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Abstract

Dystonia is a neurological movement disorder characterized by repetitive, unintentional 

movements and disabling postures that result from sustained or intermittent muscle contractions. 

The basal ganglia and cerebellum have received substantial focus in studying DYT1 dystonia. 

It remains unclear how cell-specific ΔGAG mutation of torsinA within specific cells of the 

basal ganglia or cerebellum affects motor performance, somatosensory network connectivity, 

and microstructure. In order to achieve this goal, we generated two genetically modified mouse 

models: in model 1 we performed Dyt1 ΔGAG conditional knock-in (KI) in neurons that express 

dopamine-2 receptors (D2-KI), and in model 2 we performed Dyt1 ΔGAG conditional KI in 

Purkinje cells of the cerebellum (Pcp2-KI). In both of these models, we used functional magnetic 

resonance imaging (fMRI) to assess sensory-evoked brain activation and resting-state functional 

connectivity, and diffusion MRI to assess brain microstructure. We found that D2-KI mutant mice 

had motor deficits, abnormal sensory-evoked brain activation in the somatosensory cortex, as well 

as increased functional connectivity of the anterior medulla with cortex. In contrast, we found 

that Pcp2-KI mice had improved motor performance, reduced sensory-evoked brain activation in 

the striatum and midbrain, as well as reduced functional connectivity of the striatum with the 

anterior medulla. These findings suggest that (1) D2 cell-specific Dyt1 ΔGAG mediated torsinA 

dysfunction in the basal ganglia results in detrimental effects on the sensorimotor network and 

motor output, and (2) Purkinje cell-specific Dyt1 ΔGAG mediated torsinA dysfunction in the 

cerebellum results in compensatory changes in the sensorimotor network that protect against 

dystonia-like motor deficits.
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1. Introduction

Dystonia is a neurological movement disorder characterized by repetitive, unintentional 

movements and disabling postures stemming from sustained or intermittent muscle 

contractions (Albanese et al., 2013). Dystonia embodies a number of clinical syndromes, 

including focal dystonia to specific body parts, or generalized dystonia affecting a majority 

of the body which together represent. Collectively, dystonia represents the third most 

common movement disorder. The etiology of dystonia can be idiopathic or inherited through 

known genetic factors. Early-onset generalized DYT1 dystonia is a heterozygous autosomal 

dominant condition linked to an in-frame ΔGAG mutation of the TOR1A/DYT1 gene, which 

causes misfolding of the TorsinA protein, and is the most common genetic type of dystonia 

(Ozelius et al., 1997).

The basal ganglia and cerebellum have received substantial focus in the study of 

DYT1 dystonia. A commonly used medication used in people with DYT1 dystonia is 

trihexyphenidyl, a cholinergic antagonist. Studies have shown that only 60–70% of patients 

show significant treatment effects from trihexyphenidyl and there can be difficult side-

effects for patients when on the medication (Burke et al., 1986; Fahn, 1983). Although 

abnormal cholinergic dynamics are observed in the basal ganglia and cerebellum in 

association with DYT1 dystonia (Mazere et al., 2021; Xing et al., 2022), a number of 

studies suggest that non-cholinergic cell types may also play an important role in the 

pathophysiology of dystonia (Hayashi et al., 2008; Lee et al., 2014; Liu et al., 2020; Maltese 

et al., 2014; Miyazaki, 2012).

The most consistent structural alterations found in human neuroimaging studies of dystonia 

similarly implicate the basal ganglia and cerebellum (for a review, see MacIver et al., 2022). 

Regional brain volume differences in dystonia have primarily been identified in the basal 

ganglia, whereas studies of white matter with diffusion tensor imaging (DTI) have revealed 

reduced integrity in the cerebellothalamocortical tract that correlated with motor network 

activity (Miklos Argyelan et al., 2009; Carbon et al., 2008). Although both nonmanifesting 

and clinically manifesting DYT1 mutation carriers show these white matter abnormalities 

proximal to the cerebellum, nonmanifesting mutation carriers have an additional region 

of white matter tract changes in distal portions of this tract near the thalamus, possibly 

representing a secondary compensatory change in those without clinically manifesting 

dystonia (Miklos Argyelan et al., 2009).

Research in transgenic animal models has also greatly increased our understanding of 

torsinA dysfunction. Broadly speaking, Dyt1 knock-out (KO) models provide insights about 

reduced levels of endogenous torsinA, whereas Dyt1 ΔGAG knock-in (KI) models help 

to understand the effects of mutant torsinA analogous to the protein mutation observed 

in people with early-onset DYT1 dystonia (Dang et al., 2005; Sharma et al., 2005; 
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Shashidharan et al., 2005). Homozygous models of torsinA dysfunction are nonviable or 

show neonatal lethality, but heterozygous Dyt1 KO and KI models may display dystonic 

postures or subtle motor deficits, paired with other pathophysiological features of dystonia. 

The Dyt1 ΔGAG KI mouse model is one of the most widely studied genetic models 

of dystonia and recapitulates many features of DYT1 dystonia, including motor behavior 

deficits and abnormal muscle contractions observed with electromyography, and altered 

brain microstructure (Dang et al., 2005; DeAndrade et al., 2016). Similar to humans with 

DYT1 dystonia, Dyt1 ΔGAG KI mice also exhibit microstructural alterations in both basal 

ganglia and cerebellar circuitry (Song et al., 2014, 2013; Uluğ et al., 2011).

Although studying the basal ganglia and cerebellum independently has greatly increased our 

understanding of mechanisms contributing to the pathophysiology of dystonia, it has been 

suggested that dystonia may be best viewed as a functional network disorder, where there is 

disrupted flow and integration of signals across multiple components of the sensorimotor 

network (Burciu et al., 2017; DeSimone et al., 2017; Simonyan, 2018). Therefore, 

considering dystonia to be a product of either basal ganglia or cerebellar dysfunction is 

likely a false conceptual perspective. What is lacking from this perspective is a more 

comprehensive understanding of how torsinA dysfunction in specific cell types contributes 

to dystonia-related phenotypes and changes in sensorimotor network pathophysiology and 

connectivity. Moreover, evaluating the effects of cell-specific torsinA dysfunction in vivo 
enables assessment of network properties not evident when such components are studied 

separately, and may provide key insights into the clinical and neurophysiological deficits in 

dystonia (Hallett, 1995; Martella et al., 2014, 2009; Quartarone and Hallett, 2013).

In this study, we sought to identify the impact of torsinA mutation in specific cells 

in the basal ganglia or cerebellum and their corresponding effects on network-level 

connectivity and microstructure. To accomplish this goal, we generated two cell-specific 

Dyt1 mouse models. In model 1 neurons that express dopamine-2 receptors have Dyt1 
ΔGAG conditional KI (D2-KI), which include medium spiny neurons of the indirect 

pathway, striatal cholinergic interneurons, and dopaminergic neurons of the basal ganglia. 

In model 2, neurons that express Purkinje cell protein-2 have Dyt1 ΔGAG conditional 

KI (Pcp2-KI), which include Purkinje cells of the cerebellum. In both of these models, 

we assessed motor behavior and performed in vivo neuroimaging at ultra-high field (11.1 

T). We used functional magnetic resonance imaging (fMRI) to assess sensory-evoked 

brain activation and connectivity, along with diffusion tensor imaging (DTI) to assess 

microstructural changes. The rationale for using in vivo sensory-evoked fMRI is that there 

is prior clinical and neurophysiological evidence demonstrating somatosensory processing 

deficits in dystonia patients (Hallett, 1995). In particular, there is evidence thermal sensory 

processing deficits in patients with focal dystonia (Suttrup et al., 2011) and Dyt1 ΔGAG 

knock-in mice (Scuteri et al., 2021). Our previous work using this methodology has also 

demonstrated that it is sensitive at detecting subtle deficits in the sensorimotor network 

(Chu et al., 2020; Wilkes et al., 2021). We evaluated the microstructure of brain regions in 

the sensorimotor network with DTI because this technique has shown promise in studying 

neurodegeneration in human conditions and animal models (Burciu et al., 2017; Chu et al., 

2020; Colon-Perez et al., 2019; DeSimone et al., 2017). We hypothesized that D2-KI mice 

would show motor deficits and altered sensorimotor network properties, due to the impact 
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on torsinA across multiple cell types in the basal ganglia and the critical role those cell 

types play in the pathophysiology of dystonia. We hypothesized that Pcp2-KI mice would 

not have motor deficits but would show compensatory brain changes within the sensorimotor 

network, as informed by our prior work in the Purkinje cell-specific Dyt1 KO model (Yokoi 

et al., 2012; Zhang et al., 2011) and imaging findings in the cerebellothalamic tract that 

distinguish nonmanifesting and clinically manifesting DYT1 mutation carriers (Argyelan et 

al., 2009).

2. Materials and methods

2.1 Experimental Design

This study included two dystonia mouse models. In both models, Dyt1 ΔGAG knock-in was 

driven by a promoter specific to the cell type that was targeted. In model 1, we targeted 

neurons of the basal ganglia using the dopamine-2 (D2) receptor gene as a promoter (Yokoi 

et al., 2020) – hereafter referred to as D2-KI. Although D2 receptors exist in other brain 

regions, in mice the DRD2 BA-Cre mediated recombination is highest in the striatum 

and low in other brain regions (Gong et al., 2007). In model 2, we targeted cerebellar 

Purkinje cells using the Purkinje cell protein-2 (Pcp2) gene as a promoter (Lyu et al., 

2020) – hereafter referred to as Pcp2-KI. Mice from both D2-KI and Pcp2-KI cohorts were 

generated on the C57BL/6 background strain. We used litter-mate control groups specific 

to each model to minimize the effects of background strain and cage-to-cage variability 

on comparisons of mutant versus control animals. The same animals went through each 

stage of the experiment. First, motor behavior assessments were performed on all animals 

and included accelerated rotarod and beam-walking tests. Mice were rested for one week 

in between these behavioral tests and for one week before neuroimaging. Next, four types 

of MRI scans were acquired for every animal: an anatomical scan, sensory-evoked fMRI, 

resting-state fMRI, and diffusion MRI. Experimenters performing behavioral testing and 

MRI acquisition were blind to which animals belonged to the experimental or control groups 

for each model. After all testing and data pre-processing were complete, genotyping was 

performed, and experimenters were unblinded to enable group-wise comparisons. Methods 

for each aspect of this study are described in detail in the following sections.

2.2 Animals

All experiments were performed in accordance with the National Institutes of Health guide 

for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). 

The D2-KI cohort included 29 (19 male, 10 female) mice with heterozygous Dyt1 ΔGAG 

conditional knock-in to neurons expressing the dopamine-2 receptor (D2Cre+/− Swap+/−) 

with mean age 304 ± 34 days, and 30 (20 male, 10 female) control mice (D2Cre+/−) with 

mean age 294 ± 36 days. The Pcp2-KI cohort included 37 (20 male, 17 female) mice with 

heterozygous Dyt1 ΔGAG conditional knock-in to cerebellar Purkinje cells (Pcp2Cre+/− 

Swap+/−) with mean age 203 ± 12 d, and 31 (18 male, 13 female) control mice (Pcp2Cre+/

−) with mean age 200 ± 11 d. Four Pcp2-KI mutant (Pcp2Cre+/− Swap+/−) male mice 

were only included in motor behavior analysis: one was due to respiratory failure during 

neuroimaging, and three were due to data file corruption. All mice were maintained on a 

12-hour light/dark cycle with food and water ad libitum. All experiments were approved 

Wilkes et al. Page 4

Exp Neurol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and monitored by the Institutional Animal Care and Use Committee at the University of 

Florida and were conducted in ethical compliance with the USPHS Guide for Care and Use 

of Laboratory Animals.

2.3 Motor Behavior Tests and Analysis

Locomotor function was evaluated for both the D2-KI cohort (n=59, 30 control mice, 29 

D2-KI mutant) and the Pcp2-KI cohort (n=68, 31 control mice, 37 Pcp2-KI mutant) using 

the elevated beam-walking and accelerated rotarod (Ugo Basile) assessments, previously 

described by in Wilkes et al. (2021) and Yokoi et al. (2020). The beam-walking test assesses 

the coordination and balance of mice as they traverse beams of decreasing width and 

differing shapes. Mice were trained to traverse a medium square beam (14 mm width) across 

3 trials each day for 2 consecutive days (6 total training trials). On day 3, mice performed 

one trial traversing a medium square (14 mm width) and one trial traversing a medium round 

beam (17 mm diameter). Day 4 included one testing trial traversing a small square (7 mm 

width) and one trial traversing a small round beam (10 mm diameter). All beams were 100 

cm in length and total beam slips were recorded for the middle 80 cm section. The number 

of hind paw slips on each side was counted by investigators blind to the genotypes.

The accelerated rotarod test assesses the ability of mice to maintain balance and 

coordination on an accelerating rotating rod. The apparatus started at an initial speed of 

4 rpm, and then one mouse was put on a slot before the rod speed was gradually accelerated 

at a rate of 0.2 rpm/s. The latency to fall was measured with a cutoff time of 3 min at a 

final rate of 40 rpm. Each mouse was placed in the same slot on the apparatus to minimize 

variation. Mice were tested on 2 days, with 3 trials per day. Between trials on the same day, 

mice were given a 1-hour rest interval. Rotarod and beam-walking testing occurred within 

15–30 days prior to imaging for all animals.

Data were then tested for normality using the SAS 9.4 statistical package. Both beam-

walking and rotarod data were not normally distributed, and thus were analyzed using the 

non-parametric GENMOD procedure in SAS with a negative binomial distribution (Dang 

et al., 2005; Wilkes et al., 2021). Two-way interactions between genotype and age, weight, 

beam, side, trial, and sex were explored first, and if found to be significant, included in the 

final “reduced” model. Although clinically DYT1 dystonia has no sex predominance (Meoni 

et al., 2020), the basal ganglia and cerebellum have sexual dimorphism (Raz et al., 2001; 

Rijpkema et al., 2012). Because our models targeted these brain regions, we checked for 

any existing sex predominance by performing additional behavioral analysis separately for 

each sex in beam-walking and rotarod tasks. For beam-walking, our analysis only focused 

on aggregate performance on the small and medium beams on days 3 and 4 of testing, in 

order to account for learning effects that may have occurred during training on days 1 and 2. 

For rotarod analysis, mice remaining on the beam at 180 seconds were censored for survival 

analysis to determine a marginal hazard ratio. Effects were considered significant at p < 

0.05.
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2.4 MRI Preparation and Scan Parameters

Animal preparation for MRI was performed as previously described in (Wilkes et al., 2021). 

Briefly, before scanning mice were induced under general anesthesia via isoflurane delivered 

through a Surgivet vaporizer (Dublin, OH) and then maintained at 1–1.5% isoflurane for 

the duration of imaging. Research suggests that sensory neurons in the dorsal horn of 

the spinal cord that respond to noxious stimuli have relatively spared firing rates under 

isoflurane anesthesia (Kim et al., 2007). The experimental setup for mouse imaging is 

depicted in Fig. 1. Respiration was monitored using a respiration pad (SA Instruments, 

Stony Brook, NY) placed beneath the abdomen. Core body temperature was maintained 

using an in-house recirculating waterbed heating system and monitored via a thermal rectal 

probe (SA Instruments, Stony Brook, NY). A 256 mm2 MR compatible advanced thermal 

stimulator (ATS) thermode (PATHWAY System, Medoc Advanced Medical Systems, Ramat 

Yishay, Israel) was affixed to the right plantar hind paw, which delivered heat stimulation 

during imaging.

MRI data were acquired on an 11.1 Tesla Magnex Scientific 40 cm horizontal magnet 

(Agilent, Inc. Palo Alto, CA, USA) with RRI BFG-240/120-S6: bore size 120mm, Gmax = 

1000 mT/m @325A with 200 μs rise time. B1 excitation and signal detection were achieved 

using an in-house 2.5 × 3.5 cm quadrature surface transmit/receive mouse head coil tuned to 

470.7 MHz (1H resonance) (AMRIS, University of Florida). Scan sequences were prepared 

and controlled using ParaVision, Version 6.0.1 (Bruker BioSpin, Billerica, MA). Four types 

of MRI scans were acquired for every animal: an anatomical scan, sensory-evoked fMRI, 

resting-state fMRI, and diffusion MRI.

Anatomical T2-weighted images were acquired for spatial normalization using a turbo 

RARE sequence with the following parameters: TR = 5500 ms; TE = 30 ms; excitation 

angle = 90°; refocusing angle = 180°; dummy scans = 1; averages = 7; slices = 13; 

orientation = coronal; thickness = 0.9 mm; gap = 0 mm; FOV = 15 × 15 mm; data matrix = 

256 × 256 in-plane.

Sensory-evoked and resting state fMRI scans were acquired using a 2-shot EPI sequence 

with the following parameters: TR = 2000 ms; TE = 15 ms; repetitions = 360 (sensory-

evoked fMRI) or 180 (resting state fMRI); flip angle = 90°; dummy scans = 2; slices = 13; 

coronal orientation; thickness = 0.9 mm; gap = 0 mm; FOV = 15 × 15 mm; data acquisition 

matrix = 64 × 64 in-plane.

Diffusion MRI scans were acquired using an EPI sequence with the following parameters: 

TR = 4000 ms; TE = 19 ms; averages = 4; flip angle = 90°; slices = 17; orientation = 

coronal; thickness = 0.7 mm; gap = 0 mm; FOV = 15 × 11 mm; data matrix = 128 × 

96 in-plane. The following diffusion parameters were used: one non-diffusion weighted b0 

images; b-value = 2000 s/mm2; directions = 46.

2.5 Sensory-evoked fMRI Thermal Stimulation

Acquisition of sensory-evoked fMRI involved heat-induced stimulation of the right plantar 

hind paw. The PATHWAY System was calibrated such that thermal stimulation was applied 

in a block paradigm alternating between 60 s at the stimulation temperature (42 °C) and 60 

Wilkes et al. Page 6

Exp Neurol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



s at the baseline temperature (30 °C), beginning and ending with a 30 s baseline block. The 

change in temperature between blocks was achieved within 300 ms via a cooling rate of 40 

°C/s and a heating rate of 70 °C/s.

2.6 fMRI Preprocessing

Data processing for sensory-evoked and resting-state fMRI scans were performed similar to 

Chu et al. (2020), using custom-designed UNIX shell scripts with commands from Analysis 

of Functional NeuroImages (AFNI; Cox, 1996) and Advanced Normalization Tools (ANTs; 

Avants et al., 2010). The functional MRI processing pipeline was automated and could, 

therefore, be applied equally and without bias to all scans. We acquired 2 duplicate scans 

from each type of fMRI paradigm (sensory-evoked and resting state). For sensory-evoked 

fMRI, the 2 duplicate scans were processed identically and used as a repeated measure 

within subjects. For resting-state fMRI, we concatenated the data from the 2 duplicate scans, 

such that resting-state data were analyzed as a single time-series. Data were only excluded 

from sensory-evoked and resting-state fMRI analysis due to excessive motion that prevented 

deconvolution of the hemodynamic response function.

The first 5 TRs were removed from each fMRI scan to account for signal equilibration. 

Outliers within each voxel’s time series were identified using 3dToutcount in AFNI, and 

volumes with more than 5% of the total voxels determined to be outliers were flagged for 

exclusion during regression. Scan data were then de-spiked, slice-time corrected, corrected 

for motion and distortion via alignment to the first volume (3dvolreg, AFNI), spatially 

smoothed with a 0.3mm full width half maximum (FWHM) Gaussian kernel, and scaled 

to have a range of (0,200) and mean of 100. For resting-state fMRI data, we also applied 

bandpass filtering of the time series between 0.01 to 0.1 Hz. The matrix derived from 

motion-correction was used to compute a demeaned and derivatives of motion parameters 

for use as regressors. Volumes in which the Euclidian Norm of the derivative values 

exceeded 0.5 were flagged for exclusion during regression. Brain masks were created on 

high-resolution anatomical scans and then registered to the fMRI scan from the same animal 

in order to remove signal from voxels outside the brain. In order to spatially normalize 

data, fMRI images from each mouse were registered to the T2-weighted anatomical scan 

from the same animal, and then to a high-resolution T2-weighted mouse template brain, 

generated from anatomical scans of 160 mice (Chu et al., 2020). We evaluated 12 regions 

of interest (ROIs) from key areas of the sensorimotor network, which were selected a priori 
based on their relevance to the pathophysiology of dystonia (DeSimone et al., 2016, 2017; 

MacIver et al., 2022; Wilkes et al., 2021). Some regions that are pertinent to dystonia 

were not included for ROI analysis, due to their small size and lack of nearby landmarks 

for reliable segmentation (e.g., pedunculopontine nucleus). These ROIs are depicted on the 

mouse anatomical template brain in Fig 2B.

2.7 Sensory-evoked fMRI Analysis

We determined the sensory-evoked hemodynamic response time series using a response 

function convolved with 20 “tent” or piecewise linear B-spline basis functions which 

capture the percent signal change for BOLD across time (Saad et al., 2006), spanning 

80 s from the onset of each stimulation block. Preprocessed data were regressed to these 
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simulated tent response functions, with six motion parameters calculated during motion 

correction also accounted for by including them as regressors of no interest. Volumes 

flagged with excessive motion by 3dToutcount were censored in this step and excluded from 

the regression analysis. The β-coefficients of the regressed time series (one for each tent) 

and the corresponding t-statistics, were the dependent variables at this level of analysis. At 

this stage of the analysis, 2 control mice from the D2-KI cohort (1 male and 1 female) 

were excluded due to excessive motion that prevented deconvolution of the hemodynamic 

response function.

The sensory-evoked fMRI data were then transformed to the mouse T2 template (as 

described in section 2.6). We extracted values of the 20 β-coefficients representing the 

hemodynamic response time series from 0–80 seconds after hind paw thermal stimulation, 

from each of the 12 ROIs. Although hind paw stimulation was performed unilaterally, we 

evaluated the brain’s response to the stimulus bilaterally because unilateral heat stimulation 

has been shown to result in bilateral blood oxygenation level dependent (BOLD) response in 

mice (Bosshard et al., 2015; Chu et al., 2020).

For statistical analysis of sensory-evoked fMRI data, we performed repeated measures 

analysis of covariance for each ROI using SPSS Statistics 27 (IBM; Armonk, New York). 

Between-subjects factors were genotype and sex, duplicate scans (scan 1 and 2) and the 

sensory-evoked BOLD time-series were considered as within-subjects factors, and age as 

a covariate. Our primary interest was the sustained portion of the sensory-evoked signal 

(20–60s after stimulus onset), and thus the BOLD time-series included for statistical analysis 

were the corresponding 10 tent functions reflecting the signal change in the time period 

20–60s after stimulus onset.

2.8 Resting-state fMRI Analysis

Concatenated and preprocessed resting-state fMRI data were subjected to general linear 

regression. As with sensory-evoked fMRI scans, volumes flagged with excessive motion by 

3dToutcount were censored and excluded from the regression analysis. At this stage of the 

resting-state fMRI analysis, 1 female control mouse from the D2-KI cohort was excluded 

due to excessive motion. We then applied additional regressors for the mean signal from 

cerebrospinal fluid (CSF) and the first-order derivatives of the motion parameters calculated 

during motion correction as this has been suggested to improve resting-state functional 

connectivity analysis (Satterthwaite et al., 2013). We then performed seed-to-voxel resting-

state functional connectivity analysis. We extracted the mean signal of all voxels within a 

particular ROI for each time point in the concatenated time-series, which was then correlated 

with the time-series of each voxel throughout the brain in order to generate a whole brain 

map of functional connectivity. This was done for each of the 12 ROIs.

For resting-state fMRI data, we analyzed functional connectivity using seed-to-voxel 

approach. We did not observe significant effects of sex on resting-state functional 

connectivity and thus applied t-tests at each voxel to identify between-group effects for 

each cohort. For each of the 12 ROIs, between-group statistics (mutant vs. control) were 

performed at every voxel in the brain using AFNI. In order to control for false-positives 

across voxels, a one-sample t-test was performed using AFNI’s Clustsim bootstrapping 
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option to advise the cluster-extent threshold. Clustsim advises a minimum number of 

significant (uncorrected) voxels for a cluster to be considered significant while controlling 

for false-positives at our desired alpha of 0.05 (Cox et al., 2017) and is functionally similar 

to other approaches for controlling for multiple comparisons. Clustsim calculations were 

performed separately for the D2-KI and Pcp2-KI cohorts using the voxel-level threshold 

of p < 0.01 and nearest neighbor (nn3) clusterization. In accordance with the advised 

cluster threshold, between-group effects were considered significant (pcorrected < 0.05 ) at a 

minimum cluster size of 12 voxels (0.59 mm3) for the D2-KI cohort, and also coincidentally 

a minimum cluster size of 12 voxels (0.59 mm3) in the Pcp2-KI cohort.

2.9 Diffusion MRI Processing and Analysis

Data processing for diffusion MRI was performed similar to Chu et al. (2020), using 

custom-designed UNIX shell scripts with commands from AFNI (Cox, 1996), FMRIB 

Software Library (FSL; Jenkinson et al., 2012) and ANTs (Avants et al., 2010). The 

diffusion MRI processing pipeline was automated and could, therefore, be applied equally 

and without bias to all scans. Data were corrected for motion and eddy currents using affine 

transform with FSL’s eddy correct function. Diffusion MRI data for three control mice 

from the D2-KI cohort and two mutant mice from the Pcp2-KI cohort were discarded due 

to high motion-related distortions. The resultant transformation matrix was used to rotate 

diffusion-weighted directions (i.e., b-vectors) accordingly, in order to properly estimate the 

diffusion tensor and diffusion parameters after eddy correction. Estimation of diffusion 

parameters was calculated using a two-compartment model to account for partial volume 

effects of extracellular free-water. We utilized publicly available workflow for single shell 

free water elimination and estimation of diffusion parameters (https://github.com/sameerd/

DiffusionTensorImaging), implemented through MATLAB and the DIPY imaging library in 

Python 3.6 (Garyfallidis et al., 2014). The resultant maps of free-water (FW) and free-water 

corrected FA (FAT) were variables of interest for this analysis.

In order to spatially normalize data, FAT images from each mouse were nonlinearly 

registered to a FAT mouse template brain, generated from FAT maps of 160 mice (Chu 

et al., 2020). Because diffusion scans had a high in-plane resolution (117 × 115 μm) with 

a relatively large slice thickness (700 μm), we performed nonlinear registration to the 

template in a slice-by-slice fashion in order to prevent possible warping between slices. The 

transformation matrices derived from registration of the FAT scans to the template were then 

applied to the FW image from the same animal.

For statistical analysis of diffusion MRI data, we performed multivariate analyses of 

covariance using SPSS Statistics 27 (IBM; Armonk, New York). Between-subjects factors 

were genotype and sex, with age as a covariate. We analyzed between group differences in 

FW and FAT for the same 12 ROIs that were utilized in fMRI analyses, transformed into 

diffusion MRI space (Fig 2A). Group effects were considered significant at p < 0.05.
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3. Results

3.1 D2-KI motor deficits and Pcp2-KI motor improvements

For the D2-KI cohort there was a significant genotype effect, such that mutant mice had 

increased in average beam-walking slips (p = 0.039) compared to controls (Fig. 3A; Table 

1). There were no significant interactions of genotype with age, weight, beam type, side, 

trial, batch, or sex (Supplementary Table 1A), and as such these factors were not included 

in the reduced model (Table 1). For D2-KI rotarod testing, there was no significant effect of 

genotype on latency to fall (Table 1). For D2-KI rotarod testing, there were no significant 

interactions of genotype with age, weight, sex, and trial (Supplementary Table 1B). Separate 

analysis for male and female mice showed that neither sex had significant genotype effect in 

beam-walk or rotarod performance (Table 1).

For the Pcp2-KI cohort, there was no significant effect of genotype on average beam-

walking slips (Table 1). There were no significant interactions of genotype with age, 

weight, beam type, side, trial, batch, or sex (Supplementary Table 1A). For Pcp2-KI rotarod 

testing, there were no significant interactions of genotype with age, weight, sex, and trial 

(Supplementary Table 1B), but there was a significant effect of genotype in the full model (p 
= 0.043). The full model was reduced to a model with no two-way interactions of genotype 

with other variables. The removal of these other factors resulted in only a trend-level effect 

of genotype in the reduced model (p = 0.069). However, separate analysis for each sex (see 

Table 1) showed that female Pcp2-KI mutant mice had improved performance with greater 

latency to fall (p = 0.023) compared to controls, but male Pcp2-KI mutants and control mice 

showed no difference in latency to fall (p = 0.558).

3.2 Region-specific differences in sensory-evoked activation in D2-KI and Pcp2-KI mice

For the D2-KI cohort, we observed a significant genotype by time-series interaction (p 
= 0.005, η2 = 0.049) in the somatosensory cortex (Fig. 4A), where initially the BOLD 

activation time-series was similar between groups, but D2-KI mutant mice had a diminished 

response in the later sustained portion of the time-series (Fig. 4B). There were no other 

significant effects observed in the somatosensory cortex for D2-KI cohort. There were no 

significant group effects or interactions in other ROIs (data not shown).

For the Pcp2-KI cohort we observed a significant effect of genotype in the striatum (p = 

0.038, η2 = 0.070; Fig. 5A-B) and midbrain (p = 0.007, η2 = 0.115; Fig 5C-D), with both 

ROIs showing lower BOLD activation in Pcp2-KI mutants compared to controls. There were 

no other significant main effects or interactions observed in the striatum or midbrain ROIs 

for the Pcp2-KI cohort. There were no significant group effects or interactions in other ROIs 

(data not shown).

3.3 Region-specific differences in resting-state functional connectivity in D2-KI and Pcp2-
KI mice

For the D2-KI cohort we observed a significant effect of genotype on functional 

connectivity of the anterior medulla, such that D2-KI mutant mice showed greater functional 

connectivity between the anterior medulla and a 14-voxel cluster localized in the secondary 
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somatosensory cortex (pcorrected < 0.05; Fig. 6). We did not observe significant differences in 

functional connectivity for the other 11 ROIs between D2-KI mutant and control mice (data 

not shown).

For the Pcp2-KI cohort we observed a significant effect of genotype on functional 

connectivity of the striatum, such that Pcp2-KI mutant mice showed greater functional 

connectivity between the striatum and a 12-voxel cluster localized in the anterior medulla 

of the brainstem (pcorrected < 0.05; Fig. 7). We did not observe significant differences in 

functional connectivity for the other 11 ROIs between Pcp2-KI mutant and control mice 

(data not shown).

3.4 No genotype differences in diffusion MRI

For the D2-KI cohort we observed no significant effect of genotype or sex on FW in any of 

the 12 ROIs. There was no significant effect of genotype on FAT for any of the 12 ROIs. 

We observed a significant effect of sex on FAT in the cerebellum (p = 0.013) and substantia 

nigra (p = 0.001), neither of which had a significant genotype by sex interaction. Diffusion 

MRI statistics for the D2-KI cohort are summarized in Table 2A.

For the Pcp2-KI cohort we observed no significant effect of genotype or sex on FW in any 

of the 12 ROIs. There was no significant effect of genotype on FAT for any of the 12 ROIs. 

We observed a significant effect of sex on FAT in the cerebellum (p = 0.001), posterior 

medulla (p < 0.001), anterior medulla (p < 0.001), pons (p = 0.014), midbrain (p = 0.007), 

somatosensory cortex (p = 0.043) and substantia nigra (p < 0.001), none of which had a 

significant genotype by sex interaction. Diffusion MRI statistics for the D2-KI cohort are 

summarized in Table 2B. Although we observed no significant genotype by sex interactions 

in the Pcp2-KI cohort, we report those interaction p-values for the Pcp2-KI cohort in Table 

1B because motor behavior in that cohort had a genotype by sex interaction.

4. Discussion

The basal ganglia and cerebellum are consistently linked to the pathophysiology and 

DYT1 dystonia, yet little is known about how specific torsinA dysfunction in these 

components contribute to abnormal network properties in the deeply interconnected 

sensorimotor network. In the present study, we used transgenic animal models to determine 

whether torsinA dysfunction caused by the Dyt1 ΔGAG mutation in specific cells of 

the basal ganglia or cerebellum would generate sensorimotor dysfunction and brain 

changes associated with dystonia. We evaluated motor performance with beam-walking 

and rotarod tasks, sensory-evoked and resting-state fMRI to assess functional activation and 

connectivity, and diffusion MRI (dMRI) to assess microstructure. The sensory-evoked fMRI 

paradigm in this study was implemented based on the framework that the somatosensory 

system has a major role in the pathophysiology of dystonia (Tinazzi et al., 2003), and 

that sensory load may reveal functional deficits to the system that are not observed at 

rest. We found that D2-KI mutant mice had motor deficits, abnormal sensory-evoked brain 

activation in the somatosensory cortex, as well as increased functional connectivity between 

the anterior medulla with cortex. In contrast, we found that Pcp2-KI mice had improved 

motor performance, reduced sensory-evoked brain activation in the striatum and midbrain, 
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as well as reduced functional connectivity of the striatum with the anterior medulla. We 

included age as a covariate in behavioral and MRI analyses, and thus our statistics do 

not suggest that age had a significant impact on the observed results. These findings 

suggest that (1) D2 cell-specific Dyt1 ΔGAG mediated torsinA dysfunction in the basal 

ganglia results in detrimental effects on the sensorimotor network and motor output, and (2) 

Purkinje cell-specific Dyt1 ΔGAG mediated torsinA dysfunction in the cerebellum results in 

compensatory changes in the sensorimotor network that protect against dystonia-like motor 

deficits.

The reduced sensory-evoked activation observed in both D2-KI and Pcp2-KI mutant mice 

occurred in different components of the sensorimotor network and had divergent effects 

on motor performance. In D2-KI mutant mice the activation deficit in the somatosensory 

cortex was time-dependent, such that there was no difference in the first 20s of stimulation, 

but signal was blunted in the latter portion of the time-series (Fig 4). Our prior work in cell-

specific D2KO mice similarly showed motor deficits and blunted sensory-evoked activation 

in a portion of sensorimotor cortex, but was not time-dependent (Wilkes et al., 2021). 

Interestingly, sensory abnormalities reported in human dystonia include impaired temporal 

processing of sensory stimuli in dystonia patients and some non-manifesting DYT1 mutation 

carriers (Bradley et al., 2012; Fiorio et al., 2007; Conte et al., 2017). Our observation in 

D2-KI mice more closely matches this aspect of sensorimotor abnormalities seen in human 

dystonia than was previously observed in D2KO mice, possibly because the KI model 

recapitulates the ΔGAG mutation found in early-onset primary dystonia.

The sensory-evoked activation pattern differed in Pcp2-KI mutant mice, where we found 

reduced activity in the striatum and midbrain over the entire 20–60s after stimulus onset. 

Although the cerebellum processes both sensory and motor information, these networks 

have complex representation and a great degree of integration at the level of the cerebellar 

cortex, where single regions of the cerebellar cortex may project to broad targets in the 

forebrain (Pisano et al., 2021). In addition, it has been demonstrated that the sensory-

associated cerebellar vermis receives input from cortical motor regions in the forebrain 

(Coffman et al., 2011). It is possible that Dyt1 ΔGAG-mediated torsinA dysfunction in 

Purkinje cells has complex effects on motor output and sensory processing, given that 

the Pcp2-KI is not designed to target specific sub-populations of Purkinje neurons. This 

study cannot conclusively determine whether the reduced sensory-evoked activity we 

observed in the striatum and midbrain of Pcp2-KI mutant mice represents a true sensory 

processing deficit or rather compensatory changes to the system. Given that there was no 

significant motor deficit in Pcp2-KI mutant mice as a whole, which entails a great degree 

of sensorimotor integration, we do not believe our neuroimaging findings to represent a 

sensory processing deficit in Pcp2-KI mutant mice. It is interesting that while male Pcp2-KI 

mice showed no deficit compared to male controls, female Pcp2-KI mutant mice showed 

improved rotarod performance over female controls, possibly representing an interaction 

of the Dyt1 ΔGAG mutation with estrogen in modulating glutamatergic signaling in the 

cerebellum (Hedges et al., 2012). One interpretation of our neuroimaging findings is that 

sensory domain cortico-striatal projections have reduced gain. Indeed, long-term depression 

(LTD) of corticostriatal projections was found in mice with whole-brain Dyt1 ΔGAG 

KI (Dang et al., 2012) and LTD has been associated with reduced BOLD activity in 
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fMRI (Rottmann et al., 2010). Although we observed no sex differences on neuroimaging 

measures, there is evidence from human neuroimaging studies of sex differences in the 

cerebellum, particularly the vermis (Raz et al., 2001).

Analyses of resting-state functional connectivity provided information about the 

sensorimotor network without a sensory load. In D2-KI mutant mice there was greater 

functional connectivity between the anterior medulla and a portion of the secondary 

somatosensory cortex. In Pcp2-KI mutant mice there was greater functional connectivity 

between the striatum and anterior medulla. Prior work in whole-brain Dyt1 ΔGAG 

KI similarly showed altered functional connectivity of the striatum (DeSimone et al., 

2016), which has also been observed in patients with DYT1 dystonia (Mazere et al., 

2021). Moreover, resting-state functional connectivity deficits in the sensorimotor network 

were observed in clinically manifesting DYT1 mutation carriers, but were absent in non-

manifesting mutation carriers (Premi et al., 2016). It is important to note that basal ganglia 

and cerebellar networks were not compared by Premi et al., (2016), as methodological 

limitations prevented construction of common subcortical networks across patients.

Structural alterations to the basal ganglia, cerebellum, and other components of the 

sensorimotor network have been reported in human dystonia (see MacIver et al., 2022). 

Microstructural differences have also been reported in the basal ganglia and cerebellum 

in Dyt1 ΔGAG KI mice (DeSimone et al., 2016; Song et al., 2014, 2013; Uluğ et al., 

2011). The D2-KI and Pcp2-KI models utilized in this study are cell-specific versions of 

the Dyt1 ΔGAG KI mouse model. However, this study did not find microstructural changes 

in either D2-KI or Pcp2-KI mutant mice. Previous work has reported lower FA in the 

striatum of Dyt1 KI mice (Uluğ et al., 2011), and Dyt1 KO mice had lower FA in the 

sensorimotor cortex and brainstem (Vo et al., 2015a). It is important to note that both of 

those investigations were performed using ex vivo methods for dMRI, which permits long 

scan times and higher spatial resolution than is possible in vivo. It may be that we did 

not detect microstructural changes in D2-KI and Pcp2-KI models because they occur on 

a smaller scale than our paradigm was sensitive to. For in vivo dMRI in this study slice 

thickness was set to 0.7 mm (700 μm) in order to achieve feasible scan times and acceptable 

signal-to-noise ratio, compared to the 0.0625 mm (62.5 μm) isotropic voxel size used for 

ex vivo dMRI by Uluğ et al. (2011) and Vo et al. (2015a). Most methodologically similar 

to the present study, DeSimone et al. (2016) performed in vivo dMRI in Dyt1 KI mice and 

reported increased free-water in the striatum and cerebellum. All three of these papers that 

reported microstructural differences were performed in the Dyt1 KI model, where the whole 

brain was affected by torsinA mutation. It may be that microstructure is more impacted 

when torsinA dysfunction occurs throughout the brain, rather than in specific neuronal 

populations.

In the D2-KI model, targeted cell types were medium spiny neurons of the indirect pathway, 

striatal cholinergic interneurons, and dopaminergic neurons of the basal ganglia. D2-KI 

mutant mice showed motor performance deficits and impaired sensory-evoked activation 

in the somatosensory cortex. These observations could represent impaired thalamocortical 

output from the basal ganglia. Supporting this notion, neuroimaging in human dystonia 

revealed impaired thalamocortical connectivity that was mediated by phenotypic variability, 
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whereas corticostriatal and corticospinal pathways were not different between groups 

(Vo et al., 2015b). Our D2-KI resting-state functional connectivity findings also fit in 

this framework: deficient thalamocortical output from the basal ganglia could result in 

a compensatory change where signals between the cortex and medulla are amplified to 

overcome for the low gain of thalamocortical relays.

In contrast, there were no motor deficits in Pcp2-KI mutants, and we observed improved 

motor performance in female Pcp2-KI mutants. This finding is novel but matches our 

hypothesis based on prior work in the Purkinje cell-specific Dyt1 KO model (Yokoi et al., 

2012; Zhang et al., 2011). In the Pcp2-KI model, Dyt1 ΔGAG mutation is restricted to 

cerebellar Purkinje cells, and the cerebellum (particularly Purkinje cells) shows a greater 

degree of sexual dimorphism than many other areas of the brain (Abel et al., 2011; Raz 

et al., 2001); this may partially explain the improved performance in female Pcp2-KI 

mutants, but no differences in males. We also observed reduced sensory-evoked activation 

in the striatum and midbrain of Pcp2-KI mutant mice, along with increased functional 

connectivity between the striatum and medulla. It is possible that the observed effects on 

motor behavior are mediated by reduced Purkinje cell output to the dentate nucleus. In 

support of this interpretation, electrophysiological recordings from the cerebellum of Dyt1 
KI mice showed non-tonically firing Purkinje cells had lower peak frequency, more pauses 

between bursting activity, and higher coefficient of variation compared to control mice 

(Liu et al., 2020). Another study that knocked down torsinA expression in adult wild-type 

mice also reported decreased firing rate of cerebellar Purkinje cells, but their manipulation 

induced dystonic symptoms (Fremont et al., 2017). These different outcomes in relation 

to a similar reduction of Purkinje cell firing may be explained by the presence of ΔGAG 

mutant torsinA throughout development, as the same manipulation in juvenile animals 

failed to induce dystonic symptoms, or by unintended effects of the shRNA knockdown 

approach in adult animals that do not naturally occur in DYT1 genetic dystonia. In human 

DYT1 dystonia, structural neuroimaging differences in the cerebellothalamic tract were 

reported to distinguish nonmanifesting and clinically manifesting DYT1 mutation carriers 

— both groups showed alterations in a portion of the cerebellothalamic tract proximal to 

the cerebellum, but nonmanifesting carriers showed an additional compensatory alteration in 

a distal portion of the cerebellothalamic tract (Argyelan et al., 2009). In cervical dystonia, 

repetitive transcranial magnetic stimulation (rTMS) to the cerebellum, using a stimulation 

paradigm designed to reduce firing of underlying neuronal populations, was found to 

improve motor symptoms (Koch et al., 2014). Although we observed differences in areas 

other than the cerebellum itself, the cited studies provide a possible mechanism to interpret 

the finding of improved motor behavior in Pcp2-KI mice: modified cerebellar output might 

exert protective effects on sensorimotor circuitry against dystonic motor symptoms. It 

remains unclear whether the observed effects on motor behavior and sensory-evoked fMRI 

in Pcp2-KI mice were mediated by shared or distinct mechanisms.

Investigating cell-specific torsinA dysfunction is crucial for understanding the complex 

network of pathophysiology in DYT1 dystonia. Considered together, our findings in the 

D2-KI and Pcp2-KI strains can help to elucidate components of the sensorimotor circuit 

which may be sensitive to effects of ΔGAG mutant torsinA. Prior evidence does not suggest 

there is impairment of the ascending sensory pathway from the spinal cord to somatosensory 
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cortex in dystonia (Conte et al., 2019). In the present study, it is interesting that atypical 

activation and connectivity patterns in both mouse models did not occur in the targeted brain 

area, but rather in downstream components of the sensorimotor network — lending further 

support to the conceptualization of dystonia as a network disorder (Simonyan, 2018). The 

importance of the cerebellum in dystonia has become more widely appreciated, yet recent 

focus has shifted to possible therapeutic effects achieved by targeting the cerebellum or its 

outputs to the thalamus (Chen et al., 2014; Tewari et al., 2017). This study’s findings make 

an impactful contribution toward our understanding of neurological mechanisms mediating 

motor outcomes in DYT1 dystonia and may inform future research toward a cure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Dyt1 ΔGAG knock-in has differential effects in the basal ganglia and 

cerebellum

• Dopamine-2 receptor specific Dyt1 knock-in mice display motor deficits

• Purkinje neuron specific Dyt1 knock-in mice have improved motor 

performance

• D2-KI and Pcp2-KI mice have unique sensorimotor activation and network 

connectivity
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Figure 1. Imaging setup.
Imaging was performed on an 11.1 Tesla MRI scanner with a Magnex Scientific 40 cm 

horizontal magnet (Bruker BioSpin, Billerica, MA). For imaging, animals were placed on 

a custom-designed mouse platform, which included anesthesia provided through a head 

stabilizer with a surface transmit/receive radiofrequency head coil. Core body temperature 

was maintained during imaging with a heated waterbed tube placed underneath the animal. 

A Medoc PATHWAY heating thermode was placed on the right hindlimb of the animal and 

controlled by an associated computer setup.
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Figure 2. Regions of Interest.
The top panel (A) shows diffusion MRI regions of interest overlaid on top of the fractional 

anisotropy template image: cerebellum (CER; orange), vermis (VER; yellow), posterior 

medulla (pMED; light green), anterior medulla (aMED; dark green), pons (PON; pink), 

midbrain (MID; turquoise), substantia nigra (SN; magenta), thalamus (THA; dark blue), 

globus pallidus (GP; orange), somatosensory cortex (SS; purple), primary motor cortex (M1; 

light blue), and striatum (STR; red).

Wilkes et al. Page 22

Exp Neurol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Motor performance in D2-KI and Pcp2-KI mice.
In the D2-KI cohort, mutant mice displayed a significant (*p < 0.05, reduced model) 

beam-walking deficit (A), but no difference in rotarod performance (B). In contrast, Pcp2-KI 

mutant mice showed no difference in beam-walking performance (C), but significantly 

improved performance (*p < 0.05 in the full model, p = 0.069 in the reduced model) on the 

rotarod (D). Data are shown as the mean number of slips for beam-walking and the mean 

latency to fall for rotarod (error bars: SEM).

Wilkes et al. Page 23

Exp Neurol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. D2-KI sensory-evoked BOLD.
(A) The somatosensory cortex region of interest overlaid on top of mouse anatomical 

template image. (B) Blood oxygen level dependent (BOLD) percent signal change in 

the somatosensory cortex as a result of the sensory-evoked fMRI paradigm. There was a 

significant interaction between genotype and time-course, such that D2-KI mice (red) had 

blunted BOLD signal during the latter portion of sustained stimulus compared to controls 

(blue).
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Figure 5. Pcp2-KI sensory-evoked BOLD.
The top panel shows regions of interest for the striatum (A) and midbrain (B) regions of 

interest overlaid on top of the mouse anatomical template image. The bottom panel shows 

sensory-evoked blood oxygen level dependent (BOLD) percent signal change in the striatum 

(C) and midbrain (D), which showed a significant effect of genotype such that Pcp2-KI mice 

(red) had lower BOLD signal during 20–60 period after stimulus onset compared to controls 

(blue) in both brain regions.
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Figure 6. D2-KI resting-state functional connectivity.
Coronal slices representing functional connectivity from the anterior medulla seed (A). 

Group means are shown for D2-KI mutant mice (B) and control mice (C). Red colors show 

voxels with a high degree of functional connectivity and blue colors show voxels with low 

degree of functional connectivity. We observed significant differences (pcorrected < 0.05 ) 

in functional connectivity between D2-KI mutant and control mice, such that mutants had 

increased functional connectivity between the anterior medulla and a voxel cluster in the 

secondary somatosensory cortex (D).
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Figure 7. Pcp2-KI resting-state functional connectivity.
Coronal slices representing functional connectivity from the striatum seed (A). Group means 

are shown for Pcp2-KI mutant mice (B) and control mice (C). Red colors show voxels with 

a high degree of functional connectivity and blue colors show voxels with low degree of 

functional connectivity. We observed significant differences (pcorrected < 0.05 ) in functional 

connectivity between Pcp2-KI mutant and control mice, such that mutants had increased 

functional connectivity between the striatum and a voxel cluster in the medulla (D).
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