendritic length, number of primary dendrites, or spine density in
either SPN-specific deletion (fig. S3, B to E). We did however note an
increase in the number of filopodia-like protrusions per unit length
in iSPNs, suggesting a bias toward more immature synapses (fig. S3E).
We then assessed spontaneous excitatory and inhibitory synap-
tic transmission in adult striatal circuits following cell-autonomous
Zswimé loss of function (LOF) in both SPN subtypes. We first injected
all genotypes with AAV- EF1a:DO-tdTOM-DIO-EGFP to permit
identification of WT and Zswimé6 cKO SPN subtypes via green
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fluorescent protein (GFP) fluorescence (Fig. 3A). We measured
miniature excitatory post synaptic currents (mEPSC) in the pres-
ence of TTX and PTX, finding that Zswim6 LOF resulted in de-
creased amplitude in both direct SPNs (dSPNs) and indirect SPNs
(iSPNs) (Fig. 3, B and C). In contrast, mEPSC frequency was un-
changed in both SPN subtypes (Fig. 3, D and E). We further ana-
lyzed the kinetics of averaged individual spontaneous events, finding
an increased mEPSC decay constant (t) in both SPN subtypes (Fig.
3, F and G), consistent with an elongated postsynaptic AMPAR re-
sponse to glutamate. We next investigated spontaneous miniature in-
hibitory post synaptic currents (mIPSC) in the presence of TTX and 2,
3-dihydroxy-6-nitro-7-sulphamoyl-benzo(F)quinoxaline (NBQX),
observing no genotype specific differences for either amplitude, fre-
quency, or decay kinetics in either SPN subtype (fig. S3, F to K).

To examine whether these changes in spontaneous excitatory
synaptic transmission were recapitulated for action potential-
dependent evoked excitatory transmission, we injected both experi-
mental and control genotypes with our Cre-sensitive enhanced GFP
(EGFP) virus at 6 to 8 weeks of age. Three weeks later, we prepared
acute striatal slices. We then recorded from SPNs in voltage-clamp
configuration while applying local electrical stimulation in the pres-
ence of PTX to selectively activate excitatory synapses. We first mea-
sured the ratio of AMPAR to N-methyl-D-aspartate receptor (NMDAR)
currents, finding a reduction in this measure for both SPN subtypes
(Fig. 4, A to C). While this could reflect decreases in AMPAR cur-
rents or increases in NMDAR currents, the observed reductions in
mEPSC amplitudes are more consistent with either a reduction in
synaptic AMPAR content or altered AMPAR channel properties,
which are supported by the reduced mEPSC amplitude and altered
kinetics, respectively (Fig. 3, B, C, E G). To further test the possibil-
ity of NMDAR alterations, we measured the decay of the synaptic
currents at +40 mV and found no change in D1-cKO or A2A-cKO
SPNs, suggesting no persistence of the developmentally expressed
Grin2b NMDAR subunit (fig. $4, A to D). Last, we tested short-term
synaptic dynamics by measuring responses to pairs of stimuli at
varying temporal intervals. Consistent with prior studies (39, 40),
we found that paired-pulse ratios (PPRs) in the dorsal striatum of
WT controls were depressing (PPR < 1) across interstimulus inter-
vals (ISIs) in both SPN subtypes (Fig. 4, B and D). Unexpectedly, we
found that SPN subtype-specific deletion increased synaptic facili-
tation, particularly at shorter ISIs (Fig. 4, B and D). Together, these
data suggest that Zswim6 function is essential for glutamatergic but
not GABAergic synaptic transmission onto both SPN subtypes, with
Zswimé6 disruption leading to reduced AMPAR content, prolonged
AMPAR responses, and short-term excitatory synaptic facilitation.

Zswim6 haploinsufficiency phenocopies synaptic deficits in
Zswim6 cKO mice

The large body of literature on human genetic disorders has increas-
ingly highlighted the critical role of haploinsufficiency in disease
pathogenesis (41, 42). Furthermore, de novo mutations in human
Zswim6 which are associated with ID and autism-like phenotypes
invariably are found in the context of a remaining wild-type Zswimé6
allele (16). Thus, we asked whether conditional deletion of one copy
of Zswim6 (Zswimé6 cHet) is sufficient to cause synaptic dysregula-
tion. Interestingly, in both Zswim6 cHets we observed reductions in
AMPA/NMDA ratio and facilitation of PPRs nearly identical to
those observed in Zswim6 cKO (fig. S4, E to H). Thus, SPN synaptic
function is extremely sensitive to Zswim6 gene dosage. To assess the
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Fig. 3. Zswimé6 cKO cell autonomously affects spontaneous excitatory synaptic transmission in SPNs. (A) SPN subtype-specific cKO labeling strategy (top). Base-
Scope confirmation of Zswimé mRNA reduction in D1 and A2A-cKO mice (bottom; scale bars, 10 pm) and quantification (D1-WT/cKO, n = 581/654, two of two animals,
#x5P < 1% 10713 A2A-WT/cKO, n = 627/572, 3 of 3 animals, *#*P < 1 x 107'%; t tests). (B) mEPSC traces from D1-WT/cKO neurons. Scale bars, 1 s, 100 pA. Cumulative dis-
tribution (left) and average mEPSC amplitudes (right, n = 20/17 cells, five of six animals, *P = 0.0162, t test). (C) Similar to (B), but for A2a-WT/cKO data (n = 20/15 cells, four
of four animals, **P = 0.0082, t test). (D) Cumulative distribution (left) and average mEPSC frequencies (right) from D1-WT/cKO neurons (n = 20/17 cells from five of six
animals, P = 0.4028, t test). (E) Similar to (D), but for A2a-WT/cKO (n = 20/15 cells from four of four animals, P = 0.6191, t test). (F) Averaged and scaled superimposed
traces of individual mEPSCs from D1-WT/cKO neurons. = decay constant obtained from fitting to exponential function (left, n = 18/17 cells from five of six animals,
**P =0.0057, two-tailed unpaired t test) and half-width (right, ***P = 0.0002, t test). (G) Similar to (F), but for A2a-WT/cKO. Exponential function (left, n = 20/15 cells from
four of four animals, *P = 0.0191, t test) and half-width (right, **P = 0.0061, t test). Data are presented as means + SEM. Each shaded dot represents data from an indi-
vidual experiment unless otherwise noted.
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Fig. 4. Zswim6 cKO or knockdown of SAMs found to be down-regulated in Zswimé6 cKO striatum disrupts evoked excitatory synaptic transmission. (A) Evoked
EPSC traces from D1-WT/cKO neurons at +40 mV and —80 mV for AMPA/NMDA ratio (top). Ratio comparison (bottom, n = 19/18cells, five of five animals, **P = 0.0042,
t test). (B) Paired-pulse traces for D1-WT/cKO (top). Comparison of paired pulse ratio (bottom, n = 17/17 cells from five of five animals, repeated measure (RM)-two-way
ANOVA, ISl F4,128 = 5.236, ***P = 0.0006, genotype Fy3; = 8.629, **P = 0.0061, interaction F412¢ = 2.173, P = 0.0757). (C) Similar to (A), but for A2A-WT/cKO (bottom,
n = 20/24cells from five of five animals, *P = 0.0152, t test). (D) Similar to (B), but for A2A-WT/cKO (bottom, n = 16/19 cells from six of six animals, RM-two-way ANOVA, ISI
Fa132=1.982,P=0.1010, Genotype Fy 33 =10.10, **P = 0.0032, interaction F4,13; = 2.546, *P = 0.0424). (E) Evoked EPSCs at +40 mV in the presence of MK-801 for A2A-WT/
cKO cells, indicating progressive blockade of NMDARs (left). Normalized NMDA currents versus stimulation counts (middle). Summary data form MK-801 blockade ex-
periment comparing NMDAR decay constant () from A2A-WT/cKO neurons (right, n = 7/8 cells from two of two animals, P = 0.8870, t test). (F) A2A-WT paired-pulse
traces +CTZ (top). Ratio comparison (bottom, n = 9 cells from nine animals, RM-two-way ANOVA). (G) Similar to (F), but for A2A-cKO (bottom, n =9 cells from five animals,
RM-two-way ANOVA, ISl F464 = 28.05, ¥**P < 1 X 10’12, CTZ Fy,56 = 0.04561, P = 0.8335, interaction 464 = 2.780, *P = 0.0341). (H) Knockdown strategy schematic using
shRNA-expressing AAV. (I) Expression of NLS-mRuby?2 in striatum (top) and images of individual neurons selected for recording (bottom). (J to L) Representative traces
(top) and comparisons for (J) AMPA/NMDA ratio (bottom, n = 20/20 cells from four of four animals, *#P = 0.0068, t test) or (K) PPR (n = 20/23 cells from four of four animals,
RM-two-way ANOVA, IS F4 164 = 21.33, ***P < 1 X 107'2, shRNA F1.41 =5.049, *P =0.0301, interaction F4,164 = 2.930, *P = 0.0225) or (L) = (n = 20/20 cells from four of four
animals, *P = 0.0195, t test) between control and SAMs shRNA. Significance from Sidék’s post hoc test for RM-two-way ANOVA.

time course of our observed synaptic phenotype, we recorded from
D1-cHets at an earlier time point (P18 to P22), which aligns with the
end of rapid synaptic expansion in striatum (43). We did not find any
differences in the AMPA/NMDA ratio or PPR D1-cKOs as compared
to their respective controls (fig. $4, I to K). This suggests that Zswimé6
gene disruption does not alter the initial induction or specification of
synapses but rather disrupts their subsequent maintenance.

Zswimé6 disruption alters AMPAR properties and SPN
synaptic integration

While paired pulse facilitation is typically interpreted as indicating a
decrease in presynaptic release probability, it can also result from
postsynaptic mechanisms such as AMPAR desensitization (39). To
disambiguate these possibilities, we used the use-dependent NM-
DAR antagonist MK-801 to probe alterations in release probability.

Choietal., Sci. Adv. 11, eadq6663 (2025) 17 January 2025

Because MK-801 only binds NMDARSs in the presence of bound
glutamate, the decay rate of evoked NMDAR currents in the pres-
ence of MK-801 can be used to roughly approximate release proba-
bility (44-46). Hereafter, our electrophysiology analysis focused on
iSPNs, as all prior data showed similar synaptic phenotypes in both
SPN subtypes. We found no change in EPSC decay rate in the pres-
ence of MK-801 between A2A-cKO and controls (Fig. 4E). Together
with the finding that mEPSC frequency is unaltered (Fig. 3E), it
seems unlikely that Zswim6 deletion trans-synaptically alters release
probability. Given that Zswim6 deletion prolonged spontaneous ex-
citatory currents (Fig. 3, F and G), and prior work showing AM-
PARs at striatal synapse normally exhibit significant desensitization
(39), we hypothesized that increased PPRs in Zswim6 cKO SPNs
may result from impaired AMPAR desensitization. To test this, we
recorded EPSCs in the presence of cyclothiazide (CTZ), an allosteric
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modulator of AMPARs that eliminates desensitization (39, 47, 48).
Consistent with the substantial impact of AMPAR desensitization
on the short-term synaptic dynamics within striatum (39), CTZ sig-
nificantly increased PPR in control animals (Fig. 4F). In contrast,
the elevated PPR in Zswim6 cKO SPNs was not further enhanced in
the presence of CTZ (Fig. 4G), consistent with a baseline disruption
of desensitization in A2A-cKOs.

Knockdown of synapse adhesions molecules
down-regulated in Zswimé6 cKO striatum partially
phenocopies Zswim6-associated synaptic dysfunction

Given the preponderance of synaptic genes found to be dysregulated
in Zswim6 cKO striatum (Fig. 2), we next asked whether knockdown
of synapse-adhesion molecules (SAMs) could partially mediate the
observed synaptic deficits seen across Zswim6 mutants. To this end,
we generated AAVs to simultaneously express short hairpin RNAs
(shRNAs) against three of the top down-regulated synaptic genes
(Nignl, Cntn5, and Tenm2; 3X SAM shRNAs) and NLS-mRuby to
identify transduced cells (Fig. 4H). We confirmed robust knockdown
of Nignl and Cntn5 in cultured neurons transduced with 3x SAMs
shRNA compared to 3X control shRNA, although Tenm2 levels were
not significantly reduced (fig. S4L). We injected 3X Control or SAMs
shRNA AAVs into striatum of PO to P1 WT mice and then assessed
synaptic function by slice electrophysiology at P21 to P23. The knock-
down of SAMs phenocopied the decrease in AMPA/NMDA ratio and
partially phenocopied the increased PPR and t observed in Zswim6
cKO animals (Fig. 4, ] to L). In contrast, the knockdown of three non-
synaptic DEGs (Son, Rora, and Celf2) did not affect synaptic trans-
mission (fig. S4, M to P). Thus, while an array of transcriptional
dysregulation likely contributes to the aggregate Zswim6 cKO synap-
tic phenotypes, the transcriptional dysregulation of Nignl and Cntn5
may play a contributing role.

Zswimé6 disruption affects the dynamic recruitment of
striatum in response to excitatory inputs

We next examined how the synaptic changes resulting from Zswim6
disruption could affect the dynamic recruitment of SPNs by excit-
atory inputs within striatum. We hypothesized that impaired desen-
sitization would dominate during in vivo-like firing scenarios,
effectively enhancing synaptic drive onto SPNs. To test this, we re-
corded iSPN spiking in current clamp in response to dynamic stim-
ulus patterns in the absence of pharmacological blockers to best
preserve local circuit responses (Fig. 5A). Consistent with strongly
reduced desensitization in A2A-cKO iSPNs, we found that even
with normalized synaptic input (Fig. 5C), iSPNs showed enhanced
spiking fidelity as compared to controls across a range of instanta-
neous input frequencies (Fig. 5D), leading to increased total firing
across trials (Fig. 5E). Given the potential impact of changes in ex-
citability on this experiment, we examined rheobase, input resis-
tance, and action potential threshold, finding no differences between
genotypes (fig. S5, A to E). These data suggest that Zswim6 deletion
leads to altered AMPAR function, including impaired receptor de-
sensitization, which leads to enhanced excitatory synaptic recruit-
ment of iSPNG.

SPN-specific disruption of Zswimé6 differentially contributes
to alterations in spontaneous motor output

Prior analyses of the constitutive Zswim6 KO mice showed in-
creased rearing, rotational biases, stereotyped grooming patterns and

Choietal., Sci. Adv. 11, eadq6663 (2025) 17 January 2025

an increased sensitivity to subthreshold doses of amphetamine (22).
Here, we took advantage of our SPN subtype-specific Zswim6 cKO
mice to understand the contribution of striatal Zswim6 function and
their resulting synaptic phenotypes to the global generation of spon-
taneous motor behaviors in an unbiased manner. We recorded D1-
cKO, A2A-cKO, and their respective controls through a plexiglass
floor; used DeepLabCut to identify paws, nose, and tail; and used
these data as input for the unsupervised behavioral classifier, B-SOID
(Fig. 5, F and I) (49, 50). Before analyzing the statistics of individu-
al motor states, we examined overall activity levels by tracking a cen-
tral point between the hindlimbs and tail base. These overall activity
measures were consistent with what would be expected if Zswim6
mutations caused enhanced glutamatergic drive onto specific SPN
subtypes—D1-cKO mice had enhanced locomotion, while A2A-cKO
had decreased locomotion as compared to their respective controls
(Fig. 5, G and H).

We next took advantage of the detailed “motor state” information
provided by our behavioral classifier to better understand how SPN-
specific disruption of Zswimé6 contributed to the frequency and pat-
terns of spontaneous motor output. Unsupervised clustering of pose
capture data produced 23 motor fragments, of which posthoc ob-
server analysis revealed 11 main groups including locomotion, sniff-
ing, upright standing, rearing, grooming, and rest (Fig. 5, Tand L and
see Materials and methods for each fragment abbreviation). Subdivi-
sions within these cardinal poses frequently reported directional dif-
ferences (e.g., walking left versus walking right) or distinct phases of
a behavior (grooming face versus grooming body) (51-53). We first
examined the total number of transitions between different motor
fragments, finding that D1-cKOs had increased transitions as com-
pared to their controls, while A2A-cKOs had a similar number of
transitions as their littermate controls (Fig. 5]). We next examined
the specific content of motor output (Fig. 5K)—the total percentage
of time spent in each motor fragment (fragment duration, Fig. 5L),
the number of visits to a given fragment (frequency, fig. S5F), and the
number of other fragments visited before returning to a given frag-
ment (transitions until return; fig. S5G). Consistent with our overall
activity measures, D1-cKO mice exhibited more total time in “loco-
motion” and fewer in “rest” states, while A2A-cKO mice had fewer
frames in forward locomotion but no changes in rest state occupancy
(Fig. 5L). Both D1-cKO and A2A-cKO mice exhibited increases in
time spent grooming (Fig. 5L). As most standard behavioral quanti-
fications count the total number of observed behavioral events, we
also quantified fragment frequency. Consistent with the increased
number of total transitions (Fig. 5]), we found stronger effects for
D1-cKOs than A2A-cKOs, with mutation-associated increases in
visits to locomotion, “rearing,” and “grooming” motor fragments
(fig. S5F). We also found that D1-cKO mice had fewer intervening
behaviors before re-engaging in rearing and grooming (fig. S5G).

We carried out multiple analyses to examine whether SPN-
specific Zswimé6 disruption altered patterns of transition between
motor fragments. First, we used transition matrices to quantify the
likelihood of progressing between any two specific behavioral frag-
ments (fig. S5H), assessing genotypic differences by dividing the
cKO matrices and their respective controls. After thresholding ra-
tios for reproducibility (P < 0.001) and effect size (> ~2.7X differ-
ence), we found no consistent fragment transitions in D1-cKOs.
Unexpectedly, A2A-cKOs exhibited increased transitions between
investigation and grooming, in both directions (fig. S5H). To quan-
tify the extent of general behavioral repetitiveness (i.e., not linked to
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Fig. 5. Zswim6 cKO alters excitatory synaptic recruitment of SPNs and impacts spontaneous motor output. (A) Cortico-striatal synaptic recruitment experiment design
using 5-Hz Poisson stimulation. (B) Representative image showing locations of stimulation and recording pipettes. (C) Traces of evoked EPSP (top) and comparison of eEPSP
amplitudes (bottom) from A2A-WT/cKO neurons that were used for subsequent assessment of synaptic recruitment (n = 19/20 cells from 5/4 animals, P = 0.8733, t test).
(D) Firing fidelity across stimulation frequencies in A2A-WT/cKO neurons (left, n = 19/20 cells from 5/4 animals, RM-two-way ANOVA, Stim.Pattern F17659 = 29.30, **#P < 1 X 10'12,
genotype Fy37 = 8.208, **P = 0.0068, interaction F17,629 = 1.334, P = 0.1646. Raster plots (right) from all cells indicating SPN firing in relation to stimulation pattern (black).
(E) Total firing of A2A-WT/cKO neurons during cortico-striatal recruitment (n = 19/20 cells from 5/4 animals, **P = 0.0050, t test). (F) Spontaneous motor behavior clustering
strategy. (G) Tracking traces of D1-WT/cKO (top) for 14 min. Cumulative (bottom-left) and total distance traveled (bottom-right, n = 25/20 animals, **P = 0.0050, t test). (H) Similar to
(G), but for A2A-WT/cKO (bottom-right, n = 19/17 animals, *P = 0.0222, t test). (I) B-SOID clustering visualization. (J) Total number of behavioral segment transitions (D1-WT/
cKO n = 25/20 animals, *##P = 0.0004, A2A-WT/cKO n = 19/17 animals, P = 0.7975, t test). (K) B-SOiD analysis illustration. (L) Percent duration of each behavioral cluster in D1-
WT/cKO (top) and A2A-WT/cKO (bottom) animals (BCa Bootstrap test). (M) Ratio (top) and proportion of repeatedly identified sequences (bottom) plotted against different
lengths of behavioral chains (BCa Bootstrap test). Data are presented as means + SEM. Each shaded dot represents data from an individual experiment, unless otherwise noted.
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specific fragments), we used an adopted k-mer analysis that we call
behavioral chain analysis (see Materials and Methods) (54). By
quantifying the proportion of repeated sequences for increasing
chain lengths (Fig. 5M, top), we found that D1-cKO mice exhibited
a stronger propensity to repeat sequences of behavior over time.
This observed effect was robust and consistent across various behav-
ioral chain lengths, underscoring its reliability. This effect was not
observed in the A2A-cKO mice (Fig. 5M). Together, these data sug-
gest that while Zswim6 function in both SPN pathways uniquely
contributes to alterations in motor output, Zswimé disruption in
dSPNs has broader behavioral impacts, increasing the total number
of state transitions and increasing repetitiveness of behavior chains.

Zswimé6 continues to control excitatory synaptic function in
adult striatal circuits

Embryonic deletion of Zswim6 leads to transcriptional dysregula-
tion (Fig. 2) and synaptic dysfunction in mature SPNs (Figs. 3 and
4), suggesting that Zswim6 may control transcriptional programs
involved in SPN differentiation and synaptic maturation. In contrast
to other brain regions, Zswim6 is also highly expressed in adult
SPNs (22, 23). To test whether Zswim6 has similar or divergent
functions at this stage, we injected adult (3-month-old) Zswim6“'©
animals with either AAV-DJ-hSyn::GFP-Cre or a truncated inactive
Cre recombinase control (AAV-DJ-hSyn::GFP-ACre; 1 injection per
hemisphere of each animal) to conditionally ablate Zswimé6 in adult
striatum. We confirmed the efficacy of this strategy by injecting
both viruses into Ail4 Cre reporter mice, which express tdTomato
in the presence of Cre recombinase (Fig. 6A). While nuclear GFP
was noted in both hemispheres, only the side with active Cre recom-
binase had tdTomato™ cells. Three weeks after our injections into
Zswim6“'“ mice, we assessed evoked excitatory synaptic transmis-
sion in acute striatal slices. Similar to earlier SPN-specific Zswim6
deletions, Zswim6“'“ neurons expressing GFP-Cre exhibited de-
creased AMPA/NMDA ratios (Fig. 6B) and increased PPR com-
pared to neurons expressing GFP-ACre (Fig. 6C). Furthermore, we
found elongated decay kinetics of glutamatergic synaptic responses
at —80 mV, consistent with previously observed changes to AMPAR
desensitization (Fig. 6D). We found similar changes to AMPA/
NMDA ratios, PPRs, and evoked EPSC kinetics in sparse viral injec-
tions of Cre, providing further evidence that these synaptic pheno-
types are caused by cell-autonomous mechanisms (fig. S6). Thus,
Zswim6 is not only crucial for SPN synaptic development but also
required for maintenance of synaptic function in adulthood.

DISCUSSION

Emerging behavioral and genetic analyses point toward striatal dys-
function as a central pathway in NDD pathogenesis. At the behavioral
level, striatal circuits have been directly implicated in a range of motor
and cognitive control processes that are broadly disrupted in neuro-
psychiatric disorder (I, 11, 13, 55, 56). At the genetic level, NDD can-
didate genes are frequently enriched in major striatal cell types (I).
Despite this, the genetic and molecular mechanisms of striatal circuit
development remain comparatively understudied compared to other
brain regions. Here, we identify Zswimé6 as a previously undiscovered
epigenetic regulator that controls SPN synaptic development and
function. Tagged ZSWIMS6 protein exhibits robust nuclear localiza-
tion and interacts with HDACI and SUZ12 in heterologous cells.
Consistent with the hypothesis that Zswimé6 is a chromatin regulator,
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Fig. 6. Zswimé6 is required in adulthood to maintain excitatory synaptic transmis-
sion. (A) Representative images of GFP-ACre (left) and GFP-Cre AAV injection sites in
adult Ai14 reporter mice. Cre-mediated expression of tdTomato reporter occurs only
in the presence of functional Cre. Scale bars, 1000 and 50 pm for insets. (B) Represen-
tative traces of evoked EPSCs from ACre and Cre expressing neurons in Zswim6~/®
mice, obtained with cells clamped +40 mV and —80 mV to determine AMPA/NMDA
ratio (top). Comparison of AMPA/NMDA ratio (bottom, n = 10/10 cells from three ani-
mals, **P = 0.0088, t test). (C) Representative traces of from ACre and Cre expressing
neurons in Zswim6“'“ mice, obtained during paired-pulse protocol (top). Comparison
of paired pulse ratio (bottom, n = 11/11cells from three animals, RM-two-way ANOVA,
ISI F4,80 = 1.343, p = 0.2613, genotype Fq0 = 9.148, **P = 0.0067, interaction
Fag0 = 3.497, *P = 0.0110). (D) Representative traces showing EPSC decay from ACre
and Cre expressing neurons from Zswim6“/“ mice (top). Comparison of eEPSC decay
constant (z) between ACre and Cre expressing neurons in Zswim6“'S mice (bottom,
**P=0,0086, t test). Data are presented as means + SEM. Each shaded dot represents
data from an individual experiment, unless otherwise noted. Significance from Sidak’s
post hoc test for RM-two-way ANOVA.

conditional deletion of Zswim6 in SPN progenitors caused an increase
in chromatin accessibility and transcriptional dysregulation. In agree-
ment with the preponderance of dysregulated synaptic genes in
Zswim6 cKO SPNs, specific deletion of Zswim6 in either dSPNs or
iSPNs produced cell-autonomous alterations in excitatory synaptic
transmission including a dramatic reduction in AMPAR desensitiza-
tion. In the face of dynamic patterns of excitation, impaired AMPAR
desensitization enhances SPN recruitment, suggesting a mechanism
by which Zswim6 mutation could alter striatal processing and behav-
ior. Unbiased behavioral analysis revealed distinct phenotypes result-
ing from SPN-subtype specific Zswim6 deletion that are broadly
consistent with opposing roles of these SPN subtypes in motor behav-
ior. Last, the deletion of Zswimé6 in adulthood recapitulated the synap-
tic phenotypes observed following late embryonic deletion, suggested
a continued requirement for Zswim6 in adulthood to maintain striatal
circuit function.

ZSWIM6 modifies chromatin accessibility
Prior structural modeling of the C-terminal of ZSWIMS6 revealed
similarity to the four paired amphipathic helix (PAH) domains of
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the transcriptional coregulators SIN3A and SIN3B, two mammalian
SIN3 isoforms (17). SIN3 is an evolutionarily conserved master scaf-
fold protein and transcriptional corepressor that forms a complex with
HDAC1/HDAC2 (20, 29, 57). Here, we found that tagged ZSWIM6
interacted with HDACI, suggesting that it functions in part by recruit-
ing core repressive chromatin modifiers. Whether ZSWIM6 directly
interacts with HDACI or is part of larger protein complex containing
HDACI remains unclear. Given that the HDAC/SIN3A interaction
depends on a region of SIN3A adjacent to the PAH3 domain that is
not present in ZSWIMS6 (24), it is likely that ZSWIMS6 interacts with
as-yet unknown factors to form a larger repressive complex incorpo-
rating HDACI1. We also found that ZSWIMS6 interacts with SUZ12, a
component of the PRC2. Similar to SIN3/HDAC complexes, the PRC2
complex mediates closed repressive chromatin states, although it does
so via histone H3 methylation at lysine 27 (H3K27) as opposed to his-
tone deacetylation associated with HDACI activity (28, 58).

While our data suggest two mechanisms by which Zswim6 may
exert epigenetic control, it is also possible that Zswim6 modulates
chromatin through other mechanisms such as histone ubiquitina-
tion (59). Analysis of ZSWIM6 primary amino acid sequence re-
veals BC box and Cul2 box domains, key sites for ubiquitin ligase
function (17, 22). While ZSWIMS and its Caenorhabditis elegans
homolog, EBAX-1, were both found to function as part of the E3
ligase complex (60), ZSWIMS exhibits far less sequence homology
to ZSWIM4 to ZSWIM6 and exhibits predominantly cytoplasmic
localization in heterologous cells (60). Unbiased methods such as
mass spectrometry will be necessary to fully characterize the mech-
anisms of epigenetic regulation by ZSWIM6.

Transcriptional dysregulation following Zswimé disruption
Our biochemical and ATAC-seq data suggest a role for ZSWIM6 in
establishing repressive chromatin architecture, which is typically as-
sociated with transcriptional down-regulation. Consistent with this,
snRNA-seq revealed a bias toward gene up-regulation in P8 SPNs
and immature neurons/progenitors in DIx-cKO mice (Fig. 2). In
progenitors/immature SPNs, up-regulated differentially expressed
genes (DEGs) were enriched in GO terms exclusively associated
with axonogenesis, protein translation, and ribosomal assembly. In
mature SPNs, up-regulated DEGs related to axonogenesis, ion trans-
port, and neuronal excitability. In contrast with immature cells, ma-
ture SPNs also exhibited multiple down-regulated DEGs centered
on synaptic function. One possible explanation for this finding is
that the deletion of Zswimé6 has a primary effect of chromatin dere-
pression, and the subsequent perturbed developmental state of these
striatal progenitors interferes with downstream transcriptional net-
works essential for synaptic development. Genetic disruption of the
PRC2 repressive complex was found to not only reduce H3K27me3-
mediated transcriptional repression in SPNs but also has a secondary
effect of down-regulating many SPN-specific genes (61). Alterna-
tively, it is possible that ZSWIMS6 also recruits factors that promote
transcription of certain genes, a type of complex bifunctionality that
has been observed for SIN3 histone deacetylase complexes (20). A
more comprehensive analysis of ZSWIMS6 interaction networks and
chromatin immunoprecipitation sequencing experiments should be
informative in this regard.

Zswimé6 regulates SPN synaptic function
We found that late-embryonic deletion of Zswim6 in either iSPNs
or dSPNs resulted in a dysregulation of spontaneous excitatory
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transmission, manifest as a reduction in mEPSC amplitude but not
frequency and slowed decay kinetics of averaged mEPSC events. We
also examined action potential-evoked excitatory synaptic transmis-
sion, finding that the ratio of AMPAR to NMDAR-mediated currents
was reduced in both SPN knockouts and the decay of spontaneous
responses at —80 mV was slower. Together, these data are most con-
sistent with a reduction in the number or properties of synaptic
AMPARs. We did not observe changes in measures of spontaneous
inhibitory transmission, revealing a specificity not immediately evi-
dent from the observed transcriptional dysregulation. We also not-
ed that loss of Zswim6 in both SPN subtypes lead to an increase in
the paired pulse ratio, which is frequently associated with alterations
in presynaptic release probability. In this case, we observed a similar
decay rate of NMDAR currents in the presence of the use dependent
antagonist MK-801, strongly suggesting equivalent release probabil-
ities between A2A-WT and A2A-cKO iSPNs.

Because AMPAR desensitization can also affect PPR, and gluta-
matergic synapses in striatum are known to exhibit strong desensiti-
zation (39), we next asked whether a loss of desensitization in
Zswim6 cKO SPNs may be responsible for increasing PPR. We found
that blocking desensitization with CTZ substantially increased PPR
in WT SPNs, while this effect was occluded in Zswim6 cKO SPNs.
The simplest interpretation of these experiments is that AMPAR re-
sponses in SPNs, which are normally strongly desensitizing, lose this
property in Zswim6 cKO SPNs. This hypothesis is further supported
by the prolonged decay kinetics observed in the spontaneous excit-
atory responses. Candidate mechanisms underlying the observed
changes in AMPAR-mediated transmission include reduced synap-
tic AMPAR localization, a change in AMPAR subunit composition,
or changes in AMPAR-interacting proteins such as transmembrane
AMPA receptor regulatory proteins (TARPs) (62, 63). Additional
electrophysiology analyses have revealed two other important as-
pects of Zswim6 contribution to synaptic function—(i) The gene
demonstrates haploinsufficiency, as D1-cHets and A2a-cHets both
exhibited phenotypes of similar effect size as those in their respec-
tive cKO genotypes (fig. S4, E to H), and (ii) the impact of Zswim6
disruption are less relevant to the initial formation of synapses but
rather affect synapse maintenance, as evidenced by the absence of
phenotypes at P18 to P22 that are readily observed at 3 months in
D1-cHets (fig. S4, I to K). These phenotypes are consistent with that
of synaptic adhesion molecules such as Neuroligin and Neurexin,
wherein gene disruption does not affect the initial formation or
specification of synapses (64, 65).

While our P8 snRNA-seq data revealed the dysregulation of many
synaptic genes, these did not include AMPAR subunits, AMPAR aux-
iliary proteins, or other obvious candidates for direct modulation of
AMPARSs. In our first attempts to link the specific impacts of Zswimé6-
associated transcriptional dysregulation with our observed physio-
logical phenotypes, we “screened” the top down-regulated genes
shared by SPN subtype using multi-shRNA constructs. While we be-
lieve that the Zswimé6 synaptic phenotype is likely the result of small
transcriptional changes across many synapse-associated molecules,
here we attempted to probe a small number of potential candidate
contributors. Knockdown of Cntn5 and Nign1 partially phenocopied
the synaptic phenotype seen across Zswim6 mutants, while simulta-
neous knockdown of nonsynaptic targets (Son, Rora, and Celf2) had
no effects on striatal circuits. These data provide initial evidence that
the synaptic phenotypes could be downstream of transcriptional dys-
regulation of synaptic adhesion molecules, for which disruptions are
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known to result in mislocalization of synaptic proteins including glu-
tamate receptors (66-69). Last, the deletion of Zswim6 in adult stria-
tum phenocopied the dysregulated synaptic transmission we observed
following embryonic Zswim6 deletion, indicating that Zswim6 is re-
quired for synaptic function in adulthood. This may reflect a contin-
ued requirement for Zswimé in maintaining mature SPN identity.
Consistent with this idea, the disruption of the repressive PRC2 com-
plex (containing the Zswim6-interacting protein SUZ12) was shown
to induce ectopic expression of non-SPN genes and down-regulation
of SPN-specific genes (61). Thus, continued repression of non-SPN
genes appears to be necessary for functional SPN maintenance.

Zswimé6-associated alterations in circuit output and behavior
The input-output transformations occurring at the neural circuit level
integrate the effects of dynamic patterns of synaptic excitation and
inhibition together with cellular excitability. To best model the effects
of Zswim6 mutations on striatal circuit processing, we used a previ-
ously established naturalistic stimulus protocol in slice (70), finding
that Zswim6 cKO iSPNs were recruited more efficiently than WT
iSPNs. Because we did not observe evidence of altered intrinsic excit-
ability in Zswim6 cKO iSPNs, we suggest that reductions in AMPAR
desensitization outweigh reductions in total synaptic AMPAR current
when SPNs are integrating dynamic excitatory input. Together, we
believe that changes in the short-term filtering properties of excit-
atory synapses onto SPNs effectively produce an enhancement of
synaptic drive in mice with disrupted Zswimé6 function. These re-
sults are similar to work at retinogeniculate synapses, wherein loss
of CKAMP44, an AMPAR auxiliary subunit, leads to reduced syn-
aptic AMPAR content and reduced receptor desensitization. In an
analogous manner to what we observe in Zswim6 cKOs, the net ef-
fect of CKAMP44 LOF is to increase ON- and OFF-firing rate in-
creases within thalamus (71).

The established roles of striatal SPN pathways in motor output
allowed us to make several basic predictions about behavioral effects
of Zswim6 mutation-associated changes in circuit output. Consis-
tent with models of bidirectional spiny neuron control of motor be-
havior and our observed enhancements of excitatory drive, we found
that D1-cKOs exhibited increased distance traveled, while A2A-
cKOs had decreased distance traveled in open field exploration. Our
use of a machine classifier on pose-tracking data provided further
insight into the effects of Zswim6 on substructure of spontaneously
generated motor states. At the broadest level, we found that D1-
cKOs had an increased number of transitions between differing mo-
tor states, while A2A-cKO did not alter total transition numbers.
Furthermore, we noted the D1-cKOs spent more time walking, turn-
ing, and rearing, variations that could largely be explained by in-
creased selection frequency of these fragments. In a competitive
model of basal ganglia function, in which different dSPNs subpopu-
lations represent alternative actions, a broad increase of excitatory
drive onto dSPNs might be expected to increase transitions between
motor states as multiple possible fragments are brought closer to se-
lection threshold. We also found evidence for repeated motor se-
quences from both SPN subtype disruptions, with D1-cKOs showing
more general repetition of motor sequences and A2A-cKOs showing
biasing toward a specific fragment transition. Further testing of
these ideas will require simultaneous in vivo recordings during
spontaneous motor exploration. Nevertheless, our data demonstrate
how similar synaptic phenotypes across SPN subtypes can generate
the full range of motor abnormalities observed in Zswim6 mutants.
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Multi-hit NDD models and convergence at the synapse

NDDs exhibit complex multi-genic etiologies, wherein the disrup-
tion of multiple loci jointly contributes to pathophysiology. Studies
of the genetic contributions to neurodevelopmental disease have
revealed strong signals for genes encoding synaptic proteins and
epigenetic regulators (8, 9, 14, 15). Despite the puzzling nature of
these divergent signals, these data have been taken to mean that it is
the combined or synergistic effects of mutations that sufficiently
perturb neural circuit function to affect behavior. Our work on
Zswim6 lends support to the idea that epigenetic dysfunction may
disproportionately impair synaptic function as a central pathogen-
esis mechanism. Furthermore, this pathophysiological process is
seen with loss of just one Zswim6 allele, highlighting the sensitivity
of synapses to proper chromatin regulation. Another key part of this
chromatin synapse model is that epigenetic dysregulation can affect
multiple synaptic molecules simultaneously, a key concept given the
highly redundant nature of the synaptic adhesion landscape. Simul-
taneous disruption of epigenetic and synaptic molecules will pro-
vide more direct tests of this convergent pathogenesis model.

MATERIALS AND METHODS

Animal

Animal experiment procedures were approved by the University of
Pennsylvania Institutional Animal Care and Use Committee, and all
experiments were conducted in accordance with the National Insti-
tutes of Health Guidelines for the Use of Animals (protocol: 805643).
This study follows the ARRIVE guidelines for reporting animal re-
search. The ARRIVE checklist has been completed. For all electro-
physiology and behavioral experiments, animals were generated by
intercrossing a Zswim6 conditional allele (wherein exon 3 is sur-
rounded by loxP sites) with either A2a-Cre mice from the Jackson
Laboratory (B6.FVB(Cg)-Tg(Adora2a-cre)KG139Gsat/Mmcd) or DI-
Cre mice from the Jackson Laboratory (B6;129-Tg(Drd1-cre)120Mxu/
Mmjax). iSPN or dSPN cKO mice and their littermate controls were
obtained by intercrossing Zswim6'"; A2a-Cre or Zswimé6“'*; D1-
Cre animals, respectively. For ATAC-seq and snRNA-seq experi-
ments, Dix5/6-Cremice from the Jackson Laboratory [Tg(dlx5a-cre)1
Mekk/], stock no. 008199] were intercrossed with the Zswimé con-
ditional allele. Following this initial cross, experimental animals
were obtained from the following breedings: Zswim6“'"; DIx5/6-Cre x
Zswim6®'© (for DIx-cKO mice) and Zswim6*'*; DIx5/6-Cre x
Zswim6*'t (for DIx-WT mice). For the primary culture and neona-
tal injection, we used timed pregnant mice at E16.5, which were ob-
tained from Charles River Laboratories. All were grouped with
littermates on a 12:12 light-dark cycle and provided ad libitum food
and water.

Cloning of plasmids

The Zswim6 coding sequence was cloned from Zswimé cDNA iso-
lated from E13.5 mouse brain and then subcloned into pKMyc, a
mammalian expression vector (Addgene, catalog no. 19400). Be-
cause of the highly repetitive, guanine-cytosine-rich (GC-rich) na-
ture of the N-terminal coding sequence, a codon-optimized version
of the sequence corresponding to amino acids 1 to 731 was synthe-
sized (GenScript) and used to replace the endogenous cDNA se-
quence. The Flag-Zswimé6 expression plasmid was created by inserting
a 3X Flag sequence directly upstream of the Zswim6 coding se-
quence using the Xba I and Age I restriction sites. To create the
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Efla-Flag-Zswim6 AAV construct, an AAV backbone (gift from
W. Xu, Stidhof laboratory) was first modified by removing the exist-
ing multiple cloning site (MCS), B-globin intron, human growth
hormone polyadenylate [poly(A)] and sequences and replacing
them with a linker containing a new MCS. Flag-Zswim6 was then
subcloned into this AAV backbone using Xba I and Eco RI sites and
then replacing the existing cytomegalovirus promoter with the Efla
core promoter using Mlu I and Xba I sites. Last, the SV40 poly(A)
sequence was added downstream of Flag-Zswim6 using Xho I and
Hpa I sites. The ANLS variant of the Efla-Flag-Zswim6 AAV con-
struct was made by removing the N-terminal sequence of Zswim6
that includes the NLS by cutting with Bam HI and Bsp EI, the latter
of which cuts within the Zswimé6 coding sequence (CDS). This se-
quence was replaced with a sequence (synthesized by IDT) missing
the 30 nucleotides corresponding to the NLS but identical to WT
Zswim6 in the flanking regions. pAAV-mDIx-CreGFP was made
from the existing pAAV-mDIx-NLS-mRuby2 backbone (Addgene,
#99130) by removing NLS-mRuby using Spe I and Asc I sites and
replacing it with CreGFP fusion protein sequence PCRed from
pAAV-hSyn-CreGFP (72). To generate Efla-FLEX-Flag-Zswimeé,
the Efla-Flag-Zswim6 was converted into a FLEX construct in three
cloning steps that avoided polymerase chain reactioning (PCRing)
Zswim6 CDS due to its highly repetitive, GC-rich nature near the N
terminus. First pairs of loxP sites were PCRed from pAAV-Efla-
DIO-ChIEF-2A-mVenus (construct previously cloned by M.V.F)
and cloned into Efla-FLEX-Flag-Zswim6 so as to flank Flag-Zswim6
on 5" and 3’ sides. By adding strategically positioned Xba I and Eco
RI sites to the JoxP PCR products after the insertion of the two pairs
of loxP sites, the resulting backbone contained Eco RI and Xba I,
which were flanked by the double loxP sites and in the opposite 5'-
3’ order as the original plasmid. Thus, Flag-Zswim6 could then be
cut from Efla-FLEX-Flag-Zswimé6 using Xba I and Eco RI sites
(which flank Flag-Zswim6 on the 5" and 3’ sides, respectively) and
ligated into the modified, loxP site-containing plasmid in reverse
orientation.

3X shRNA plasmid backbones were generated by PCRing the H1
and tandem H1-U6 promoters from the L315 lentiviral vector (gift
from Siidhof laboratory) and subcloned into an AAV backbone (gift
from W. Xu, Stidhof laboratory). The hSyn promoter was PCRed
from pAAV-hSyn-EGFP (Addgene, #50465) and then subcloned
into the H1-U6-H1 backbone. Last, NLS-mRuby2 was PCRed from
the pAAV-mDIx-NLS-mRuby2 backbone (Addgene, #99130) and
subcloned to generate pAAV-H1-U6-hSyn-NLS-mRuby-H1. Each
polymerase III promoter had adjacent cloning sites for shRNAs,
which were sequentially cloned into the 3X shRNA backbone. Se-
quences for control and knockdown shRNAs (table S1) were ob-
tained from published work (73-77), with the exception of Rora
shRNA, which we designed using the shRNA design tool freely
available from VectorBuilder. Control shRNA sequences were spe-
cifically selected from publications, which did not detect synaptic
phenotypes when expressing their control shRNAs compared to un-
transfected neurons (78-80).

Primary neuronal culture

Primary cortical neurons were prepared from E16.5 CD1 mouse em-
bryos (Charles River Laboratories). Timed pregnant females were
deeply anesthetized with isoflurane and then decapitated. Cortices
were dissected in “dissecting solution” (136 mM NaCl, 5.4 mM KCl,
0.17 mM Na,HPOy, 0.22 mM KHPOy, 0.25 mM Hepes, and 43.8 mM
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sucrose in ddH,0) and then incubated in papain solution [papain
(10 U/ml), 0.5 mM L-cysteine, and 0.25 mM EDTA, Worthington
Biochemical, cataog no. LS003126, in dissecting solution] for 5 min at
37°C. Cortices were washed 1X in dissecting solution and then
washed 3X in trypsin inhibitor solution containing 1% bovine serum
albumin (BSA) and 1% trypsin inhibitor (Sigma-Aldrich, catalog no.
T6522) in dissection solution. Trypsin inhibitor solution was re-
moved and replaced by Neurobasal media (Thermo Fisher Scientific,
catalog no. 21103049). A single-cell suspension was then made by
triturating four to five times with a fire-polished Pasteur pipette. Be-
fore plating, glass coverslips (Bellco Glass) were coated with poly-p-
lysine (MP Biomedicals) and Laminin (Corning). Neurons were
plated on coverslips in 24-well plates (150,000 neurons per well) in
Neurobasal supplemented with B27 (Thermo Fisher Scientific),
GlutaMAX (Thermo Fisher Scientific), and penicillin-streptomycin
(Invitrogen). Medium was replaced with fresh supplemented Neuro-
basal media (kept in incubator to maintain temperature and pH) 1 to
2 hours after plating. To prevent glial overgrowth, AraC was added at
DIV5 at a final concentration of 0.5 pM. For Flag-Zswim6 expression
experiments, 2 pl of AAV-EF1a-Flag-Zswimé6 virus was added to each
well on DIV7. For experiments comparing localization of Flag-
ZSWIMS6 and Flag-ANLS-ZSWIMS, 2 pl of each virus in separate
wells was added at DIV5.

For cortico-striatal cocultures used for shRNA validation, pri-
mary neurons from E16.5 embryos were isolated using the same
protocol, except that dorsal striatum/LGE was isolated a dissociated
separately from cortex. Total neurons (300,000; 65% striatal and
35% cortical) were plated and maintained in 12-well plates under
the same conditions as described above for cortical cultures, except
that AraC was omitted due to apparent toxicity to striatal neurons,
which we observed in pilot experiments. Viruses were added at
DIV3 to DIV6, and neurons were harvested for quantitative PCR
(qPCR) experiments 6 to 7 days later.

Stereotaxic surgery

Intracranial surgery was conducted on a stereotaxic surgery frame
(Kopf Instrument, Model 1900) under isoflurane anesthesia (1.5 to
2% + oxygen 1 liter/min). Animal body temperature was maintained
at 30°C during surgery using a feedback thermocontroller (Harvard
Apparatus, #50722F). Skin was cleaned with Nair hair remover fol-
lowed by application of betadine to disinfect the area. Before sur-
gery, bupivacaine (2 mg/kg) was administered subcutaneously, and
the mouse was given a single dose of meloxicam (5 mg/kg). Skin was
carefully opened along the anterior-posterior (AP) midline, bregma
was set to zero. A craniotomy was performed with an arm-attached
drill above the target site. Virus or tracer was loaded into mineral oil
(Sigma-Aldrich, M3516)-filled glass pipette (WPI, TW100F-3) and
delivered at rate of 30 nl/min using a micro-infusion pump (Harvard
Apparatus, #70-3007). At least 5 min after infusion, the pipette was
slowly withdrawn (1 mm/min) from the brain, and the skin was su-
tured. Animals were monitored up to 1 hour following regaining
consciousness, then transferred to the home cage, and monitored
after 24, 48, and 72 hours. Injection coordinates for the dorsal stria-
tum were: AP, +0.65 mm; medio-lateral (ML), +1.6 mm; dorso-
ventral (DV), —2.8 mm.

For the viral injection procedure on neonatal mice, each pup was
placed on ice to induce anesthesia without direct contact, prevent-
ing cold-related injuries. Once immobilized, the pup was trans-
ferred to a three-dimensional printed stereotaxic frame (81), which
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secured their posture, and surrounded with ice to maintain anesthe-
sia. The virus was loaded into a glass pipette using a Nanoject II
(Drummond Instrument, no. 3-000-204) system. A small incision
was made on the skull at the designated injection site using a sharp
syringe, and then the injection pipette was positioned at this site.
The virus was then injected into three different DV positions; each
site received 100 nl of virus. The injection coordinates for the pups
were AP, +0 mm; ML, +1.4 mm; and DV positions at —2.2, —1.82,
and —1.4 mm.

For conditional gene deletion in SPNs, male mice aged 5 to 6 weeks
were stereotactically injected with purified AAV.dj/Syn-GFP-Cre
and AAV.dj/Syn-GFP-ACre (control) into the right and left striatal
hemispheres, respectively. To achieve sparse labeling of SPNs, viral
solutions were diluted 1:10 in sterile phosphate-buffered saline
(PBS) before injection. Electrophysiological recordings were per-
formed 3 weeks after injection to allow sufficient viral expression
and gene deletion.

Chromatin sequential salt extraction

Salt extractions were performed as described (82). Briefly, a 2X ra-
dioimmunoprecipitation assay (RIPA) solution was made [100 mM
tris (pH 8.0), 2% NP-40, and 0.5% sodium deoxycholate] and mixed
with varying concentrations of a 5 M NaCl solution to generate RIPA
containing 0, 100, 200, 300, 400, and 500 mM NaCl. Pelleted cells
were resuspended in modified buffer A [25 mM Hepes (pH 7.6),
25 mM KCl, 5 mM MgCl,, 0.05 mM EDTA, 0.1% NP-40, and 10%
glycerol] with protease inhibitors and rotated at 4°C for 5 min. Nuclei
were pelleted by centrifugation at 6000g for 5 min at 4°C. Supernatant
was removed and saved, and 200 pl of RIPA with 0 mM NaCl and
protease inhibitors was added to the sample. Samples were mixed by
pipetting 10 times and incubated on ice for 3 min before centrifuging
for 3 min at 6500g at 4°C. Supernatant was saved, and RIPA steps
were repeated for all NaCl concentrations. Samples were boiled and
sonicated before analyzing by Western blot.

Flag-ZSWIM6 co-IP for chromatin-associated proteins

Chromatin immunoprecipitation was performed using a protocol
adapted from Lee et al. (83). Frozen pellets of ~25 M HEK cells
(American Type Culture Collection, CRL-11268) (untransfected
and transfected with Flag-Zswim6) were resuspended in 3 ml of lysis
buffer 1 [50 mM Hepes-KOH (pH 7.5 to 8), 140 mM NaCl, 1 mM
EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1 mM di-
thiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF),
1X cOmplete protease inhibitor, and 1X PhosSTOP phosphatase in-
hibitor], rotated 10 min at 4C, and pelleted by centrifuging for 5 min
at 1350g, 4°C. Pellets were resuspended in 3 ml of lysis buffer 2 [10 mM
tris-HCI (pH 8), 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1 mM
DTT, 1 mM PMSE, 1X cOmplete protease inhibitor, and 1X PhosSTOP
phosphatase inhibitor], rotated 10 min at RT, and pelleted as de-
scribed above. Pellets were then resuspended in 3 ml of lysis buffer 3
[10 mM tris-HCI (pH 8), 100 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine, 1% Triton
X-100, 1 mM DTT, 1 mM PMSE 1X cOmplete protease inhibitor,
and 1X PhosSTOP phosphatase inhibitor]. Samples were sonicated
3X, 3 s each, using a tip sonicator. Next, 0.1X volume of 100%
Triton-X was then added to each sample. Samples were centrifuged
for 10 min at 18,000g at 4°C, and the supernatant was aliquoted for
input (5%) and IPs (95%). For Flag immunoprecipitation, 200 pl of
anti-Flag M2 beads (Millipore, M8823) were added to IP samples
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and rotated overnight at 4°C. Flag-ZSWIM6 binding partners were
eluted by competition with 3X Flag peptide (150 pg/ml; Millipore,
F4799). Input and IP samples were boiled 10 min with loading buf-
fer containing 2.5% p-mercaptoethanol. Candidate binding partners
were analyzed by Western blotting using the following antibodies:
anti-Flag (1:1000; Sigma-Aldrich, F1804), anti-SUZ12 (1:1000; Cell
Signaling Technology, 3737), anti-HDACI (1:1000; Abcam, ab19845),
and anti-histone H3 (1:10,000; Abcam, ab1791).

cDNA synthesis and RT-qPCR

After allowing shRNA viruses to incubate on corticostriatal cultures
for 6 to 7 days, total RNA was extracted using the QITAGEN RNeasy
Mini Kit. RNA concentration was determined using a Nanodrop,
and then first-strand cDNA synthesis was carried out using the Re-
vertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
cDNA synthesis was carried out using 200 ng of total RNA with ran-
dom hexamer primers. gPCR was performed using Sybr Premix Ex
Taq II (Takara), with 5 ng of cDNA per reaction, on an Applied Bio-
systems StepOne Plus instrument. All gPCR primers (table S2)
flanked exon-exon junctions to avoid amplification of genomic
DNA, and the specificity was confirmed by single peaks in the melt
curves for all primers used. To calculate normalized expression of
target genes, Ct values for each gene in each sample were normal-
ized to the average Ct values of ActB and Hprt in that sample.

ATAC sequencing

Nuclei for ATAC-seq were first isolated from striatal tissue. Briefly,
the tissue was homogenized in homogenization buffer [0.32 M su-
crose, 5 mM CaCly, 10 mM tris-Cl (pH 8), 3 mM MgAc,, 0.1% Tri-
ton X-100, and 0.1 mM EDTA] and was gently pipetted on top of a
sucrose cushion [1.8 M sucrose, 10 mM tris-Cl (pH 8), and 15 mM
MgAc,] in an ultracentrifuge tube. Nuclei were pelleted in an ultra-
centrifuge for 90 min at 4°C at 100,000g. The homogenization buffer
and sucrose cushion were removed, and 100,000 nuclei per sample
were collected for ATAC. Nuclei were resuspended in cold lysis buf-
fer [100 pl per 100,000 cells; 10 mM tris-Cl (pH 7.5), 10 mM NaCl,
3 mM MgCl,, 0.1% (v/v) NP-40, 0.1% (v/v) Tween 20, and 0.01%
(v/v) digitonin] and washed in wash buffer [10 mM tris-Cl (pH 7.5),
10 mM NaCl, 3 mM MgCl,, and 0.1% (v/v) Tween 20]. Transposi-
tion was performed with Tagment DNA TDEI1 (Illumina, 15027865).
Transposition reactions were cleaned with AMPure XP beads
(Beckman, A63880), and libraries were generated by PCR with
NEBNext High-Fidelity 2x PCR Master Mix (NEB, M0541). Library
size was confirmed on a Bioanalyzer before sequencing on the NextSeq
550 platform (40-base pair read length, paired end). For ATAC-seq
analysis, alignments were performed with Bowtie2 (2.1.0) (84) using
the mm10 genome with the pipeline at https://github.com/shenlab-
sinai/chip-seq_preprocess. Reads were mapped using NGS plot.
Three biological replicates per condition were sequenced, and each
replicate yielded greater than 60 million reads. Replicates were
merged to generate average profile plots.

Nuclei extraction

P8 male and female mice were deeply anesthetized with isoflurane
and then decapitated. Brains were quickly removed and transferring
to sucrose cutting solution (26 mM NaHCO3, 1 mM NaH,POy, 2.5 mM
KCl, 228 mM sucrose, 11 mM glucose, 7 mM MgSO;, and 0.5 mM
CaCl,). Sections (400 pm) were cut on a vibratome (VT1200s, Leica)
and then transferred to artificial cerebrospinal fluid (ACSF; 119 mM
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NaCl, 26.2 mM NaHCOj3, 1 mM NaH,POy4, 2.5 mM KCl, 11 mM glu-
cose, 1.3 mM MgSOy and 2.5 mM CaCl,). Sucrose and ACSF solu-
tions were both bubbled with a 95% O, and 5% CO, mixture at all
times. With the slices in ACSE, striatum was then dissected from each
slice (four slices per animal), then snap-frozen in liquid nitrogen, and
stored at —80. Nuclei extraction was carried out using a protocol opti-
mized by the Macosko laboratory (dx.doi.org/10.17504/protocols.
io.7xchpiw). Fluorescence-activated cell sorter (FACs) capture was
omitted, as no fluorophores were present and minimal nuclei clump-
ing was observed.

10X snRNA-seq and initial data processing

Nuclei capture, 10X sequencing, read alignment, and initial quality
control steps were carried out by the Next Generation Sequencing
Core (NGSC) at the Perelman School of Medicine (University of
Pennsylvania). Initial data processing was carried out using the Cell-
Ranger v6.1.2 pipeline. Briefly, raw base call (BCL) files were demulti-
plexed using the mkfastq command, generating FASTQ files. Extracted
and quality control passed FASTQ reads were aligned to the GRCm38/
mm10 genome, and single-cell nucleus count data were generated us-
ing the count command.

snRNA-seq analysis was done using the Seurat analysis pipeline
in R (Seurat v4.3.0) (85). First, nuclei containing <200 features per
nucleus or >4000 features per nucleus or greater than 1% mitochon-
drial RNA reads were discarded. Next, data in each biological repli-
cate (four of four DIx WT/cKO samples) was processed individually
according to the Seurat analysis pipeline, identifying principal com-
ponents (PCs) in each sample. Jackstraw analysis was used to deter-
mine statistically significant PCs. Each sample was found to have at
least 40 statistically significant PCs, so 40 PCs were used for all
downstream steps.

DoubletFinder (v2.0.3) (86) was then used to identify and re-
move doublets. The DoubletFinder pipeline was used to identify
optimal pK values for each sample, and a doublet rate of 8% was
assumed on the basis of the number of nuclei loaded for 10X cap-
ture. Following identification of putative doublets, data from all
samples were merged into a single Seurat object, and data were re-
normalized and clustered. Before discarding putative doublets, the
DoubletFinder pipeline was run again on the merged dataset, result-
ing in identification of additional putative doublets (n = 1232) that
generally clustered with previously identified doublets. Thus, all pu-
tative doublets (n = 6704 of 52,436 nuclei) were removed, and an
additional cluster that was composed of ~40% doublets and local-
ized in between other identifiable clusters was removed. Last, the
remaining singlets (n = 45,732) were renormalized, scaled, and clus-
tered for downstream analysis.

Cluster identification and DEG analysis

Cell types represented in clusters were determined by identifying
top DEGs for each cluster and manually cross referencing these
against marker genes in published neonatal (P9) and adult (P60)
datasets (37, 38). Of the 36 clusters, only two were not easily identifi-
able and were both were composed largely of Dix cKO nuclei (fig.
S2, E and F). For differential gene expression (DEG) analysis, we
separately analyzed clusters corresponding to dSPNs, iSPNs, and a
group composed of neurogenic progenitors and immature SPNs
(immature cells). DEGs were identified with the FindMarkers Seur-
at function using the Wilcoxon rank sum test. Criteria for inclusion
as a DEG were an average log, fold change of 0.15 and a false discov-
ery rate—adjusted P value < 0.05. In addition, DEGs corresponding
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to mitochondrial genes or X/Y chromosome genes were discarded.
Functional enrichment was determined using the ClusterProfiler R
package (87).

Immunohistochemistry

Mice were deeply anesthetized with pentobarbital then transcardi-
ally perfused with 1X PBS followed by 4% paraformaldehyde (PFA)
in PBS. Brains were post-fixed overnight at 4°C in 4% PFA, after
which PFA was removed and replaced with PBS. A vibratome was
used to cut 50-um sections, which were then blocked for 1 hour at
room temperature in PBS containing 0.5% Triton X-100, 10% FBS,
and 1% BSA. Sections were incubated in the same blocking buffer
with the appropriate primary antibodies overnight at 4°C, washed
3X in PBS, then incubated with secondary antibodies for 2 hours at
room temperature, and washed 3X in PBS before mounting (see the
Antibodies section). Sections were mounted on slides and cover-
slipped with VectaMount mounting media (Vector Laboratories).
Immunocytochemistry

Neuronal cultures were fixed on DIV9 to DIV12 after addition of
AAV-Efla-Flag-Zswim6 or AAV- Efla-Flag- ANLS-Zswim6 virus at
DIV5 to DIV7. Neuronal medium was removed and replaced with
4% PFA + 2% sucrose in 1X PBS and incubated for 8 min at room
temperature. Coverslips were then washed 3Xx in PBS and then
blocked for 1 hour at room temperature in PBS containing 1% oval-
bumin (Sigma-Aldrich), 0.2% gelatin from cold water fish (Sigma-
Aldrich), 0.01% saponin (Sigma-Aldrich), and 0.1% Triton X-100
(Sigma Aldrich). Coverslips were then incubated in the same block-
ing solution with appropriate primary antibodies overnight at 4°C,
washed 3X in PBS, then incubated with appropriate secondary anti-
bodies for 2 hours at room temperature (see the Antibodies section)
and washed 3X in PBS before mounting on slides using Aqua-Mount
mounting media (Sigma-Aldrich).

Dendrite and spine morphology

Mice were euthanized 2 weeks following injection of AAV.DJ/
Syn-fDIO-mRuby + AAV5/efla-DIO-FLPo-Myc to achieve sparse
labeling of dSPNs or iSPNs in DI-Cre or A2a-Cre mice, respectively.
Mice were deeply anesthetized with pentobarbital then transcardi-
ally perfused with 1X PBS followed by 4% PFA in PBS. Brains were
post-fixed overnight at 4°C in 4% PFA, after which PFA was re-
moved and replaced with PBS. A vibratome was used to cut 100-pm
sections, which were immediately mounted and coverslipped with
VectaMount (Vector Laboratories).

BaseScope in situ hybridization

BaseScope [Advanced Cell Diagnostics Inc. (ACD)] was used to de-
tect Zswimé6, Adora2a, and Drdl mRNA transcripts. BaseScope is
similar to RNAscope but leverages chromogenic dyes in place of flu-
orescent dyes to enable higher sensitivity detection of short RNA or
DNA sequences. We designed a Zswim6 BaseScope probe consisting
of two ZZ pairs targeting the E3-E4 and E4-E5 exon-exon junctions.
Tissue for the BaseScope assay was obtained from 4- to 6-month-old
WT and Zswim6 cKO mice crossed to each Cre line used in the study.
Mice were deeply anesthetized with pentobarbital then transcardially
perfused with 1X ribonuclease-free PBS followed by 4% PFA in
PBS. Brains were post-fixed overnight at 4°C in 4% PFA, after which
PFA was removed and washed with 1X PBS. PBS was then removed
and replaced with 30% (w/v) sucrose/PBS. Brains were then stored at
4°C for at least 48 hours before cryosectioning. Free-floating cryo-
sections (20 pm) were obtained using a cryostat microtome. The
BaseScope duplex assay was then carried out according to the ACD
protocol, the only modification being that H,O, pretreatment was
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carried out before mounting sections on slides in wells containing
0.3% H,0; (to avoid bubbles forming under sections on slides). Sec-
tions were then imaged on a Leica DM6 microscope.

Spine and dendrite morphology

Brain sections were imaged on a Leica SP5 confocal using a 40X oil
immersion objective. Images were acquired in resonance scanning
mode (8000 Hz) as z-stacks, with images at 0.5-pm intervals. Images
for analysis of dendrites were acquired using 1.7X zoom to capture
the entire dendritic arbor, while images for spine analysis for cap-
tured with 2.5X zoom to obtain higher resolution. When selecting
cells for dendrite morphology analysis, care was taken to select cells
farther away from the viral injection site, where the density of la-
beled cells was low and entire dendritic arbors of individual cells
could be visualized. For analysis of dendrite morphology, raw z-
stacks were imported into Image] and analyzed by manually tracing
the entire dendritic arbor of each neuron through the entire z-stack.
All analysis was done with the experimenter blinded to genotype.
For spine number and morphology quantification, raw z-stacks
were imported into Image], then a gaussian blur (sigma = 0.7) was
applied. Spines and filopodia were manually counted by an experi-
menter blinded to genotype.

In vivo Flag-ZSWIMG6 localization

Images were acquired as z-stacks (0.5-pm intervals) in conventional
scan mode (400 Hz) on a Leica SP5 confocal using a 40X oil immer-
sion objective. Raw image stacks were pre-processed with the “re-
move outliers” Image] function (threshold = 50, radius = 2.0), and
then a gaussian blur was applied (sigma = 0.6). Neurons with clear
Flag-ZSWIMS6, GFP, and CTIP2 fluorescent signals were selected
for analysis. To prevent misidentifying out-of-focus Flag-ZSWIM6
signal as being localized to the nucleus, a maximum projection of
only two optical sections (1 pm) was made, corresponding to the
approximate center of the nucleus in the axial plane. Regions of in-
terest (ROIs) corresponding to the entire cell body (GFP outline)
and the nucleus (CTIP2 outline) were manually drawn, and Flag-
ZSWIMS fluorescent intensity was measured in each region. The
total intensity of cytoplasmic Flag-ZSWIM6 was calculated by sub-
tracting the intensity within the nucleus (CTIP2 outline) from the
intensity in the entire cell body (GFP outline).

In vitro Flag-ZSWIMé localization

Images were acquired as z-stacks (0.5-pm intervals) in resonant
scan mode (8000 Hz) on a Leica SP5 confocal using a 40X oil im-
mersion objective. A Gaussian blur was applied (sigma = 0.5), and
then maximum projections of each channel were used for analysis
using custom Image] macros. Briefly, MAP2 and H2AZ channels
were manually thresholded to generate masks and ROIs for the so-
matodendritic compartment and nucleus, respectively. Flag-ZSWIM6
intensity was measured within the soma/dendrite mask and sepa-
rately measured within the nucleus. Total fluorescent intensity with-
in the soma/dendrites outside of the nucleus was calculated by
subtracting the total intensity within nucleus from total intensity in
the soma/dendrite mask (which included the nucleus). A corre-
sponding calculation was done for soma/dendrite area, allowing for
calculation of mean fluorescence intensity in the soma/dendrites
excluding the nucleus. For initial experiments characterizing Flag-
ZSWIMSG6 localization (fig. S1), the soma/dendrite mask included
the soma and proximal dendrites. For comparison of WT Flag-
Zswim6 and Flag- ANLS-Zswim6 localization (Fig. 1), we noted that
the mislocalized ANLS variant primarily accumulated outside of the
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nucleus but within the soma. To best capture this phenotype in com-
parison to WT Flag-Zswim6, we restricted our analysis to the cell
soma and nucleus only.

BaseScope analysis

Using a 20X objective, two to three fields of view were obtained for
each animal. The number of Zswim6 puncta per SPN (identified by
hematoxylin stain and Adora2a or Drdl mRNA for iSPNs and
dSPNs, respectively) was manually quantified by an experimenter
blinded to genotype.

Primary antibodies

Mouse anti-Flag M2 [immunohistochemistry (IHC): 1:500, immuno-
cytochemistry (ICC): 1:1000, Western: 1:000; Sigma-Aldrich, F1804],
rat anti-Ctip2 (IHC:1:500; Abcam, ab18465), rabbit anti-Flag (ICC:
1:500; Millipore, F7425), rabbit anti-H2A.Z (ICC: 1:500; Abcam,
4174), chicken anti-MAP2 (ICC: 1:5000; Novus Biologicals NB300-
213), rat anti-SUZ12 (Western: 1:1000; Cell Signaling Technology,
3737), rabbit anti-HDAC1 (Western: 1:1000; Abcam, ab19845), rabbit
anti-histone H3 (Western: 1:10,000; Abcam, ab1791), mouse anti-
GAPDH (Western: 1:3000; Abcam, ab8245), and rabbit anti-Lamin
B1(Western: 1:10,000; Abcam, ab16048).

Secondary antibodies

All secondary antibodies for ICC and IHC were diluted 1:500. The
following antibodies were used: goat anti-mouse Cy3 (the Jackson
Laboratory), goat anti-rat Cy5 (Invitrogen), donkey anti-rabbit
Alexa-488 (Invitrogen), goat anti-Chicken Alexa-488 (the Jackson
Laboratory), goat anti-rabbit Alexa-555 (Invitrogen), and goat anti-
mouse Alexa-647 (Invitrogen). For Western secondary antibodies, all
secondary antibodies for Western blotting were diluted 1:5000. The
following antibodies were used: goat anti-rabbit horseradish peroxidase
(HRP) (Abcam, ab6721) and sheep anti-mouse HRP (Cytiva, NA931).

Electrophysiology

Male and female adult mice (2 to 3 months old) were used for all
acute slice electrophysiology experiments except for PO shRNA ex-
periments (recorded at P21 to P23; Fig. 4, H to L) and the “developmen-
tal analysis” (recorded at P18 to P22 in fig. $4, I to K). Before recording,
dual-color virus (AAV-DJ-EF1a:DO/DIO-tdTomato/eGFP) was in-
jected into dorsal striatum to visualize SPN subtypes. Sample size
was determined on the basis of the experimental design. For paired
conditions, we aimed to record from >10 neurons, while for un-
paired conditions, we targeted >17 neurons per group to ensure ade-
quate statistical power and account for variability in electrophysiological
responses. All mice were allowed to recover for 3 to 4 weeks before
recording. Mice were deeply anesthetized and trans-cardially per-
fused with ice-cold ACSF containing 124 mM NaCl, 2.5 mM KCl,
1.2 mM HaH,POy, 24 mM NaHCOs3, 5 mM Hepes, 13 mM glucose,
1.3 mM MgSOy, and 2.5 mM CaCl,. After perfusion, the brain was
quickly removed, submerged, and coronally sectioned on a vibratome
(VT1200s, Leica) at 250-pm thickness in ice-cold ACSE. Slices were
transferred to NMDG-based recovery solution at 32°C of the follow-
ing composition 92 mM NMDG, 2.5 mM KCl, 1.2 mM NaH,PO,,
30 mM NaHCOs3;, 20 mM Hepes, 25 mM glucose, 5 mM sodium
ascorbate, 2 mM thiourea, 3 mM sodium pyruvate, 10 mM MgSOy,,
and 0.5 mM CaCl,. After 12- to 15-min recovery, slices were trans-
ferred to room temperature ACSF chamber (20° to 22°C) and left for
at least 1 hour before recording. Following recovery, slices were
placed in a recording chamber, fully submerged at a flow rate of
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1.4 to 1.6 ml/min and maintained at 29° to 30°C in oxygenated (95%
0, and 5% CO,) ACSE

In voltage-clamp recordings, recording pipettes were fabricated by
pulling borosilicate glass (World Precision Instruments, TW150-3).
These pipettes exhibited a tip resistance ranging from 3 to 5 megohm
when filled with an internal solution comprising the following concen-
trations: 130 mM CsMeSO4, 5 mM CsCl, 10 mM Hepes, 2.5 mM
MgCl, 0.6 mM EGTA, 1 mM QX-314, 10 mM Na-phosphocreatine,
4 mM NaATP, and 0.3 mM Na-guanosine 5'-triphosphate (GTP), with
apH adjusted to 7.3 to 7.4 using CsOH. Striatal neurons were identified
under visual control using infrared differential interference contrast
(IR-DIC) optics (Olympus, BX51). Visual identification of D1-SPNs
and D2-SPNs was based on expression of GFP/tdTomato (Chroma fil-
ter cube, #49002 and #49005). To record miniature excitatory postsyn-
aptic currents (mEPSCs), the cell was voltage-clamped at —80 mV, and
spontaneous events were recorded for a minimum of 10 min. This re-
cording was performed in the presence of PTX (100 pM; Sigma-
Aldrich P1675) and TTX citrate (1 pM; Cayman Chemical company
14964) to block inhibitory and action potential-dependent synaptic
activity, respectively. Data for analysis were collected from an 8- to
10-min time window following the establishment of whole-cell con-
figuration. For each recording session, a minimum of 200 events were
analyzed to generate cumulative distribution functions using the built-
in function in Mini Analysis (Synaptosoft).

The decay constant (t) of mEPSCs was determined by fitting the
10 to 90% decay phase of the trace. mEPSC events were aligned on
the basis of 10 to 90% rise phase from 0 to peak. The fitting was
performed using the following equation

y=A-e% (1)

To measure the AMPA/NMDA ratio, cellular responses were re-
corded by clamping voltage at two different membrane potentials in
presence of PTX. The first potential was set at —80 mV to mea-
sure inward AMPA currents, while the second potential was set at
+40 mV to measure outward AMPA/NMDA currents. The NMDA
current was isolated by averaging the response during a specific
time window of 50 to 55 ms following stimulation. The decay con-
stants (t;, T,) of NMDA current were determined by fitting a window
of the trace ranging from 50 to 1500 ms. The fitting was performed
using the following equation

{*("*Xo)
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To measure paired-pulse ratio, the AMPA current was recorded
using a protocol consisting of two consecutive electrical stimula-
tions with varying interstimulation intervals in presence of PTX. The
intervals used in this study were set at 20, 50, 100, 200, and 500 ms.
Each set of sweeps was separated by a 15-s interval to mitigate po-
tential plasticity effects resulting from the previous stimulus. To ob-
tain use-dependent NMDA decay, slice was incubated in the ACSF
containing MK-801 (50 pM; Tocris 0914) and NBQX (10 pM; Ab-
cam, ab120046), PTX. After a 10-min incubation period, electrical
stimulation was delivered with a consistent intensity. Each set of
sweeps was separated by a 20-s interval for data acquisition.

To record mIPSCs, an ACSF solution containing NBQX, AP5
(50 pM; Cayman Chemical Company, 14539), and PTX was used. The
recording pipette was filled with an internal solution consisting of
135 mM CsCl, 10 mM Hepes, 0.6 mM EGTA, 2.5 mM MgCl,, 4 mM
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NaATP, 0.3 mM NaGTP, 10 mM 2Na-phosphocreatine, 0.1 mM
spermine, and 1 mM QX-314, with the pH adjusted to 7.3 to 7.4 us-
ing CsOH. The cells were held at a membrane potential of =70 mV for
the recordings. The decay constants (t,, T,) of mIPSC were deter-
mined by fitting the 10 to 90% decay phase of the trace. The fitting was
performed using the following equation

y=A, -en +A,-en 3)

For current-clamp recordings, recording pipette filled with inter-
nal solution containing 140 mM K-gluconate, 5 mM KCl, 0.2 mM
EGTA, 2 mM MgCl,, 10 mM Hepes, 4 mM MgATP, 0.3 mM NaGTP,
and 10 mM 2Na-phosphocreatine (pH adjusted to 7.3 to 7.4 using
KOH). To assess the passive membrane properties, cells were main-
tained at their resting membrane potential, and a ramp protocol was
applied. The ramp protocol consisted of a gradual increase in cur-
rent injection over a 500 ms period, from 0 to 500 pA. The rheobase
was inferred by identifying the time point at which the first action
potential occurred in response to the ramp protocol. To assess syn-
aptic recruitment using near-natural stimulus pattern, we used
stimulus protocol based on the in vivo firing pattern (70). To estab-
lish the stimulation intensity before delivering the stimulus pattern,
the stimulation intensity was adjusted to evoke a response of ap-
proximately 25 mV (Fig. 5C). Before administering the in vivo pat-
tern stimulus, the membrane potential was maintained at —60 mV
using current injection, and the protocol was executed for a dura-
tion of 5 min.

Recordings were performed using a MultiClamp 700B (Molecu-
lar Devices) and Igor7-based Recording Artist (WaveMetrics; re-
cording artist addon, developed by R. C. Gerkin, github: https://
github.com/rgerkin/recording-artist), filtered at 2.8 kHz, and digi-
tized at 10 kHz. Axon terminals were stimulated with brief (0.2 ms)
pulses using isoflex isolator. Input and series resistance were moni-
tored continuously, and experiments were discarded if either pa-
rameter changed by >20%. Data were analyzed using mini-analysis
(Synaptosoft) and Igor7. Data analysis was conducted using coded
files, with group identities revealed only after analysis completion.
Key findings were confirmed across three separate cohorts of ani-
mals tested over a 12-month period.

Video recording in open field

The open field setup was constructed using transparent acrylic ma-
terial, with dimensions of 38.1 cm by 30.48 cm by 25.4 cm. The open
field box was enclosed within a custom-built cabinet equipped with
two fans to reduce ambient noise levels and provide ventilation. A
recording webcam (Brio, Logitech) was positioned approximately
60 cm below the open field box to capture movement. Each record-
ing session was 1 hour. The frame rate was set at a fixed value of 60
frames per second (fps).

Behavioral analysis

To extract the coordinates for each body part, we employed the Deep-
LabCut (DLC) (49) algorithm (version 2.2.0.6) for training a model. In
each iteration, we manually labeled 10 body parts, including the snout,
left forepaw, right forepaw, torso, left hindpaw, right hindpaw, pelvis,
tail base, tail-mid, and tail tip. In every iteration, body parts were man-
ually identified by visual inspection from at least 75 frames extracted
by the DLC using a k-means clustering algorithm. Human observers
labeled the body parts based on their visual observations. A total of 10
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reference videos were used to train the model, and the training process
consisted of a maximum of 1,030,000 iterations. The model was trained
using the resnet_50 network and the default augmentation method.
After training the model, the reference videos that were labeled by the
DLC model were further inspected through human observation. A to-
tal of five training iterations were conducted, with inspections carried
out between each iteration. To handle low confidence labeled body
parts with a likelihood below 0.9, a correction process was performed
using the built-in fillmissing function in MATLAB. The fillmissing
function used the shape-preserving piecewise cubic spline interpola-
tion method to interpolate low confidence frames.

To track animal movement, three lower limb body parts, namely,
the left hindpaw, right hindpaw, and tail base, were averaged to ap-
proximate a central location, which was then used for conducting
basic open field locomotion analysis. For quantification of the diver-
sity of spontaneously generated motor output, the estimated coordi-
nates obtained from DLC were transferred into the B-SOiD (50)
algorithm to perform unbiased behavior clustering. To train the B-
SOiD model effectively and capture genotypic differences in behav-
ior, 10 reference videos were carefully selected. These reference
videos encompassed a range of genotypes, including four videos
from D1-WT, two videos from D1-cKO, two videos from A2A-WT,
and two videos from A2A-cKO. By incorporating samples from
each genotype, the training process aimed to encompass the behav-
ioral variations specific to each genotype, facilitating subsequent
analysis and comparison of genotypic differences in behavior. The
total duration of the videos amounted to 240 min, with a frame rate
of 60 fps. Following the recommendation of the B-SOIiD creators, we
used six body parts for the analysis. These body parts included the
snout, left forepaw, right forepaw, left hindpaw, right hindpaw, and
tail base. To reduce the dimensionality of the behavioral instance
features, a nonlinear transformation was applied. After transforma-
tion of a total of 134,990 behavioral instances in the reduced eight-
dimensional feature space, the instances were subjected to clustering.
The clustering process was performed with a range of 0.4 to 3.0% of
the minimum cluster size, resulting in the identification of 23 dis-
tinct clusters representing different behavior patterns. To generate
the model, a random forest classifier was used. The model perfor-
mance of the classifier was evaluated on 20% of the data, and it
achieved an accuracy of 94%. Video snippets from each of the 23
clusters were extracted from all 10 reference videos for further vi-
sual inspection. This process resulted in the generation of 100 video
snippets for each cluster, approximately 2300 video snippets in total
(23 clusters X 10 snippets/cluster X 10 videos). To identify and cat-
egorize specific behaviors represented by each cluster, a human ex-
perimenter examined each snippet of the data. By visually inspecting
the behavior patterns within each cluster, the experimenter deter-
mined the corresponding behavior cluster. In addition, each cluster
was inspected using a transition matrix to identify natural behavior
sequences. If a specific sequence of behaviors, such as initiating
rearing, rearing, and terminating rearing, occurred consistently and
sequentially within a cluster, then they were combined into the same
“fragment.” This process aimed to capture and group together be-
havior sequences that commonly occurred together, allowing for a
more coherent and accurate representation of the animal’s natural
behavior patterns. These include forward walk (FW), left turn (Lf),
right turn (Rt), transition from walk (Trans.), Investigation (Invst.),
rearing with straight up (Stand), wall rearing (Wall), upper body
grooming (Upper), lower body grooming (Lower), both types of
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grooming (Mix), and rest. The analysis of % duration, frequency,
and the number of clusters until return was conducted.

For the analysis of behavior chains, the entire list of behavior
fragments was divided into segments ranging from 2 to 10 elements
with moving window. Within each combination of behavior frag-
ments, individual fragments were analyzed to determine the num-
ber of times they appeared. Behavior chains that were counted only
once within the session were defined as “nonrepeated sequences,’
while all other behavior chains were categorized as “repeated se-
quences” The “fraction of repeated sequences” was quantified by
taking the ratio of the number of unique repeated sequences to the
total count of behavior sequences identified. Sample size for behav-
ioral experiments was determined on the basis of previous studies in
the field and power analysis. We aimed for a minimum of 15 animals
per group to detect biologically significant differences with adequate
statistical power, accounting for potential variability in behavioral
responses. Data analysis was conducted using coded files, with group
identities revealed only after analysis completion.
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