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Abstract—Although Cervical Dystonia (CD) is regarded as
the most common type of focal dystonia, the therapeutic
options available for CD are remarkably limited and are
unsatisfactory for many patients. Recent functional and
clinical studies have made great progress in unraveling the
mechanisms underlying CD and other types of dystonia.
Much research is still needed; however, the deeper
understanding of the etiology of CD is expected to lead to
better management of dystonia symptoms and the
development of novel therapeutic options. The objective of
this review was to summarize the most recent studies
examining the pathophysiological features of CD, including
genetic mutations, studies about neuronal signaling, and
metabolomic studies.
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I.  INTRODUCTION

Dystonia is a syndrome characterized by sustained
involuntary muscle contractions, often causing twisting,
repetitive movements, and abnormal postures [1].
Cervical Dystonia (CD), also known as spasmodic
torticollis, is characterized by involuntary muscle
contractions that cause abnormal twisting and turning of
the neck and sometimes the shoulders. Recent studies
suggest that adult-onset dystonia results from the
interaction between genetic predisposition factors and
environmental triggers leading to the dysregulation of
several processes that, at a certain threshold, manifest as
dystonia symptoms [1]-[3]. Although CD is the most
prevalent subtype of focal dystonia, knowledge of its
underlying pathogenesis remains obscure and even lags
behind the rarer subsets of dystonia. Indeed, only a few
causative mutations have been identified to date. Due to
the lack of knowledge regarding the disease’s etiology,
most current treatments available for CD are largely
ineffective. For instance, botulinum toxin injection is
regarded as the most effective treatment for CD, but long-
term adherence to this treatment remains low due to
unsatisfactory responses and adverse side effects. This
highlights the need for a deeper understanding of the
underlying mechanisms of CD, which may facilitate
treating patients with CD and developing novel treatment
options. Thus, in this paper, we review recent studies on

Manuscript received May 12, 2022; revised August 11, 2022;
accepted September 19, 2022.

doi: 10.18178/ijpmbs.12.1.13-20

13

the pathophysiological features of CD, including genetic
mutations, dysregulation of neuronal signaling, and
metabolomics.

Il.  GENETIC MUTATIONS IN CD

It is well established that mutations in THAP domain-
containing apoptosis-associated protein 1 (THAP1), Cip1-
interacting zinc finger protein 1 (ClZ1), anoctamin-3
(ANO3), and G protein subunit Gaor (GNAL) are
associated with specific forms of CD (DYT6, DYT23,
DYT24, and DYT25, respectively). Therefore, the
specific mechanisms involving these genes are not
elaborated in this review, as they have been extensively
reviewed elsewhere [4]-[8].

A. Mutations in COL8A1, DENND1A, and GABBR2

Numerous collaborative studies have identified
additional genetic mutations in CD in recent years. A
recent multi-center genome-wide association study
(GWAS) identified novel genes and variants likely
involved in the pathogeny of CD in patients with
European ancestry. This study showed that the genes
COLB8A1 (rs2219975, chromosome 3) and DENND1A
were significantly associated with CD risk and that the
low-frequency variant (rs147331823) in GABBR2 was
associated with a younger age-at-onset (16.4 +2.9 years)
of CD [9].

COL8AL, which encodes the al (VIII) collagen chain,
has been associated with corneal dystrophy and age-
related macular degeneration. Although COL8A1 had not
been previously associated with dystonia, biallelic
mutations in the COL6A3 gene, which encodes another
member of the collagen family, have been reported to be
a potential cause of recessive dystonia; however, the
results remain uncertain [10].

DENND1A encodes the DENN domain protein 1A.
DENND1A is a member of the connecdenn family which
act as guanine nucleotide exchange factors in the brain
and is involved in vesicle dynamics. Although variants in
the guanine nucleotide exchange factors encoded by
GNAL and GNAOL1 are known to play a role in adult-
onset focal and segmental dystonia and childhood-onset
chorea and dystonia, DENND1A had not been linked to
dystonia before [11].

Finally, GABBR2 encodes Gamma-Aminobutyric Acid
Subunit (GABA)-B receptors. Some GABA receptor
activators such as baclofen and benzodiazepines have
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been successfully used as a treatment for specific types of
dystonia. However, GABBR2 had not previously been
linked to any type of dystonia [9]. In conclusion, although
these three genes have not previously been linked to
dystonia, prior evidence does support their involvement
in the etiology of CD. Further functional studies should
investigate their specific roles and functions in dystonia.

B. Mutations in NALCN and TOR1A

The Single Nucleotide Polymorphisms (SNPs)
rs1338041 and rs61973742 in the NALCN gene and the
SNPs 152296793 and rs3842225 in TOR1A have been
associated with dystonia in populations of multiple
ethnicities [12]-[14]. The NALCN SNPs rs1338041 and
rs61973742 were identified in a GWAS of 212 British
patients with CD and 5,173 control subjects [13].
However, another GWAS conducted on 252 patients with
CD and 342 unrelated control subjects of Spanish origin
failed to replicate these findings. NALCN encodes a
channel in the voltage-gated sodium/calcium channel
family that is universally expressed in the central nervous
system [15]. NALCN is reported to be a sodium leak
channel that regulates the neuronal resting membrane
potential and consequently, neuronal excitability [16];
however, the specific characteristics of this channel, such
as its voltage sensitivity and ion selectivity, are still
unclear [17], [18]. Several functional studies suggest that
ion channel dysfunction may be a pathogenic factor in
dystonia [19], [20].

Although the genetic variants in the TOR1A gene have
been widely studied, the results remain controversial. The
SNP rs3842225 showed a negative association with
dystonia in Italian and North American [14], Dutch [21],
German [22], and Australian [23] populations, but a
positive association was observed in a Russian cohort
[12]. Additionally, one study revealed that the TOR1A
haplotype T2, comprising rs2296793, rs1182, and
rs3842225 was strongly associated with susceptibility to
sporadic dystonia in an Icelandic population [24],
whereas the same haplotype was found to exert the
opposite effect in another study including German and
Austrian cohorts [25]. Moreover, another study including
a cohort of German origin with a sample size twice that
of the discovery study failed to replicate the original
positive findings [22]. These discrepancies have raised
doubts regarding the involvement of TOR1A in dystonia.

Also known as DYT-TOR1A dystonia, DYTL is an
early-onset dystonia, which sometimes also presents an
adult-onset phenotype. DYTL is reported to be primarily

caused by a 3-bp (GAG) deletion in the TOR1A gene [26].

This autosomal dominant mutation typically has a low
penetrance (approximately 30-40%). Its high frequency
in the Ashkenazi Jewish population, in which it is
approximately five times more frequent, may be due to a
founder mutation effect [27]. The GAG deletion causes
the loss of a glutamic acid residue in the protein torsin A,
which belongs to the superfamily of ATPase chaperone-
like proteins and is widely expressed in neurons [28].
This amino acid change induces mislocalization of torsin
A to the nuclear envelope [29] and accumulation of torsin
A in perinuclear membranous inclusions [30]. Such
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accumulations were detected in the midbrain reticular
formation and periaqueductal gray of four patients with
DYT1 dystonia [31] and are presumably involved in the
pathogenic mechanism of this disorder. Additionally, it
has been suggested that the mutation in torsin A may
exert a dominant-negative effect on the wild type protein
[32]. A recent study showed that striatal dopamine D2
receptors on cholinergic interneurons might also
contribute to the pathophysiology of DYT1 dystonia [33].
Finally, torsin A has been linked to phosphatidic acid
lipid metabolism through the regulation of lipase activity,
which converts phosphatidic acid lipids to diacylglycerol.
In patients with DYT1 dystonia, the activity of lipase in
neural cells was found to be increased compared with
cells from healthy controls. This suggests that
suppressing lipase activity might be a suitable therapeutic
approach for DYT1 dystonia and other conditions in
which TOR1A is mutated. Additionally, the results of the
same study showed that the level of lipase activity
differed between patients with heterozygous and biallelic
TOR1A mutations, highlighting the need for further
assessment of the impact of lipase activity on neuronal
function and torsin A function [34]. Another recent study
also showed that torsin A plays an essential role in the
development of the central nervous system and the
acquisition of motor skills at an early age. This adds more
evidence to the DYT1l-associated striatal cholinergic
abnormalities linked to deficits in corticostriatal plasticity,
which may contribute to dystonic-like movements [35].
Finally, torsin A overexpression prevents abnormal motor
symptoms in DYT1 dystonia, while a relatively low level
of torsin B resulted in abnormal nuclear envelope
budding in the developing brain [36].

Despite these functional studies indicating a
relationship between NALCN, TOR1A, and CD, the
conflicting results from GWAS may indicate false-
positive associations. To further evaluate this possibly,
two independent studies examined the involvement of
genetic variants in these genes in a Chinese cohort of CD
patients. The genetic landscape of 201 patients with
primary CD and without GAG deletion mutation of torsin
A and 289 health controls was evaluated. The results
revealed a lack of association between the SNPs
rs1338041, rs61973742, rs2296793, and rs3842225 and
CD, suggesting that these SNPs are not associated with
CD in a Chinese population [37], [38]. Altogether, these
studies suggest that the association between these four
SNPs varies among groups of different ethnicities,
highlighting the need for follow-up studies in different
regions.

C. Other Genetic Variants

ANO3 encodes anoctamin 3, a protein that functions as
a Ca?*-gated chloride channel and is highly expressed in
the striatum. Several variants in ANO3 have been
identified in autosomal-dominant craniometrical dystonia
[6]. The c1969G>A mutation was discovered in a family
with a history of adult-onset dystonia which began as
cervical dystonia [39]. This mutation is located in a
transmembrane domain (domain-5) of the anoctamin 3
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protein and is thought to alter the hydrophobicity of this
domain [40].

Another study reported a case of a patient with CD and
cerebellar ataxia in which a previously undescribed
pathogenic autosomal dominant mutation in the
CACNA1A gene was identified. The CACNALA gene
encodes the transmembrane pore-forming subunit (alA)
of the P/Q-type voltage-gated Ca®* channel termed
Cav2.1 [41]. The identified mutation (c.4056_4057insG,
p. Prol353Alafs*3) resulted in the insertion of a
premature stop codon [42], leading to the production of
truncated, incomplete, and non-functional protein product.

Another case report described two sisters (33 and 30
year-old) with phosphomannomutase-2  deficiency-
congenital disorder of glycosylation (PMM2-CDG) with
cervical dystonia, which is a rare clinical symptom in
patients with PMM2-CDG. In both patients, the
heterozygous mutations ¢.422G>A (p.Argl41His) and
€.722G>C (p.Cys241Ser) were detected in the PMM2
gene. According to the American College of Medical
Genetics and Genomics guidelines, both mutations were
annotated as likely pathogenic. Although the ¢.422G>A
mutation is the most frequent variant in PMM2, further
studies are needed to characterize its functional
consequences [43]. No variants previously associated
with dystonia were found to be shared by these two
siblings. Even though the PMM2 gene is not otherwise
known to be related to dystonia, this finding indicates that
it may be necessary to revise the diagnostic criteria for

PMM2-CDG, including the presence or absence of
dystonia [44].

Finally, Ortega-Suero et al. reported a case in which a
novel mutation in the OPA1 gene, which encodes OPA1
mitochondrial dynamin-like GTPase, was associated with
dominant optic atrophy and cervical dystonia. The
identified variant (c.2060T>A) was located in exon 22 of
the gene and caused an amino acid change (p.Val687Glu)
in OPAL [45]. Before this case, only one patient with
cervical dystonia and a mutation in OPAl a
(heterozygous variant ¢.1345A>C [p.Thr449Pro]) had
been reported [46]. The Ortega-Suero et al. study
predicted that the substitution of a polar amino acid
(threonine) with a nonpolar amino acid (proline) would
be deleterious (Table I).

These studies all demonstrate that gene variants play a
major role in the etiology of CD. Additional studies in
populations of different ethnicities would be of great
benefit.

I11.  NEURONAL SIGNALING DYSREGULATION IN CD

As CD is a neurological disorder, several studies have
hypothesized that the dysregulation of neuronal signaling
may be a pathological event in CD. Supporting this
hypothesis, a link between CD and the Dopamine D2
Receptor (DRD2), Dopamine Transporter (DAT),
Serotonin Transporter (SERT), and GABA receptors has
been confirmed.

TABLEIl. SUMMARY OF THE NEWFOUND GENETIC MUTATION IN CD
Authors. [Ref.] Year Region Gene[SNPs]/C Coding Cases/Health Diagnosis
Sun YV et al. [9]. 2021 Europe COL8A1/C3 one of the alpha chains of 919/1491 CD
type VIl collagen
DENND1A/C9 DENN domain containing CD
protein 1A
GABBR2/C9 a subunit of GABA-B Younger age-at-onset
receptors
Zhou Q et al. [37], [38]. China NALCN a sodium leak channel 201/289 Not in Chinese CD
2016 [rs1338041, rs61973742]/C13 patients
TOR1A the protein 201/289 Not in Chinese CD
[rs2296793, rs3842225]/C9 patients
torsinA
Miltgen M et al. [39]. 2016 Flanders ANO3(c.1969G>A)/C11 a predicted Ca2*-gated 5patientsina  The onset begins as
chloride channel family CD in their fourth
decade
Fuerte-Hortigdn A et al. — CACNA1A/C19 the transmembrane pore-  a case CD presenting with
[42]. 2020 forming subunit of the cerebellar ataxia
Ca2+ channel
Rossi M et al. [44]. 2017 Spain PMM2(c.422G>A and Phosphom 2 sisters PMM2-CDG
€.722G>C)/C16 -annomutase 2 presenting with CD
-ltaly

Abbreviations: C = Chromosome; CD = cervical dystonia; GABA = gamma-aminobutyric acid; PMM2-CDG = Phosphomannomutase-2 deficiency-congenital disorder of glycosylation; DOA =

dominant optic atrophy.

A recent study identified a novel variant in exon 5 of
DRD2 (c.634A> T, p.lle212Phe) in a four-generation
Dutch family with dominantly inherited combined

progressive chorea and cervical dystonia. Compared to
the wild type receptor, the aberrant receptor increased the
efficiency of G protein signaling, while reducing the
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activation level of arrestin [47]. Arrestin 2 and arrestin 3
(also referred to as p-arrestin 1 and p-arrestin 2,
respectively) are non-visual, ubiquitously expressed
members of the arrestin family. The recruitment of
arrestin 3 has been linked to G protein-coupled receptor
signaling and G protein- independent signaling pathways
[48]. Arrestin 3 is required for movement regulation;
silencing arrestin 3 in animal models reduced the
beneficial locomotor effect of levodopa and improved
movement disorders, overexpression of arrestin 3 showed
the opposite effect [49]. The results of this study instead
supported the idea that D2-1*?F affected the ability of
arrestin 3 to bind to DRD2, thereby indirectly reducing
recruitment of arrestin 3. This and the overstimulation of
G protein-dependent signaling, lead to a dysfunction of
the DRD2 receptor in dopaminergic neurons. The results
of another study with 27 patients with CD and 15 age-
matched controls supported that depression symptoms
commonly occurring in patients with CD were related to
abnormal striatal DAT and D2/3 receptor binding [50].
This study hypothesized that dopamine plays a role in the
pathogenesis of tremor and jerks in CD, which may be
caused by biochemical changes in the nucleus of Cajal,
connecting with the substantia nigra pars compacta [51].

A study assessing serotonergic signaling in 14 patients
with CD and 12 matched controls identified that SERT
binding was a pathogenic event involved in the
occurrence of both motor and non-motor symptoms in
CD. Moreover, SERT dysfunction was positively
correlated with the severity of dystonic motor symptoms,
pain scores, and sleep disturbances but negatively
correlated with fatigue scores. Additionally, the authors
demonstrated that the dysregulation of serotonergic
signaling in different parts of the brain, such as the
caudate nucleus, the hippocampus, the dorsal and medial
raphe nuclei, and the putamen, were linked to different
symptoms of the disease. The study suggested a
statistically significant positive correlation between the
loss of [(11)C]DASB non-displaceable binding potential
(BPnp) in the dorsal raphe nucleus and the severity of
dystonic symptoms, but not that of psychiatric symptoms
[52]. Another study indicated that CD patients with
psychiatric comorbidities had reduced SERT BPyp in the
midbrain/diencephalon compared to those without
psychiatric comorbidities, but dystonia and jerks were
unrelated to SERT BPnp [53]. Unfortunately, this study
did not clearly identify additional specific areas of the
midbrain/diencephalon like the former. Additionally, this
study reported a significant positive correlation between
extra-striatal SERT and striatal DAT BPnp in CD patients
with jerks, but not in those without jerks. SERT is one of
the main presynaptic regulators of serotonergic signaling.
The relationship between increased SERT BPnp and
dystonia, which is supported by additional studies [54],
[55], could be explained by the increased serotonin
abundance in the synaptic cleft.
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Finally, regulation of the inhibitor neurotransmitter
GABA is also aberrant in patients with CD. GABA+/Cre
levels in the right thalamus of patients with CD were
significantly decreased, which was positively correlated
with increased CD duration. Additionally, there was a
negative correlation between GABA-A availability in the
bilateral thalamus and disease duration and motor
symptom severity, which may be due to inadequate
compensation for the decrease in GABA by GABA-A
receptor upregulation [56]. Finally, a study identified a
negative correlation between GABA-A availability within
the bilateral cerebellum and motor symptom severity in
15 patients with CD and 15 age -and sex-matched
controls [57] (Fig. 1).

IV. METABOLOMIC STUDIES OF CD

The first published metabolomic study for CD
analyzed plasma samples from 100 cases of idiopathic
CD and an equal number of controls, all recruited from
the Emory University Movement Disorders Clinic in the
United States [58]. In this study, nine biological
processes were found to be strongly associated with CD
(p < 0.05). The identified pathways were related to
dihomo-gamma linoleic acid; the pentose phosphate

pathway; arachidonic acid metabolism; leukotriene
metabolism; starch and sucrose metabolism; valine,
leucine, and isoleucine  degradation; galactose

metabolism; fructose and mannose metabolism; and
propanoate metabolism. Among these, five were linked to
carbohydrate metabolism and three were linked to lipid
metabolism, which is associated with the production of
metabolites mediating inflammatory responses [59].
Together, these results suggest the involvement of
immune-related processes in dystonia, as described in
some earlier studies [60], [61]. Following this, another
study conducted on 50 patients with CD, 66 patients with
two other specific dyston]ia subtypes, and 55 healthy
control subjects found alterations of dopaminergic- and
serotonergic-related compound levels in plasma [55].
Specifically, a significant increase in 3-methoxytyramine
(a metabolite of dopamine) and a reduction of tryptophan
(the precursor of serotonin) were found in dystonia
patients compared with the control subjects. Moreover,
patients with CD showed a higher dopamine/levodopa
ratio than patients with other subtypes of dystonia. In
addition, similar to the results of studies focusing on
GABA levels [56], [57], there was a correlation between
the concentration of levodopa and the severity of dystonia,
as well as non-motor symptoms, depression, and fatigue.
Further studies of the enzymes involved in these
pathways may lead to the development of better
management approaches and provide clinical benefits for
both motor and non-motor symptoms in CD and other
types of dystonia.
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Figure 1. Summary of the newfound neuronal signaling dysregulation in CD.
Note: The aberrant receptor caused by a novel variant in exon 5 of DRD2 (c.634A> T, p.lle212Phe) reduced the activation level of arrestin, which
was associated with motor symptoms in the patients with CD. Abnormal striatal DAT and D2/3 receptor binding were hypothesized to be related to
tremor and jerks in CD, may caused by biochemical changes in the nucleus of Cajal. The dysregulation of serotonergic signaling in different parts of
the nervous system was linked to different symptoms of CD, such as the midbrain/diencephalon and psychiatric symptoms, the DRN and the severity
of dystonic symptoms as well as extra-striatal changes and jerks, which could be explained by the increased serotonin abundance in the synaptic cleft.
GABA+/Cre levels in the thalamus were positively correlated with CD duration, but not GABA-A availability. It was also identified that GABA-A
availability in both the thalamus and cerebellum had negative correlations with motor symptom severity. Abbreviations: CD = cervical dystonia;
DRD2= dopamine D2 receptor; DRD3= dopamine D3 receptor ; DAT= dopamine transporter ; SERT= serotonin transporter ; INC= interstitial
nucleus of Cajal ; BPyp= non-displaceable binding potential ; DRN= dorsal raphe nucleus ; GABA = gamma-aminobutyric acid.

V. CONCLUSIONS AND RECOMMENDATIONS

Since CD is considered the most prevalent subtype of
focal dystonia, extensive efforts have been dedicated to
achieving a  deeper  understanding of the
pathophysiological mechanisms underlying CD in recent
years. These efforts have especially focused on the
genetic factors and the dysregulation of neuronal
signaling and metabolism. However, despite recent
advances, a considerable number of genetic variants and
molecular mechanisms remain obscure or in need of
further validation by functional studies. Furthermore, the
differences in the genetic landscape between populations
of different ethnicities should be considered to achieve a
more comprehensive understanding of the pathology of
the disease. This will not only deepen the current
knowledge about the disease but may also open up new
avenues of research, such as establishing animal and
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cellular models, and could lead to novel and advanced
treatments of CD and other forms of dystonia, ultimately
improving the quality of life of patients suffering from
this condition.
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