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Dystonia is a heterogenous movement disorder characterised by involuntary

muscle contractions, leading to abnormal postures and movements. Despite

being the third most common movement disorder, the pathophysiological

mechanisms causing dystonia are incompletely understood. Isolated

dystonia is often caused by pathogenic mutations in single genes. An

emerging body of evidence suggests that at least some forms of isolated

dystonia have a strong developmental component, with pathogenic effects

acting within discrete periods of increased vulnerability during

neurodevelopment. The extent to which this is a common feature of

genetically distinct forms of dystonia, and which developmental mechanisms

might be disrupted during these periods, remains unclear. During critical

periods of development, neuronal activity is instructive in the maturation of

neuronal circuits, and inappropriate levels of activity during this period can lead

to permanent defects. This review, with an intentional focus on our work,

outlines evidence implicating disruptions to neuronal activity during critical

developmental periods as a potential mechanism underlying inherited motor

disorders in general, and dystonia in particular.
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Introduction

Dystonia is characterized by sustained or intermittent involuntary muscle

contractions, which cause abnormal postures or movements [1]. Dystonia can occur

through damage to the nervous system caused by trauma, stroke or neurodegenerative

disease, or can be caused by pathogenic genetic mutations [2]. Studying how these

mutations lead to dystonic movements is a powerful means to identify commonmolecular

mechanisms involved in different forms of dystonia. An emerging body of evidence

suggests that in some forms of genetic dystonia, particularly DYT1-TOR1A dystonia, the

pathogenic effects of the dystonia-associated mutation may occur largely during critical

periods of vulnerability during development [3] (discussed in Critical periods of

vulnerability to genetic insult in dystonia section). This insight has far-reaching

implications for our overall understanding of dystonia, and our approach towards

therapeutic design. However, dystonia is a heterogenous disease, and a large number

of genetically and phenotypically distinct forms have been described [2]. It is not clear to

what extent this form of pathogenicity is shared across genetically distinct types of
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dystonia, or exactly what developmental processes are disrupted

during critical periods of vulnerability.

A critical period of vulnerability to BK
channel gain-of-function

Our work [4, 5] is focussed on a complex, early onset disorder

characterised by dystonia and paroxysmal dyskinesia, caused by

gain-of-function (GOF) mutations in the gene KCNMA1/SLO1,

which encodes the α-subunit of the voltage- and Ca2+-sensitive

BK (big K+) channel [6]. We investigate the novel hypothesis that

GOF BK channels act during a critical developmental period of

vulnerability to cause motor impairment, and interrogate the

mechanisms by which they do so.

The first identified GOF variant was a dominant single base-

pair mutation resulting in an aspartic acid to glycine change at

residue 434 (D434G), which enhances the channel sensitivity to

Ca2+ [7]. BK channels have a well-characterised role in

modulating action potential waveform and neurotransmitter

release [8, 9], and both LOF and GOF mutations are

associated with neurodevelopmental phenotypes alongside

motor dysfunction [10, 11]. Mouse models heterozygous for

D434G exhibit alterations in both the firing rate and the

dendritic and somatic morphology of cerebellar Purkinje

neurons [12, 13]. Thus, it is equally plausible that BK channel

GOF could cause dystonic and dyskinetic phenotypes either via

acute changes to neurotransmission in circuits governing

movement, or by disrupting neurodevelopment to produce

lasting functional abnormalities.

We generated a Drosophila melanogaster (fruitfly) model

heterozygous for a mutation equivalent to D434G in the

highly conserved KCNMA1 orthologue, slowpoke (slo): sloE366G

[4], hereafter referred to as “BKGOF.” This is an ideal system to

investigate when during the lifecycle enhanced function of BK

channels acts to produce motor impairment, as A) the powerful

FIGURE 1
Identification of a critical period of vulnerability for BKGOF pathogenicity in Drosophila. (A) High speed videos of individual flies walking in a
straight line are analysed using FLLIT, a machine-learning based software, which identifies and tracks the end point of each limb. (B) Representative
FLLIT-derived traces showing the movement of each limb, relative to the body centre, over multiple strides. Control fly (left) movements are highly
stereotyped and each limb has a clearly defined domain, while BKGOF

flies’movements are uncoordinated and irregular. (C) Schematic showing
thermogenetic restriction of BKGOF expression during the fly life cycle. At 18°C expression is suppressed (blue) and at 29°C (red) permitted. Right: table
summarizing the periods of BKGOF expression which cause the motor phenotype seen in (B).
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genetic toolkit available in Drosophila allows exquisite

spatiotemporal control of gene expression, and B) unlike

many rodent models of dystonia, the model exhibits robust

motor defects. We thermogenetically restricted BKGOF

expression to discrete periods of the fly life cycle, and tested

for motor abnormalities using a machine-learning based video

analysis software, the Feature Learning-based Limb

segmentation and Tracking (FLLIT) system (Figures 1A, B)

[14]. We narrowly defined a critical period during the final

stages of neurodevelopment, coinciding with the final stages of

synaptic maturation, during which only 24 h of BKGOF expression

was sufficient to cause severe and permanent gait defects in the

resulting adult flies [5]. In contrast, expression in the fully mature

adult–for up to 5 days–had minimal or no effect on the

movement parameters tested (Figure 1C) [5].

Interestingly, we found that intrinsically-generated neuronal

activity occurring during this critical period [15, 16] was

suppressed, and that brain-wide expression of Bruchpilot—a

key presynaptic active zone protein orthologous to

mammalian ELKS [17]—was reduced during and after this

critical period, but not before. We took two approaches to test

whether this reduction in neuronal activity has a causal role in

producing motor defects in BKGOF
flies. First, we suppressed

brain-wide neuronal activity in wild-type flies during

development, using temporally restricted expression of a

constitutively active open rectifying K+ channel, ORKΔC2,
which hyperpolarises neurons and reduces their excitability

[18]; intriguingly, this produced a motor phenotype strikingly

similar to constitutive expression of BKGOF[5]. Secondly, we

enhanced neuronal activity in BKGOF
flies during the same

period by transiently increasing activity of a population of

relay neurons thought to drive neural activity during specific

stages of development [16], using targeted expression of the

temperature-sensitive cation channel TrpA1 [19]. This produced

a partial rescue in the majority of the tested parameters [5]. We

conclude that the pathogenic BK GOF mutation alters brain-

wide neuronal activity levels during a critical developmental

period, during which appropriate activity is instructive in

establishing locomotor circuits, and this effect is at least

partially responsible for the adult motor defects.

This mini-review will discuss critical developmental periods

of vulnerability to dystonia-associated mutations, the instructive

role of neuronal activity in the developing brain, and the

plausibility of disruptions to this activity as a mechanism by

which pathogenic mutations might act, with the aim of placing

our work in the context of a wider field of research.

Critical periods of vulnerability to
genetic insult in dystonia

The first indication that altered developmental processes

contribute to dystonia came from observation of the patterns

of disease inheritance and manifestation. DYT1-TOR1A

dystonia, the first identified and most common form of

inherited dystonia, is associated with mutations affecting

the AAA-ATPase protein torsinA, the most common being

a heterozygous 3 bp deletion (ΔGAG) with loss-of-function

(LOF) and dominant-negative effects [20–22]. The mutations

are partially penetrant, with only 30%–40% of carriers

developing symptoms. These symptoms typically manifest

in childhood, and if they have not developed by early

adulthood typically will not appear later in life [20]. The

most construct-valid mouse models of DYT1-TOR1A

dystonia—heterozygous or homozygous for murine Tor1A-

ΔGAG, or expressing the mutant form of human

torsinA—have subtle motor defects but do not show overtly

dystonia-like phenotypes [23–25]. However, a mouse model

with conditional CNS-specific deletion of Tor1A exhibits a

similar pattern to human TOR1A-ΔGAG carriers, with

sensorimotor abnormalities and abnormal twisting postures

manifesting during the first weeks of life, but not developing

further as the mice age [26]. One explanation for this pattern

is that a critical period of vulnerability exists early in life

during which torsinA has a specific developmental role which

can be disrupted by pathogenic mutations, but that if this does

not occur, the same mutation is tolerated by the fully mature

nervous system. Consistent with this hypothesis, juvenile

Tor1A-ΔGAG/+ mice exhibit transient alterations in

neuronal plasticity, morphology and glutamate receptor

expression during a postnatal period analogous to the stage

during which symptoms manifest in human patients [27], and

in vitro evidence shows that nuclear envelope budding, a

process associated with torsinA dysfunction, occurs during

a discrete neurodevelopmental window and disappears as

neurons fully mature [28]. A possible explanation for the

critical period for disruption of torsinA function lies in the

expression pattern of torsinA and the closely related protein

torsinB. In mice null for both torsinA and torsinB, neuronal

envelope buds develop earlier than in mice null for torsinA

alone and persist into adulthood, and overexpression of either

torsinA or torsinB is sufficient to rescue the budding

phenotype caused by loss of torsinA in cultured cells [28].

Thus, the two proteins may have partially redundant

functions, so that mutations disrupting torsinA function

are compensated for during periods of high torsinB

expression. Evidence from human tissue shows that torsinA

and torsinB are detectable throughout the brain by around two

postnatal months, and that expression of both is spatially and

temporally restricted, consistent with specific roles in

neurodevelopment [29, 30].

The question of when a given mutation acts during the life

of an organism to produce a given phenotype can be most

directly answered by placing the disease-causing mutation

under spatiotemporal control (reviewed in Li et al [3]). Mouse

models using this approach have demonstrated early-life
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critical periods of vulnerability to LOF of Ube3A [31, 32]

(causing Angelman Syndrome) and Syngap1 [33] (causing

SYNGAP1-related intellectual disability). Even the

prototypical age-related disease Huntington’s Disease (HD)

may fit into this pattern; restricting expression of a mutant

form of huntingtin (htt) associated with HD to early life in a

mouse model was sufficient to recapitulate a range of

locomotor defects and neuropathological phenotypes

associated with constitutive expression, many of which did

not manifest until long after expression was suppressed [34].

Notably the pattern is not universal; phenotypes caused by

LOF of Scn1a (associated with Dravet syndrome, a

developmental encephelalopathy) and Mecp2 (associated

with the neurodevelopmental disorder Rett Syndrome) are

rescued by adult restoration of gene expression [35, 36],

indicating that pathology stems from an ongoing effect of

LOF in the mature nervous system. Recently, Li et al used this

approach in a murine model to provide direct evidence for a

critical period of vulnerability to torsinA LOF in early

postnatal life [37]. Suppression of torsinA expression from

embryogenesis onward recapitulated the behavioural and

neuropathological phenotypes of constitutive LOF, while

suppression in the fully mature animal alone did not [37].

The paper went on to demonstrate a critical therapeutic

period; restoration of torsinA expression in juvenile mice

was sufficient to rescue behavioural phenotypes, while

restoration in the mature adult was not [37]. The authors

conclude that torsinA LOF during a specific developmental

period causes some pathogenic alteration in

neurodevelopment that cannot be compensated for by

normal function at a later stage.

These experiments elegantly demonstrate that the

developing nervous system is uniquely vulnerable to certain

pathogenic mutations during certain stages. While Li et al

provide powerful evidence of a critical period of vulnerability

to TorsinA LOF, the extent to which this feature is common to

genetically distinct forms of dystonia is unknown. There is

some evidence that other dystonia-causing mutations may

also act during critical developmental periods [38]. For

example, mutations in THAP1, associated with THAP1-

dystonia, are also partially penetrant, and also cause early

onset of symptoms [39]. Juvenile THAP1-dystonia model

mice show temporary myelination defects which normalise

in mature adults, while motor defects do not [40]. As in

DYT1-TOR1A, this implies that some transient alteration

in neurodevelopment causes permanent defects which

cannot be compensated for in later life. Thus, acting during

critical periods of vulnerability may be a common feature of

dystonia-related mutations, but in most cases other than

DYT1-TOR1A direct evidence is lacking. Further, the

mechanisms underlying vulnerability during these stages

are not understood.

Our work demonstrates that at least one other dystonia-

associated mutation acts during a critical developmental period,

and goes on to implicate alterations to neuronal activity during

this period as a potential mechanism. The next section will

discuss the role that neuronal activity plays during

development, and the potential effects of disruptions to

this activity.

Critical developmental periods

Maturation of neuronal circuits during development is often

separated into two stages: early, activity-independent

establishment of neural circuits (occurring before the onset of

electrical neuronal firing and strongly determined by genetically

programmed developmental processes); and later, activity-

dependent refinement of these circuits (influenced by

intrinsically-generated or stimulus-dependent neuronal

activity) [41]. Critical developmental periods are understood

to be discrete time periods during which neuronal activity has

a far greater ability to influence the direction of neuronal

maturation than at other stages, likely due to transient

upregulation of activity-dependent plasticity mechanisms [42].

Appropriate input in the form of neuronal activity during these

periods is necessary for the normal development of neuronal

circuitry. Thus, alterations to neuronal development caused by

inappropriate activity levels during these stages can become

“locked in,” and cannot be fully compensated for by

appropriate input later.

The paradigmatic example of a critical developmental

period is the requirement of visual input in early life to

establish the visual map. In a number of mammalian

species, monocular deprivation (by reversibly suturing one

eyelid closed) during a discrete postnatal period causes long

lasting alterations in response to visual stimuli. Crucially,

these changes persist when the eye is re-opened after the

critical period, and similar changes are not produced by

similar deprivation in the fully mature animal [43, 44].

This is not a phenomenon unique to the visual system. For

example, monaural deprivation during critical periods has

been shown to produce similar defects in the auditory system

[45]. Critical periods in the development of the locomotor

system are less well studied. However, reducing weight load on

the limbs of neonatal rats during a well-defined postnatal

period causes lasting alterations in locomotion, while the same

interventions outside this window have less severe or transient

effects [46, 47]. These experiments establish the key features of

a critical period; 1) inappropriate neuronal activity during a

discrete neurodevelopmental stage causes permanent

behavioural defects, which 2) cannot be fully rescued by

the resumption of appropriate neuronal activity after this

stage, while 3) the same intervention is well tolerated by
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the fully mature nervous system and does not produce

similar defects.

A large body of fundamental research has explored the

mechanisms underlying the requirement of appropriate

activity during discrete developmental stages. Neuronal

activity levels during early development correlate with cell

survival [48], synapse maturation [16, 49], and activity levels

in mature neurons [50]. Importantly for the study of dystonia,

activity during specific time periods seems to have a direct role

in establishing locomotor circuits. Spontaneous activity

occurs in the developing spinal cord of vertebrates [51],

and disruptions cause motor neuron axonal pathfinding

errors in developing chicks [52], delayed onset of co-

ordinated motor-related activity in zebrafish [53], and

altered left-right and flexor-extensor co-ordination in mice

[54]. Evidence from Drosophila melanogaster larvae shows

that perturbations to spontaneously generated activity during

the embryonic stage causes lasting behavioural defects in the

form of delayed and abnormal crawling behaviour [55, 56].

Experiments in both Drosophila and mice show that similar

perturbations can also enhance seizure susceptibility,

presumably reflecting long-lasting alterations to neuronal

circuit function, and that normalising activity during the

same stage can rescue these phenotypes [50, 57, 58].

Critical developmental periods therefore imply the existence

of critical periods of vulnerability, as during these periods the

system will be uniquely susceptible to alterations in patterns of

neural activity across the brain.

Disrupted activity during
developmental critical periods as a
driver of human disease

As with animal models, humans have critical periods of

enhanced susceptibility to genetic or environmental insults.

For example, pre-natal exposure to alcohol can cause lasting

developmental abnormalities in dosages that would be well

tolerated in adulthood [59]. Other insults might be pathogenic

at any stage of life. Understanding when and how a given insult

affects the nervous system may have great therapeutic

implications. For example, restoring gene function in adults

may be a viable strategy in cases where a LOF mutation exerts

a pathogenic function on the mature nervous system, but not

when LOF during an earlier critical period has altered

development in a way that will not be corrected by later

normalisation of gene function.

Inappropriate levels of neuronal activity during critical

developmental periods have been implicated in a number of

conditions. Interventions for childhood disorders affecting

eyesight must be performed at a young age to be fully

effective [60], and cochlear implantation in congenitally deaf

children has better long-term outcomes when performed at a

younger age [61]. This is likely because of a requirement for

appropriate sensory input during critical developmental periods,

exactly as in animal studies of sensory deprivation. As well as

sensory modalities, inappropriate levels of activity during critical

periods has been theorised to underlie complex

neurodevelopmental disorders such as autism and

schizophrenia [62, 63].

Direct evidence that altered neuronal activity during a

developmental critical period contributes to locomotor

impairment in a human disease has recently come from a

mouse model of HD in which neonatal mice display transient

reductions in synaptic activity and changes in neuronal

morphology, which normalise a few days later [64].

Pharmacologically enhancing glutamatergic neurotransmission

during the same period to counteract this effect rectified motor

phenotypes in resulting adult mice, providing strong evidence

that the reductions in neuronal activity have a causal role in

motor dysfunction. Interestingly, the same intervention

worsened the performance of control mice in the same assays,

underscoring the requirement for appropriate levels of activity

during critical developmental periods [64]. Together with a wide

body of fundamental research demonstrating the importance of

appropriate neuronal activity during developmental critical

periods in establishing locomotor circuits, this demonstrates

that perturbations to this activity caused by pathogenic

mutations is a potential causative mechanism underlying

motor phenotypes in human disease. Not unlike the HD mice,

juvenile Tor1A-ΔGAG/+ mice exhibit transient alterations in

neuronal excitability and plasticity [27], though it is as yet

unclear whether this has a causal role in behavioural

phenotypes. Our work directly implicates alterations to

neuronal activity during a critical developmental period as a

mechanism underlying at least one form of inherited dystonia.

Discussion

An emerging body of work suggests that in at least some

cases, pathogenic mutations causing dystonia act during critical

neurodevelopmental periods of vulnerability. Our findings open

the possibility that this may be a feature widely shared by

genetically distinct forms of dystonia. Which developmental

mechanisms are affected during these periods is an open

question with far-reaching implications for understanding and

treatment of dystonia. Disruption of any number of transient

states or processes during neurodevelopment could cause long-

term alterations to the maturation of the nervous system, and be

a potential substrate for critical periods of vulnerability. One

potential candidate is disruption of neuronal activity during

critical periods of development. A wide body of research

demonstrates that appropriate activity during critical periods

is instructive in establishing locomotor circuits, and the mature

system may not be able compensate for transient alterations to
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activity during these periods. Our work implicates altered

neuronal activity during a critical developmental period as a

causative mechanism underlying motor impairment in an

invertebrate model of a pathogenic mutation directly

associated with dystonia. In the context of the wider field,

taking into account fundamental work, disease modelling, and

clinical observation, we conclude that perturbations to neuronal

activity levels during critical developmental periods is a potential

mechanism that might underly various forms of inherited motor

impairment, including dystonia.
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