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Abstract

Animal models of DYT-TORZ1A dystonia consistently demonstrate abnormalities of striatal
cholinergic function, but the molecular pathways underlying this pathophysiology are unclear.

To probe these molecular pathways in a genetic model of DYT-TOR1A, we performed laser
microdissection in juvenile mice to isolate striatal cholinergic interneurons and non-cholinergic
striatal tissue largely comprising spiny projection neurons during maturation. Both cholinergic and
GABAergic enriched samples demonstrated a defined set of gene expression changes consistent
with a role of torsinA in the secretory pathway. GABAergic enriched striatum samples also
showed alteration to genes regulating synaptic transmission and an upregulation of activity
dependent immediate early genes. Reconstruction of Golgi-Cox stained striatal spiny projection
neurons from adult mice demonstrated significantly increased spiny density, suggesting that
torsinA null striatal neurons have increased excitability during striatal maturation and long lasting
increases in afferent input. These findings are consistent with a developmental role for torsinA in
the secretory pathway and link torsinA loss of function with functional and structural changes of
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striatal cholinergic and GABAergic neurons. These transcriptomic datasets are freely available as a
resource for future studies of torsinA loss of function-mediated striatal dysfunction.
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Introduction

DYT-TOR1A (DYT1) is a dominantly inherited dystonia characterized by early onset
involuntary abnormal movements and postures (1, 2). TorsinA resides in the endoplasmic
reticulum and nuclear envelope lumen, where interaction with cofactors LAP1 and LULL1
promote its ATPase activity (3-9). The DYT-TOR1A disease mutation deletes a single
glutamic acid (AE) (2), impairing torsinA function (5,8,10-12). The natural history of DYT-
TOR1A suggests that processes occurring during development are particularly important
for disease pathogenesis (reviewed in (13)) and findings in mouse models suggest that

the functions of the 7orZaencoded protein torsinA are essential during a developmental
critical period but dispensable in adult animals (14). Several CNS developmental processes
are altered by torsinA loss of function. In animal models, 7orZadeletion or 7oriaA€ knock-
in disrupts nuclear envelope structure (15, 16) and alters nuclear pore distribution and
function (17, 18) during a postnatal CNS developmental period in which neuronal nuclear
pore complex biogenesis and insertion is upregulated (19). TorsinA dysfunction causes
deficits in secretory processing, protein quality control, and translational control (20-26) and
alters synapse formation (27-30), all of which potentially contribute to the altered synaptic
plasticity identified in dystonia (31-34). The mechanisms underlying synaptic changes in
torsinA deficient neurons are not defined.

Multiple animal models of torsinA dysfunction display aberrant corticostriatal plasticity,
including enhanced long term potentiation and decreased synaptic inhibition (24,35-37).
Abnormal cholinergic signaling contributes to disrupted plasticity in some DYT-TOR1A
models (36) and antimuscarinic compounds improve disease features in some people
with DYT-TOR1A (38). Altered striatal plasticity is an early pathophysiological feature.
Knock-in mice expressing the 7or1&*E/* disease mutation exhibit premature long term
potentiation, impaired long term depression, and increased AMPA receptor abundance in
corticostriatal synapses during early striatal development (29). This converging evidence
suggests that diminished inhibitory synaptic function (39) and dysfunction of striatal
cholinergic interneurons (Chl) (40) are drivers of dystonia and suggest that processes
occurring during development or maturation are critical for dystonia pathogenesis.

To mechanistically explore the relationship between torsinA loss-of-function and synaptic
and behavioral change, we modeled DYT-TOR1A dystonia by conditionally deleting
torsinA in forebrain inhibitory and cholinergic neurons using DIx5/6-Cre (41) (“DIx-CKO
mice”). TorsinA is thus deleted from all neurons in the striatum, globus pallidus, reticular
thalamic nucleus, and basal forebrain, and from inhibitory interneurons in the cortex and
hippocampus in DIx-CKO mice. Like the natural history of DYT-TOR1A, DIx-CKO mice
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exhibit motor dysfunction beginning as juveniles, which worsens with increased handling
and is responsive to antimuscarinic treatment (41). During the same juvenile period, a
subpopulation of Chl in the dorsolateral striatum selectively degenerate. These findings
suggest that DIx-CKO mice model a link between cholinergic and motor dysfunction (42)
believed important in human DYT-TOR1A dystonia (43).

To probe the mechanisms by which torsinA loss alters Chl and surrounding cell types

during striatal maturation, we conducted RNAseq analyses on maturing DIx-CKO striatal
Chl somas or surrounding striatum tissue (mainly comprised of spiny projection neuron
somas, with a small proportion of GABAergic interneuron somas, glia, and neural processes)
isolated using laser microdissection. Striatal cholinergic and non-cholinergic enriched
samples from control vs. DIx-CKO identified a core set of genes enriched in secretory
pathway and synaptic function. We further demonstrate abnormal synaptic structure in DIx-
CKaO striatum with Golgi-Cox staining of spiny projection neurons. This study identifies a
role for torsinA within the secretory pathway and implicates abnormal synaptic structure in
the torsinA deficient striatum.

Materials and methods

Animals

Animal work described in this manuscript has been approved and conducted under the
oversight of the UT Southwestern Institutional Animal Care and Use Committee. Male
and female control (Torla™™@*) and DIx-CKO (DIx5/6-Cre*; Tor1aF/~) mice expressing
ChAT(BAC)-eGFP (JAX strain 007902) were generated as previously described (41).

Laser microdissection and RNA isolation

Brains were harvested at postnatal day 14 (P14) and snap frozen in dry ice-chilled
isopentane. 16 um fresh frozen brain sections were generated with a cryostat, mounted

on PET membrane slides, and dehydrated in ethanol and xylenes. Laser microdissection
was performed using the x20 objective of a Leica LMD7 microscope. ChAT-eGFP+ cell
bodies (341-524 GFP+ somas per brain) or GFP-negative striatal tissue (1-1.5 million

um? tissue area collected per brain) was laser microdissected and lysed in buffer RLT

with 1% B-mercaptoethanol (Qiagen). Total RNA was isolated using a RNeasy-micro kit
(Qiagen) and eluted in RNase-free water. RNA quantity and integrity was assessed using an
Agilent Bioanalyzer and samples with RIN between 7.6-9.3 were used for RNA sequencing.
Samples were derived from the following number of animals: Chi soma /7= 6 control and »
= 6 DIX-CKO; Striatum: /7= 4 control and 7= 5 DIx-CKO.

RNA sequencing and analysis

RNA-seq was performed using the HiSeq2500 (lllumina) platform in the University of
Michigan Sequencing Core. RNA-seq libraries were generated using SmartSeq4 (Clontech).
Libraries were quantified and normalized using an Agilent Bioanalyzer and sequenced
using the HiSeq2500 High-Output SBS V4 single-end 50 cycle kit. The quality of the

raw reads data was checked using FastQC (version 0.11.3). Low quality bases from
individual reads were trimmed using CutAdapt. Tuxedo Suite software package was used
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for alignment, differential expression analysis, and post-analysis diagnostics (44-46). We
aligned reads (genome build UCSC mm10) using TopHat (version 2.0.14) and Bowtie
(version 2.2.1). We used FastQC for a second round of post-alignment quality control to
ensure that only high quality data would be input to expression quantitation and differential
expression analysis. We used Cufflinks/CuffDiff (Mersion 2.2.1) for expression quantitation,
normalization, and differential expression analysis. Diagnostic plots were generated with
CummeRbund package. We used locally developed scripts to format and annotate the
differential expression data output from CuffDiff. Genes were designated as DE if they
passed quality control (Cuffdiff/Cufflinks QC test status = “ok’), had Benjamini-Hochberg
FDR g-values <0.05, and fold change >1.5 (Tables 1, 2). The raw count data for all
replicates are provided in Supplementary Tables S7, S8 and the alignment rates are provided
in Supplementary Table S9.

Gene ontology analyses

Differentially expressed genes identified from RNAseq were further analyzed for the
identification of biologically enriched pathways by gene ontology (GO) enrichment analyses
using the following web based applications: GENEONTLOGY http://geneontology.org/
docs/go-enrichment-analysis/ and DAVID https://david.ncifcrf.gov/home.jsp.

Golgi-cox staining

Statistics

Results

Brains from 10 to 14 week old female control (TorlaF*) and DIx-CKO (DIx5/6-

Cre*; Tor1aF™/~) mice were harvested fresh and immediately processed using the FD
Rapid Golgi stain kit (FD Neurotechnologies) as per manufacturer’s instructions and as
described previously (41). Slides were observed under brightfield microscopy and striatal
spiny projection neurons with dense Golgi-cox impregnation without dendritic breaks or
obstructions were imaged with a x63 objective lens and reconstructed using Neurolucida
(MBF Bioscience). Spines were assessed on 3rd order or higher dendrites at = 80 um from
the soma. A total of 31 neurons from 6 control animals and 25 neurons from 5 DIx-CKO
animals were assessed.

All data are reported as mean = SEM unless otherwise indicated. All statistical tests reported
(Student’s t-tests, One-way or two-way ANOVAS) were performed using Graphpad Prism
(Version 9.3.1).

RNA-seq of cholinergic somas and striatal non-cholinergic tissue in maturing striatum

To explore the effects of torsinA loss of function on striatal cholinergic interneurons

(Chl) and non-cholinergic cells during development, we performed laser microdissection
of dorsolateral striatal Chi somas or surrounding non-cholinergic striatum containing spiny
projection neuron cell bodies, interneurons, glia, and neural processes (Figure 1A). We
purified total RNA from control ( 7orZa™*) and DIx-CKO (DIx5/6-Cre*; Tor1a™*~) Chl
soma (1= 6 control and 7= 6 DIx-CKO) and non-cholinergic striatum (7= 4 control and
n=5 DIx-CKO) samples and performed RNA-seq analyses (Methods). Chl soma samples
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demonstrated up to 193.7-fold higher expression of cholinergic-selective markers compared
to striatum samples. Non-cholinergic striatum samples were enriched up to 2.8-fold for
GABAergic markers (Figure 1B). Within each sample type, there were not significant
differences in the expression of cholinergic or GABAergic markers between control and
DIx-CKO genotypes except for Pdyn (Supplementary Table S1). We identified control

vs. DIx-CKO differentially expressed (DE) genes in both Chl soma and striatum samples
(Figure 1C, DE genes in red; Methods) after filtering out genes with FPKM values less than
1 in both genotypes (Supplementary Table S2). DE genes were cross referenced with the
brainrnaseq.org database of purified cell types (47), which confirmed expected expression
levels (FPKM) in the brain. Over 75% of DE genes in Chl somas were downregulated
(28/37 genes downregulated), and 80% of DE genes in striatum samples were upregulated
(25/31 genes upregulated) (Figure 1D). From these comparisons we identified a core set of 7
genes differentially regulated in both Chl soma and striatum samples (Figure 1E).

Overrepresentation of differentially expressed genes encoding secreted and extracellular
components in Chl soma and non-cholinergic striatum

To assess the functional significance of control vs. DIx-CKO DE genes, we first determined
their subcellular localization by cross referencing with the COMPARTMENTS database
(48). Consistent with the role of torsinA in the secretory pathway, 62% of DE genes in

Chl soma (23/37 genes) and 42% of DE genes in striatum (13/31 genes) were categorized
as secreted, extracellular, extracellular matrix, or plasma membrane localized in mouse
(Supplementary Table S3). Similarly, 48% of DE genes in Chl soma (18/37 genes) and 29%
of DE in striatum (9/31 genes) are present in the human secretome (49) (Supplementary
Table S4).

Gene ontology (GO) analysis of 7orla CKO DE genes using DAVID (50) identified a
significant over-representation of genes encoding secreted factors in both Chl soma and
striatum samples (Supplementary Table S5). An annotation cluster comprising secreted,
extracellular region, and extracellular space was significantly over-represented in Chl
samples (16/37 genes; cellular component; enrichment score 6.52; Figures 2A, B). Most
of these DE genes in Chl were downregulated (Figure 2C). Striatum samples were also
over-represented for genes encoding secreted factors (13/31 genes; cellular component;
enrichment score 2.07; Figures 2D, E), and most of these DE genes were upregulated
(Figure 2F).

Overrepresentation of synaptic genes in non-cholinergic striatum and dendritic spine
alterations in striatal spiny projection neurons

GO analyses (geneontology.org) (51, 52) identified broad changes to synaptic function in
non-cholinergic striatum from DIx-CKO samples as compared to control (Supplementary
Table S6). An annotation cluster comprising synaptic signaling, anterograde trans-synaptic
signaling, and chemical synaptic transmission was significantly over-represented in striatum
samples (Figure 3A). Of the annotated synaptic genes, Doc2g, Crhbp, DcdcZa, Npas4, Pdyn,
and Nr4al were upregulated, and Cnih3 was downregulated (Figure 3B). This cluster of
gene expression changes suggests that striatal synaptic structure may be altered in DIx-CKO
mice.

Dystonia. Author manuscript; available in PMC 2023 March 02.


http://brainrnaseq.org
http://geneontology.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yellajoshyula et al.

Page 6

To assess this possibility, we examined dendritic structure in DIx-CKO and control

mice by performing Golgi-Cox impregnation and assessing striatal spiny projection

neuron morphology using light microscopy (Figure 3C). Spiny projection neurons are
morphologically immature at P14 and their inputs onto dendritic spines continue to mature
into adulthood (53-55), so we assessed morphology and spine density in adult brains.
Consistent with our previous findings (41), the length of the dendritic arbors of striatal spiny
projection neurons were not significantly different between control and DIx-CKO mice (t53
=0.6718, p=0.5046; Figure 3D). However, the spine density of 3™ order dendritic branches
was significantly increased in DIx-CKO brains compared to control (ts4 = 3.008, p= 0.004;
Figure 3D).

Increased spine density reflects increased excitatory input to spiny projection neurons.
Consistent with the potential for increased excitability, activity-dependent immediate early
genes were significantly upregulated in DIx-CKO non-cholinergic striatum samples. At least
7 immediate early genes were upregulated in striatum, including Fos (1.8 fold), Arc (2 fold),
Egr4 (1.8 fold), Nr4al (1.8 fold), Njpas4 (2.5 fold), Npas2 (2.2 fold), and Ctgf(1.85 fold). In
Chl samples, Foswas significantly upregulated (1.6 fold), suggesting that Chl activity may
also be increased in DIx-CKO mice.

Discussion

These studies identify a core set of differentially expressed genes in the striatum

of torsinA conditional knockout mice during postnatal CNS maturation. Despite the
previously reported divergent phenotype between cell types (cholinergic neurodegeneration
vs. GABAergic neuron survival (41)), both Chl soma and non-cholinergic striatum samples
demonstrated a discrete set of gene expression changes consistent with the role of torsinA
in the secretory pathway. Striatum samples also displayed expression changes of genes
regulating synaptic transmission and an upregulation of activity-dependent immediate early
genes. Consistent with our RNAseq analyses, striatal spiny projection neurons in adult mice
demonstrated significantly higher spine density, suggesting that surviving striatal neurons
exhibit increased excitability during striatal maturation and increased afferent inputs in
adulthood.

We isolated either ChAT-GFP+ Chl somas or GFP negative striatal tissue containing
mainly spiny projection neuron somas, as well as GABAergic interneuron somas, glia,
and neural projections using laser microdissection (see Figure 1A for a summary of the
laser microdissection approach). The Chl soma samples were therefore highly enriched
in a single cell type, while striatum samples contained mostly GABAergic neurons in

a mixture of cell types and compartments, mainly comprising spiny projection neurons.
This is reflected in our analyses as a cholinergic marker enrichment of 193.7 fold vs.
GABAergic marker enrichment of up to 2.8 fold. Differential expression analyses of both
sample types were overrepresented for genes encoding factors that are secreted to the
extracellular space. Several neuropeptides were overrepresented in DIx-CKO Chl soma
samples, including Pdyn (upregulated), Vip, Npy, Cartpt, and Sst (downregulated). These
factors were previously found to be enriched in GABAergic striatal neurons (56-61), but
our enrichment protocol may have enabled measurement of sparse neuropeptide expression.
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The differential expression of genes encoding extracellular proteins and neuropeptides are
consistent with a central role of torsinA in the secretory pathway (21, 22), as suggested by
its localization in the endoplasmic reticulum lumen (3, 62).

DIx-CKO striatum samples demonstrated a suite of gene expression differences consistent
with a structural or functional change in striatal synapses. Whether the synaptic changes of
GABAergic neurons reflect intrinsic responses to torsinA deficiency or a compensation
consequent to neighboring cholinergic neurodegeneration remains unknown. Striatal
cholinergic signaling matures postnatally and begins to dynamically regulate the synaptic
activity of other striatal neurons as skilled motor function develops (63). The second
postnatal week (when samples were collected in this study) is a maturational period during
which corticostriatal synaptogenesis and spinogenesis begins and progresses (reviewed in
(64)) as activity induced factors shape the connectivity of striatal neurons (65, 66). Several
differentially expressed genes identified in this study modulate striatal spiny projection
neuron spine density. The nuclear receptor Air4al (upregulated 1.83 fold in DIx-CKO)

is enriched in spiny projection neurons (67), where its activity-induced expression alters
spine density as part of a transcriptional program that regulates density and distribution

of dendritic spines (68, 69) and promotes spiny projection neuron maturation (67).

Npas4 (upregulated 2.51 fold) is a transcription factor that regulates GABAergic synaptic
function (70) and is important for synaptic formation, function and ongoing plasticity (71).
Knockdown of Ajpas4 reduces dendritic spine density on D1 receptor-expressing spiny
projection neurons (72). Expression of the cytoskeleton associated protein Arc (upregulated
2-fold in DIx-CKO striatum) increases spine density /n vivo (73, 74). IGF-1 (upregulated
2.19-fold in DIX-CKO striatum) administration rescues spine density (75) or spine motility
(76) in Mecp2 mutant mice and knockdown of IGF-1 decreases spine density of purkinje
cells (77). The upregulation of these factors during striatal maturation is consistent with
changes to synaptic structure, as evidenced by significantly increased spine density of
Golgi-Cox-stained spiny projection neurons in the present study.

Our differential expression analyses also suggest functional synaptic changes in DIx-CKO
mice. DocZg (upregulated 2.24 fold in DIx-CKO) is a member of the DOC2 family of
proteins that modulates spontaneous synaptic transmission (78). Knockdown of DOC2
proteins triggers excitatory synaptic scaling without altering action potential dependent
activity (79). Cnih3(downregulated 1.84 fold in DIx-CKO) is an AMPA receptor auxiliary
subunit that functions in the endoplasmic reticulum and remains associated with the AMPA
receptor complex at the synapse (80). CNIH3 regulates AMPA receptor trafficking and
gating properties by determining the subunit composition of heteromeric AMPA receptors
(81) and controlling the export of AMPA receptors from the endoplasmic reticulum (82).
The structure of the interface between CNIH3 and AMPA receptors suggests that lipids
play a role in the assembly of these complexes (83). The endoplasmic reticulum localization
of CNIH3 and its interplay with lipids in complex with AMPA receptors suggests that

it could be one link between torsinA function and the synaptic plasticity differences
observed in animal models (24,35-37) and in people with dystonia (31-34). The synapse-
related gene expression changes identified in torsinA null striatal neurons during maturation
may therefore contribute to long lasting enhancement of spiny projection neuron synaptic
structure and function.
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To our knowledge, spine density has not been assessed previously in torsinA null mice.
Heterozygous Torla* mice have reduced spiny projection neuron spine density at P26
(29), but no difference at P60 (29), consistent with other spine density studies in adult
Tor1225* mice (27, 84). Spine density on distal dendrites of cerebellar purkinje neurons is
reduced in 3 month old 7or12%5* animals (28). However, motor behavior is not altered in
these mice (85).

Surprisingly, despite glial enrichment, Gfap (encoding Glial Fibrillary Acidic Protein) was
upregulated in both Chl soma and non-cholinergic striatum samples of DIx-CKO mice. Chl
soma sample Gfap expression could reflect “contamination” with adjacent or (synapsed)
astrocytes, as increased neuronal activity increases expression of glial Gfap (86). However,
astrogliosis is not observed in DIx-CKO striatum (41). Neurons can express Gfap in
neurodegenerative disease (87), but we observed robust Gfap expression in both control and
DIx-CKO samples. Some neuronal Gfap expression is observed in the normal mouse brain
((47); brainrnaseq.org). Fate mapping studies demonstrate that Gfap-expressing progenitors
give rise to some neurons, including in the striatum (88), suggesting that we may be
observing physiological Chl expression of Gfgp during striatal maturation.

Six genes were differentially expressed in both Chl soma and non-cholinergic striatum
samples. Fos, Pdlim3, and Pdyn were all upregulated to similar extents in both sample

types, suggesting that these genes could represent common responses to torsinA loss of
function or striatal circuit changes. In contrast, Ptgds, Tubalc, and Gfap were downregulated
in Chl somas, but upregulated in non-cholinergic striatum, suggesting a role in differential
vulnerability of striatal neurons to cell death or cell type specific responses to torsinA loss of
function. 7ubalcreduction (35.71 fold decreased in Chl) may reflect microtubule disruption
or active degeneration of Chl, while its increase in non-cholinergic striatum (6.98 fold
increased) could reflect compensatory neurite outgrowth or axon elongation in surviving
cells (89). Only a single tubulin isoform was altered in this study, suggesting that torsinA
loss of function caused a highly specific change rather than broad disruption of microtubule
structure. Microtubule dynamics contribute to dendritic spine development, morphology, and
synaptic plasticity (90-93). Increased 7uwbalc expression may therefore reflect or contribute
to the spine density increases we observed in DIx-CKO spiny projection neurons.

Ptgds encodes lipocalin type prostaglandin D2 synthase, which catalyzes the conversion

of prostaglandin H2 to the neuromodulatory prostaglandin D2 in the brain (94-96).
Prostaglandin D2 is neuroprotective in contexts such as hypoxia-ischemic injuries,
excitotoxicity, and oxidative stress (97,98,99,100,101). Prostaglandin D2 synthase (also
called B-trace) itself is a neuroprotective chaperone that inhibits Ap aggregation (102, 103),
and alterations to its expression may be a biomarker of several neurological disorders (104).
In the present study, Prgdswas 14.08 fold decreased in Chl soma and 6.56 fold increased

in non-cholinergic striatum. Ptgds upregulation could contribute to the selective survival of
non-cholinergic neurons in the striatum of DIx-CKO mice. Further investigations would be
required to determine whether this association is causative.

This study supports a developmental role for torsinA in the secretory pathway and
demonstrates abnormal synaptic development in the torsinA deficient striatum. These
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transcriptomic datasets are freely available as a resource for future hypothesis driven work
exploring the consequences of torsinA loss for striatal structure and function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Laser microdissection of cholinergic interneuron somas and non-cholinergic striatum

samples identifies differentially expressed genes in DIx-CKO vs. control genotypes. (A)
Laser microdissection workflow. Chl somas were dissected from ChAT-GFP+ cells followed
by dissection of surrounding GFP-negative striatum comprised mainly of SPN somas,

as well as GABA interneuron somas, glia, and neural processes. (B) Fold change of
cholinergic and GABAergic markers (derived from FPKM) demonstrates enrichment of
laser microdissected samples. (C) Control vs. DIx-CKO differentially expressed genes
(highlighted in red) identified from RNA-seq analyses (Chl soma samples derived from
n=6 control and = 6 DIx-CKO mice; Striatum samples derived from 7= 4 controls and n
= 5 DIx-CKO mice). Insets show the same data from 3.5-4.5 on the y-axis. All differentially
expressed genes are listed in Tables 1, 2. (D) Upregulated and downregulated genes from
Chl soma and striatum. (E) Overlap between Chl soma and striatum differentially expressed
genes.
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GO analysis - Cellular Component: Control vs DIx-CKO
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FIGURE 2.
Gene ontology analysis demonstrates over-representation of genes encoding secreted

proteins in DIX-CKO mice. (A) A cellular component annotation cluster of secreted,
extracellular region, and extracellular space related genes was significantly over-represented
in Chl soma samples. (B) Percent of all Chl soma differentially expressed genes annotated
as secreted. (C) Number of upregulated vs. downregulated genes in Chl soma analyses.

(D) A cellular component annotation cluster of genes encoding secreted proteins was
significantly over-represented in non-cholinergic striatum samples. (E) Percent of all non-
cholinergic striatum differentially expressed genes annotated as secreted. (F) Number of
upregulated vs. downregulated genes in non-cholinergic striatum samples.
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GO analysis - Biological Process: Control vs DIx-CKO
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FIGURE 3.
Alterations to synaptic structure and function in DIx-CKO striatal GABAergic neurons. (A)

A biological process annotation cluster of synaptic signaling related genes was significantly
over-represented in non-cholinergic striatum samples. (B) Fold change of the annotated
synaptic signaling genes (derived from FPKM). (C) Golgi-Cox impregnated striatal spiny
projection neurons and associated dendritic arbor reconstructions from control and DIx-CKO
adult mouse brains. (D) Total dendritic length of spiny projection neurons (control: 7= 30
neurons from 6 mice, DIx-CKO: n7= 25 neurons from 5 mice. ts3 = .6718, p=.5046). (E)
Spine density of third order dendrites on spiny projection neurons (control: 7= 31 neurons
from 6 mice, DIx-CKO: n= 25 neurons from 5 mice, tg4 = 3.008, p=.004).

Dystonia. Author manuscript; available in PMC 2023 March 02.



Page 19

Yellajoshyula et al.

Author Manuscript

ov.LT0’ 62 L06' 960°€ T urajoudoydsoyd pajaioss 05202 1dds
ov.T0° o 607'T 79y auab passaldxalano ewojse|qoiydau €ET8T NON
ovLTO" Ge 069 €86'T T eydye ‘| adA1 ‘uabe)joo Tv8eT  TETI0D
orLI0° a4 188 GET'C 2 ©18q ‘utaroud uonoun| de 6T9VT calo
ovLT0° o 155 2609 2 10198} (amo.B ax1f-urnsul 2009T 24
orLI0° v’ 1€5°C 628'S T Jaquiaw ‘9 apejo Jonqyul asepidad (sutsisAd o) suliss 8GzzT  Thuldies
ovLT0" 67 G8.°LT 66€°9€ uiejoud a1pioe Arejjuqy re1)6 08T deyo
0v.T0 SS° L¥0°C [AVRS J101dadal paje|al-101dadal uinsul 026€2 lsuj
ov.LTO LS 8€L'9¢ c6e’' Ly ¢ Bulureluod urewop gH G6989 SOPPH
ov.LT0’ picy 819'LT 178'0¢€ Z ugloid Bupuiq 1030} YIMOIB 81j-utinsul 80091 2dayb
ovLT0 85 Ze0'L0T  898'G8T € ureyd ynpe ‘eydje uigojBoway /G20TT  ¢e-eqH
Lyyv0 85" 929'T €18'C 103d9281 (uiquioayy) 11 J03oey uone|nfeod 290vT 24
ovLT0" 85" LT6T L€ 2 eydie ‘| 8dAy ‘uafej0o €v82T  TETI0D
ovLT0° 19 2S0°€TZ CI9TSE ureyd s ynpe elaq ‘uigojboway  G09€0500T s-eleg
ovLTO" 29 TSKOY9  0LLYYO'T UI1eISOleLIoS 70902 ISy
orLI0° €9’ GT6'EY €68'69 apndadoidaid 14vD 02eL2 1dued
0v.T0° 59 87°L 2¢S°TT 9z u19104d02A|6 aja1saA ondeuhs 60¢S. S
ovLTO" 99" 8ZETOF 088609 A apndadounau 89607 AdN
ovLT0" 99’ €6T°0C T67°0€ T ureioud Og L pareinfie) HO 06,99 Tdu9
LywvOr GS'T GET'E 520 6 eyde unbaiun 660701 6eby
ovLTO" 65T 796°6 6LY'TE T 1]~ 10)B} PAALIBP-||3D [EWIOAS 9€TY9 TIZIPS
ovLT0" €91 085'TT L0T'L 8UaboOUO BLI0DIESORISO (G 18271 so4
Lyvr0 G9'T 685°C 195°T 1| G youl aurjoud 9vveL 1G4d
ovLTO" vLT GIT6E 655°2C uiydiouApoid 0T98T uApd
ovLT0" 18T €07'92 6YSvT usbnue e65a0 605CT ¥65P0
6ETED 06T 950°L TIL°¢ T aseuabAxo away 89€GT TXOWH
ovLTO" €0'C 0L6%T 18€'L Gy uajold ynow Buipulg wNY 06vTrC  Shway
ovLT0" 50T L96°CT 72€9 € urewop N1 pue zad 8T€ES  EwIIpd
aneA b mm%% Ox_\m_w_xn__m_ _o_\u_m__m_w uondiiose@ aleuwo aueo

‘sojdwies ewos uoinaulajul d1B1auIjoyd [erelns wody sauab passaldx3 Ajjenusiaygig

T3149vL

Author Manuscript

Author Manuscript

Author Manuscript

Dystonia. Author manuscript; available in PMC 2023 March 02.



Page 20

Yellajoshyula et al.

ovLTO 17 6107 81G'LY (V uIs103) 7 Jaguuaw ‘T Ajiwey ulsio} TE60€E eTIoL
ovLTO €0’ Loy veT YT OT eydie ‘ungn 9vTzz  oTEANL
orLT0’ L0 EvSEr 195609 (ureuq) aseypuhs zq upuelBeysoud GTZ6T spbid
ovLTO 80’ oLt €STC ¥ Jaqwaw ‘(s1810dWIAS 8Ye4INS/LUINIPOS) €T Aj1wey Ja11IeD 8)Nj0S GGleve  YRETOIS
ovLTO 60’ S0z L TAA 2V Alweyans ‘T Ajiwrey sseusBolpAyap spAysple 8L66T  ZeTUPIV
ovLT0 T €62 €0LT ulInpowoiqi vyt pou
ovLTO ST L€ 0Lve apndadAjod eunsajul aanoeOSEA eseee din
ovLTO LT 8e’ 1722 Vv Jaquiaw ‘08T Aytseiwis sousnbas yim Ajiurey ¥9180¢  e0gTWed
ovLT0 1z 989’ [vS'Z €T Jequaw ‘(vgv' ‘Jauodsuel) JeNIsuesoinau) 9 Ajiwey Jatied anjos ZTvvT  €TR90IS
ovLTO 8z 291 118G unovsg 6LTET uog
_ abueyo NEE! NIdS
aneA b plod OMO-X|d 1013U0D uondiiosaqg alauweo aueo

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Dystonia. Author manuscript; available in PMC 2023 March 02.



Page 21

Yellajoshyula et al.

Author Manuscript

09610’ e ¥96°CT ¥88'€C € urajo1d Aserjixne 103dad31 YdIAY Ajiwey uoyo1uiod 8.67. ey
096T0’ LS 28L'ST 985°/¢2 9 asepixouad suoyyen|f 2186 9xdo
09610’ 09’ 0129 LOE'€0T T uabriue pajejas uonessuabop fejjagaisd  066TEY T4pD
€2€€0° 19 0ST€ 687G v sn20| dey Jsoueyus  81980C i3
6,970 95T TOT'60€ 8vG'L6T uuNgns e18q 7999 21299 q1928S
09610’ ST 086'9T#'T €9.'668 TZS uiejoid [ewosoqu 78799 Tesdy
€2€€0° 897 Tvi'26 €70°65 utajold B9 xujew €TELT do
096T0’ 0Lt v09°2€ v0C'6T ursloud a1p1oe Asejjuqy fenlb 08SYT deyo
09610’ 8LT ¥88'2LT L8116 ¥ asuodsal ymolh Ajree 959€T 7103
09670 8.1 L19VE 98761 ewse|d ‘y uajoud Buipuiq jounal 29967 yday
61970 08T or6ZT 902, 8UaboouO BWOIILS08]SO (g4 182VT S04
€2€€0’ 28T 196'6€ 056'12 ulydiouApoid 019817 uhpd
09610’ €87 L05°€6 ¥00'TS T Jaquisw ' dnouf 'y Ajiueygns 10jdedas reajonu 0L€ST TepIN
€2€€0° 98T G289 TL9°€ 10108} 4ImolB 8nssii 8A103UL0D (rags 1610
€2€€0’ 9'T 0,6'Ge 0SZ€T T u1gjoad Yo0ys Jeay L0SST TqdsH
09610’ 20T 69268 S627Y utajo.d pajeroosse-[e1a|axsoiko pajejnbas Auaioe 8E8TT ay
09610 50T V6T 9v6’ ©Z BUIUTEIUOD UTBWOP UILOJBIGNOP  80ZG6T  ©Zopad
09610’ 912 69.'85 2022 (reunsayun) T urejoud yo-sureisho T4 1dud
09610’ 61C 189°0T 8.8 Z uta104d Urewop Sd [euoinau 18T zsedN
09610 022 8T §G9° T 10308} YImodB axj1j-ulinsu 00091 461
€2€€0° 2T TAR: 929°€ ewiweb ‘2o 8jgnop §Zv09 hzooq
09610’ 05 12029 LE8'1Z ewiweb Gy s|qronpul-sBerep-NG pue Jsaite yimolh z88ez  bBsyppeo
6L970° 25T €V6'C 69T'T 7 UIB101d UIBWOP SV [eUOINBU  Z/8G2¢ ysedN
09610’ 162 OvY'6T 989'9 € Urewop N7 pue Zad 8TEES gwrpd
€2€€0° 00€ SLLY 2651 urajold Butpuig auouwioy Buises|as uidosoorod 67621 dauid
09610’ 9z'e 190°G YSGT  NEJaquiaw ‘v 9ped ‘olqyu asepiidad (autslsAd 10) autias 9T.0z  ugeuldiss
09610 959 GEOYT 6ET'C (uresq) sseuypuhs zq uipue|Besoid GTZ6T sphid
09610’ 86'9 95y 2y’ OT eydje ‘ulingny 9vTze oTeqnL
09610 858 925°€T LIST unse|3 LTIET u3
anfeA’b  abueydo plod  INMDH OMO-XIA  INMdd [043U0D uondiossa  @leweo aueo

‘sa|dwies winjells 2161auljoyd-uou wol) sauab passaldx3 Ajjenualayiq

¢ 3149vL

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2023 March 02.

in

available

Dystonia. Author manuscript



Page 22

Yellajoshyula et al.

096T0° 0c [47A°] G9G'vE (W uIs101) W Jaquiaw ‘T Ajiwey u1sio} TE60E etTlol
096T0° Ve 58’ GeS'e 3AI dnoib gy esedijoydsoyd  zoseze  evbeeld
09610 ve GE0'¢C 166G sydosuea} 914198ds X SAIIoeUI LIETe 181X
anfeA b abueyo plod ML OMO-XIA N [043u0D uondizseg  @leues =)

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Dystonia. Author manuscript; available in PMC 2023 March 02.



	Abstract
	Introduction
	Materials and methods
	Animals
	Laser microdissection and RNA isolation
	RNA sequencing and analysis
	Gene ontology analyses
	Golgi-cox staining
	Statistics

	Results
	RNA-seq of cholinergic somas and striatal non-cholinergic tissue in maturing striatum
	Overrepresentation of differentially expressed genes encoding secreted and extracellular components in ChI soma and non-cholinergic striatum
	Overrepresentation of synaptic genes in non-cholinergic striatum and dendritic spine alterations in striatal spiny projection neurons

	Discussion
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	TABLE 1
	TABLE 2

