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Fig. 1: History of dystonia.
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1. Pathologically, there is no clear evidence for neural degeneration in the 
few human post-mortem cases of “isolated” dystonia. 

2. The lack of a gross pathological correlate also supports the theory that 
dystonia is a functional disease of common alterations in 
neurochemistry, wiring, or physiology. 

3. Experimental models revealed a number of shared biological pathways 
among dystonia-linked genes

Dystonia: fundamental commonalities
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alterations in neurochemistry, wiring, or physiology 



While our knowledge on the genetic basis of monogenic dystonias has enormously 

grown, their clinical borders are becoming increasingly elusive

Klein, Journal of Neural Transmission (2021) 128:395–404



Heterogeneity of phenotypes
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• Dopamine – neurochemistry- plasticity

• Gene transcription

• Quality control machinery- trafficking

• Environmental stressors



From: Lecture of Arvid Carlsson, Nobel Prize for Medicine and Physiology, Stockholm 8 december 2000

Rabbits treated with reserpine (upper panel) and after DL-Dopa (lower panel) in an experiment by 
Carlsson, Lindqvist, Magnusson, demonstrating the relevance of dopamine in movement



Dopamine, striatum and dystonia

• Dopa-responsive dystonia (high phenotypic variability)

• Dystonia in early-onset PD and in low dopaminergic states (off-PD)

• Dystonia caused by dopamine D2 receptor antagonists

• The role of dopamine emerges also in focal forms of dystonia, i.e cervical dystonia (Walsh et al J 

Neurol 2009; Simonyan et al., 2013)



Dopamine and focal dystonia



Dopamine, striatum and pathways

Multiple mutations causing dystonia converge to affect striatal signaling and signal transduction pathways similarly. 
Many of them involved in dopamine signaling



Dopamine: shared pathways 

• Shared dopamine i) “expected” and ii) “unexpected” pathways

• pathways includei) Synaptic function, regulation of plasticity, transmitter release and 
machinery

ii) Changes in the endoplasmic reticulum or nuclear  envelope, responsivity to intracellular 
stress, abnormalities of cell cycling, eIF2α signaling, and others (Bragg et al., 2011; Gonzalez-
Alegre, 2019; LeDoux et al., 2013; Nibbeling et al., 2017; Rittiner et al., 2016; Weisheit et al., 2018, 
Indelicato et al., 2024). 

Many of the shared pathways are not mutually exclusive. Links between dopamine signaling, 
mitochondrial function, maintenance of intracellular homeostasis have been established



• Pathogenic variants in the guanosine triphosphate
cyclohydrolase-1 (GCH1) gene are the most frequent
causes of monogenic DRD, with the autosomal
dominant form with heterozygous variants being the 
most common subgroup.

• In addition, recessive/biallelic mutations in GCH1 as
well as in four other genes (tyrosine hydroxylase
[TH], tetrahydrobiopterin synthase [PTS], sepiapterin
reductase [SPR]and quinoid dihydropteridine
reductase [QDPR] have been frequently associated
with monogenic DRD.



DRD model: 
Levodopa and anticholinergics rescue motor abnormalities



…“unexpected” pathways

• Evidence from human genetic and functional studies that support the consideration of 
molecular-genetic families in dystonia for two processes, the endosome-autophagosome-
lysosome pathway (EALP) and the integrated stress response (ISR).
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ISR pathway activation has roles beyond response to cellular stresses, and 
influences synaptic plasticity, such as long-term depression (LTD) and 
neuromodulator signaling involving dopamine (DA) and acetylcholine (Ach)

The ISR and its intersection, via PERK, with the UPR (upper left) 
constitute the 2 major proteostasis pathways.

Phosphorylation of eIF2α induces broad reprogramming of 
translation within the cell, preferentially translating mRNAs and 
reducing the translation of mRNAs. In addition to marked 
reduction in total protein translation, this action reduces 
cellular stress through translation and transcription of 
chaperones, proteases, and amino acid synthesis and transport 
proteins 



Science 372, 361 (2021)

The authors developed a reporter to reveal the translational state of the ISR pathway in brain cells.

With this reporter, we made the unexpected discovery that the ISR was constitutively activated in a subset 

striatal cholinergic interneurons (CINs). They then showed that the level of CIN ISR activation influences 

dopamine D2R-dependent modulation of CIN firing and striatal dopamine (DA) release, and changed the 

performance of learned tasks.



• “All patients were found to carry heterozygous loss-of-function variants in the 
previously unassigned disease-gene PTPN1, encoding an essential tyrosine-protein 
phosphatase (PTP1B) that influences immune reactions”

• “PTP1B is a key component of the integrated-stress-response (ISR), a unifying 
molecular pathway in dystonia in which several effectors have been demonstrated 
to cause incompletely penetrant dystonic symptoms”
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Drugs targeting the ISR include 
inhibition of its phosphatases (raphin1, 
sephin1,guanabenz) or novel
activators like HIV protease inhibitors

??

For EALP, small molecule modifiers
of autophagy and lysosome may
emerge as promising treatments. 

Maintenance or upregulation of 
EALP activity may foster neuronal
health. 

Enzymatic activity enhancement in 
the EALP, specific substrate
reduction, and/or autophagic
activation may be useful strategies 
for future clinical trials.



Fig. 6: Treatment algorithm for dystonia.
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Which is the rationale for the involvement 
of dopamine and acetylcholine?





D2 receptor dysfunction in different models of dystonia

Paradoxical
excitation





Shared pathways - dopamine and acetylcholine



Shared dopaminergic dysfunction- GNAL KO 
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common alterations in neurochemistry, wiring, or physiology 



Is plasticity an issue to human dystonia?





Plasticity impairment in generalized and focal dystonia



Neurophysiology, synaptic plasticity, endophenotypes

1. The main pathophysiological mechanisms recognized for human dystonia include an imbalance between inhibition and excitation, 

abnormalities in sensorimotor integration, and maladaptive plasticity.  Maladaptive plasticity may play a particularly important role in 

task-specific dystonia like musician’s dystonia, where repetitive practice triggers the development of abnormal movements.

2. Several studies have consistently shown that, in patients with isolated dystonia, sensory and motor cortex exhibit an exaggerated 

responsiveness to rTMS conditioning protocols, expression of enhanced plasticity (Quartarone et al., 2003, Quartarone et al., 2008, Weise et 

al., 2006, Edwards et al., 2006, Tamura et al., 2009).

3. The loss of spatial specificity is a robust finding and is related to the abnormalities of neuronal inhibition identified both in the motor 

and somatosensory system in dystonic patients (Hallett, 2011), and may well be explained by a failure of neuronal (surround) inhibition. 

4. Impaired synaptic plasticity has been described in carriers, and even in unaffected body parts (Quartarone et al., 2008), suggesting that 

altered synaptic processes can represent a susceptibility factor, or an endophenotypic trait of dystonia, regardless of clinical 

penetrance (Edwards et al., 2006).



Nora Krohn

36



Musician’s dystonia
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Endophenotype in dystonia: early loss of surround inhibition
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Delineating the endophenotype in DYT1 dystonia models: early
loss of inhibition

• Loss of corticostriatal LTD

• Enhanced LTP

• Loss of synaptic depotentiation
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Functional and structural corticostriatal synaptic plasticity
impairment

Plasticity in experimental models: 

Enhanced LTP

Loss of synaptic depotentiation

Loss of LTD



Anticholinergics restore synaptic plasticity in dystonia models



How to rewire abnormal circuits in dystonia by targeting neurotransmitter systems?
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SAI is increased in the presence of l-DOPA while LAI is
not significantly altered. 
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The authors propose a new mechanism “activity-dependent homeostatic structural remodeling“, which is 
sensitive to specific parameters of the stimulation protocol, i.e. frequency, intensity, and duration of 
stimulation.
Particularly, the feedback-inhibition initiated by network stimulation influenced the net stimulation outcome 
and hindered the rTMS-induced structural reorganization, highlighting the role of inhibitory networks.



The past decade has witnessed an important advance in genetics of dystonia, and in turn, in 

the generation of animal models.

Extensive characterization of models of dystonia provided evidence for specific alterations, 

such as altered neurochemical and synaptic plasticity alterations.

Shared pathways are now being recognized, and characterized. These advances might

pave the way to a novel, biological classification of dystonia, which might help designing

common therapeutic strategies. 

Conclusions
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