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Dystonia refers to a heterogeneous group of movement disorders characterized by involuntary, sustained muscle contractions leading to repetitive twisting movements and abnormal postures. Dystonia has a broad clinical spectrum and can affect different body regions, causing significant disability and reduced quality of life. Despite significant progress in understanding the disorder, many challenges in dystonia research remain. This mini-review aims to highlight the major challenges facing basic and translational research in this field, including 1) heterogeneity of the disorder, 2) limited understanding of its pathophysiology, 3) complications of using animal models, 4) lack of a framework linking genes, biochemistry, circuits, and clinical phenomenology, and 5) limited research funding. Identifying and discussing these challenges can help prioritize research efforts and resources, highlight the need for further investigation and funding, and inspire action towards addressing these challenges.
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INTRODUCTION
The complexity of dystonia poses significant challenges to researchers striving to unravel its underlying mechanisms. One of the main challenges arises from the inherent heterogeneity of dystonia. With diverse forms of the disorder exhibiting variations in etiology, symptomology and associated features, a fundamental question emerges: should all types of dystonia be approached independently in terms of research, analysis and treatment, or they share an underlying biological pathway (1)? The limited number of well-documented pathological cases available to study the structural and anatomical features especially of isolated dystonia represents another significant challenge for researchers, who are eager to uncover the neurodevelopmental changes induced by dystonia-causing mutations in brain circuits involved in motor control and discern whether dystonia predominantly involves dysfunction in the brainstem, cerebellum, basal ganglia, or all [1–3]. In the past decade, in the attempt to elucidate dystonia pathogenesis and to facilitate the discovery of potential novel treatments, much effort has been dedicated to the development and characterization of animal models, and particularly rodent models of inherited dystonia. While instrumental for the molecular, cellular and circuit analyses in dystonia research, these animal models often fail to fully replicate the motor phenotype observed in humans [4]. This limitation presents a hurdle in studying the disorder under controlled conditions and testing novel therapeutic approaches. Connecting different biological levels of analysis poses yet another challenge in dystonia research [5]. Researchers strive to establish a comprehensive framework that links genetic mutations to alterations in brain structures, neurotransmitter systems, circuits, and ultimately the manifestation of clinical phenomena. Understanding how genetic mutations associated with dystonia impact the intricate interplay between neurotransmitter systems in movement-related brain regions is a vital avenue for investigation. Lastly, limited funding presents a significant obstacle in advancing dystonia research. Due to its relative rarity, securing sufficient funding for research studies becomes challenging.
This review aims to shed light on the complex landscape confronted by researchers in the field of pre-clinical dystonia research (Figure 1). The challenges they face are multifaceted and intricate, and addressing them will be instrumental in advancing our knowledge of dystonia, ultimately paving the way for improved diagnosis, treatment, and patient care.
[image: Figure 1]FIGURE 1 | The multifaceted nature of dystonia is illustrated as different colored puzzle pieces: (Light Blue) Etiologies of Dystonia include brain tumors or hypoxia, prescription or recreational drugs, genetic factors, comorbidity with Parkinson's disease or other movement disorders, environmental factors and infections. (Cyan) Molecular/Cellular Dysfunctions underlying dystonia include synaptic functions/plasticity, abnormalities in signaling pathways, disruptions of neurotransmitter synthesis and neuronal functions.(Yellow) Microcircuit Dysfunctions include maladaptive synaptic plasticity at corticostriatal synapses, disruptions in the cerebellar microcircuit and imbalances in striatal neurotransmitter/neuromodulators systems. (Orange) System/Network Dysfunctions include the basal ganglia-thalamo-cortical and cerebello-thalamocortical circuits of dystonia, connections between the basal ganglia and cerebellum networks with potential interaction regions in dystonia including the thalamus and pontine nuclei (adapted from [6]) and brain network involved in sensory-motor integration with impaired connections between multisensory areas and M1 in the dystonic brain (adapted from [7]). (Dark Blue) Clinical Manifestations including cervical dystonia, generalized dystonia, hand dystonia (writer's cramp), and axial dystonia.
HETEROGENEITY OF THE DISORDER
Dystonia is a multifaceted disorder, with complex and heterogeneous etiologies, symptomologies, and courses [8]. The clinical presentation is highly variable and can range from isolated dystonia to dystonia as a comorbidity alongside other multi-systemic disorders. The complexity of the disease is compounded by its variability in virtually every measurable facet, including age of onset, body distribution, temporal pattern, and associated features in the clinical presentation.
Based on the body region affected, dystonia can be classified into 1) generalized dystonia, characterized by involuntary muscle contractions that affect the entire body, 2) segmental dystonia, affecting adjacent body regions, and 3) focal dystonia, limited to a specific body region, such as the neck (cervical dystonia), hand (writer’s cramp), or voice (spasmodic dysphonia). Each of these can present as isolated, combined, or complex forms of dystonia.
Etiology is also diverse, with various pathological findings, inheritance patterns (idiopathic, acquired, and inherited forms), and modes of acquisition. For instance, dystonia can be inherited in an autosomal dominant or recessive manner, or acquired as a result of trauma, infection, or exposure to medications or toxins [9]. This heterogeneity poses a challenge for research because it complicates identification of common mechanisms underlying dystonia and impedes development of effective treatments.
A fundamental, remaining question is whether different types of dystonia merely share a superficial phenotypic resemblance with entirely unrelated etiologies or whether shared biological substrates converge on an underlying biological pathway. Shared pathways may exist at the molecular, cellular, or anatomical level [10]. The discovery of common signaling mechanisms creates new opportunities for understanding the mechanisms of dystonia and developing treatment.
To tackle this question, research has focused on the study of specific genetic mutations associated with different types of dystonia. More than 300 genes capable of causing dystonia are known. These genetic mutations provide insights into the underlying molecular mechanisms [11]. At first glance, the functions of the dystonia genes appear quite divergent since they span a wide variety of biological processes including basic metabolic processes, cellular handling of ions, DNA transcription and repair, mitochondrial function, protein folding and trafficking, among others. Despite this divergent list, some common themes have been recognized and include defects in the structure of the basal ganglia and cerebellum, as well as altered dopamine signaling involved in movement control [10].
However, there is a significant variation in penetrance among dystonia-causing mutation carriers and in animal models recapitulating these mutations. This suggests that other factors, such as environmental and epigenetic factors and compensatory mechanisms, may play a role in the development of dystonia [12, 13]. Comorbidities, such as Parkinson’s disease, dyskinesia, or Huntington’s disease, can also contribute to the heterogeneity of dystonia, making it even more challenging to discern dystonia features and underlying mechanisms [14]. Understanding these factors is critical for the development of genetic animal models that more reliably express dystonic motor phenotypes and can be used to explore shared cellular pathophysiologic mechanisms. The ability to classify various forms of dystonia into subgroups based on cellular mechanisms is a crucial step in predicting which populations will benefit from new therapeutics targeting the disease mechanism. This research could also provide a convergent common target for symptomatic therapies across dystonia subtypes.
LIMITED UNDERSTANDING OF PATHOPHYSIOLOGY
Dystonia is a multifactorial disorder resulting from a complex interplay between genetic, environmental, and neurochemical factors. Despite significant advances in identifying these factors, the identification of characteristic neuropathologic lesions associated with dystonia has been mostly elusive, challenging the understanding of the underlying mechanisms of dystonia. One hypothesis of the pathogenesis of dystonia is that multiple diverse intracellular defects resulting from different genetic and neuroplastic events may result in common abnormalities at the level of brain circuitry, thus producing a similar phenotype [3].
A core feature defining dystonia is co-contraction of agonist and antagonist muscle groups and overflow of activity into adjacent muscles. As such, dystonia can be considered a defect in motor control that involves matching the strength and distribution of muscles recruited to perform a specific task and coordinating the activity of agonists and antagonists for a particular movement. Understanding the circuit abnormalities underlying this defect requires fundamental knowledge regarding how the brain controls movement.
One approach to understanding the circuit abnormalities in dystonia is a striatal-centric view, grounded in ideas about the direct and indirect efferent pathways of striatal neurons. These models were developed largely from experimental data in Parkinson’s and Huntington’s disease models. Drawing from these disorders, it has been proposed that dystonia results from imbalanced activation of direct versus indirect striatal output pathways, ultimately releasing thalamo-cortical neurons from inhibition and promoting movement [15]. However, the exact mechanisms underlying this imbalance are still unclear. One hypothesis is that the critical element for striatal activity imbalance, and dystonia genesis, may be hyperactivity of striatal interneurons, particularly cholinergic [16, 17] and parvalbumin-positive interneurons [18, 19], which typically inhibit both dopamine D1 and D2 receptor-expressing striatal projection neurons (SPN) and have integral functions for regulation of motor focusing [20]. The excessive inhibition of SPNs could result in hyper-activation of the indirect pathway and hyper-deactivation of the direct pathway, leading to a loss of inhibition of “unwanted movement”. This ultimately could cause involuntary movements or agonist/antagonist muscle co-contractions [21, 22]. The amount of dopamine in the striatum could determine the scaling of abnormal movements: excessive dopamine amounts lead to enlarging movements via direct pathway facilitation, and reduced amounts of dopamine leading to reduced movements, that is fixed or tonic dystonia [22]. Although dysfunctions have been found in cholinergic and parvalbumin-positive interneurons in models of dystonia and dopamine signaling has been strongly implicated in several forms of dystonia, a cohesive and direct validation of this hypothesis is still lacking.
An alternative hypothesis hinges on evidence that the pathophysiology of dystonia may involve a combination of dysfunction within neurons of the brainstem, cerebellum, putamen, and globus pallidus [3]. Recently, more systematic neuropathological assessments associated with quantitative stereology-based measurements in human brain with isolated dystonia have found cellular abnormalities in the dopaminergic neurons of the substantia-nigra [23], in the cerebellar deep nuclei [24] and in the cholinergic neurons of the brainstem [25].
Growing evidence from basic and clinical research has elucidated the importance of the cerebellum, indicating that cerebellar abnormalities are present in individuals with dystonia [24, 26] and that inducing cerebellar dysfunction in animal models can produce dystonic symptoms [27–29]. This suggests that dystonia may arise from a motor network dysfunction, including the cortico-striato-pallido-thalamo-cortical and the cortico-ponto-cerebello-thalamo-cortical loops. These loops converge to regulate the activity of striatal cholinergic interneurons. As such, cholinergic interneuron dysfunction could represent a converging point of basal ganglia and cerebellar abnormality [22].
A less explored but intriguing hypothesis is that dystonia may result from aberrant motor engram formation. Motor engrams are the stored neural representations of motor movements [30]. Aberrant motor engrams may result in incorrect movement patterns [31], leading to dystonic symptoms. This hypothesis is supported by the assumption that dystonia is linked to the disruption of synaptic “scaling,” with a prevailing facilitation of synaptic potentiation, together with the loss of synaptic inhibitory processes at corticostriatal synapses described in multiple animal models and patients with dystonia [32].
In addition to genetic and neurochemical factors, inflammation and immune system dysfunction may also play a role in the development and progression of dystonia. Several studies have shown that inflammation and immune system dysfunction are present in individuals with cervical dystonia [33–35], suggesting that these factors may contribute to the pathophysiology of the disorder. However, the exact mechanisms underlying their role in dystonia remain unclear and understudied.
Limited understanding of the pathophysiology of dystonia poses a significant challenge in developing effective treatments for the disorder. In order to gain a better understanding of the underlying mechanisms of the disease, a prospective, quantitative study in well-phenotyped models with different types of genetic and isolated dystonia is necessary. Furthermore, a refinement of these pathophysiological notions is critically dependent on our capacity to discern and quantify specific movement abnormalities in different animal models and link them to neuronal activity in real-time. It is particularly important that this research is pursued in experimental models that allow for combining advanced behavioral analyses with molecular and systems-level investigations [36]. Emerging methodologies to track and characterize naturalistic behaviors at neural timescales and to monitor brain neurotransmission in vivo with unprecedented time resolution are now available and make the goal of linking circuit abnormalities to motor dysfunctions more achievable.
LIMITED ANIMAL MODELS
Animal models are essential for understanding the underlying mechanisms of neurological disorders and developing potential treatments. Rodent models have been instrumental for elucidating the molecular, cellular and circuit aspects of dystonia, but limitations in their behavioral phenotype restrict the effectiveness in studying all aspects of the disorder. Dystonia animal models can be classified into two categories, etiological and symptomatic. Etiological mouse models of inherited dystonia reproduce the genetic mutations associated with the disorder. A large body of work utilizing either ubiquitous or conditional knock-out and knock-in approaches have revealed a myriad of biochemical, transcriptional, cellular and synaptic alterations in key brain areas controlling movement [37]. Some of these genetic models exhibit some level of abnormal movements at rest or with stimulation [38–43] but the majority do not display an overt dystonic phenotype [44]. Conversely, some symptomatic rodent models can at least partially mimic human dystonia phenotypes, though the etiology is either unknown or does not correspond to known etiologies in humans [44, 45]. These phenotypic models may be useful to test novel pharmacological agents and identify the anatomical and physiological processes involved. Establishment of a phenotypic model that is etiologically relevant to human dystonia and exhibits core behavioral characteristics including abnormal postures and agonist/antagonist co-contraction would be very valuable to the field.
Researchers have used a variety of approaches to define and characterize dystonic movements in animal models, most of which lack objectivity and/or temporal resolution. Electromyography (EMG) recordings have been used to show co-contraction of antagonist muscles [46], but these measurements are neither quantitative nor directly related to movement quality. Visual rating scales of dystonic and dyskinetic features have traditionally strongly relied on human-assigned labels and scoring, which lack not only objectivity but also temporal resolution. The development of unsupervised machine learning techniques for detection and monitoring of movements is important to enable progress in this research field. These technologies enable the capture of fine-grained behavioral patterns and identification of subtle differences between similar movements, making them the ideal candidates for detecting and characterizing abnormal postures and dystonic movements at neural timescales. These approaches could characterize dystonia in a non-biased, objective way in symptomatic mouse models (and humans) and could potentially identify previously unknown features of movement that may have been missed in the asymptomatic mouse models or carriers of dystonia-causing mutations. Moreover, characterization of complex motor behaviors at a sub-second timescale will help establish a correlation between dystonic movements and neural activity.
LACK OF CONNECTION BETWEEN DIFFERENT BIOLOGICAL LEVELS OF ANALYSIS
One of the challenges of any research discipline is to integrate knowledge accumulated at several analytical levels. This fact is certainly relevant for dystonia research (Figure 1): It has been difficult to identify a framework for linking genes, biochemistry, circuits and clinical phenomena [5].
At the gene level, researchers have gained insights from studying both monogenic forms of dystonia, as well as other sporadic forms, by identifying specific genes associated with dystonia [9, 47]. This genetic information can uncover the molecular pathways and biological processes involved in the development and progression of the disorder but, for many dystonia genes, even this level of knowledge is still unclear.
At the biochemical level, abnormalities in neurotransmitter systems have been found to play a central role in dystonia. Dysfunctions in dopamine [48], acetylcholine [49], and GABAergic transmission [50], mainly in the basal ganglia, have been implicated in the pathophysiology of the disorder. However, how these dysfunctions arise from the genes involved in dystonia, how they impact neural circuits involved in the regulation of motor control and coordination and how this can lead to the manifestation of dystonic symptoms has not been fully elucidated.
At the circuit level, three common themes have been identified: loss of inhibition, abnormal sensorimotor integration, and maladaptive plasticity [5]. While these defects have been attributed to dysfunction of the basal ganglia, direct evidence for the responsible anatomical circuitry is lacking, and the possibility that they arise instead from dysfunction of the cerebellum [27, 28] or spinal neural circuits [41] has been raised. Evidence that these physiological defects play a causal role in dystonia also is lacking, and the possibility remains that some may be secondary to the movement disorder instead [51].
A network model of dystonia proposes that dysfunction occurs along the pathways connecting different brain regions, including the cortex, thalamus, basal ganglia, and cerebellum [52]. In dystonia, there is a disruption in the communication and coordination between these brain areas, resulting in abnormal motor output. Two independent papers found that dystonia-linked mutations in the gene THAP1 lead to impairment in myelin formation [53, 54], which could affect neuronal communication. The network model provides a framework for understanding how the dysfunction in these interconnected brain regions contributes to the development of dystonic symptoms.
Like other disorders, the pathogenesis of dystonia can be viewed as a multi-step process where some original insult triggers a series of abnormalities at the molecular, cellular, anatomical, and physiological levels [51]. Interactions among these levels may occur for specific subgroups of dystonia and pathogenesis of several subtypes could converge at one level [55]. By bridging the gap between genetic findings, biochemical abnormalities, circuit dysfunctions, and clinical manifestations, researchers can unravel the complex interplay between these factors and understand how different dystonias should be grouped. This integrated approach may necessitate a multidisciplinary team approach and will have important implications for experimental therapeutics.
LIMITED FUNDING
Dystonia is a relatively rare disorder, affecting approximately 1% of the population. Compared to other neurological disorders, such as Alzheimer’s disease or Parkinson’s disease, dystonia receives limited funding. The only two available funding mechanisms specific to dystonia are currently the Dystonia Medical Research Foundation (DMRF) and Department of Defense (DoD) Peer-Reviewed Medical Research Program (PRMRP), which includes dystonia as one of the focus areas. The United States National Institutes of Health (NIH) reports spending $23M on dystonia research in 2022, but this includes a broad range of topics and is less than 1/10th the amount spent on Parkinson’s disease1.
This scarcity can limit the number of studies that can be conducted and the speed at which progress in understanding the disorder, developing new therapies, and conducting clinical trials can be made. The limited funding for dystonia research also affects the availability of resources, including animal models, equipment, and personnel. With limited funding, researchers may have to prioritize specific aspects of research, leading to gaps in knowledge and slow progress in the field.
DISCUSSION
Dystonia is a complex disorder characterized by involuntary muscle contractions that result in abnormal, sustained movements and postures. Despite significant progress in understanding the disorder, many challenges in dystonia basic research still exist. The challenges discussed here, including heterogeneity, limited understanding of pathophysiology, limited animal models, lack of connection between different biological levels of analysis, and limited funding, are just some of the main difficulties encountered in this field. Addressing these challenges will require a multidisciplinary approach that involves collaboration between researchers, clinicians, and funding agencies. Innovative approaches, such as machine learning and modeling and sophisticated multi-site in vivo recordings of brain activity, may also be necessary to overcome these challenges and develop effective treatments for dystonia. This integrated approach is essential for identifying common pathways, shared mechanisms, and potential therapeutic targets that can lead to effective treatments for dystonia.
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