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Abstract

Dystonia is characterized by involuntary muscle contractions that cause debilitating twisting 

movements and postures. Although dysfunction of the basal ganglia, a brain region that mediates 

movement, is implicated in many forms of dystonia, the underlying mechanisms are unclear. The 

inherited metabolic disorder DOPA-responsive dystonia is considered a prototype for 

understanding basal ganglia dysfunction in dystonia because it is caused by mutations in genes 

necessary for the synthesis of the neurotransmitter dopamine, which mediates the activity of the 

basal ganglia. Therefore, to reveal abnormal striatal cellular processes and pathways implicated in 

dystonia, we used an unbiased proteomic approach in a knockin mouse model of DOPA-

responsive dystonia, a model in which the striatum is known to play a central role in the 

expression of dystonia. Fifty-seven of the 1805 proteins identified were differentially regulated in 

DOPA-responsive dystonia mice compared to control mice. Most differentially regulated proteins 

were associated with gene ontology terms that implicated either mitochondrial or synaptic 

dysfunction whereby proteins associated with mitochondrial function were generally over-

represented and proteins associated with synaptic function were largely under-represented. 

Remarkably, nearly 20% of the differentially regulated striatal proteins identified in our screen are 
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associated with pathogenic variants that cause inherited disorders with dystonia as a sign in 

humans suggesting shared mechanisms across many different forms of dystonia.

Keywords

proteomics; dopamine; basal ganglia; mitochondria; dopamine; knockin mouse

1. Introduction

Dystonia is characterized by involuntary muscle contractions that cause debilitating twisting 

movements and postures [1]. Dystonia is a heterogeneous disorder that may be sporadic or 

inherited [2, 3] and can sometimes occur as a result of brain injury, such as the dystonia that 

frequently occurs in cerebral palsy patients. Although the etiologies are diverse, basal 

ganglia dysfunction is consistently implicated across many different forms of dystonia [4]. 

Lesions and structural defects of the basal ganglia and its connections are sometimes 

accompanied by dystonia [5–8]. Functional imaging studies have revealed abnormal 

metabolic activity in the basal ganglia [9–12] and dystonia improves in some patients after 

neurosurgical lesions or deep brain stimulation of the internal segment of the globus pallidus 

[13, 14]. Additionally, dopamine neurotransmission, which is integral to the normal function 

of the basal ganglia, is abnormal in both sporadic and inherited forms of dystonia. Mutations 

in genes critical for the synthesis of dopamine, including GTP-cyclohydrolase and tyrosine 

hydroxylase (TH) cause DOPA-responsive dystonia [DRD; 15, 16, 17]. Idiopathic forms of 

dystonia such as writer’s cramp and spasmodic dysphonia are also associated with abnormal 

striatal dopaminergic neurotransmission [18, 19]. Further, reduced striatal D2 dopamine 

receptor (D2R) availability is observed in both inherited and idiopathic forms of dystonia 

including DYT1 dystonia, blepharospasm, torticollis, writer’s cramp and laryngeal dystonia 

[18–23]. Despite the overwhelming evidence implicating basal ganglia dysfunction in 

dystonia, the precise nature of the cellular defects that give rise to dystonia are unclear.

The inherited metabolic disorder DRD is considered a prototype for understanding basal 

ganglia dysfunction in dystonia because the causal pathogenic variants are known to disrupt 

dopamine neurotransmission, which mediates striatal activity [24, 25]. DRD knockin mice 

carry the human DRD-causing p.381Q>K mutation in TH and exhibit the characteristic 

features of DRD including reduced brain dopamine concentrations and dystonic movements 

that improve in response to L-DOPA administration [26]. Further, it is known that striatal 

dopamine neurotransmission plays a central role in mediating the dystonia in DRD mice 

[26]. Therefore, we used an unbiased proteomic approach to analyze striatal protein 

expression in DRD mice to provide insight into the cellular processes and pathways 

underlying dystonia. Our analyses revealed 57 proteins that were differentially expressed in 

DRD mice compared to control mice. Remarkably, pathogenic variants of 12 of the 57 

differentially regulated proteins are known to be associated with disorders in which dystonia 

is a prominent feature, suggesting shared mechanisms across many different forms of 

dystonia.
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2. Methods

2.1. Mice.

Male and female adult mice homozygous for the c.1160C>A TH mutation (Thdrd/

Thdrd ;DRD mice) and normal littermates (+/+) were used for all experiments. Mice were 

tested at 3–5 months of age when DRD mice exhibit peak dystonia [27]. The DRD mutation 

is coisogenic on C57BL/6J and congenic on DBA/2J. DRD and normal mice were generated 

as F1 hybrids of C57BL/6J +/Thdrd × DBA/2J +/Thdrd to circumvent the high perinatal 

lethality exhibited by inbred C57BL/6J DRD mice. Cell-type specific reporter transgenes 

inbred on C57BL/6J were bred onto the C57BL/6J +/Thdrd strain prior to the F1 hybrid cross 

to identify D1R-expressing (Drd1a-tdTomato; JAX) or D2R-expressing (Drd2-EGFP; 

Heintz, Rockefeller University) medium spiny neurons (MSNs); [28, 29]. Mice were 

maintained as described previously [26]. Briefly, from P9.5 to P16.5, the drinking water was 

supplemented with 1.5 mg/mL L-DOPA (Sigma-Aldrich), 0.5 mg/mL benserazide (Sigma-

Aldrich), and 2.5 mg/mL ascorbic acid to facilitate feeding, growth, and normal movement. 

Thereafter, mice received a daily injection (s.c.) of 10 mg/kg L-DOPA, 2.5 mg/kg 

benserazide and 2.5 mg/mL ascorbic acid in saline. Normal (+/+) littermates received all 

treatments in parallel. L-DOPA supplementation was terminated >24 hours prior to 

euthanasia so DRD mice were dystonic. Mice were housed in standard mouse cages (2–5 

mice/cage) in standard environmental conditions (72°C, 40–50% relative humidity) with a 

12 hr light cycle (7am to 7 pm) and ad lib access to food and water. All procedures 

conformed to the NIH Guidelines for the Care and Use of Animals and were approved by 

the Emory University Animal Care and Use Committee.

2.2. Behavioral assessment.

Mice were habituated to the test cages (29 × 50 cm) for > 3 hrs prior to behavioral 

assessment. A behavioral inventory was used to identify abnormal movements including 

tonic flexion (forelimbs, hindlimbs, trunk, head), tonic extension (forelimbs, hindlimbs, 

trunk, head), clonus (forelimbs and hindlimbs), twisting (trunk, head), and tremor 

(forelimbs, hindlimbs, trunk, head) [30]. Testing began at 2 pm, and abnormal movements 

were observed and scored by an observer blinded to genotype for 30 sec at 10 min intervals 

for 1 hr. Abnormal movements were scored as present (1) or absent (0) for each body region 

during each time bin. An abnormal movement score was calculated by summing all scores.

2.3. Immunohistochemistry.

Mice were deeply anesthetized with isoflurane and perfused with 4% ice-cold, buffered 

paraformaldehyde (pH 7.2), incubated overnight in the paraformaldehyde perfusate at 4°C 

and transferred to a 30% buffered sucrose solution. Brains were sectioned (30 μm) in the 

coronal plane using a freezing microtome. Sections were immunostained using an anti-

mCherry polyclonal antibody (1:5,000; #AB167453; Abcam) or anti-GFP polyclonal 

primary antibody (1:20,000; A-11122; Invitrogen). Floating sections were treated with 0.5% 

Triton-X in Tris-buffered saline (TBS) for 30 min and then transferred to 5% normal goat 

serum, 5% bovine serum albumin, 0.1% bovine gelatin, 0.05% Tween-80, and 0.01% 

sodium azide in TBS for 2 hrs. Sections were incubated with primary antibody for 16–24 hrs 

at 4°C and then for 2 hrs at 4°C with biotinylated goat anti-rabbit IgG secondary antibody 
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(1:800, Vector Laboratories) in 5% normal goat serum in 0.1% Triton-X-100 in TBS. 

Sections were incubated with avidin-biotin complex (Vector Labs, Burlingame, CA) for 1 hr, 

and developed using 3-3’-diaminobenzidine (DAB; Sigma-Aldrich, St. Louis, MO).

2.4. Image analysis.

QuPath, an open source software for whole slide image analysis, was used to automate 

counts of immunoreactive cells and to define striatal regions for analysis. Striatal sections 

from Bregma +1.145 to 0.145, based on the Allen Coronal Mouse Brain Atlas, were 

quantified. Striatal regions were defined by outlining and calculating the entire area of the 

striatum. To consistently define dorsomedial, dorsolateral, and ventral striatum across 

sections and mice, the center x and y coordinate of the right and left striatum was 

determined using QuPath. A line between the striatal midpoints delimited the dorsal and 

ventral striatum and a line perpendicular to the dorsal-ventral boundary at the center x,y 

coordinate defined medial and lateral striatum. To determine cell counts for the dorsomedial 

(DM), dorsolateral (DL), and ventral striatum, the total number of positive cells from each 

region was divided by total area of the region to determine the number of positive cells/mm2.

2.5. Preparation of tissue for proteomic analysis.

Mice (n=4/genotype) were euthanized by cervical dislocation. Brains were rapidly removed 

and striata were rapidly dissected and frozen on dry ice and stored at −80° C. The protocol 

for tissue homogenization was adapted from a published method [31]. Samples from 

individual mice (~30 mg) were vortexed in 300 μL of urea lysis buffer (8 M urea, 10 mM 

Tris, 100 mM NaH2PO4, pH 8.5), including 3μL (100x stock) HALT(−EDTA) protease and 

phosphatase inhibitor cocktail (Pierce). All homogenization was performed using a Bullet 

Blender (Next Advance) according to the manufacturer’s protocol. Briefly, each tissue piece 

was added to urea lysis buffer in a 1.5 mL Rino tube (Next Advance) harboring 750 mg 

stainless steel beads (0.9–2 mm in diameter) and blended twice for 5 minute intervals in the 

cold room (4° C). Protein homogenates were transferred to 1.5 mL Eppendorf tubes and 

were sonicated (Sonic Dismembrator, Fisher Scientific) 3 times for 5 sec each with 15 sec 

intervals of rest at 30% amplitude to disrupt nucleic acids and were subsequently centrifuged 

at 4° C. Protein concentration was determined by the bicinchoninic acid (BCA) method, and 

samples were frozen in aliquots at −80 °C. Protein homogenates (100 μg) were diluted with 

50 mM NH4HCO3 to a final concentration of less than 2 M urea and then were treated with 

1 mM dithiothreitol (DTT) at room temperature for 30 min, followed by 5 mM 

iodoacetimide at room temperature for 30 min in the dark. Protein samples were digested 

with 1:100 (w/w) lysyl endopeptidase (Wako) at room temperature for 4 hrs and were further 

digested overnight with 1:50 (w/w) trypsin (Promega) at room temperature. Resulting 

peptides were desalted with HLB column (Waters) and were dried under vacuum.

2.6. Proteomics data acquisition.

The data acquisition by LC-MS/MS protocol was adapted from a published procedure[31] 

and was performed by the Integrated Proteomics Core Facility at Emory University. Derived 

peptides were resuspended in loading buffer (0.1% trifluoroacetic acid). Peptide mixtures (3 

μL) were separated on a self-packed C18 (1.9 μm Dr. Maisch, Germany) fused silica column 

(25 cm × 75 μM internal diameter (ID); New Objective, Woburn, MA) by a Dionex Ultimate 
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3000 RSLCNano and monitored on a Fusion mass spectrometer (ThermoFisher Scientific, 

San Jose, CA). Elution was performed over a 125 min gradient at a rate of 300 nL/min 

(buffer A: 0.1% formic acid in water, buffer B: 0.1 % formic acid in acetonitrile): The 

gradient started with 3% buffer B and went to 7% in 5 minutes, then increased from 7% to 

35% in 120 minutes, then to 99% within 10 minutes and finally staying at 99% for 10 

minutes. The mass spectrometer cycle was programmed to collect at the top speed for 3 sec 

cycles. The MS scans (300–1500 m/z range, 200,000 AGC target, 50 ms maximum injection 

time) were collected at a resolution of 120,000 at m/z 200 in profile mode and the HCD 

MS/MS spectra (1.5 m/z isolation width, 30% collision energy, 10,000 AGC target, 35 ms 

maximum injection time) were detected in the ion trap. Dynamic exclusion was set to 

exclude previous sequenced precursor ions for 20 sec within a 10 ppm window. Precursor 

ions with +1, and +8 or higher charge states were excluded from sequencing.

2.7. Protein identification and quantification.

ThermoFisher generated RAW files were used for label-free quantitation (LFQ) of proteins 

in eight biological samples. Base peak chromatograms were inspected visually using 

RawMeat software. All RAW files were processed together in a single run by MaxQuant 

version 1.6.0.16 with default parameters unless otherwise specified (http://

www.maxquant.org). Database searches were performed using the Andromeda search engine 

(a peptide search engine based on probabilistic scoring) with the UniProt mouse sequence 

database (update in 2017). MaxQuant provides a contaminants.fasta database file (a database 

of common laboratory contaminants) within the software that is automatically added to the 

list of proteins for the in-silico digestion when this feature is enabled.

Precursor mass tolerance was set to 4.5 ppm in the main search and fragment mass tolerance 

was set to 20 ppm. Digestion enzyme specificity was set to trypsin with a maximum of 2 

missed cleavages. A minimum peptide length of 6 residues was required for identification. 

Up to 5 modifications per peptide were allowed; acetylation (protein N-terminal), oxidation 

(Met) and deamidation (NQ) were set as variable modifications, and carbamidomethylation 

(Cys) was set as a fixed modification. No Andromeda score threshold was set for 

unmodified peptides. A minimum Andromeda score of 40 was required for modified 

peptides. Peptide and protein false discovery rates (FDR) were both set to 1% based off a 

target-decoy reverse database. Proteins that shared all identified peptides were combined 

into a single protein group. If all identified peptides from one protein were a subset of 

identified peptides from another protein, these proteins were also combined into that group. 

Peptides that matched multiple protein groups (“razor” peptides) were assigned to the 

protein group with the most unique peptides.

Peaks were detected in Full MS, and a three-dimensional peak was constructed as a function 

of peak centroid m/z (7.5 ppm threshold) and peak area over time. Following de-isotoping, 

peptide intensities were determined by extracted ion chromatograms based on the peak area 

at the retention time with the maximum peak height. Peptide intensities were normalized to 

minimize overall proteome difference based on the assumption that most peptides do not 

change in intensity between samples. Protein LFQ intensities were calculated from the 

median of pairwise intensity ratios of peptides identified in two or more samples and 
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adjusted to the cumulative intensity across samples. Quantification was performed using 

razor and unique peptides, including those modified by acetylation (protein N-terminal), 

oxidation (Met) and deamidation (NQ). A minimum peptide ratio of 1 was required for 

protein intensity normalization, and “Fast LFQ” was enabled.

2.8. Data analysis.

Data analysis was performed using Perseus version 1.5.0.31 (http://www.perseus-

framework.org). Contaminants and protein groups identified by a single peptide were 

filtered from the data set. FDR was calculated as the percentage of reverse database matches 

out of total forward and reverse matches. Protein group LFQ intensities were log2 

transformed to reduce the effect of outliers. Data were filtered by valid values. A minimum 

of four valid values was required in at least one group (DRD or normal). For cluster analysis 

and statistical comparisons between proteomes, protein groups missing LFQ values were 

assigned values using imputation. Missing values were assumed to be biased toward low 

abundance proteins that were below the MS detection limit. The missing values were 

replaced with random values taken from a median downshifted Gaussian distribution to 

simulate low abundance LFQ values. Imputation was performed separately for each sample 

from a distribution with a width of 0.3 and downshift of 1.8. Unsupervised hierarchical 

clustering was performed on Z-score normalized, log2 LFQ intensities using Euclidean 

distance and average linkage with k-means preprocessing (300 clusters). Log-fold changes 

were calculated as the difference in log2 LFQ intensity averages between experimental and 

control groups. Welch’s t test calculations were used in statistical tests as histograms of LFQ 

intensities showed that all data sets approximated normal distributions. Protein IDs/Protein 

names were mapped to gene symbols before further steps, The gplots package in R software 

(https://CRAN.R-project.org/package=gplots) was used to create the heatmap and the 

volcano plot was created using Graphpad Prism 9 (https://www.graphpad.com/).

2.9. Western blotting.

Striata were dissected from an independent cohort of control and DRD mice and 

homogenized in 50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% Na deoxycholate, 1% Triton 

X-100, pH 8.0 plus PhosSTOP and cOmplete™, Mini, EDTA-free Protease Inhibitor 

Cocktail (Roche). Protein concentrations were determined using a BCA assay (Thermo 

Scientific). 50 μg protein/sample was denatured for 95°C for 5 min in Laemmli buffer with 

2.5% ß-mercaptoethanol and separated with 4–20% Mini-PROTEAN (Bio-rad) 

polyacrylamide gel electrophoresis in 25 mM Tris, 192 mM glycine and 0.1% SDS running 

buffer. After transfer of the proteins to a nitrocellulose membrane in 25 mM Tris, 192 mM 

glycine and 20% methanol, the blot was blocked with Intercept Blocking Buffer (Li-cor) and 

subsequently incubated with primary antibodies against TOMM70a (mouse monoclonal 

anti-TOMM70, Santa Cruz Biotechnology #sc-390545, 1:100), TH (rabbit polyclonal anti-

TH, Pel-Freez Biologicals #P40101-0, 1:1000) and β-actin (mouse monoclonal anti-β-actin, 

Cell Signaling Technology #3700, 1:1000) in blocking buffer overnight at 4°C. Secondary 

antibodies (donkey anti-mouse IRDye 680RD and goat anti-rabbit IRDye 800CW, Li-cor, 

1:10,000) were incubated for 1 hr at 4°C in blocking buffer. The blot was imaged on a Li-cor 

odyssey (700 channel intensity of 2.0, 800 channel intensity of 5.0) and analyzed using 

Image Studio Lite (Version 5.2). TOMM70a and TH were normalized to β-actin.
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2.9. Gene Ontology (GO) and KEGG pathway enrichment analysis of the differentially 
expressed proteins.

Analyses were performed using the gene list of differentially expressed proteins (p <0.05) 

and annotations were limited by species (mus musculus). DAVID Bioinformatic Resources 

v6.8 (https://david.ncifcrf.gov) [32] was used to identify KEGG pathways (Kyoto 

Encyclopedia of Genes and Genomes). The Gene Ontology Resource (http://

geneontology.org) Panther Overrepresentation Test (released 20200407; GO database 

released 20200323) was used to identify enriched biological terms using the Fisher Exact 

test and FDR correction [33, 34].

2.10. Identification of dystonia-associated proteins.

PubMed searches were performed to determine whether proteins differentially regulated in 

DRD mice compared to normal mice (p < 0.05) were previously associated with dystonia. 

Keywords included the differentially regulated protein (protein and gene name) and 

“dystonia”. Studies were reviewed and only those that were clearly associated with both 

dystonia and the protein of interest were included. When differentially regulated proteins 

were components of a larger protein complex, the larger protein complex was also used as a 

keyword.

3. Results

3.1 Striatal anatomy

The development of the striatum is, in part, mediated by dopamine. Therefore, we first 

determined if anatomical features of the striatum in DRD mice differed from normal 

dopamine-intact mice because potential anatomical abnormalities caused by the loss of 

dopamine in developing DRD mice would influence the interpretation of proteomic 

analyses. We have previously demonstrated that TH+ midbrain nigrostriatal dopamine 

neurons are intact in DRD mice [27]. There was no apparent difference in the size of the 

striatum between normal and DRD mice (Student’s t test, p=0.43). The vast majority of 

neurons in the striatum are MSNs. Generally, there are two subtypes of MSNs, D1 dopamine 

receptor (D1R)-expressing MSNs and D2R-expressing MSNs, which each express a unique 

repertoire of proteins. To determine if the MSN subtype populations in DRD mice differed 

from normal mice, we assessed the number and distribution of D1R-expressing or D2R-

expression MSNs by using reporter transgenes that express tdTomato (tdTom) in D1R-

MSNs or EGFP in D2R-MSNs to identify each subtype. The density of tdTom- and EGFP-

labeled cells within the striatum was not significantly different between normal and DRD 

mice (Figure 1). Further, the distribution of EGFP- and tdTom-positive neurons in 

dorsomedial, dorsolateral, and ventral striatum in DRD mice did not differ from normal 

mice (Figure 1). To ensure that the reporter transgenes did not spuriously alter the dystonic 

phenotype of DRD mice, which is known to be dependent on striatal dysfunction, we 

assessed abnormal movements in DRD mice carrying the fluorescent reporter transgenes. 

Abnormal movement scores in DRD mice carrying tdTom (5 ± 0.6, n=6), EGFP (5 ± 0.3, 

n=5) or both tdTom and EGFP (3.9 ± 1.2, n=7) were not significantly different from DRD 

mice without the transgenes (4.4 ± 0.5, n=25; Student’s t test, p>0.1 for all). These results 

suggest that major anatomical features of the striatum are intact in DRD mice.

Briscione et al. Page 7

Mol Genet Metab. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://david.ncifcrf.gov/
http://geneontology.org/
http://geneontology.org/


3.2. Proteomic analyses

The unbiased examination of the striatal proteome identified 1805 proteins. These proteins 

are illustrated in a volcano plot (Figure 2). TH protein expression was significantly reduced 

in DRD mice compared to normal mice (Figure 2) and reached a false discovery rate of 

q<0.05. We have previously demonstrated that Th mRNA is expressed at comparable levels 

in normal mice and DRD mice, but the abnormal p.Q381K TH is not efficiently transported 

from the midbrain to the striatum [26] likely because the mutation causes a reduction in the 

stability of the protein [35].

The number of differentially expressed proteins identified depends on statistical thresholds 

and methods. Further, it has been suggested that the false discovery rate (FDR) is too 

conservative for exploratory proteomics [36]. Therefore, results are presented using several 

different approaches including uncorrected p-values and volcano plots. We identified 

proteins differentially regulated in DRD compared to normal mice using the following 

arbitrary p-values cutoffs: p<0.001, 0.01 and 0.05. TH was significantly downregulated in 

DRD mice at p<0.001. Eight additional proteins were differentially regulated in the striatum 

of DRD compared to normal mice at p<0.01. When p<0.05 was considered, 19 additional 

proteins were downregulated and 29 additional proteins were upregulated in the striatum of 

DRD compared to normal mice. Differentially regulated proteins (p<0.05) are illustrated in 

Figure 3.

3.3 Validation of the proteomic analysis.

The results of the proteomic analysis were validated by western blot using striata obtained 

from an independent cohort of control and DRD mice. TH and TOMM70a (translocase of 

outer mitochondrial membrane 70a) were selected because 1) this is the first quantitative 

analysis of TH expression in the striatum of DRD mice, 2) both proteins implicated in 

disorders in which dystonia is a prominent feature and 3) the proteomic analysis indicated 

that these proteins are oppositely regulated whereby TH is underrepresented and TOMM70a 

is overrepresented in DRD mice compared to control mice. Western blot analysis confirmed 

that the striatal expression of both TH and TOMM70a was significantly different in DRD 

mice compared to controls (Figure 4). In fact, TH expression in DRD mice was <1% of 

control mice. The direction of the effect was consistent with the proteomic analysis with a 

significant reduction in TH (p = 0.0001) and a significant increase in TOMM70a (p = 0.014) 

in DRD mice compared to controls.

3.4 Dysregulated cellular pathways and processes in DRD mice.

Gene ontology analysis was used to identify pathways and functions that may be abnormally 

regulated in DRD mice. When differentially regulated proteins with p values < 0.05 were 

considered, several dysregulated functional groups were identified (Gene Ontology FDR 

p<0.005 for all). Table 1 provides a representative sample of the gene ontologies with 

nonspecific terms such as ‘cytoplasm’ or ‘cell projection’ or terms that included < 4 

differentially expressed proteins omitted for clarity. Two prominent categories of gene 

ontologies were identified: mitochondrion and synapse. Proteins associated with the gene 

ontology term ‘mitochondrion’ accounted for ~36% of the differentially expressed proteins. 

Mitochondrial subcategories included both structural and functional (Reactome) terms 
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including mitochondrial membrane or matrix and mitochondrial energetics (tricarboxylic 

acid cycle). All differentially-expressed proteins associated with these gene ontology terms 

were over-represented in DRD mice compared to normal mice. Proteins associated with the 

gene ontology term ‘synapse’ accounted for ~33% of the differentially expressed proteins. In 

contrast to the mitochondrial-associated proteins, differentially expressed proteins associated 

with synaptic function, including pre- and postsynapse, synaptic vesicle, axon and 

glutamatergic synapse, were under-represented in DRD mice compared to normal mice with 

the exception of Lamp5, Rpl6 and Actn2. Notably, pathways associated with many 

neurologic disorders including inflammatory processes and cell death were not identified.

DAVID was used to probe for pathways within the KEGG pathway database that may be 

differentially regulated in DRD compared to normal mouse striatum. Eight enriched KEGG 

pathways were identified (Table 2), including GABAergic and endocannabinoid signaling 

pathways. In addition, the Parkinson’s disease pathway was identified. Both Parkinson’s 

disease and DRD are characterized by dopamine deficiency, a central biochemical feature of 

both disorders, providing additional support for the validity of this proteomic analysis.

3.5 Dysregulated proteins previously associated with disorders with dystonia as a sign.

A literature review of the 57 differentially regulated proteins (p<0.05) revealed 11 proteins 

in which pathogenic genetic variants are associated with disorders with dystonia as a sign 

(Table 3). Further, abnormal regulation of one of these proteins, succinate-coenzyme A 

ligase, ADP-forming, beta subunit (Sucla2), is also dysregulated in a cellular model of 

DYT1 dystonia [37]. Thus, nearly 20% of the differentially regulated proteins in DRD mice 

are implicated in other forms of dystonia.

4. Discussion

Dystonia is generally not associated with degeneration or overt cellular pathology, 

suggesting that neuronal dysfunction mediates the abnormal movements. Therefore, to better 

understand the cellular defects underlying dystonia, we examined striatal protein expression 

in a mouse model of DRD because it is known that the dystonic movements in these mice 

are mediated by striatal dysfunction [26]. Our unbiased assessment of the DRD mouse 

striatal proteome revealed that of the 1805 proteins identified in the proteomic screen only 

57 (~3%) were differentially regulated in DRD mice compared to normal mice. Importantly, 

the proteomic analysis and subsequent validation by western blotting revealed that TH 

protein expression in the striatum of DRD mice was reduced to <1% of control mice. This 

finding is consistent with our previous biochemical analyses demonstrating that TH enzyme 

activity is reduced to ~1% of normal in DRD mouse striatum [26].

Despite the significant deficit in TH expression that is caused by the mutation in Th, major 

anatomical features of the striatum, including striatal size and the distribution and number of 

D1R- and D2R-expressing MSNs, were intact in DRD mice. These results suggest that the 

proteomic analysis was not overtly confounded by gross morphological defects. That 

relatively few proteins were abnormally regulated is consistent with the observation that 

striatal anatomy is preserved in DRD mice. However, it is surprising that we did not observe 

more extensive protein dysregulation considering that, in adults, dopamine 
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neurotransmission plays an important role in the strength and plasticity of glutamatergic 

synaptic inputs, the intrinsic excitability of MSNs and contributes to morphological changes 

[24, 53, 54]. Dopamine neurotransmission also plays a critical role in striatal development. 

Dopamine innervates the nascent striatum mid-gestation, prior to the arrival of excitatory 

afferents and induces the formation of immature spines through both D1Rs and D2Rs [55, 

56]. Dopamine also regulates the macroscopic dendritic architecture of MSNs by stimulating 

neurite outgrowth in embryonic striatal neurons through activation of D1Rs but not D2Rs 

[57, 58], suggesting that an early-life dopamine deficit may reduce dendritic complexity. 

Subtle morphological changes such as spine formation and complexity would not have been 

detected in our gross anatomical analyses but were nonetheless reflected in the proteomic 

analysis.

Many of the differentially regulated proteins were associated with synaptic function, which 

is perhaps not surprising considering that the brain is enriched in these proteins. It is, 

however, striking that the majority (16/19) of the differentially expressed proteins 

represented in the GO ‘synapse’ pathway and related pathways were significantly under-

represented in DRD mice, suggesting a general deficit in striatal neurotransmission. 

Specifically, the intracellular signaling protein kinase C gamma (PRKCG) and the 

transmitter release protein proline-rich-transmembrane-protein-2 (PRRT2) are notable 

because of their shared dysregulation across dystonias. PRKCG is a neuron-specific 

calcium-activated, phospholipid- and diacylglycerol (DAG)-dependent serine/threonine-

protein kinase. Although variants in PRKCG are specifically associated with spinocerebellar 

ataxia type 14 [41, 42, 59], which is associated with dystonic movements, identification of 

PRKCG in our proteomic analysis has broader implications for dystonia in light of the role 

of PRKCG in the regulation of synaptic plasticity. Abnormal plasticity is observed in many 

different forms of dystonia in humans and in several mouse models of dystonia [60–66], 

suggesting that PRKCG may be a pathophysiological node. PRRT2 is a presynaptic 

membrane protein that interacts with SNAP-25 to mediate calcium-dependent vesicular 

exocytosis, particularly glutamate release [67]. Pathogenic variants in PRRT2 are associated 

with paroxysmal kinesigenic dyskinesia, a disorder that includes dystonic movements [46, 

47, 68]. Prrt2 mRNA dysregulation is also observed in a mouse model of dystonia associated 

with THAP1 [69]. Because pathogenic variants of both PRKCG and PRRT2 are associated 

with disorders that include dystonia and are also more broadly implicated in dystonias, the 

encoded proteins are attractive targets for therapeutics aimed at enhancing expression and/or 

activity.

Approximately one-third of all differentially regulated proteins were associated with 

synaptic function based on the enriched GO terms. Subsets of the broad term ‘synapse’ 

implicated some specific functions, like ‘presynapse,’ which was expected considering that 

DRD is caused by a mutation in Th, which is located in nigrostriatal processes. Consistent 

with a presynaptic dopamine defect in DRD, the KEGG analysis identified Parkinson’s 

disease, which is, in part, caused by striatal dopamine deficiency that results from 

degeneration of nigrostriatal neurons. Enriched pathways for glutamatergic (GO) and 

GABAergic (KEGG) synapses were also identified. The striatum receives abundant 

glutamatergic innervation from both corticostriatal and thalamostriatal efferents while the 

vast majority of neurons in the striatum itself are GABAergic spiny projection neurons. The 
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activity of both is mediated by dopamine neurotransmission. Thus, the enriched pathways 

reflect both the biochemical defect and striatal anatomy, providing additional support for the 

validity of the pathway analyses.

Approximately one-third of all differentially regulated proteins were associated with 

mitochondrial function based on the enriched GO terms. Further, fully half of the genes 

associated with dystonia in Table 3 play a role in mitochondrial function including Ethe1, 

Sdha, Sucla2, Rars2, Opa1, and Tomm70a. Several additional lines of evidence implicate 

mitochondrial dysfunction across different forms of dystonia. In addition to the inherited 

dystonias listed in Table 3, other inherited dystonias in which mitochondrial dysfunction is 

implicated include [70, 71] Leber’s hereditary optic neuropathy which is caused by a 

mutation in the mtDNA complex I gene MTND6 [72] and deafness-dystonia-optic 

neuropathy syndrome which is caused by a mutation in the DDP1 gene that encodes the 

mitochondrial translocase subunit Tim8 A [73]. Mitochondrial dysfunction is also implicated 

in idiopathic dystonias. In particular, a reduction in mitochondrial complex I activity was 

observed in patients with idiopathic focal, segmental and generalized dystonia [74, 75]. 

Dystonia can also be induced by accidental exposure to the mitochondrial complex II 

inhibitor 3-nitropropionic acid in otherwise healthy individuals [76–78]. Thus, 

mitochondrial dysfunction is a shared defect among inherited, acquired, and idiopathic 

dystonias in humans. Furthermore, mitochondrial dysregulation is also shared among mouse 

models, including those associated with Tor1a, Thap1, and now Th, demonstrating that 

mitochondrial changes can occur even when the dystonia-causing defect is apparently 

unrelated to mitochondrial function [37, 79]. However, it will be critical to determine 

whether the mitochondrial abnormalities identified here are integral to the expression of 

dystonia or compensatory.

Pathogenic variants of 11 of the 57 differentially regulated proteins identified in DRD mice 

are implicated in disorders that have dystonia, suggesting common pathological mechanisms 

across different forms of dystonia. Abundant evidence implicating abnormal dopaminergic 

neurotransmission in many different dystonias has been accumulating for decades [2]. More 

recently, in addition to the shared mechanisms such as mitochondrial and synaptic 

dysfunction mentioned previously, abnormal plasticity, developmental defects and 

cholinergic dysfunction have been implicated across different forms of dystonias using -

omics, computational or physiological approaches in both humans and mouse models [37, 

69, 79–81]. The identification of shared processes suggests that it may be possible to 

identify specific, druggable targets for the development of novel therapeutics that are 

effective in a broad range of dystonias.
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Figure 1. D1R- and D2R-expressing MSNs in DRD and normal mouse striatum.
Representative micrographs of coronal sections from normal (A) and DRD (B) mouse 

striatum with tdTom (D1R-MSNs) and EGFP (D2R-MSNs) fluorescent proteins. C. EGFP 

positive cell counts (D2R-MSNs) did not differ between DRD (n=3) and normal (n=4) mice 

(p>0.1; Student’s t test). D. tdTom positive cell counts (D1R-MSNs) did not differ between 

DRD (n=3) and normal (n=3) mice (p>0.1; Student’s t test). Values represent mean ± SEM.
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Figure 2. Volcano plot of protein expression in normal and DRD mice.
Each dot corresponds to an identified protein, including those that do not have associated 

gene names. The y-axis shows negative log10 transformed p-values obtained based on a two-

tailed Welch’s t-tests with dotted lines representing unadjusted p-values of 0.05 and <0.01. 

The x-axis illustrates the log2 difference between DRD and normal mouse striatal protein 

expression with negative values representing proteins that are reduced in DRD mice 

compared to normal mice (n=4/genotype). Blue dots indicate differentially expressed 

proteins with unadjusted p-values < 0.05; those previously associated with dystonia are 

labeled with the associated gene name.
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Figure 3. Heatmap of differentially expressed proteins in the striatum of normal and DRD mice.
Relative levels of differentially regulated proteins (p<0.05) are presented. Rows represent 

proteins and columns represent samples from individual mice. Proteins are clustered based 

on protein expression (abundance) pattern. Unsupervised hierarchical clustering was 

performed on Z-score normalized, log2 LFQ intensities using Euclidean distance and 

average linkage. Low to high protein expression is represented by a change of color from 

blue to red, respectively. The color key scale bar at bottom shows z-score values for the 

heatmap. Each row (protein) is scaled to have mean zero and standard deviation one.
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Figure 4. Quantification of TOMM70a and TH proteins in the striatum of normal and DRD 
mice.
A. Western blot for TOMM70a, TH. ß-actin was used as a loading control. Each lane 

represents an individual mouse. The molecular weight standard is shown in the left lane. B. 

TOMM70a protein expression was significantly increased in DRD mice compared to control 

mice (Student’s two-tailed t-test, p = 0.014). C. TH protein expression was significantly 

reduced in DRD mice compared to control mice (Student’s two-tailed t-test, p = 0.0001). B 
and C illustrate means (horizontal lines) and individual values of the densitometric 

quantification of TOMM70a and TH which was normalized to ß-actin.
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Table 1.

Gene Ontology (GO) enrichment analysis

GO term Genes P value FDR

Mitochondrion Sucla2|Sdha|Rars2|Mccc1|Prdx5|Txn|Hsd17b10|Ociad2|Dnaja1|Atp5c1|Opa1|
Ethe1|Yme1l1|Me2|Th|Uqcrc2|Letm1|Ckmt1|Et fa|Tomm70a|Mccc2

1.11 E-09 1.10 E-06

Synapse Camk2n1|Prkcg|Lamp5|Amph|Dlgap3|Palm|Cttn|Dbn1|Rpl6|Gabrb2|Sept5|Camkv|
Gnb5|Th|Actn2| Prrt2|Dgkb|Rab8a|Sept6

5.74 E-09 3.80 E-06

Myelin Sheath Omg|Sucla2|Sdha|Atp5c1|Gfap|Gnb5|Uqcrc2|Ckmt1 1.52 E-07 7.56 E-05

Postsynapse Camk2n1|Prkcg|Dlgap3|Palm|Cttn|Dbn1|Rpl6|Gabrb2|Camkv|Actn2|Prrt2|Rab8a 6.59 E-07 1.63 E-04

Mitochondrial Membrane Sdha|Mccc1|Hsd17b10|Ociad2|Atp5c1|Opa1|Yme1l1|Uqcrc2|Letm1|Ckmt1|
Tomm70a

1.02 E-06 2.03 E-04

Postsynaptic Specialization Camk2n1|Prkcg|Dlgap3|Palm|Dbn1|Rpl6|Rab8a|Gabrb2|Actn2 3.17 E-06 4.50 E-04

Axon Prkcg|Lamp5 |Txn|Amph|Palm|Cttn|Dbn1|Sept5|Th|Prrt2|Sept6 3.89 E-06 5.15 E-04

Glutamatergic Synapse Amph|Dlgap3|Cttn|Dbn1|Camkv|Actn2|Prrt2|Dgkb|Rab8a 1.06 E-05 1.05 E-03

Synaptic Vesicle Amph|Sept5|Th|Prrt2|Sept6|Rab8a 9.60 E-05 7.06 E-03

ATP Binding Sucla2|Rars2|Mccc1|Prkcg|Srm|Dnaja1|Yme1l1|Camkv|Hsph1|Ckmt1|Iars|
Hspa12a|Dgkb|Mccc2

1.98 E-05 7.65 E-03

tRNA Binding Hsd17b10|Dtd1|Iars|Rpl6 3.20 E-05 1.06 E-02

Presynapse Prkcg|Amph|Sept5|Gnb5|Th|Prrt2|Rab8a |Sept6 2.18 E-04 1.24 E-02

Ligase Activity Sucla2|Mccc1|Iars|Rars2|Mccc2 5.81 E-05 1.41 E-02

The citric acid cycle (TCA) and 
respiratory electron transport

Sucla2|Sdha|Atp5c1|Opa1|Me2|Etfa 3.78 E-05 2.08 E-02

Dendrite Camk2n1|Prkcg|Txn|Dlgap3|Opa1|Dbn1|Th|Rab8a 6.94 E-04 3.36 E-02

Cellular response to stress Prdx5|Txn|Dnaja1|Dctn3|Hsph1|Hspa12a 1.40 E-04 3.85 E-02

Mitochondrial Matrix Mccc1|Hsd17b10|Uqcrc2|Mccc2|Etfa 9.72 E-04 4.02 E-02

Red or blue text indicates up- and downregulation, respectively, in DRD mice compared to control mice.
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Table 2.

Enriched KEGG pathways of differentially expressed proteins

Pathway Description Genes P value FDR q-value

Parkinson’s disease Uqcrc2|Sept5|Sdha|Th|Atp5c1 0.003 0.259453884

Valine, leucine, and isoleucine degradation Mccc2|Hsd17b10|Mccc1 0.022 0.643639237

Metabolic pathways Uqcrc2|Sdha|Th|Atp5c1|Mccc2|Hsd17b10|Mccc1|Dgkb|SRM|Ckmt1|
Sucla2

0.029 0.598691922

Alzheimer’s disease UQCRC2|SDHA|ATP5C1|HSD17B10 0.036 0.582326059

GABAergic synapse Gabrb2|Gnb5|Prkcg 0.050 0.621737675

Morphine addiction Gabrb2|Gnb5|Prkcg 0.057 0.599647403

Retrograde endocannabinoid signaling Gabrb2|Gnb5|Prkcg 0.068 0.611250528

Carbon metabolism Me2|Sdha|Sucla2 0.083 0.640892686

Mol Genet Metab. Author manuscript; available in PMC 2022 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Briscione et al. Page 23

Table 3.

Differentially regulated proteins associated with disorders with dystonia as a sign

Protein Gene Disorder p-value Difference DRD-
WT (Welch’s t-
test)

References

Tyrosine hydroxylase Th DOPA-responsive dystonia 0.001 −3.72 [16,26]

Translocase of outer mitochondrial 
membrane 70a

Tomm70a hypotonia, hyper-reflexia, ataxia, 
dystonia

0.002 0.75 [38]

Sulfur dioxygenase Ethe1 ethylmalonic encephalopathy 0.004 0.87 [39]

Flavoprotein subunit of succinate 
dehydrogenase

Sdha multisystem mitochondrial 
disease

0.006 0.15 [40]

Protein kinase C gamma Prkcg spinocerebellar ataxia type 14 0.010 −0.31 [41–43]

Succinate-coenzyme A ligase, ADP-
forming, beta subunit

Sucla2 dystonia deafness syndrome 0.011 0.25 [44, 45]

Proline-rich transmembrane protein 2 Prrt2 paroxysmal kinesigenic 
dyskinesias

0.016 −0.56 [46, 47]

GABAA receptor, subunit beta 2 Gabrb2 cervical dystonia 0.019 −0.59 [48]*

Glial fibrillary acidic protein Gfap Alexander disease 0.030 0.23 [49, 50]

Arginyl-tRNA synthetase 2, mitochondrial Rars2 pontocerebellar hypoplasia type 6 0.032 0.74 [51]

OPA1, mitochondrial dynamin like GTPase Opa1 optic atrophy 0.045 0.21 [52]

*
Indirectly associated
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