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Abstract

Loss-of-function mutations in the Thanatos-associated domain-containing apoptosis-associated 

protein 1 (THAP1) gene cause partially penetrant autosomal dominant dystonia type 6, DYT6. 

However, the neuronal abnormalities that promote the resultant motor dysfunctions remain elusive. 

Studies in humans show that some non-manifesting DYT6 carriers have altered cerebello-thalamo­

cortical function with subtle but reproducible tremor. Here, we uncover that Thap1 heterozygote 

mice have action tremor that rises above normal baseline values even though they do not exhibit 

overt dystonia-like twisting behavior. At the neural circuit level, we show using in vivo recordings 

in awake Thap1+/− mice that Purkinje cells have abnormal firing patterns and that cerebellar nuclei 

neurons, which connect the cerebellum to the thalamus, fire at a lower frequency. Although the 

Thap1+/− mice have fewer Purkinje cells and cerebellar nuclei neurons, the number of long-range 

excitatory outflow projection neurons is unaltered. The preservation of interregional connectivity 

suggests that abnormal neural function rather than neuronal loss instigates the network dysfunction 

and the tremor in Thap1+/− mice. Accordingly, we report an inverse correlation between the 

average firing rate of cerebellar nuclei neurons and tremor power. Our data show that cerebellar 

circuitry is vulnerable to Thap1 mutations and that cerebellar dysfunction may be a primary cause 

of tremor in non-manifesting DYT6 carriers and a trigger for the abnormal postures in manifesting 

patients.
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Introduction

Dystonia is a severe motor disorder characterized by intermittent or continuous muscle 

contractions that result in abnormal, often repetitive, postures (Lungu et al., 2020). Dystonia 

is considered a heterogeneous disorder with different forms classified based on the affected 

body parts, age at onset, and underlying etiologies (Ozelius & Bressman, 2011; Fernández­

Alvarez & Nardocci, 2012). Several genes are responsible for early onset primary dystonia; 

although different forms of dystonia are defined by a core set of neurological symptoms, 

tremor can also arise from mutations in the same genes. Mutations in TOR1A, which 

encodes the torsinA protein, cause primary torsion DYT1 (Ozelius et al., 1997) whereas 

loss-of-function mutations in THAP1, which encodes the THAP1 protein, cause DYT6 

(Fuchs et al., 2009; Müller, 2009; Defazio, 2010; Ozelius & Bressman, 2011; Klein, 

2014). DYT1 and DYT6 mutations are autosomal dominant with incomplete penetrance. 

Whereas DYT6 shows about 60% penetrance for the primary dystonia symptoms, three 

recent independent studies reported that upon detailed clinical examination, non-manifesting 

siblings or children from manifesting probands also have tremor (Zittel et al., 2010; LeDoux 

et al., 2012; Nikolov et al., 2019). Most symptomatic DYT1 and DYT6 patients experience 

minimal to no improvement after treatment, with surgical and electrical stimulation therapies 

providing only partial relief (Groen et al., 2010; Brüggemann et al., 2015; Fox & Alterman, 

2015; Ahn et al., 2019). The development of additional therapeutic options for patients with 

early onset primary dystonia is, in part, impeded by the lack of symptomatic mouse models 

that carry disease-causing mutations. Here, we have focused our investigation on the neural 

substrates that drive tremor, a partially penetrant but critical symptom of dystonia.

The presence of tremor in specific cases of dystonia raises the question whether those 

patients have the same neural network deficits as other dystonia patients with more severe 

manifestations. Several lines of evidence motivate this question. Neuroimaging studies 

showed that both DYT1 and DYT6 non-manifesting carriers and manifesting patients 

have hypermetabolism in multiple regions of the motor cortex compared to control (no 

mutation) participants (Carbon et al., 2004; Carbon & Eidelberg, 2009). Furthermore, DYT1 

and DYT6 carriers have a decrease in volume of the superior cerebellar peduncle, which 

connects the cerebellum to a large number of forebrain regions (Carbon et al., 2008), and 

reduced cerebellar outflow and cerebellothalamocortical connectivity (Argyelan et al., 2009; 

Niethammer et al., 2011). A recent study confirmed the presence of abnormal cerebellar 

function in a patient with DYT6 (Nikolov et al., 2019). And while Thap1 heterozygote mice 

(Thap1+/−) have no overt dystonia-like symptoms, they do have a reduction in cerebellar 

output neurons (Ruiz et al., 2015), suggesting that the cerebellum is sensitive to Thap1 
loss-of-function mutations. These data are consistent with the heavy expression of Thap1 
in the cerebellum (Zhao et al., 2013). In particular, RNA and protein expression indicate 

high levels of expression in developing and adult Purkinje cells (Zhao et al., 2013), and 

in situ hybridization data from the Allen Brain Atlas also indicate moderate to high levels 
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of transcript in granular layer interneurons that are likely the large Golgi cells, as well as 

expression in all three major divisions of the cerebellar nuclei (Lein et al., 2007; Zhao et 

al., 2013). THAP1 expression in Purkinje cells and cerebellar nuclei neurons is of particular 

interest to the current work as these neurons and their connections are thought to play a 

major role in tremor pathogenesis (Pan et al., 2020; Brown et al., 2020a; Nietz et al., 2020).

In this study, we tested whether abnormal cerebellar function promotes neural network 

deficits that manifest as tremor in Thap1+/− mutant mice in which overt dystonia-like 

symptoms are lacking. We investigated the response of cerebellar neurons in a Thap1 
loss-of-function model by performing single-unit in vivo electrophysiology recordings of 

Purkinje cells, the primary computational neurons in the cerebellar cortex, and of cerebellar 

nuclei neurons, which are the primary output neurons of the cerebellum. We also quantified 

cell number in a subpopulation of cerebellar nuclei neurons that are associated with tremor. 

By comparing our data from Thap1+/− mice to mouse models that have overt dystonia-like 

behaviors, we argue that the cerebellum may play multiple roles in the expression of 

different dystonia-associated behaviors.

Methods

Ethical approval:

Husbandry, housing, euthanasia, and experimental protocols were reviewed and approved by 

the Institutional Animal Care and Use Committee (IACUC) of Baylor College of Medicine 

(protocol number: AN-5996) according to the Association for Assessment and Accreditation 

of Laboratory Animal Care (AAALAC) guidelines.

Mice:

We used heterozygote and control littermates that were generated from Thap1+/− to control 

crosses (Ruiz et al., 2015). Pups were ear punched before weaning in order to minimalize 

stress on the animals. Tissue from the ear punches was used for PCR genotyping. We used 

Thap1+/− heterozygotes since the Thap1−/− homozygotes are embryonic lethal (Ruiz et al., 

2015). Experimenters were blinded to the genotype of the mice when obtaining the data. 

We used mice of both sexes as previous studies suggested a gender bias in THAP1 dystonia 

(LeDoux et al., 2012) and cerebellar controls (Mercer et al., 2016). Nevertheless, in our 

experiments we did not observe a significant interaction effect between sex and genotype 

on any of the variables that we tested in this study and therefore combined all the data 

together (p-values of 2-way ANOVA interaction between sex and genotype are indicated in 

relevant sections of the results). Mice between 6 weeks and 6 months of age were used for 

the experiments. We intentionally included mice from multiple litters, both sexes, a range 

of ages as previously stated, and where possible included data that were generated from at 

least two experimenters to enhance the robustness and reproducibility of our findings across 

multiple biological and contextual variations (Voelkl et al., 2020). Additional experiments 

would be necessary to fully determine whether sex and age differences impact the cellular 

and network changes reported in this set of studies. After experiments, animals were 

anesthetized using isoflurane and then perfused as described below.
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Tremor measurement and assessment:

We used a custom-built tremor monitor to analyze tremor power in our mice (Figure 1A) 

(Brown et al., 2020a; van der Heijden et al., 2020). This tremor monitor consists of a box 

that is suspended by eight bungy cords attached to each corner of the box and four vertical 

poles. We mounted an accelerometer at the bottom of the box that detects movements of the 

box that are caused by movements, including tremor, of the mouse. Therefore, the mouse 

is allowed to move freely within the 5 inches (length) by 4.5 inches (width) box arena, 

which enables us to track the moment-to-moment motor behavior changes in each mouse 

tested. The signals from the accelerometer were transformed to an electrical signal that in 

turn were digitized using a Brownlee amplifier. The recorded signals were recorded and 

analyzed using Spike2 software. We defined tremor using a power spectrum across naturally 

occurring tremor frequencies (0-30 Hz) using a fast Fourier transform (FFT) with Hanning 

window. We centered our recordings around 0 mV and down sampled our signal to produce 

frequency bins aligned to whole numbers. We defined the first 120 seconds (two minutes) as 

habituation period and analyzed the sequential 180 second (three minutes) in our recording 

for our final tremor power analysis. This approach provided us with one power spectrogram 

for each mouse, averaged over three minutes. We defined the peak power and average power 

in the 0-30 Hz power spectrogram for each animal and then performed a two-tailed t-test 

with the genotype as the independent variable on these values. We reported all values as 

mean and accepted a p-value smaller 0.05 as statistically significant.

Horizontal ladder:

We let mice walk on a custom-built horizontal ladder. This ladder consists of round, 

horizontal rods, spaced 1 cm apart, walled off by two plexiglass plates. We used high-frame 

vides to record mice walking over this ladder and quantified the total number of miss-steps 

by front- and hind paws per run over a 30-centimeter-long section of the ladder. Miss-steps 

were determined as steps where the mouse would miss a rod and the paw dipped below 

the level of the rods and counted by an observer that was blinded to the genotype of the 

mouse. The data were compared using a Two-tailed t-test and a p-value smaller than 0.05 

was considered statistically significant.

Head plate surgery:

In order to perform in vivo electrophysiology in awake animals, we first performed surgery 

to attach a head plate and make a craniotomy above the cerebellum. The head plate was 

secured to the skull to stabilize the head during recordings. These surgeries are described 

in detail in several previous publications (White et al., 2016; White & Sillitoe, 2017; 

Brown et al., 2020a). In brief, we provided preemptive analgesics (buprenorphine: 0.6 mg/kg 

subcutaneous; meloxicam: 4 mg/kg subcutaneous) and maintained mice under continuous 

anesthesia using nasally-delivered isoflurane gas (2-3%). All surgeries were performed on a 

stereotaxic platform (David Kopf Instruments) according to sterile surgery techniques that 

were approved by the IACUC at Baylor College of Medicine. We shaved fur from the head 

and used a scalpel blade to make an incision in the skin over the midline of the skull. We 

then mounted a custom head plate over bregma using C and B Metabond Adhesive Luting 

Cement (Parkell), and we placed a vertical piece of wire within the Metabond on top of 
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bregma that could later be used to identify specific stereotaxic coordinates. We then placed 

a skull-screw over the left cerebellum. Over the right cerebellum (6.4 mm caudal and 1.3 

mm lateral from bregma), we made a circular craniotomy about 2 mm in diameter. We 

placed a custom 3D-printed chamber over the craniotomy, filled the chamber with antibiotic 

ointment, and then closed it off with a custom 3D-printed screw top. Finally, we used 

dental cement (dental cement powder #525000; solution #526000; A-M Systems) to firmly 

attach the craniotomy-chamber, skull screw, and head plate to each other and the skull. 

Animals were placed in a clean cage on a small animal warmer while recovering from 

anesthesia, received additional analgesics for a minimum of three days after surgery, and 

were monitored for stress and pain throughout the experimental period, during which time 

neurons were recorded.

In vivo electrophysiological recordings in awake animals:

We performed in vivo recordings from Purkinje cells and cerebellar nuclei cells in awake, 

head-fixed animals. Single-unit extracellular recordings were performed according to the 

protocols detailed in several previous publications (White et al., 2016; White & Sillitoe, 

2017; Brown et al., 2020a). In brief, we placed the mice on a rotating foam wheel and 

stabilized their heads by screwing the head plate to a frame. We allowed the animals to 

acclimate to the recording set-up for a minimum of thirty minutes prior to recording from 

neurons. For the recordings, after acclimation, we replaced the antibiotic ointment from the 

chamber with sterile physiological saline solution. Tungsten electrodes were manipulated 

using a motorized micromanipulator (MP-225; Sutter Instrument Co) that allowed us to 

precisely move the electrode in all axes and record neurons using stereotaxic coordinates 

to place the electrodes in the brain and accurately guide their penetration to the required 

recording depths. Coordinates of brain penetration for cells included in this study ranged 

from 0.09 to 2.5 mm lateral from bregma (mean = 1.2 mm; SD = 0.6 mm) and ranged from 

5.0 to 7.0 mm caudal from bregma (mean = 6.2 mm; SD = 0.5 mm). These coordinates 

allowed us to easily access the central cerebellar lobules, but because of the folded 

architecture of the cerebellum, we were also able to record from some anterior lobules IV-V 

as well. The location of craniotomy was over the vermis/paravermis areas. Targeting of these 

medial-lateral cerebellar regions and these lobules was ideal because of their involvement 

in ongoing motor behavior, particularly with respect to movement of the limbs and torso. 

The neuronal signals were then amplified and bandpass (0.3-13 kHz) filtered (ELC-03XS 

amplifier, NPI Electronic Instruments) before being digitized (CED Power 1401, CED). All 

in vivo electrophysiology signals were recorded and analyzed using Spike2 software (CED).

Quantitative analyses of electrophysiological recordings:

We quantified Purkinje cells as cells that were recorded 0.4-2.6 mm from the brain surface 

(range = 0.4-2.6 mm; mean = 1.7 mm; SD: 0.6 mm) and had visible complex spikes (see 

Figure 2 for examples) and quantified cerebellar nuclei cells as cells that were 2.5-4.3 

mm from the brain surface (range = 2.6-4.3 mm; mean = 3.4 mm; SD: 0.5 mm). Our 

single-unit in vivo recordings prevent us from controlling for sampling of certain molecular 

or functional subgroups of Purkinje cells and nuclei cells. We avoid sampling biases 

by recording from a large number of randomly encountered neurons (17-28 neurons per 

genotype per cell type). We analyzed neurons as described in our previous studies (Brown et 
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al., 2020a; van der Heijden et al., 2020). First, we spike-sorted cells using Spike2 software. 

For Purkinje cells, we distinguished complex spikes from simple spikes. We only included 

cells from which we had obtained at least 50 seconds of high-quality continuous recordings 

(PC: range = 50-200 s; mean = 123 s; SD = 43 s; CN: range = 50-202 s; mean = 141 s; 

SD = 44 s), and there was no statistical difference in recording length between control and 

Thap1+/− cells (PC: WT = 124.5±48 s; Thap1+/− = 121.1±42 s; t-test, p=0.806; CN: WT = 

152.5±45 s; Thap1+/− = 142.8±44 s; t-test, p=0.426). We analyzed a maximum of six cells 

for each neuronal type per mouse to avoid bias to single mice (PC: WT N=5 animals, n=18 

cells; Thap1+/− N=6 animals, 23 cells; CN: WT N=6 animals, n=17 cells; Thap1+/− N=6 

animals; 28 cells). After sorting spikes from in vivo recordings, we used the spike timing 

to identify firing parameters using custom code in MATLAB. We defined firing frequency 

as total number of spikes divided by recording time (spikes/s). We further analyzed the 

global (CV) and local (CV2) regularity of the inter spike intervals (ISI) between two 

adjacent spikes (in seconds): CV = stdev(ISI)/mean(ISI), and CV2 = mean(2*|ISIn-ISIn-1|/

(ISIn+ISIn-1)). We used Linear Mixed Models (LMM) with mouse genotype as a fixed 

variable and mouse number as a random variable and accepted a p-value smaller 0.05 as 

statistically significant.

Immunohistochemistry:

Tissue processing and immunohistochemistry were performed as described in our previous 

publications (Brown et al., 2020a; van der Heijden et al., 2020). In brief, we anesthetized 

mice and cardiac perfused them with phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde (4% PFA). We then dissected the brain out of the skull and post-fixed 

brain tissue in 4% PFA overnight. Concomitantly, we cryoprotected the tissue in a sucrose 

gradient (10% → 20% → 30% sucrose in PBS) until the tissue sank and then froze 

the tissue in optimal cutting temperature (OCT) solution. We stored the tissue at −80 °C 

until cut in 40-micron floating sections. We stored cut sections in PBS at 4 °C until we 

stained for goat (gt)-α-RAR-related orphan receptor α (RORα; 0.8 μg/mL; Santa Cruz 

Biotechnology; #sc-6062), rabbit (rb)-α-carbonic anhydrase (Car8; 0.2 μg/mL; Santa Cruz 

Biotechnology, #sc-67330) and rb-α-Inositol trisphosphate receptor1 (IP3R1; 0.4 μg/mL; 

Santa Cruz Biotechnology; #sc-6093) (Figure 3), or mouse(ms)-Neurofilament Heavy 

(NFH; 1 μg/mL; Biolegend; #801701) and rb-α-Neuronal Nuclei (NeuN; 1 μg/mL; Abcam; 

#ab104225) (Figure 5). In brief, we immunostained our sections as follows: blocked for 

two hours in blocking solution (10% normal goat serum, 0.1% Triton-X in PBS (PBS­

T)); primary antibody in blocking buffer overnight at concentrations mentioned above; 

washed three times in PBS-T; secondary antibody in PBS-T (2 μg/mL); washed three 

times in PBS-T; mounted on electrostatically-coated slides with hard-set DAPI containing 

mounting medium. We used the following secondary antibodies: donkey (dk)-α-rabbit IgG 

Alexa Fluor 555 (Thermo Fisher Scientific; #A31572) and dk-α-goat IgG Alexa Fluor 

488 (Thermo Fisher Scientific; #A32814) (Figure 3), or dk-α-rabbit IgG Alexa Fluor 555 

(Thermo Fisher Scientific; #A31572) and dk-α-mouse IgG Alexa Fluor 647 (Thermo Fisher 

Scientific; #A32787) (Figure 5). We imaged the stained sections using Leica DPC365FX 

and DMC2900 cameras that were mounted onto a Leica DM4000 B LED microscope. Cell 

numbers were counted and normalized to the width of the field of view (PC, Figure 3) or 

the area of the field of view (as seen in all other samples shown in Figure 3 and Figure 
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5) with this number corresponding to the images used for analysis in ImageJ software. 

Gross Purkinje cell morphology was assessed by averaging the average soma size of five 

Purkinje cells per section and measuring the height of the molecular layer in ImageJ (used 

as a measure of Purkinje cell dendrite length and defined as the distance from the start 

of the primary dendrites at the very top of the somata to the pial surface directly above). 

We obtained the measurements from the midline of dorsal lobule V and VI using two to 

five sections per animal (n) and three or four animals per genotype (N). As for the in vivo 
electrophysiology, we used LMM with genotype as a fixed variable and mouse number as a 

random variable, and we accepted a p-value smaller 0.05 as statistically significant.

Results

Thap1+/− mice have a pathophysiological level of tremor

A subpopulation of DYT6 patients have dystonic tremors, although mild tremors have also 

been reported in THAP1 loss-of-function mutation carriers that did not exhibit the other 

common motor symptoms of dystonia (Zittel et al., 2010; LeDoux et al., 2012; Nikolov et 

al., 2019). To investigate whether heterozygote Thap1 mice (Thap1+/− are viable and live 

to adulthood) (Ruiz et al., 2015) display an enhanced tremor, we measured tremor power 

in Thap1+/− mutants and compared their levels to littermate controls using a custom-made 

tremor monitor (Brown et al., 2020a) (Figure 1A–B). Compared to the controls, we found 

that Thap1+/− mutants had an increase in tremor power within the frequency range that 

is typical of normal physiological tremor (8-12 Hz). The 8-12 Hz range has a particular 

relevance to cerebellar function and dysfunction since olivocerebellar connectivity (Kuo 

et al., 2019), which normally operates at sub-threshold levels within this range, is also 

associated with tremor, albeit at a higher power (White & Sillitoe, 2017; Brown et al., 

2020a). We found no significant interaction between genotype and sex on either mean or 

max tremor power (2-way ANOVA, interaction between sex and genotype: mean power, 

p=0.4862; max power, p=0.5706). Accordingly, we grouped both sexes together in our 

analysis and we found that mean tremor power (0-30 Hz) and max tremor power were 

significantly higher in the Thap1+/− mice (Figure 1C) (t-test: mean power, p=0.0265; max 

power, p=0.0145). We also confirmed that Thap1+/− mice do not exhibit dystonia-like 

symptoms by observing their ambulatory activity in the home cage. Furthermore, the 

Thap1+/− mice did not have obvious abnormalities in motor activity as measured by the 

number of miss-steps that the mice take when walking on a 30-centimeter-long horizontal 

ladder (Miss steps: WT: 3.3±2.3 miss-steps per run (N=7 mice, 3 runs per mouse), Thap1+/−: 

3.4±2.9 miss-steps per run (N=6 mice, 3 runs per mouse), t-test: p=0.9447). The data 

showed that, similar to some non-manifesting DYT6 carriers, Thap1+/− mutant mice have 

a statistically significant increase in tremor that does not impair gross motor performance 

(Ruiz et al., 2015), but was nevertheless stronger than what is normal for control mice. 

Our data generated in mice are therefore consistent with the clinical presentation of human 

neurological symptoms reported in a subpopulation of non-manifesting DYT6 carriers.

Purkinje cell firing patterns have an abnormally high regularity in Thap1+/− mice

There are several lines of evidence showing cerebellar involvement in DYT6 dystonia, 

including data demonstrating that the cerebellum was malfunctional in a DYT6 patient 

van der Heijden et al. Page 7

J Physiol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Nikolov et al., 2019) and that non-manifesting DYT6 carriers have abnormal connectivity 

in the cerebello-thalamo-cortical pathway (Argyelan et al., 2009; Niethammer et al., 2011). 

In regards to dystonia phenotypes in general, there are compelling arguments that the 

cerebellum is a main instigator (LeDoux & Lorden, 2002; Pizoli et al., 2002; Neychev et 

al., 2008; Calderon et al., 2011; Luna-Cancalon et al., 2014; Fremont et al., 2015, 2017; 

Washburn et al., 2019). Moreover, altering cerebellar function in mice not only induces 

severe dystonia-like behaviors, but it also triggers a pathophysiological level of tremor 

(White & Sillitoe, 2017). Based on these previous studies, we postulated that cerebellar 

function may also be affected in Thap1 mutant mice. To test whether cerebellar neurons 

in the Thap1+/− mice have abnormal functional activity, we performed single-unit in vivo 
recordings on Purkinje cells since they form the sole output of the cerebellar cortex, and they 

execute the essential computations required for proper movement (Figure 2A). Purkinje cells 

fire two distinct types of action potentials: simple spikes and complex spikes. Simple spikes 

are intrinsically generated action potentials (Figure 2B). Simple spike frequency, defined 

here as the number of spikes over a pre-determined period of time, can be modulated by 

cerebellar afferent input and by interneurons in the cerebellar cortex (Palmer et al., 2010; 

Galliano et al., 2013; Brown et al., 2019). Complex spikes are generated by input from 

climbing fibers that originate in the inferior olive of the brainstem (Davie et al., 2008; 

Palmer et al., 2010) and can be recognized by an initial large amplitude spike that is 

followed by three to five smaller spikelets (“*” in Figure 2B). Therefore, simple spikes and 

complex spikes not only inform about Purkinje cell firing, but also how the surrounding 

circuit drives this cerebellar cortical output. We recorded Purkinje cell activity in awake 

control mice and Thap1+/− mutants to investigate whether either type of action potential 

was affected by Thap1 heterozygosity (Figure 2B). The anterior and central lobules of the 

vermis/paravermis regions were targeted for the recordings. Purkinje cells in these regions 

of the cerebellum are critical for ongoing motion, and modulation of their activity can drive 

tremor (Brown et al., 2020a). Making a craniotomy over these cerebellar regions not only 

provided access to specific Purkinje cells, but also to their topographically connected cells 

that are located downstream in the cerebellar nuclei (Sillitoe et al., 2012). We found no 

significant interaction between genotype and sex on Purkinje cell firing rate or regularity 

(2-way ANOVA, interaction between sex and genotype: SS frequency, p=0.5344; SS CV, 

p=0.1570; SS CV2, p=0.5388; CS frequency, p=0.3822; CS CV, p=0.1085; CS CV2, 

p=0.5552). We therefore grouped the neuronal recordings from male and female mice 

together. We found that Purkinje cells in the Thap1+/− mutant mice have a small decrease 

in simple spike firing rate, although the effect was not statistically significant. However, 

they have a significant decrease in global (CV) and local (CV2) inter-spike interval 

variability (Figure 2C; Linear Mixed Model (LMM): Frequency, p=0.0750; CV, p=0.0141; 

CV, p=0.0043). We did not observe any differences in the frequency or regularity of complex 

spikes (Figure 2D; LMM: Frequency, p=0.2708; CV, p=0.1204; CV2, p=0.4640). These 

results show that the loss of Thap1 does not eliminate the neurophysiological function of 

Purkinje cells, but instead it alters their ability to fire specific kinds of neuronal signals. 

This means that THAP1 protein normally supports intrinsic Purkinje cell activity or their 

responses to the afferent activity provided by their innervating inhibitory interneurons 

(Brown et al., 2019) and excitatory granule cells (Galliano et al., 2013), which altogether 

ultimately results in setting the proper regularity of Purkinje cell firing.
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Purkinje cell number is decreased in Thap1+/− mutant mice

A mild reduction in Purkinje cell number was observed in a neuropathological report of 

DYT6 cases and non-manifesting DYT6 carriers (Prudente et al., 2013; Paudel et al., 2016). 

In addition, reduced spontaneous firing rates of Purkinje cells are observed in mouse models 

of Purkinje cell degeneration and these firing changes can even precede progressive cell 

loss (Hourez et al., 2011; Hansen et al., 2013; Cook et al., 2021). Furthermore, loss of 

stellate cell function, a type of inhibitory interneuron residing in the molecular layer of 

the cerebellar cortex, results in an increase of local Purkinje cell firing regularity (Brown 

et al., 2019). Therefore, we sought to investigate whether the abnormal firing pattern of 

Purkinje cell activity is accompanied by a reduction in the number of Purkinje cells or 

molecular layer interneurons (MLIs). To identify Purkinje cells, we stained for two reliable 

Purkinje cell markers, Car8 and IP3R1, that together mark all adult Purkinje cells (Figure 

3A, magenta). We also stained for RORα, a nuclear receptor that is expressed in Purkinje 

cells and MLIs (Figure 3A, green). We found a reduced number of Purkinje cells in 

Thap1+/− mice compared to control mice (Figure 3B; LMM: p=0.0005), but we did not 

observe a difference in MLI number (Figure 3C; LMM: p=0.3275). We did not find any 

changes in gross Purkinje cell morphology as measured by soma size or dendrite length 

(assessed by measuring molecular layer thickness) (Soma size: WT: 277±70 μm2 (N=3 

mice, n=12 sections, 5 cells per section), Thap1+/−: 299±51 μm2 (N=4 mice, n=17 sections, 

5 cells per section), LMM: p=0.4775; Dendrite length: WT: 0.17±0.05 mm (N=3 mice, 

n=12 sections), Thap1+/−: 0.18±0.06 (N=4 mice, n=17 sections), LMM: p=0.4286). Thus, 

the changes in Purkinje cell firing activity may be early signs of cellular pathophysiology 

and these functional changes are likely independent of molecular layer interneuron number. 

Based on these data, we predicted that the structural and functional impact of cerebellar 

cortical defects, specifically in the Purkinje cells, would be translated at the circuit level and 

reflected as changes in cerebellar output function.

Cerebellar nuclei neurons have abnormally low firing frequencies in Thap1+/− mice

Purkinje cells project primarily onto cerebellar nuclei neurons, which in turn form the major 

connections between the cerebellar cortex and the thalamus, brainstem, and spinal cord 

(Beckinghausen & Sillitoe, 2019). Each of these regions are required for smooth movement, 

and each one has been implicated in dystonia (Cammarota et al., 1995; McNaught et al., 

2004; Neychev et al., 2008, 2011; Blood et al., 2012; Zhang et al., 2017; DeSimone et 

al., 2019). Notably, cerebellar nuclei cells have abnormal firing patterns in mouse models 

of dystonia (Calderon et al., 2011; Fremont et al., 2014, 2017; White & Sillitoe, 2017). 

In addition to Purkinje cells, THAP1 protein is also expressed in all three divisions of 

the cerebellar nuclei; the fastigial (most medial), interposed (middle), and dentate (most 

lateral) (Allen Brain Atlas). We postulated that in Thap1+/− mice, the changes in Purkinje 

cell function (Figure 2) and reduced Purkinje cell number (Figure 3), or the loss of gene 

function in both Purkinje cells and cerebellar nuclear neurons, could lead to functional 

defects in the cerebellar nuclei. Therefore, we recorded cerebellar nuclei cells in vivo in 

Thap1+/− mice to test whether they also have abnormal firing activity (Figure 4A–B). We 

focused our recordings on the interposed nucleus because this cerebellar nucleus is essential 

for ongoing movement (Bracha et al., 1999; Low et al., 2018; Becker & Person, 2019), 

rhythmic stimulation of the interposed nucleus can cause tremor (Brown et al., 2020a), and 
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deep brain stimulation targeted to the interposed nucleus can alleviate tremor and dystonia 

in mouse models (White & Sillitoe, 2017; Brown et al., 2020a). We recorded from a wide 

range of neurons that are likely a mix of excitatory and inhibitory nuclei neurons (Uusisaari 

et al., 2007; Özcan et al., 2020). We found no significant interaction between genotype 

and sex on nuclei cell firing rate or regularity (2-way ANOVA, interaction between sex 

and genotype: frequency, p=0.5418; CV, p=0.8575; CV2, p=0.3145). As for Purkinje cells, 

we grouped the recordings from male and female mice together and found that the action 

potentials in the interposed nuclear neurons of Thap1+/− mice had a significantly lower firing 

frequency compared to control mice. However, we did not observe a change in the global 

(CV) or local (CV2) interspike interval in mutant cells compared to cells recorded in the 

control mice (Figure 4C; LMM: Frequency, p=0.0153; CV, p=0.8870; CV, p=0.7360). Thus, 

the interposed cerebellar nucleus, which controls ongoing motor behavior during normal 

movement and drives tremor in disease, is defective in the Thap1+/− mice.

Projection neurons are preserved in the interposed and dentate cerebellar nuclei of 
Thap1+/− mice

Next, we set out to determine whether the abnormalities in cerebellar firing frequency were 

accompanied by overt changes in the cellular make-up of the cerebellar nuclei (Figure 5A). 

Each cerebellar nucleus consists of excitatory projection neurons that are intermingled with 

inhibitory projection and local interneurons. The excitatory nuclei neurons have a higher 

firing frequency (Özcan et al., 2020) and a larger cell body (Uusisaari et al., 2007) compared 

to the inhibitory neurons. A previous study found that Thap1+/− mice have a decreased 

number of cells in the dentate (most lateral) cerebellar nucleus without a change in average 

cell size (Ruiz et al., 2015). To investigate whether this change in cell number can help 

explain the defects we observed in neuronal activity and whether the lower cell number 

encompasses all three divisions of the cerebellar nuclei, we stained for the neuronal marker 

Neuronal Nuclei (NeuN). In addition, to identify whether pathological defects in the high­

frequency, excitatory projection neurons could account for the observed decrease in firing 

frequency of cerebellar nuclei recordings, we quantified the number of excitatory neurons by 

staining for Neurofilament Heavy (NFH) that marks the large excitatory projection neurons 

in the cerebellum (Figure 5B) (Fujita et al., 2020). We stained, imaged, and counted NeuN+ 

and NFH+ neurons in the dentate, interposed, and fastigial nucleus. We found a marked 

reduction in the density of NeuN+ cells in the dentate and interposed nuclei but not in 

the fastigial nucleus of Thap1+/− mice (Figure 5C; LMM: dentate, p=0.0129; interposed, 

p=0.0206; fastigial, p=0.5279). We did not find a difference in the density of NFH+ neurons 

in any of the cerebellar nuclei (Figure 5D; LMM: dentate, p=0.8447; interposed, p=0.4772; 

fastigial, p=0.3679). These results indicate that the decrease in the number of neurons in 

the cerebellar nuclei does not include the high-frequency, excitatory neurons. Thus, at the 

gross anatomy level, the excitatory long-range projection neurons that send axons out of the 

cerebellum are present and intact in Thap1+/− mice.

Tremor accompanies the low frequency firing of cerebellar nuclei neurons

The data from our anatomical and electrophysiological experiments suggested that the 

abnormal function of cerebellar neurons rather than lower cell number may be the cause of 

neural network wide abnormalities that cause tremor in Thap1+/− mice and non-manifesting 

van der Heijden et al. Page 10

J Physiol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DYT6 carriers. In line with this hypothesis, a more severe network deficit would be 

predicted to lead to a stronger tremor along with overt dystonia. Indeed, we found a 

statistically significant, inverse correlation between the max tremor power and the mean 

firing frequency of cerebellar nuclei neurons (n=2-6 cells per mouse) that were recorded 

from the same mouse (Figure 6A) (LM: p=0.0389). Interestingly, we also found that one 

Thap1+/− mouse that had high cerebellar nuclei firing frequency also presented with a low 

tremor intensity and one control mouse with a low cerebellar nucleus firing frequency had 

a high tremor intensity. Based on these analyses, the statistical correlation between tremor 

power and cerebellar nuclei firing frequency may be a marker for tremor, independent of 

genotype.

Irregular firing of cerebellar nuclei neurons may specifically drive dystonia-like postures

Deficits in the firing patterns of cerebellar neurons, specifically the cerebellar nuclei 

neurons, have been observed in a growing list of mouse models that manifest with 

dystonia-like symptoms. Given the changes in cerebellar nuclei properties we observed 

in Thap1+/− mice, we next wanted to test whether the network deficits in Thap1+/− mice, 

which only have tremor, reflect a subset of the phenotype observed in other mouse models 

for dystonia. We compare the firing activity of the Thap1+/− cerebellar nuclei to in vivo 
electrophysiology data obtained from Ptf1aCre/+;Vglut2fl/fl mice. The Ptf1aCre/+;Vglut2fl/fl 

mice have a striking motor phenotype that consists of tremor and severe dystonia-like 

postures (White & Sillitoe, 2017). First, we performed a principle component analysis 

on the main firing features (frequency, CV, and CV2) of cerebellar nuclei from control, 

Thap1+/−, and Ptf1aCre/+;Vglut2fl/fl mice (Figure 6B). We found that severely dystonic 

Ptf1aCre/+;Vglut2fl/fl mice formed a distinct cluster from the control and Thap1+/− mice. 

Next, to test whether a specific electrophysiological feature that we measured might 

contribute to this distinction, we performed an unbiased cluster analysis (Figure 6C). 

We found that while firing frequency was relatively low in both Thap1+/− mice and 

Ptf1aCre/+;Vglut2fl/fl mice, only Ptf1aCre/+;Vglut2fl/fl mice showed a relatively high global 

(CV) and local (CV2) inter spike interval irregularity compared to control mice. Thus, we 

attribute the irregular firing, rather than the decreased firing frequency, as the likely cause of 

dystonia-like twisting postures (Figure 6D).

Discussion

In this study, we investigated tremor severity and cerebellar network function in Thap1+/− 

mice to better understand the neural network deficits in DYT6 patients and non-manifesting 

carriers. We found that Thap1+/− mice have increased power of physiological tremor, 

Purkinje cells have highly regular activity, and cerebellar nuclei cells fire at slow rates. 

Thap1+/− mice also have a reduction in the number of Purkinje cells, and neuron number in 

the cerebellar nuclei is lower than controls, although the number of fast-firing, excitatory, 

thalamus-projecting neurons is unaffected. Finally, we found an inverse correlation between 

average cerebellar nuclei neuron firing rate when comparing the values in each mouse to 

its own maximum tremor power. These results support the proposed involvement of the 

cerebellum in DYT6 (Ruiz et al., 2015; Nikolov et al., 2019). The data also provide a 

cellular substrate for the abnormal cerebello-thalamo-cortical network deficits found in both 
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non-manifesting DYT6 carriers and manifesting patients (Argyelan et al., 2009; Niethammer 

et al., 2011). Furthermore, our results show that specific cerebellar network deficits may 

promote pathophysiological levels of tremor even when dystonia (twisting, muscle over- or 

co-contraction) and other motor impairments are either mild or not present at all (Figure 6D) 

(Argyelan et al., 2009; Zittel et al., 2010; LeDoux et al., 2012).

Our findings add to a growing body of work showing compelling evidence that cerebellar 

deficits contribute to a multi-focal dysfunctional neural network, which ultimately causes 

dystonia (Shakkottai et al., 2017). We compared our data with those of five other mouse 

models with dystonia-like symptoms from which cerebellar neurons were recorded (Table 

1). In addition to our previously described genetic model, we included three models 

of RNA-knock down for dystonia-associated genes in the cerebellum (TorsinA, DYT1 

(Fremont et al., 2017); Scge, DYT11 (Washburn et al., 2019); ATP1α3, DYT12 (Fremont 

et al., 2015)) and a pharmacological model with cerebellar infusion of ouabain, an ATP1α3 

antagonist (Calderon et al., 2011; Fremont et al., 2014). Apart from the Thap1+/− mice 

used in this study, all mouse models in Table 1 have cerebellar-specific manipulations. It 

is therefore a reasonable prediction to expect various alterations to cerebellar function, but 

it is the convergence in the type of cerebellar deficits that gives insights into what type of 

cerebellar dysfunctions causes dystonia. In agreement with several previous observations, all 

models that showed decreased regularity (increased irregularity) of cerebellar nuclei firing 

patterns had overt dystonia-like symptoms whereas all models with reported tremor had a 

decrease in nuclei firing. Based on these findings, we propose a model in which Thap1 loss­

of-function mutations, in Thap1+/− mice and pre- or asymptomatic DYT6 carriers, results 

in decreased cerebellar nuclei firing frequencies and tremor, and that overt dystonia-like 

features only emerge if irregularity in the firing of cerebellar nuclei also co-occurs (Figure 

6D). Based on these data, we predict that the neural networks in Thap1+/− mice may have an 

increased sensitivity to pharmacological manipulations, such as ouabain injections into the 

cerebellum, which have been shown to induce strong dystonia-like symptoms in otherwise 

normal mice (Pizoli et al., 2002; Calderon et al., 2011; Fremont et al., 2014; Pelosi et al., 

2017).

Our observation of decreased firing frequency of neurons in the cerebellum of Thap1+/− 

mice is in agreement with previous human neuroimaging studies showing reduced cerebello­

thalamo-cortical signaling in both DYT6 non-manifesting carriers and manifesting patients 

(Carbon et al., 2004; Argyelan et al., 2009; Carbon & Eidelberg, 2009; Niethammer et al., 

2011). The behavior of neurons in Thap1+/− mice is also consistent with a mouse model 

of DYT1 that carries a human-specific mutation without displaying overt dystonia-like 

symptoms (Uluğ et al., 2011). Previous studies showed that the molecular pathophysiology 

of DYT1 and DYT6 dystonia also converges (Kaiser et al., 2010; Zakirova et al., 2018; 

Frederick et al., 2019) and that the TOR1A and THAP1 proteins are direct binding partners 

(Gavarini et al., 2010). Since the pathophysiology of DYT1 and DYT6 converges at the 

functional and the molecular levels, perhaps preclinical studies, such as those making use 

of mouse genetic models, could be cautiously extrapolated to inform about childhood onset 

primary torsion dystonia in humans.
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Thap1 encodes a ubiquitously expressed transcription factor and loss-of-function mutations 

in Thap1 result in widespread changes in RNA transcription (Zakirova et al., 2018; 

Frederick et al., 2019). Some of the transcriptional changes found in both studies occur 

in genes encoding potassium channels (Kcnc1, Kcnj10), voltage gated calcium channels 

(Cacna1b, Cacna1e), and membrane transporters (Slc38a1, Slc39a9) that all have the 

potential to change the intrinsic excitability of cerebellar Purkinje and nuclei cells. 

Furthermore, several studies found that mutations in genes are associated with dystonia 

(Cacna1b, Cacna1e) and ataxia (Car8, Grid2, Grik2, Kcnc1, Kcnj10) (Kaya et al., 2011; 

Utine et al., 2013; Groen et al., 2015; Guzmán et al., 2017; Nicita et al., 2018; Helbig 

et al., 2018; Park et al., 2019). Since these molecular analyses were performed using 

bulk cerebellar tissue and because Thap1 is universally expressed in the cerebellar circuit, 

including Purkinje cells, cerebellar nuclei cells, and interneurons in the cerebellar cortex, 

the observed molecular changes could therefore drive changes in the intrinsic excitability 

and firing patterns of all cerebellar neurons. Additionally, a lower density of Purkinje cells 

could potentially decrease ephaptic coupling between neighboring cells and might lead to 

increased regularity of firing patterns (Han et al., 2018, 2020). Likewise, in addition to 

changes in the intrinsic firing patterns, cerebellar nuclei firing is likely influenced by the 

abnormal activity of Purkinje cells, especially since Purkinje cells form the predominant 

input onto the nuclei cells. The relative contributions of changes in intrinsic excitability and 

abnormal inputs on the alterations in nuclei firing are hard to disentangle as the precise 

relationship between Purkinje cell function on cerebellar nuclei population firing activity 

is still an outstanding question in the field (Lang & Blenkinsop, 2011). For instance, how 

a Purkinje cell single-unit alone or its zonally organized cohort (with synchronous firing 

capabilities) influences their target nuclear neurons is unclear, and whether these properties 

are modified in disease remains a possibility. Altogether, the changes we have observed 

in cerebellar function likely arise from the dysregulation of many genes that are essential 

to normal cerebellar physiology, but are also central to causing the abnormal cell number 

and aberrant cellular firing activity of multiple components in the cerebellar circuit. Further 

studies could use conditional genetics to test the contribution of Thap1 loss-of-function 

models to understand the molecular and functional changes in specific cerebellar cell-types.

Our work shows that Thap1+/− mice are a powerful model for mimicking behaviors typically 

observed in the types of dystonia involving mutations that cause partially penetrant forms of 

the disease. Of particular relevance are the forms of dystonia in which the core symptoms 

are accompanied by a clinically distinct motor phenotype, such as tremor. Fortunately, 

in human patients, tremor phenotypes can be monitored in a high-throughput manner 

during a neurological exam or preclinical testing of new therapies. Thus, Thap1+/− mice 

are not only a valuable model to understand the neural network deficits in DYT6 but 

could also be an informative preclinical model for testing therapeutic approaches. The 

motor symptoms of DYT6 patients are often refractory to medication, although there are 

positive responses to deep brain stimulation (DBS) of the internal segment of the globus 

pallidus (GPi) (Brüggemann et al., 2015; Ahn et al., 2019). However, there is a significant 

variation in responsiveness between DYT6 patients, and GPi DBS does not eliminate all 

symptoms (Groen et al., 2010; Krause et al., 2015). Importantly, cerebellar DBS improves 

mobility in a mouse model of dystonia (White & Sillitoe, 2017) and a patient with acquired 
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dystonia (Horisawa et al., 2019). A recent study also reported a reduction in the severity 

of dystonia as well as improvements in posture, gait, and pain after cerebellar DBS in 

a patient with acquired hemidystonia (Brown et al., 2020b). Given that the phenotype of 

Thap1+/− mice and the symptoms in DYT6 patients highlight the cerebellum as a possible 

site of convergence for multiple neural pathways that instigate dystonia, and that cerebellar 

neuromodulation is relatively safe and well tolerated (França et al., 2018; Miterko et al., 

2019), we postulate that the cerebellum could serve as an effective therapeutic target for 

DYT6 (Nicholson et al., 2019).

The origin of variability for how dystonia-related symptoms are expressed remains an 

issue of major concern. It is unclear why some patients express the common features of 

dystonia-related behavior, and it is equally unclear why certain patients have more severe 

behavioral consequences compared to others (Lerner et al., 2013). The differences could 

conceivably arise and reside at the level of the individual responsible genes (Zorzi et al., 

2018) and/or the neural circuitry that is affected (Hanekamp & Simonyan, 2020). During 

cerebellar development, it has been suggested that genetic modifiers can alter the impact of 

genes that are essential for morphogenesis (Sillitoe & Joyner, 2007). For instance, based on 

the genetic background and the related modifiers of those alleles, loss of engrailed1 (En1) 

can have polar opposite effects, to the extremes that on the C57BL/6 background, En1 null 

mice have a cerebellum, whereas on the 129/S1 background strain the entire cerebellum 

is eliminated if En1 is deleted (Bilovocky et al., 2003; Murcia et al., 2007). Therefore, 

why do not all carriers with dystonia-causing mutations develop twisting and postural 

abnormalities or tremor? We hypothesize that primary genetic mutations paired with linked 

genetic alterations, such as epigenetics, cis and trans gene regulatory mechanisms, and even 

protein level interactions, all intersect with the formation of critical neural circuits that 

together determine how dystonia severity is expressed. However, the mechanism for when 

and how such mechanisms intersect during development remain unresolved. We propose 

that the cerebellum may be a central locus that facilitates such anatomical, genetic, and 

molecular interactions.
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Key points

• Thap1 loss-of-function mutations cause partially penetrant dystonia type 6 

(DYT6)

• Some non-manifesting DYT6 mutation carriers have tremor and abnormal 

cerebello-thalamo-cortical signaling

• We show that Thap1 heterozygote mice have action tremor, a reduction in 

cerebellar neuron number, and abnormal electrophysiological signals in the 

remaining neurons

• These results underscore the importance of Thap1 levels for cerebellar 

function

• These results uncover how cerebellar abnormalities contribute to different 

dystonia-associated motor symptoms
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Translational Perspective:

Dystonia is a movement disorder characterized by involuntary, repetitive muscle 

contractions that can cause abnormal movements of varying severity. DYT6 is a form of 

partially penetrant, early onset dystonia caused by dominant loss-of-function mutations in 

the THAP1 gene. It is currently unclear what neural mechanisms underlie the differences 

in motor function between manifesting and non-manifesting patients. Here, we studied 

Thap1+/− mice, a genetic model of DYT6. We found that these mice do not exhibit 

dystonia-associated twisting postures but do have a tremor, which is observed in some 

non-manifesting DYT6 patients. We show that the tremor is accompanied by abnormal 

electrophysiological activity in Purkinje and cerebellar nuclei cells, the latter of which 

connect to other regions that also control movement. We compared the function of 

cerebellar nuclei cells in Thap1+/− mice to the cerebellar nuclei in a mouse model that 

does have severe dystonia-like twisting. The cerebellar nuclei cells in both models fired 

less frequently, but only the cells in the severe dystonia model fired less regularly. These 

data suggest that irregular firing of cerebellar nuclei neurons may drive the postural 

changes in dystonia while decreased firing frequency is related to the tremor. Together, 

we show that cerebellar circuit function is sensitive to Thap1 levels and different features 

of cerebellar dysfunction might drive dystonia in multi-symptomatic DYT6 patients 

but mainly tremor in mildly symptomatic cases. Future studies may uncover whether 

normalizing cerebellar circuit function using deep brain stimulation or transcranial 

magnetic stimulation of the cerebellar nuclei restores movement in DYT6 patients.
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Figure 1: Thap1+/− mice have a pathophysiological tremor.
A. Schematic of tremor monitor with accelerometer attached to bottom of a box that is 

held in the air by eight elastic springs. B. Example traces of tremor signals obtained by the 

tremor monitor. Examples from filled circles in (C). C. Power spectrum of tremor signals 

for control (blue) and Thap1+/− (orange) mice (left). Thick line is the group mean, thin 

lines represent individual mice. Mean tremor power (0-30 Hz) (middle) and max power 

(right) were significant higher in Thap1 mice. Definitions of summary statistics: Bar height 

represents the mean of all animals. Control: N=13 mice; Thap1+/: N=12 mice. Student’s 

t-test: mean power, p=0.0265; max power, p=0.0145.
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Figure 2: Purkinje cells in Thap1+/− mice fire more regularly than control Purkinje cells.
A. Schematic of extra-cellular recording from Purkinje cells in the cerebellar circuit. 

PC = Purkinje cell, CN = cerebellar nuclei, IO = inferior olive. B. Examples of 

electrophysiological recordings from Purkinje cells recorded from a control (top, blue) and 

Thap1+/− (bottom, orange) mouse. * = climbing fiber induced complex spike. Example 

traces are from cells that best represent the mean Frequency, CV, and CV2 for their 

genotype. C. Frequency, and global (CV) and local (CV2) irregularity of simple spike 

firing patterns. Purkinje cells in Thap1+/− mice firing significantly less irregular (more 
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regular) than those in control mice. Frequency, p=0.0750; CV, p=0.0141; CV, p=0.0043 D. 
Frequency, and global (CV) and local (CV2) irregularity of complex spike firing patterns. 

No differences were observed between control mice and Thap1+/− mutants. Frequency, 

p=0.2708; CV, p=0.1204; CV, p=0.4640.

Definitions of summary statistics: Each large circle represents the mean for one mouse, 

whereas each dot represents one Purkinje cell. Bar height represents the mean of all cells for 

each genotype. Control: N=5 mice, n=18 cells; Thap1+/−: N=6 mice, n=23 cells. *p<0.05 as 

determined by a linear mixed model (LMM) with genotype as a fixed variable and mouse 

number as a random variable.
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Figure 3: Thap1+/− mutant mice have a reduction in the number of Purkinje cells.
A. Representative images of Purkinje cells (PC) and molecular layer interneurons (MLIs) 

with a combination of Car8/IP3R1 (magenta) and RORα (green) in control (top) and 

Thap1+/− (bottom) mice. Arrows pointing at missing Purkinje cells. B. Neural density of 

Car8/IP3R1+ (PC) cells/mm, p=0.0005. C. Neural density of RORα cells/mm2, p=0.3275.

Definitions of summary statistics: Each large circle represents the mean for one mouse, 

whereas each dot represents one field of view. Bar height represents the mean of based 

on all cells for each genotype. Control: N=3 mice, n=12 sections; Thap1+/−: N=4 mice, 
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n=17 sections. *p<0.05 as determined by a linear mixed model (LMM) with genotype as 

a fixed variable and mouse number as a random variable. All images were taken at same 

magnification, scalebar = 50 μm.
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Figure 4: Cerebellar nuclei cells in Thap1+/− mice fire slower than control nuclei cells.
A. Schematic of extra-cellular recording from cerebellar nuclei cells in the cerebellar 

circuit. PC = Purkinje cell, CN = cerebellar nuclei, IO = inferior olive. B. Examples of 

electrophysiological recordings from cerebellar nuclei cells recorded from a control (top, 

blue) and Thap1+/− (bottom, orange) mouse traces are from cell that best represent the 

mean Frequency, CV, and CV2 for their genotype. C. Frequency, and global (CV) and local 

(CV2) irregularity of cerebellar nuclei firing patterns. Cerebellar nuclei cells in Thap1+/− 

mice fire significantly slower than control cerebellar nuclei cells. Frequency, p=0.0153; CV, 

p=0.8870; CV, p=0.7360.

Definitions of summary statistics: Each large circle represents the mean for one mouse, 

whereas each dot represents one nuclei cell. Bar height represents the mean of all cells for 

each genotype. Control: N=6 mice, n=17 cells; Thap1+/−: N=6 mice, n=28 cells. *p<0.05 as 

determined by a linear mixed model (LMM) with genotype as a fixed variable and mouse 

number as a random variable.
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Figure 5: Thap1+/− mutants have a reduced number of cerebellar nuclei neurons but the number 
of excitatory projection neurons is preserved.
A. Schematic of a coronal section of the cerebellum with the Purkinje cell layer in gray 

and cerebellar nuclei in black. Inset shows the anatomical location of the dentate nucleus 

(DN), interposed nucleus (IN), and fastigial nucleus (FN). B. Representative images of DN, 

IN, and FN nuclei stained for the neuronal marker NeuN (green) and marker for large, 

excitatory projection neurons with NFG (magenta) in control (top) and Thap1+/− (bottom) 

mice. Open arrowheads indicate NeuN+/NFH− neurons; closed arrowheads indicate NeuN+/
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NFH+ neurons. C. Neural density of NeuN+ cells/mm2 in the DN, IN, and FN. A reduction 

in neuron number was observed in the DN and IN of Thap1+/− mice. DN, p=0.0129; IN, 

p=0.0206; FN, p=0.5279. D. Neural density of NFH+ cells/mm2 in the DN, IN, and FN is 

unaffected in Thap1+/− mice. DN, p=0.8447; IN, p=0.4772; FN, p=0.3679.

Definitions of summary statistics: Each large circle represents the mean for one mouse, 

whereas each dot represents one field of view. Bar height represents the mean of all cells 

for each genotype. Control: N=3 mice, n=15-20 sections; Thap1+/−: N=3 mice, n=17-22 

sections. *p<0.05 as determined by a linear mixed model (LMM) with genotype as a 

fixed variable and mouse number as a random variable. All images were taken at same 

magnification, scale bar = 100 μm.
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Figure 6: Reduced firing frequency of cerebellar neurons correlates with tremor power.
A. Correlation between max tremor power and mean cerebellar nuclei (CN) firing frequency 

of mice in this study (Figure 4). There is a significant inverse correlation between tremor 

power and CN firing frequency as determined using a linear model, p=0.0389. B. Principle 

component analysis on average firing frequency and global (CV) and local (CV2) regularity 

of cerebellar nuclei neurons recorded in control (blue), Thap1+/− mice (orange), and 

Ptf1aCre/+;Vglut2fl/fl mice (dystonic, grey). Data were reanalyzed from previous publication 

(White & Sillitoe, 2017). C. Unbiased cluster analysis of average firing frequency and 

global (CV) and local (CV2) regularity of cerebellar nuclei neurons recorded in control 

(blue), Thap1+/− mice (orange), and Ptf1aCre/+;Vglut2fl/fl mice (dystonic, grey). Each 

column represents the average value for one mouse. Values are normalized within each 

parameter with dark blue representing the lowest values and dark red representing the 

highest values. For A-C, each dot represents the average for one mouse from two to six 

recorded cerebellar nuclei cells. D. Model for how cerebellar network abnormalities can lead 

to motor dysfunction.
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Table 1:

Comparison of Thap1+/− mutant mice with other mouse models of dystonia.

Summary of cerebellar neuron dysfunction across mouse models of dystonia with phenotypic manifestations 

showing that low firing frequency is present in all models with reporter tremor, whereas reduced firing 

regularity is observed in all mouse models manifesting with dystonia-like postures.

Mouse model: Thap1+/− Ptf1aCre/+; Vglut2fl/fl TorsinA KD Sgce KD ATP1α3 KD Cerebellar ouabain

Dystonia type: DYT6 − DYT1 DYT11 DYT12 DYT12

PC firing F –; R ↑ F –; R – F ↓; R ↓ F –; R ↓ F –; R – F ↑; R ↓

CN firing F ↓; R – F ↓; R ↓ F ↓; R ↓ F ↓; R ↓ F ↑; R ↓ F ↑; R ↓

Dystonia N Y Y Y Y Y

Tremor Y Y NR NR NR NR

Gait N Y Y Y Y Y

KD= RNA Knock Down; F= firing frequency; R= firing regularity; N= not observed; Y= observed; NR= not reported.
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