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Abstract

Neurochemical imbalances in the striatum are thought to contribute to the pathophysiology of DYT1
dystonia (TOR1A), a severe movement disorder. Parvalbumin- positive GABAergic fast-spiking
interneurons (PV+ FSI) exert a powerful inhibition within the striatal microcircuitry. To elucidate the
impact of PV+ FSI on striatal neurotransmitter dynamics in a DYT1 knock-in (KI) mouse model, we
combined optogenetic inhibition of PV+ FSI with in vivo microdialysis (optodialysis) and LC-MS/MS
analysis. Dialysates were collected across baseline (light off), stimulation (light on, 595 nm) and post-
stimulation (light off) periods. Basal extracellular concentrations of several analytes, including
GABA, dopamine and adenosine, showed no significant differences between wildtype (WT) and
DYT1 KI mice. In WT mice, PV+ FSI inhibition decreased GABA and adenosine levels. In contrast,
DYT1 KI mice showed no change in GABA and only a delayed reduction in adenosine post-
stimulation. Dopamine, choline or 5-HIAA were largely unaffected by optogenetic inhibition, with
the exception of a genotype-specific reduction of 5-HIAA in the post-stimulation period. These
findings suggest impaired inhibitory and neuromodulatory control in the DYT1 KI mice, potentially
reflecting compensatory circuit adaptations. The results provide novel insights into striatal
microcircuit function in DYT1 dystonia, establish a basis for exploring circuit-level alterations in other
movement disorders, and may inform future therapeutic strategies.

Keywords: optodialysis; microdialysis; optogenetics; fast-spiking interneurons; GABA; adenosine;
DYT1 dystonia

1. Introduction

Dystonia is a movement disorder characterized by involuntary, sustained or intermittent muscle
contractions resulting in abnormal, often repetitive, movements and postures [1]. One hereditary
form, DYT1 dystonia, is an early-onset, generalized, autosomal dominant disorder with incomplete
penetrance, affecting approximately 30% of mutation carriers [2]. A base pair deletion (AGAG) in the
TORI1A gene causes a pathogenic codon deletion (AE) in the ATPase TorsinA, which impairs vesicle
transport, protein folding, and neurotransmitter release. Although AE-TorsinA contributes to
dystonia pathophysiology, the underlying mechanisms remain unclear [3]. The early postnatal
lethality in homozygous DYT1 knock-in (KI) mice supports a loss of function mutation [4].

Alterations in striatal GABAergic, dopaminergic and cholinergic pathways have been reported
in various dystonia models, suggesting a central role in disease pathophysiology [5]. In heterozygous
DYT1 (KI) mice, a mouse model of asymptomatic human mutation carriers, subtle sensorimotor
deficits and signs of aberrant synaptic plasticity have been described [6-9]. Further, these mice exhibit
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reduced basal levels of dopamine (DA) [7,10], impaired DA release [7,10,11] and elevated
extracellular acetylcholine (ACh) [12].

GABAergic parvalbumin-positive fast-spiking interneurons (PV+ ESI) are crucial regulators of
striatal inhibition, providing strong feedforward inhibition onto striatal projection neurons (SPN)
and interacting with GABAergic, dopaminergic and cholinergic systems [13,14]. Reduced inhibitory
control in the striatum, along with PV+ FSI dysfunction, is considered to contribute to the
pathophysiology of dystonia [15-21]. Recent work demonstrated that in vivo optogenetic inhibition
of PV+ FSI did not induce dystonic or dyskinetic signs, but caused a genotype-specific decrease in
neuronal activity, as indicated by less c-Fos immunoreactivity, in DYT1 KI mice [19]. Despite their
critical role, the contribution of PV+ FSI to extracellular striatal neurotransmitter regulation remains
unclear.

To address this gap, we used optodialysis — a combination of in vivo microdialysis (MD) and
optogenetics — to modulate neuronal activity [22] and monitor extracellular neurotransmitter in freely
moving mice [23]. We simultaneously measured striatal extracellular levels of y-aminobutyric acid
(GABA), dopamine (DA), 3-methoxytyramine (3-MT), acetylcholine (ACh) and its isobaric structure
iso-acetylcholine (isoACh), choline, adenosine (ADE) and 5-hydroxyindolacetic acid (5-HIAA) [24,25]
across baseline, light stimulation and post-stimulation periods. This approach was designed to reveal
how PV* FSI inhibition shapes striatal neurotransmitter dynamics and whether these dynamics are
altered in the DYT1 KI genotype. Establishing optodialysis as a viable tool for circuit-specific
neurochemical profiling may furthermore serve as a methodological foundation for investigating
other genetic movement disorders.

2. Results

2.1. Verifying Localization and Expression

Placement of the MD probe and the optical fiber within the dorsal striatum was verified in all
experimental animals using Nissl-staining (Figure la). Only mice with a strong local tropism of
eNpHR3.0 expression in PV+ FSI were included in the final analysis (Figure 1b). WT and two DYT1
KI mice were excluded due to non-specific eNpHR3.0 expression beyond PV+ FSI (Figure 1c).

2.2. Extracellular Neurotransmitter and Neuromodulator Levels

Extracellular baseline concentrations of all analyzed neurotransmitters and neuromodulators -
including dopamine (DA), 3-methoxytyramine (3-MT), iso-acetylcholine (isoACh), y-aminobutyric
acid (GABA), acetylcholine (ACh), choline, 5-hydroxyindolacetic acid (5-HIAA) and adenosine
(ADE) - did not differ significantly between WT and DYT1 KI mice. A full dataset is provided in the
supplemental material (Table S1, Table 52). The absence of baseline differences between genotypes
indicates that the tonic neurochemical tone is preserved in DYT1 KI mice under resting conditions,
and that any genotype-specific effects are attributable to stimulus-evoked dynamics rather than pre-
existing concentrations differences.

Table 1 summarizes the mean concentrations of all analytes across conditions.
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Figure 1. Verification of implant localization and cell-type-specific halorhodopsin (eNpHR3.0) expression in PV+

(b)

FSI Nissl-stained coronal section of microdialysis (MD) guide cannula (blue) and optical fiber (orange) within
the dorsal striatum. The maximum spacing (<200 um) ensured sampling within the optical range. Left: scale bar
200 pum; Right: scale bar 100 um. (b) Specific expression of eNpHR3.0 (green) in PV+ ESI (red); cell nuclei stained
with DAPI (blue), scale bar 25 pm. (c) Non-specific expression of eNpHR3.0 in PV+ FSI, representing the

exclusion criterion, scale bar 25 pum.

Table 1. Extracellular concentrations (ng/ml, mean + SEM) of neurotransmitters and metabolites across
stimulation conditions in WT and DYT1 KI mice. Concentrations of GABA, dopamine (DA), 3-methoxytyramine
(3-MT), acetylcholine (ACh), iso-acetylcholine (isoACh), choline, adenosine (ADE), and 5-hydroxyindolacetic
acid (5-HIAA) across three conditions: baseline (light off), during optogenetic inhibition of PV+ interneurons
(stimulation, light on), and the post-stimulation period for WT and DYT1 KI mice. Values represent the average
of three consecutive microdialysis (MD) samples, normalized to the individual in vitro recovery of the MD
membrane. Statistical comparisons were made for: (1) baseline vs. stimulation, (2) baseline vs. post-stimulation,
and (3) stimulation vs. post-stimulation. Significant differences are marked as follows: * within WT, # within
DYT1 KI, G between genotypes.

GABA .2 ACh isoACh Cholin 2.® DA 3-MT 5-HIAA ADEV.2

WT (n=8) WT (n=4) WT(n=9) WT(n=8) WT (n=9) WT (n=9) WT (@=9) WT (n=9)
DYTI (n= DYTL(n= DYTl(n= DYTl(n= DYTl(n= DYTI(n= _ (n=9) DYT1 (n=

9) 3) 9) 9) 9) 10) 9)

Baseline

10.25 + 153.36 + 26.58 +7.30

WT 293% 0.48 +0.04 7.74+0.99 25.64 3.37+0.74 7.15+1.29 150.84 +22.28 "
DYT1 6.57+0.97 0.49+0.07 6.73+0.97 1ii6£ * 3.19+0.59 6.43+0.59 100.74 + 15.9731'96#i 9.8

Stimulation

WT 7.64+1.37%* 051+0.10 7.94+1.04 1‘;99(;§i 3.33+0.71 7.52+1.29 144.65+18.79 14'903 4.63
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DYTI  582:082 0374004 5982067 00" 2545023 6212051 89.70+1810 23.64+7.84
Post-Stim
WT  7.98+1.44* 052+0.07 7.34+0.86 1%'551; 6504076 7.77+1.24 159‘15: 219111.23 £2.79
DYTI  601+1.04 038+0,02 5.77+0.62 1122'52%i 2774017 634+037 107 : 15.19 18.54 * 525

2.2.1. GABA Levels Decreased Upon Optogenetic Inhibition of PV+ FSI in WT but not in DYT1 KI

Although GABA levels tended to be lower in DYT1 KI mice than in WT, but no significant
differences was detected [F (1/50) = 1.949, p = 0.183] (Figure 2). However, optogenetic stimulation
significantly affect GABA levels [F (2/50) = 4.829, p = 0.015]. Post-hoc analysis revealed a significant
decrease in GABA levels in WT mice (n = 8) during stimulation (baseline 10.25 + 2.23 ng/ml vs.
stimulation 7.64 + 1.37 ng/ml, p = 0.013) and post-stimulation (baseline vs. post-stimulation
stimulation 7.98 + 1.44 ng/ml, p = 0.023). GABA levels in DYT1 KI mice remained relatively stable
across all stimulation periods (n =9, baseline 6.57 + 0.97 ng/ml vs. stimulation 5.82 + 0.82 ng/ml vs.
post-stimulation 6.01 + 1.04 ng/ml).
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Figure 2. Optogenetic inhibition of PV+ FSI decreases GABA levels in WT but not in DYT1 KI mice (a) Group
means + SEM of extracellular GABA concentration in and (b) individual mouse data represents repeated
measurements from the same animal across conditions (each symbol represents one animal). WT n=8, DYT1 KI

n=9, * WT, baseline vs. stimulation, p < 0.05, vs. post-stimulation, p < 0.05 (Holm Sidak).

2.2.2. DA and 3-MT Levels Remained Stable Across Stimulation

DA levels showed no significant differences between genotypes or across stimulation periods
(Figure 3a, b). In WT mice, DA concentrations remained stable (n = 9, baseline 3.37 + 0.74 ng/ml,
stimulation 3.33 +0.71 ng/ml, post-stimulation 3.50 + 0.76 ng/ml). In DYT1 KI mice, DA concentrations
decreased slightly during stimulation and recovered moderately post-stimulation (n =9, baseline 3.19
+ 0.59 ng/ml, stimulation 2.54 + 0.23 ng/ml, post-stimulation 2.77 + 0.17 ng/ml). However, these
changes were not statistically significant. Similarly, the concentration of the DA metabolite 3-MT
remained unchanged across all conditions (WT n=9 vs. DYT1 KI n = 10, baseline: 7.15 + 1.29 ng/ml
vs. 6.43 + 0.59 ng/ml, stimulation: 7.52 + 1.29 ng/ml vs. 6.12 + 0.51 ng/ml, post-stimulation: 7.77 + 1.24
ng/ml vs. 6.34 + 0.37 ng/ml; Figure 3c, d).

The 3-MT/DA, reflecting extracellular dopamine turnover, did not differ significantly between
genotypes or across conditions, suggesting that DA metabolism was unaffected by PV+ FSI.

The stability of both DA and 3-MT levels across conditions and genotypes indicates that
optogenetic inhibition of PV+ FSI did not engage dopaminergic pathways, underscoring the
selectivity of PV+ FSI inhibition for GABAergic transmission and adenosine-mediated
neuromodulation (Figure 3e).
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Figure 3. Dopamine and 3-MT were unaffected by optogenetic inhibition of PV+ FSI in both genotypes
concentrations in WT and DYT1 KI mice (a), (c) Group means + SEM and (b), (d) individual mouse data
represents repeated measurements from the same animal across conditions (each symbol represents one animal).
(e) Ratio of 3-MT/DA in WT and DYT1 KI. WT n=9/9, DYT KIn = 9/10 (DA/3-MT).

2.2.3. Extracellular Adenosine (ADE) Levels Decreased with a Delay During Inhibition of PV+ FSI in
DYT1KI

ADE levels did not significantly differ between genotypes [ F (1/53) =, p < 0.05]. A significant
main effect of stimulation was detected [F (2/53) =16.799, p <0.001]. Post-hoc tests revealed a decrease
during stimulation and post-stimulation in WT mice (n =9, baseline 26.58 + 7.30 ng/ml vs. stimulation
14.90 + 4.63 ng/ml, p = 0.005; baseline vs. post-stimulation 11.23 + 2.79 ng/ml, p <0.001). In DYT1 KI
mice, a significant ADE decrease was only observed between baseline and post stimulation period (n
=9, baseline 31.96 + 9.85 ng/ml vs. post stimulation 18.54 + 5.25 ng/ml, p = 0.002), with a statistical
trend during stimulation (baseline vs. stimulation 23.64 + 7.84 ng/ml, p = 0.054) (Figure 4).

2.2.4. 5-HIAA Levels Were Selectively Reduced in DYT1 KI Mice During and After Optogenetic
Inhibition of PF+ FSI

Serotonin (5-HT) was below the limit of detection (< LOD), but its metabolite 5-
hydroxyindolacetic acid (5-HIAA) was reliably quantified. A genotype effect was found for 5-HIAA

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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levels [F (1/53) = 5.221, p = 0.036], with DYT1 KI mice exhibiting lower concentrations in WT than in
DYT1 KI during post-stimulation (WT n =9 vs. DYT1 KIn =9, post-stimulation: 159.15 + 21.91 ng/ml
vs. 91.99 + 15.19 ng/ml, p = 0.021) and tended to be significant during stimulation (WT vs. DYT1 KI,
stimulation: 144.65 + 18.79 ng/ml vs. 89.70 + 18.10 ng/ml, p = 0.053) (Figure 5).
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Figure 5. 5-HIAA levels were selectively reduced during and after optogenetic inhibition of PV+ FSI (a) Group
mean = SEM and (b) individual mouse data represents repeated measurements from the same animal across
conditions (each symbol represents one animal). WT n =9, DYT1 KI n = 9, ® within stimulation, WT vs. DYT1
KI, p=0.053 (Holm Sidak), * within post stimulation, WT vs. DYT1 KI, p = 0.021 (Holm Sidak).

2.2.5. ACh Levels Were Unaffected by Optogenetic Inhibition, Choline Decreased Post-Stimulation
in Both Genotypes

Acetylcholine (ACh) levels were quantifiable above the limit of quantification (LOQ) in only a
subset of animals (WT n =4, DYT1 KI n = 3), limiting statistical power. No significant stimulation or
genotype effects were found (Figure 6a, b). While ACh levels remained stable in WT mice, they
appeared lower in DYT1 KI during and after stimulation, though without statistical significance.

In contrast, choline concentrations showed a main effect for stimulation [F (2/50) = 8.186, p =
0.001], with a significant decrease from baseline to post-stimulation in WT (n = 8, base-line 153.36 +
25.64 vs. post-stimulation 127.51 + 30.52, p =0.04) and DYT1 KI mice (n =9, baseline 143.68 + 23.01 vs.
post-stimulation 115.50 + 23:28, p = 0.015) (Figure 6c, d).

2.2.6. Iso-Acetylcholine (isoACh) Tended to be Lower in DYT1 KI

IsoACh, despite being isobaric with ACh, was chromatographically resolved from ACh using
the method described by Becker et al. [2]. No significant genotype or stimulation effect was detected,
though a tendency towards reduced post-stimulation levels in DYT1 KI mice was observed (n =9,
baseline 6.73 + 0.97 ng/ml vs. post stimulation 5.77 + 0.62 ng/ml, p = 0.079) (Figure 7a, b). The
ACh/isoACh ratio could not be reliably calculated due to the limited data on ACh concentration.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Acetylcholine and Choline concentrations in WT and DYT1 KI mice (a), (c) Group mean + SEM and (b),
(d) individual mouse data represents repeated measurements from the same animal across conditions (each
symbol represents one animal). ACh: WT n =4, DYT KI n = 3; Choline: WT n =8, DYT1 KI n =9. *WT, baseline
vs. post-stimulation, p = 0.04 (Holm-Sidak), *DYT1 KI, baseline vs. post-stimulation, p = 0.015 (Holm-Sidak).
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Figure 7. Iso-Acetylcholine concentrations in WT and DYT1 KI mice (a) Group mean + SEM and (b) individual
mouse data represents repeated measurements from the same animal across conditions (each symbol represents
one animal). WTn=9, DYT1KIn=9.

3. Discussion

In this study, we combined optogenetic inhibition of parvalbumin-positive fast-spiking
interneurons (PV+ FSI) with in vivo microdialysis to investigate striatal neurotransmitter dynamics
in a DYT1 dystonia mouse model. Previous work demonstrated changes in neuronal activity
following PV+ FSI inhibition [19], but its impact on extracellular neurotransmitter levels remained
elusive. Our results reveal genotype-specific differences in response to PV+ FSI inhibition between
DYT1 knock-in (KI) mice and wildtype littermates (WT), particularly affecting GABA and adenosine
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signaling. These results suggest altered inhibitory control and neuromodulatory imbalance in DYT1
KI mice.

Genotypic GABAergic response to PV+ FSI inhibition

Optogenetic inhibition of PV+ FSI significantly reduced extracellular GABA levels in WT mice.
In contrast, GABA levels remained unchanged in DYT1 KI mice, indicating a genotype-specific
disruption of striatal inhibitory signaling. Under physiological conditions, PV+ FSI exert strong
inhibition onto both D1- and D2-type striatal projection neurons (SPN) and their widespread axonal
arborizations make them major contributors to extracellular GABA [26,27]. Accordingly, optogenetic
silencing of PV+ FSI is expected to reduce action-potential-dependent GABA release, thereby
lowering ambient GABA, as observed in WT mice. While such inhibition may disinhibit SPN, the
resulting increase in SPN activity is unlikely to compensate, as they release GABA in a synapse-
specific manner and contribute minimally to extracellular GABA [27,28]. However, SPNs are not the
sole source of extracellular GABA; other contributors include low-threshold-spiking (LTS)
interneurons, SPN collaterals, DA axon co-release and the regulation of astrocytic GABA uptake
[29,30]. The lack of reduced GABA levels in DYT1 KI mice may indicate a ceiling effect from pre-
existing GABAergic deficits in dystonia [16], or a structural disconnection resulting from impaired
synaptic integration, possibly caused by torsinA-related dysfunction in vesicle trafficking and
synaptic organization [31,32]. Consequently, further optogenetic inhibition of PV+ FSI induces only
minimal additional decrease in extracellular GABA levels in DYT1 mice. Unchanged GABA levels in
DYT1 KI mice likely reflect compensatory mechanisms: other striatal interneurons, such as
somatostatin-positive (SOM+) or LTS interneurons, may be upregulated to maintain inhibitory tone
in the striatum [28,33]. Furthermore, recurrent SPN collaterals could contribute to tonic inhibition
[34], as suggested in DYT1 models [27,35,36]. Taken together, network-level plasticity in DYT1
dystonia has the potential to reduce network dependence on PV+ FSI activity and buffer against
GABA decreases through compensatory mechanisms [9,32,37].

Altered adenosine response in DYT1 KI mice

Adenosine (ADE) levels exhibited genotype-dependent dynamics during PV+ FSI inhibition,
with WT mice showing a rapid decline, whereas in DYT1 KI mice the decrease was both delayed and
attenuated. Inhibition of PV+ FSI reduces GABA output onto striatal microcircuits, changing network
activity and reducing signals that typically drive ADE accumulation. Since ADE levels strongly
reflect neuronal and synaptic activity, a reduction in GABA-driven network activation can either
decrease ADE release or increase its clearance rate [38,39]. This framework provides an explanation
for the rapid ADE decrease observed in WT mice during PV+ FSI inhibition: the sudden loss of PV+
FSI-mediated inhibition disrupts the balance of synaptic and metabolic activity in striatal circuits,
reducing substrate availability for adenosine formation (e.g., ATP breakdown) and potentially
enhancing uptake or degradation processes via adenosine kinase or ectonucleoside transporters [40—
42]. These mechanisms are consistent with established models in which adenosine levels decrease
when local neuronal activity diminishes, particularly during reduced inhibitory or excitatory drive
[43]]. This further underscores the notion that alterations in GABAergic activity directly impact
adenosine dynamics.

The genotype-specific differences in ADE levels may reflect disrupted neuromodulatory
feedback control in DYT1 dystonia. Several mechanisms could contribute to this, including: (1)
reduced adenosine kinase activity [44], (2) increased ectonucleotidase-mediated clearance [45], or (3)
dysregulated neurotransmitter crosstalk, particularly involving GABA and DA signaling [12,46].
Notably, an upregulation of adenosine A2A receptors (A2AR) has been described in a DYT1 knock-
out model [47]. Although our study used a knock-in model, similar A2AR adaptations could disturb
ADE-DA interactions and broader neuromodulatory signaling.

The delayed ADE decrease in DYT1 KI mice aligns with the hypothesis that dystonic circuits fail
to appropriately adjust neuromodulatory signals when inhibitory input is perturbed, resulting in
blunted feedback inhibition and potentially contributing to sustained hyperexcitability [48]. The
dissociation between GABA and ADE dynamics in DYT1 KI mice, where neither neurotransmitter
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decreases during PV+ FSI inhibition, points toward a more widespread impairment of inhibitory and
neuromodulatory feedback mechanisms in the striatum.

Dopaminergic System: subtle shifts, no significant effects

In contrast to previous findings in mouse models of DYT1 dystonia, including reduced baseline
levels of dopamine (DA) and impaired DA release [7,10,11,49,50], our data show no significant
changes in extracellular DA or its metabolite 3-methoxytyramine (3-MT), either at baseline or
following PV+ ESI inhibition. Some dopaminergic deficits in DYT1 models occurred only after
pharmacological provocation, which was not implemented in this study. Nevertheless, our results
differ from the reported ~40% reduction in baseline DA levels in DYT1 KI mice using a comparable
in vivo microdialysis (MD) approach [7,10]. Methodological differences, including MD probe
placement within striatal regions, animal age or genetic background, could account for these
discrepancies [23,51,52].

GABAergic signaling regulates DA release via GABA and GABAs receptors on dopaminergic
terminals [53]. Thus, optogenetic inhibition of PV+FSI would be expected to disinhibit DA axons and
potentially enhance DA release. However, we did not observe an effect. This suggests that GABA
derived specifically from PV+ FSI exerts limited influence over dopaminergic terminals in the
striatum. Moreover, microdialysis primarily detects tonic, not phasic changes in DA, therefore, short-
term silencing of PV+ FSI may produce only subtle, transient changes in extracellular DA [30,53].

Consistent with the absence of DA changes, 3-MT levels were unchanged in both genotypes,
aligning with previous findings [17]. A slight, non-significant increase in the 3-MT/DA ratio was
observed in DYT1 KI mice during PV+ FSI inhibition. Because 3-MT is formed from extracellular DA
via catechol-O-methyltransferase (COMT), this subtle shift may indicate that any increase in DA
release is counteracted by DA turnover or impaired reuptake, potentially reflecting altered DAT
function reported in DYT1 models [5]. Overall, our findings suggest that PV+ FSI inhibition does not
acutely affect dopaminergic output in the striatum and that dopaminergic signaling appears
relatively unaltered under baseline, non-challenged conditions. This preservation may reflect
compensatory stabilization of DA homeostasis despite deficits in other striatal microcircuits.

Serotonergic signaling: reduced 5-HIAA levels in DYT1 KI mice

Although serotonin (5-HT) was below the limit of detection in all samples, its metabolite 5-
hydroxyindoleacetic acid (5-HIAA) was reliably quantified and revealed a genotype-dependent
reduction. DYT1 KI mice showed significantly lower 5-HIAA concentrations during post-stimulation,
with a trend towards reduced levels during stimulation, indicating an impaired serotonergic
response to striatal PV+ FSI inhibition.

Under physiological conditions, inhibition of PV+ FSI is expected to disinhibit SPN, increasing
striatal output activity and probably triggering compensatory neuromodulatory mechanisms aimed
at stabilizing striatal excitability. These mechanisms include phasic 5-HT release from raphe-striatal
terminals [54,55]. Because extracellular 5-HT is rapidly cleared via the serotonin transporter (SERT),
microdialysis is often unable to detect transient 5-HT changes directly. For this reason, 5-HIAA serves
as a stable marker for serotonergic turnover [56]. Analysis of 5-HIAA dynamics revealed a moderate
decline during stimulation, followed by a post-stimulation rebound in both genotypes. This pattern
suggests a temporal discrepancy: rapid 5-HT release and reuptake temporarily store serotonin,
delaying its metabolism to 5-HIAA. The genotypic difference was most notable in the post-
stimulation period, with WT mice exhibiting a more pronounced post-stimulation overshoot
compared to DYT1 KI mice. Our findings of reduced 5-HIAA levels in DYT1 KI mice align with
clinical reports of impaired serotonergic signaling in human patients with dystonia [57] and support
the hypothesis that serotonergic dysfunction may contribute to abnormal motor network excitability
[58]. While the technical challenges in measuring synaptic 5-HT [25] preclude definitive conclusions
about release dynamics, the robust deficit in 5-HIAA provides evidence of a compromised
serotonergic system in dystonia.

Cholinergic Alterations and Exploratory Insights into iso-Acetylcholine
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Interpretation of extracellular acetylcholine (ACh) dynamics was limited by the small sample
size of quantifiable ACh concentrations (WT n = 4, DYT1 KI n = 3). While ACh levels remained
relatively stable in WT mice, they appeared lower in DYT1 KI mice during and after PV+ FSI
inhibition, though without reaching statistical significance, likely due to low statistical power.

In contrast, choline levels were robustly quantified and showed a significant decrease from
baseline to post-stimulation in both genotypes, suggesting preserved acetylcholinesterase (AChE)
activity. Since choline is the primary metabolite of ACh, its extracellular concentration reflects a
balance between ACh degradation and choline reuptake [59]. The observed reduction in choline,
despite unchanged or decreased ACh, could indicate a complex shift in cholinergic signaling. This
may reflect an initial increase in cholinergic turnover followed by net depletion or a reduction in ACh
release leading to less substrate or degradation. Under physiological conditions, inhibition of PV+
FSI is expected to enhance cholinergic activity indirectly by altering local striatal inhibition and
network dynamics [33,60,61]. PV+ FSI and cholinergic interneurons (ChIN) interact in an asymmetric
manner. ChIN have been shown to directly excite PV+ FSI, where in contrast, PV+ FSI do not directly
inhibit ChIN [62,63]. Consequently, during optogenetic inhibition of PV+ FSI, any alterations in
cholinergic output are indirect, arising from modified network dynamics [16]. The blunted ACh
response in DYT1 KI mice suggests that an altered cholinergic phenotype, may underlie this aberrant
response profile [12,64,65].

The isobaric compound iso-acetylcholine (isoACh), also known as gamma-butyrobetaine (GBB),
was reliable separated from Ach by chromatographic separation [25]. Although no significant effects
were found on isoACh levels, its presence in striatal dialysates indicates it may play a role in
neuromodulation. The physiological role of isoACh is still unclear. However, it has been suggested
that isoACh might interact with both GABAergic and cholinergic systems [66,67]. Its response to PV+
FSI inhibition should be subtle and indirect, effecting network metabolism rather than direct release
dynamics. The isobaric mass with ACh reinforces the importance of chromatographic separation to
avoid misinterpretation of ACh measurements [68].

Strengths and Limitations

This study advances the methodology for investigating circuit-level neurotransmitter dynamics
by integrating optogenetics with microdialysis (optodialysis) in awake, freely moving mice,
presenting physiological circuit dynamics [19,25]. Key strengths include the spatially precise
alignment of optical fibers and microdialysis probes (ensuring sampling within the optical
stimulation range), the use of low perfusion rates (0.5 uL/min, enhancing analyte recovery), and in
vitro recovery correction to account for inter-probe variability. Standardized surgical procedures,
extended post-surgical recovery periods, and exclusion of animals with unstable baseline recordings
further ensured data reliability and reproducibility.

Despite these methodological advances, some important limitations must be acknowledged.
First, although PV+ FSI inhibition robustly reduces neuronal activity [19], optodialysis revealed
selective effects on extracellular GABA and adenosine levels, while other analytes remained largely
unaffected. This likely reflects limitations of microdialysis, including restricted temporal and spatial
resolution [69], and incomplete equilibrium across the dialysis membrane, which can obscure fast,
phasic, or highly localized neurochemical events.

Second, reliable quantification of serotonin (5-HT), homovanillic acid (HVA), and acetylcholine
(ACh) was not achievable in the majority of samples, as concentrations fell below the limit of
quantification (0.07 ng/ml, 17.1 ng/ml and 0.03 ng/ml, respectively) [25,70,71]. The use of low
perfusion rates (0.5 pL/min) was deliberate methodological choice to maximise analyte recovery,
particularly for low-abundance neurotransmitters. However, it inherently extends the sampling
interval required per fraction, thereby reducing temporal resolution. Nevertheless, median recovery
rates of 15% were determined, confirming adequate membrane permeability despite the low
perfusion rate. The presence of diverse chemical structures, such as neurotransmitter and
neuromdulators, gave rise to a range of technical impediments in the analytical process [70]. The
analytical method prioritized chromatographic specificity and endogenous signaling reliability over
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maximum analyte sensitivity, as exemplified by the chromatographic resolution of ACh from iso-
ACh.

Third, the additional optical implant introduced variability through changes in probe
placement, localized tissue damage and alteration in perfusion and extracellular space [71],
accountable for the greater baseline variability compared to the work from Becker et al. [25]. While
microdialysis captures tonic, extrasynaptic neurotransmitter dynamics with high neurochemical
specifity, it does not resolve rapid phasic events occurring on a millisecond timescale [72]. The present
study was designed to exploit precisely this strength: characterizing stimulus-evoked changes in
extrasynaptic neurotransmitter tone rather than synaptic release kinetics and should therefore be
interpreted within this methodological scope. Sample variability in optodialysis experiments is
inherently higher than in conventional microdialysis, owing to several compounding factors. Most
notably, the necessary handling of animals prior to each experiment constitutes an unavoidable
stressor, causing stress-related neurotransmitter perturbations during baseline periods. Behavioral
responses, light-induced heating [73] further increase sample variability, lowering sensitivity for low-
abundance neurotransmitters compared to traditional microdialysis.

Consequently, the values designated as baseline reflecting in the present study are more
accurately interpreted as pre-stimulation values, reflecting a post-handling neurochemical state
under a minimum of light rather than true resting conditions. This should be considered when
comparing baseline concentrations with those reported in conventional microdialysis studies. These
limitations notwithstanding, the present study establishes optodialysis as a viable approach for
circuit-specific neurochemical profilin in vivo, and the identified methodological constraints provide
a clear roadmap for technical refinement in future investigations.

Further Perspectives

Despite these limitations, the genotype-specific attenuation of GABA and ADE responses
supports the concepts of impaired inhibitory control within the striatal microcircuit in DYT1 dystonia
[5]. The delayed decline in ADE levels in DYT1 KI mice suggests disrupted neuromodulatory
adaptation, potentially reflecting altered A1/A2A receptor-mediated neuromodulation [47], further
studies should examine whether A1/A2 receptor expression or coupling is altered in DYT1 KI mice.
Similarly, the functional interplay between PV+ FSI and striatal cholinergic interneurons has not been
directly examined in the context of DYT1 dystonia. Becker et al. [25] were the first to
chromatographically resolve ACh from its isobaric isomer isoACh (gamma-butyrobetaine) in striatal
microdialysates. This analytical distinction was not achieved in previous microdialysis studies,
where isoACh signal may have contributed to reported ACh concentrations. This unique
methodological capability revealed a non-significant trend toward reduced post-stimulation isoACh
levels in DYT1 KI mice. This raises the question of whether isoACh is neurobiologically active or a
metabolic byproduct in DYT1 dystonia. The physiological role, biosynthetic origin and potential
pathophysiological relevance of isoACh in DYT1 dystonia therefore remain poorly characterised.
This represents a promising and tractable avenue for future neurochemical investigation.

4. Materials and Methods
4.1. Animals

Animal care and all experiments were in accordance with the European guidelines (Directive
2010/63/EU) and the German Welfare Agency (ethical permission number TVV 08/22). Groups of 6-
month-old (mean + SD: 197.52 + 7.98 days) heterozygous DYT1 KI mice (TOR1A+/AGAG, DYT1 KIn
=12) and wildtype littermates (WT n = 11) of both sexes were used. All animals were on a C57BL/6]
background and expressed eNpHR3.0/EYFP in parvalbuminergic cells.

The establishment of the mouseline is described in detail in Schulz et al. [19]. In brief,
homozygous mice expressing Cre-Recombinase in parvalbuminergic cells (Pvalbtm1.1(cre)Aibs, The
Jackson Laboratory, Maine, USA) were crossed with homozygous mice expressing an improved
halorhodopsin eNpHR3.0/EYFP (Ai39(RCL NpHR3.0/EYFP, The Jackson Laboratory, Maine, USA).
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The resulting offspring expressing Cre-mediated eNpHR3.0/EYFP in parvalbuminergic cells were
then crossed with heterozygous DYT1 KI mice [4,19].

Genotyping was performed at weaning (postnatal day 21), using polymerase chain reaction
(PCR) amplification analysis of ear tissue samples (PuReTaq Ready-To- Go Beads, GE Healthcare).
Mice were housed under controlled conditions (24 + 2 °C, ~ 40% relative humidity, 12-hour light/dark
cycle) in conventional Makrolon cages (type III) with bedding and nesting material. Food (standard
diet for mice, Altromin, Germany) and water were available ad libitum. All experiments were carried
out during the dark phase in a special experimental room under identical controlled conditions.

4.2. Stereotaxic Surgery

Three days prior to surgery, animals were single-housed in high Makrolon cages. Before surgery,
body weight and health status were assessed. Anesthesia was induced with 4% isoflurane (CP-
Pharma, Burgdorf, Germany) at a flow rate of 400 ml/min and maintained at 2.2% isoflurane at 220
ml/min with 22% O2 (Univentor 1200 Anesthesia Unit, Univentor, Malta). After fixation in a
stereotaxic frame (Stoelting, Wood Dale, IL, USA), eye ointment was applied and mice were placed
on an integrated heating mat (Braintree scientificc, MA, USA) with continuous temperature
monitoring via rectal probe (ThermoWorks, UT, USA).

After securing the head with ear bars, 0.1% bupivacaine (Jenapharm, Jena, Germany) was
applied subcutaneously along the incision line to provide peri- and postoperative analgesia. A
midline skin incision was made to expose the skull and the cranial sutures with the reference points
bregma and lambda. Using Paxinos and Franklin [74] coordinates, a microdialysis (MD) guide
cannula (CMA 7, diameter 0.24 mm, length 1 mm, CMA Microdialysis AB, Kist, Sweden) was
unilaterally implanted in the dorsal striatum (relative to bregma, in mm: anteroposterior + 0.8,
mediolateral + 1.9, dorsoventral - 2.4). An optogenetic LED fiber cannula (core diameter 200 pm, outer
diameter 225 um, length 2.6 mm, numeric aperture 0.66, Prizmatix, Israel) was implanted ipsilaterally
at a 22° angle (anteroposterior - 0.7, mediolateral + 1.9, dorsoventral - 2.6). The distance between the
MD guide cannula and fiber tip was < 0.2 mm to ensure sufficient irradiance for eNpHR3.0 activation
and simultaneous MD sampling within optogenetic inhibitionarea of PV+ FSI [77] (Figure 8). Both
implants and three additional stainless steel holding screws were secured with UV Adhesive
(Heliobond, ivoclar vivadent, Ellwangen, Germany) and covered in dental acrylic cement (Paladur,
Heraeus Kulzer, Hanau, Germany) mixed with black food colorant. A black plastic sleeve covered
the optical fiber to prevent light leakage during optogenetic stimulation. After surgery, mice
recovered for 5-7 days with daily health monitoring.
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Figure 8. Schematic illustration of striatal implantation. The microdialysis (MD) probe was implanted in the
dorsal striatum to measure neurotransmitter concentrations within a tissue volume under influence (TVI) with
a radius of 600 um (DICZFALUSY et al. 2011). An optical fiber was placed within < 200 um distance of the MD
probe to enable light delivery to striatal parvalbuminergic fast-spiking interneurons (PV+ FSI, red). Yellow light
(595 nm) activated the light-driven chloride pump halorhodopsin (eNpHR3.0, green), resulting in neuronal
inhibition. Optical irradiance (~1,2 mW/mm?) reached a tissue depth of up to 275 pm, enabling in vivo

microdialysis during optogenetic modulation. Created with BioRender.com.

4.3. Optodialysis Procedure

Optodialysis, combining microdialysis with optogenetic stimulation [19,24], was preceded by in
vitro recovery testing using a standard neurotransmitter mixture (15 ng/ml in artificial cerebro spinal
fluid, aCSF, udialysis, Stockholm, Sweden) to calibrate each MD probe. Probes (CMA?7, 1 mm length,
molecular cut-off 6 kDa) were perfused with aCSF (NaCl 147, KC1 2.7, CaCl2 1.2, MgCl2 0.85) at a
flow rate of 0.5 pl/min. Three samples were collected using a CMA/420 microinjection pump
(Carnegie Medicine) and immediately stored at -80 °C.

For in vivo sampling, the MD probe was lowered gently through the implanted MD guide
cannula under continuous perfusion with aCSF at 0.5 uL/min. Then, aCSF flow was interrupted and
mice were connected with a counterbalancing arm carrying a two-channel swivel (CMA 120,
Carnegie Medicine), allowing free movement. After overnight habituation in a plastic cylinder with
bedding, food and water gel, mice were connected between the implanted optogenetic fiber
(Prizmatix, Israel) and the fiber patch cords via sleeves. Then, after discarding dead volume, 9
consecutive dialysate samples (36 min each) were collected at 0.5 pl/min aCSF, in glass vials coated
with evaporated stabilizers (0.25 mM ascorbic acid and 0.1 M perchloric acid) using a refrigerated
fraction collector at 6 °C (CMA/170, Carnigie Medicine). Three samples each were collected for
baseline (light off), stimulation (light on), and post stimulation (light off). Samples were immediately
frozen and stored at -80 °C until LC MS/MS analysis.

For light stimulation period, intensities of the LED fiber were measured prior to the surgical
implantation and set at 2-3 mW, using a 595 nm yellow LED light source suitable for eNpHR3.0
activation, as described by Schulz et al. (2023). Pulse duration and interval length were set to 500 ms
light pulse with 1 s intervals, controlled by a pulser (Prizmatix, Isreal). These parameters were based
on previous studies using improved halorhodopsin eNpHR3.0 [75,76] and previous experimental

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0912.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0912.v1

14 of 21

findings [19]. Figure 9 illustrates the experimental design in chronological order and a close look up
of the setup is demonstrated in Figure 10.
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Figure 9. Experimental design. After unilateral implantation of the microdialysis guide cannula and optical fiber,
mice recovered for 5 -7 days. In vitro recovery was conducted to normalize the MD membrane. Mice habituated
overnight in a plastic cylinder. The day after, sampling started according to the stimulation and sampling
protocol. After the experiment, brains were collected for immunohistochemical labeling and Nissl-staining.
Samples were analyzed using liquid chromatography-tandem mass spectrometry (LC-MS/MS).
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Figure 10. Optodialysis setup. During the optodialysis experiment, freely moving mice were connected to the
MD system for sampling (green), and the fiber patch cords for optogenetic inhibition of PV+ FSI (yellow). The
MD set-up included a syringe pump delivering aCSF at 0.5 pl/min. The optogenetic fiber is connected to a pulser,
which sets the light pulses according to a specific stimulation protocol. Created with BioRender.com.

4.4. LC-MS/MS Analysis

MD samples were analyzed using LC MS/MS, as previously described [24,25]. Briefly, 15 pl of
each MD sample were mixed with 1.5 uL of internal standard mixture, vortexed and placed in a
cooled autosampler. Chromatographic separation (UHPLC Biphenyl RP-18e pre-column (3.0 mm ID),
Phenomenex (Aschaffenburg, Germany)) of GABA, DA, 3-MT, 5 HIAA, ACh, choline, isoACh and
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ADE was performed on a 1290 Infinity II LC system from Agilent (Duisburg, Germany) coupled to a
QTRAP LC-MS/MS 5500 from SCIEX (Framingham, MA, USA) using positive electrospray ionization
(ESI) mode combined with multiple reaction monitoring (MRM) detection. Quantitative analysis was
carried out using Analyst 1.7 software (SCIEX, Montreal, Canada).

The lower limits of quantification (LLOQ) with a signal-to-noise ratio of 10:1 were as follows:
0.025 ng/ml for GABA, 0.25 ng/ml for DA, 0.75 ng/ml for 3-MT, 0.5 ng/ml for 5-HIAA, 0.015 ng/ml for
choline, 0.1 ng/ml for isoACh, and 0.07 ng/ml for adenosine [25]. Samples from each individual mouse
were analyzed within the same analytical batch. = Mean inter-batch coefficients of variation across
all 11 batches were 7.8% for GABA, 9.8% for DA, 8.0% for 3-MT, 12.6% for 5-HIAA, 13.8% for isoACh,
7.3% for choline and 20.8% for adenosine. With regard to variance, a stable precision of the
measurement method has proven itself. Analyte levels were standardized based on their respective
in-vitro recovery rates for each membrane used.

4.5. Brain Slice Staining and Image Acquisition

After the experiment, mice were euthanized (pentobarbital, > 400 mg/kg, intraperitoneal
injection) and transcardially perfused with 0.1 M phosphate-buffered saline (PBS) and 4%
paraformaldehyde (PFA). Brains were removed and fixed in 4% PFA solution for 24 h, followed by
incubation in increasing PBS-sucrose solutions (10% - 20% - 30%), each for 24 h. Brains were then
frozen on dry ice and stored at -80 °C until sectioning into 40 um sagittal slices at 20 °C using a
cryostat (Hypax C 50, Zeiss, Jena, Germany). Sections were stored at 20 °C in cryoprotectant solution.

Brain slices were used to validate specific expression of
eNpHR3.0 in parvalbuminergic cells via immunohistochemical (IHC) labelling, as previously
described in detail in Schulz et al. [19]. Briefly striatal slices were washed and blocked in 50 mM tris
buffered saline (TBS, blocking solution: TBS, 10% normal donkey serum, 0.5% Triton X) before
overnight incubation at 4 °C with primary antibody against parvalbumin (Rabbit anti parvalbumin,
1:2000, Synaptic Systems). The following day, slices were washed in 50 mM tris buffered saline (TBS)
and incubated with the secondary antibody (Donkey anti-rabbit, 1:800, Alexa Fluor 594, Jackson
ImmunoResearch Labs) for 1 h. Finally, slices were washed in TBS, transferred on glass slides, cover-
slipped with VectaShield H-100 with DAPI (Vector Laboratories, CA, USA) and stored at 4 °C.

Images were acquired using a Zeiss Axioskop microscope coupled to Zeiss Axiocam 506 mono
camera (Carl Zeiss Microscopy GmbH, Germany), a Retiga 2000R CLR-12 colour digital camera
(QImaging, Surrey, Canada) and the Stereo Investigator software (MBF Bioscience, VT, USA).
Implant localization, including distance and angulation, was verified postmortem in sagittal brain
slices for all mice using Nissl staining.

4.6. Statistics

Statistical analysis and data visualization were performed using SigmaPlot16.0 (Systat, Chicago,
IL, USA). Results from the LC MS/MS analysis were processed by calculating mean values for each
stimulation period. Since striatal extracellular baseline values decrease over time and reach
equilibrium [24], stable baseline could be derived from the second MD sample on. Hence,
neurotransmitter levels were averaged across two baseline samples (2nd and 3rd), three stimulation,
and three post-stimulation samples per mouse. The in-vitro recovery rate depends on the MD setup
and differ between MD membranes of the same charge. Therefore, it is necessary to normalize
extracellular neurotransmitter concentrations:

Recovery rate = dialysate concentration /standard concentration 1)

All statistics were performed on data normalized to the in-vitro recovery rate of the used
membrane for each animal. A two-way repeated measures analysis of variance (Two-way RM
ANOVA) was used to assess effects of stimulation (baseline, light stimulation, post stimulation) and
genotype (DYT1 KI, WT). This allows the identification of genotype effects (as between subject factor),
stimulation effects (as within subject factor) and genotype x stimulation interaction effects. Post hoc
multiple comparisons were performed using Holm Sidak. Statistical outliers were detected using
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Grubb's test and removed from the data set. Concentrations of neurotransmitters exceeding the limit
of detection (LOD), but falling below the LLOQ were excluded from statistical analysis.

Neurotransmitter ratios were calculated as the concentration of the primary substance relative
to its metabolite:

Ratio = metabolite concentration/originating substance concentration (2)

And two-way RM ANOVA was also used to asses genotype and stimulation effects as well as
possible interaction.

Significance was assigned at p < 0.05.

4.6.1. Power Analysis

The number of animals required was determined using an a priori power analysis (G*Power
3.1). Based on an expected effect size of Cohen'’s f = 0.6 (F-test, ANOVA), a significance level of a =
0.05 and a statistical power of 1 — 3 = 0.8, the required sample size was n = 12 animals per genotype.
As the animals served as their own control group for extracellular neurotransmitter analysis, the
study design increased the statistical power for within-subject comparisons. Although the sample
size was not reached due to technical limitations (actual sample: DYT1 KI n =10, WT n =9), a post
hoc power analysis to ensure statistical validity for the two-way RM ANOVA showed sufficient
power (within factor 1 - 8 = 0.99; between-factors: 1 — 3 = 0.85; interactions: 1 - 3 = 0.99). Therefore,
the number of animals was not further increased, which is in accordance with the 3R principles
(Replace, Reduce, Refine).

5. Conclusions

Optogenetic inhibition of PV+ FSI leads to genotype-specific alterations in striatal
neurotransmitter dynamics in a DYT1 KI mouse model. Most notably GABA and ADE response were
selectively impaired in DYT1 mice, while dopaminergic and cholinergic systems remained largely
unaffected- indicating a circuit level specifity that would not have been detectable under baseline
conditions alone. These findings indicate impaired inhibitory and neuromodulatory control in DYT1
mice, consistent with compensatory circuit adaptations araising from TorsinA dysfunction. The
selective disruption of GABA and ADE signalling, in the absence of dopaminergic or cholinergic
alterations, points to PV* FSI as a nodal element in the striatal microcircuit whose dysfunction may
contribute to the latent neurochemical imbalances underlying DYT1 dystonia.

The present study demonstrates the feasibility of optodialysis - the combined application of in
vivo optogenetics and microdialysis for simultaneously monitoring multiple extracellular
neurotransmitters under resting and circuit-perturbed conditions in freely moving mice. This
approach establishes a reproducible methodological framework applicable to a broad range of
genetic movement disorder models beyond DYT1 dystonia.
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Abbreviations

The following abbreviations are used in this manuscript:

3-MT 3-methoxytyramine

5-HIAA 5-hydroxyindoleacetic acid

ACh acetylcholine

ADE adenosine

DA dopamine

DYT1 KI knock-in mouse model for DYT1 dystonia
GABA Y-aminobutyric acid

isoACh y-butyrobetaine (former iso-acetylcholine), isobaric compound of ACh
MD microdialysis

PV+FSI Parvalbumin-positive fast-spiking interneurons
References

1.  Albanese, A.; Bhatia, K.; Bressman, S.B.; Delong, M.R.; Fahn, S.; Fung, V.S.C.; Hallett, M.; Jankovic, J.;
Jinnah, H.A.; Klein, C.; et al. Phenomenology and classification of dystonia: a consensus update. Mov.
Disord. 2013, 28, 863-873, d0i:10.1002/mds.25475.

2. Domingo, A,; Yadav, R.; Ozelius, L.J. Isolated dystonia: clinical and genetic updates. ] Neural Transm 2021,
128, 405-416, doi:10.1007/s00702-020-02268-x.

3.  Fan, Y. Si, Z,; Wang, L.; Zhang, L. DYT-TOR1A dystonia: an update on pathogenesis and treatment. Front.
Neurosci. 2023, 17, 1216929, doi:10.3389/fnins.2023.1216929.

4. Goodchild, R.E.; Kim, C.E.; Dauer, W.T. Loss of the dystonia-associated protein torsinA selectively disrupts
the neuronal nuclear envelope. Neuron 2005, 48, 923-932, doi:10.1016/j.neuron.2005.11.010.

5. Scarduzio, M.; Hess, E.].; Standaert, D.G.; Eskow Jaunarajs, K.L. Striatal Synaptic Dysfunction in Dystonia
and Levodopa-Induced Dyskinesia. Neurobiol. Dis. 2022, 166, 105650, doi:10.1016/j.nbd.2022.105650.

6.  Goodchild, R.E.; Dauer, W.T. The AAA+ protein torsinA interacts with a conserved domain present in
LAP1 and a novel ER protein. J. Cell Biol. 2005, 168, 855-862, doi:10.1083/jcb.200411026.

7.  Song, C.-H,; Fan, X,; Exeter, C.J.; Hess, E.]J.; Jinnah, H.A. Functional analysis of dopaminergic systems in a
DYT1 knock-in mouse model of dystonia. Neurobiol. Dis. 2012, 48, 66-78, doi:10.1016/j.nbd.2012.05.009.

8. Richter, F.; Gerstenberger, J.; Bauer, A.; Liang, C.-C.; Richter, A. Sensorimotor tests unmask a phenotype in
the DYT1 knock-in mouse model of dystonia. Behav. Brain Res. 2017, 317, 536-541,
do0i:10.1016/j.bbr.2016.10.028.

9.  Maltese, M.; Stanic, J.; Tassone, A.; Sciamanna, G.; Ponterio, G.; Vanni, V.; Martella, G.; Imbriani, P.; Bonsi,
P.; Mercuri, N.B.; et al. Early structural and functional plasticity alterations in a susceptibility period of
DYT1 dystonia mouse striatum. Elife 2018, 7, doi:10.7554/eLife.33331.

10. Downs, A.M.; Fan, X,; Donsante, C.; Jinnah, H.A.; Hess, E.J. Trihexyphenidyl rescues the deficit in
dopamine neurotransmission in a mouse model of DYT1 dystonia. Neurobiol. Dis. 2019, 125, 115-122,
doi:10.1016/j.nbd.2019.01.012.

11. Downs, A.M.; Fan, X.; Kadakia, R.F.; Donsante, Y.; Jinnah, H.A.; Hess, E.J. Cell-intrinsic effects of
TorsinA(AE) disrupt dopamine release in a mouse model of TOR1A dystonia. Neurobiol. Dis. 2021, 155,
105369, doi:10.1016/j.nbd.2021.105369.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0912.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0912.v1

18 of 21

12.  Scarduzio, M.; Zimmerman, C.N.; Jaunarajs, K.L.; Wang, Q.; Standaert, D.G.; McMahon, L.L. Strength of
cholinergic tone dictates the polarity of dopamine D2 receptor modulation of striatal cholinergic
interneuron excitability in DYT1 dystonia. Exp. Neurol. 2017, 295, 162-175,
doi:10.1016/j.expneurol.2017.06.005.

13. Tepper, ] M.; Tecuapetla, F.; Kods, T.; Ibafiez-Sandoval, O. Heterogeneity and diversity of striatal
GABAergic interneurons. Front. Neuroanat. 2010, 4, 150, doi:10.3389/fnana.2010.00150.

14. Wegman, E.; Wosiski-Kuhn, M.; Luo, Y. The dual role of striatal interneurons: circuit modulation and
trophic support for the basal ganglia. Neural Regen. Res. 2024, 19, 1277-1283, d0i:10.4103/1673-5374.382987.

15. Gernert, M.; Hamann, M.; Bennay, M.; Loscher, W.; Richter, A. Deficit of striatal parvalbumin-reactive
GABAergic interneurons and decreased basal ganglia output in a genetic rodent model of idiopathic
paroxysmal dystonia. J. Neurosci. 2000, 20, 7052-7058, doi:10.1523/J]NEUROSCI.20-18-07052.2000.

16. Gittis, A.H.; Leventhal, D.K.; Fensterheim, B.A.; Pettibone, J.R.; Berke, J.D.; Kreitzer, A.C. Selective
inhibition of striatal fast-spiking interneurons causes dyskinesias. J. Neurosci. 2011, 31, 15727-15731,
doi:10.1523/JNEUROSCI.3875-11.2011.

17.  Song, J.; Sun, J.; Moss, J.; Wen, Z.; Sun, G.J.; Hsu, D.; Zhong, C.; Davoudi, H.; Christian, K.M.; Toni, N.; et
al. Parvalbumin interneurons mediate neuronal circuitry-neurogenesis coupling in the adult hippocampus.
Nat Neurosci 2013, 16, 1728-1730, doi:10.1038/nn.3572.

18. Bode, C.; Richter, F.; Sprote, C.; Brigadski, T.; Bauer, A Fietz, S.; Fritschy, J.-M.; Richter, A. Altered
postnatal maturation of striatal GABAergic interneurons in a phenotypic animal model of dystonia. Exp.
Neurol. 2017, 287, 44-53, d0i:10.1016/j.expneurol.2016.10.013.

19. Schulz, A.; Richter, F.; Richter, A. In vivo optogenetic inhibition of striatal parvalbumin-reactive
interneurons induced genotype-specific changes in neuronal activity without dystonic signs in male DYT1
knock-in mice. J. Neurosci. Res. 2023, 101, 448-463, doi:10.1002/jnr.25157.

20. Matsuda, T.; Morigaki, R.; Hayasawa, H.; Koyama, H.; Oda, T.; Miyake, K.; Takagi, Y. Striatal parvalbumin
interneurons are activated in a mouse model of cerebellar dystonia. Dis. Model. Mech. 2024, 17,
do0i:10.1242/dmm.050338.

21. Hamann, M.; Richter, F.; Richter, A. Acute effects of neurosteroids in a rodent model of primary
paroxysmal dystonia. Horm. Behav. 2007, 52, 220-227, doi:10.1016/j.yhbeh.2007.04.006.

22. Deubner, ].; Coulon, P.; Diester, 1. Optogenetic approaches to study the mammalian brain. Curr. Opin.
Struct. Biol. 2019, 57, 157-163, doi:10.1016/j.sbi.2019.04.003.

23. Anderzhanova, E.; Wotjak, C.T. Brain microdialysis and its applications in experimental neurochemistry.
Cell Tissue Res. 2013, 354, 27-39, d0i:10.1007/s00441-013-1709-4.

24. Helmschrodt, C.; Becker, S.; Per], S.; Schulz, A.; Richter, A. Development of a fast liquid chromatography-
tandem mass spectrometry method for simultaneous quantification of neurotransmitters in murine
microdialysate. Anal. Bioanal. Chem. 2020, 412, 7777-7787, d0i:10.1007/s00216-020-02906-z.

25. Becker, S.; Schulz, A.; Kreyer, S.; Drefiler, J.; Richter, A.; Helmschrodt, C. Sensitive and simultaneous
quantification of 16 neurotransmitters and metabolites in murine microdialysate by fast liquid
chromatography-tandem mass spectrometry. Talanta 2023, 253, 123965, doi:10.1016/j.talanta.2022.123965.

26. Tepper, ].M. GABAergic Interneurons of the Striatum. Handbook of Basal Ganglia Structure and Function;
Elsevier, 2010, 2016; pp 151-166, ISBN 9780123747679.

27. Sciamanna, G.; Bonsi, P.; Tassone, A.; Cuomo, D.; Tscherter, A.; Viscomi, M.T.; Martella, G.; Sharma, N.;
Bernardi, G.; Standaert, D.G.; et al. Impaired striatal D2 receptor function leads to enhanced GABA
transmission in a mouse model of DYT1 dystonia. Neurobiol. Dis. 2009, 34, 133-145,
doi:10.1016/j.nbd.2009.01.001.

28. Fino, E.; Vandecasteele, M.; Perez, S.; Saudou, F.; Venance, L. Region-specific and state-dependent action
of striatal GABAergic interneurons. Nat. Commun. 2018, 9, 3339, doi:10.1038/s41467-018-05847-5.

29. Holly, E.N.; Davatolhagh, M.F.; Espafa, R.A.; Fuccillo, M.V. Striatal low-threshold spiking interneurons
locally gate dopamine. Curr. Biol. 2021, 31, 4139-4147.e6, d0i:10.1016/j.cub.2021.06.081.

30. Roberts, B.M.; Lopes, E.F.; Cragg, S.J. Axonal Modulation of Striatal Dopamine Release by Local y-
Aminobutyric Acid (GABA) Signalling. Cells 2021, 10, doi:10.3390/cells10030709.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0912.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0912.v1

19 of 21

31. Granata, A.; Schiavo, G.; Warner, T.T. TorsinA and dystonia: from nuclear envelope to synapse. J.
Neurochem. 2009, 109, 1596-1609, do0i:10.1111/j.1471-4159.2009.06095.x.

32. Martella, G.; Maltese, M.; Nistico, R.; Schirinzi, T.; Madeo, G.; Sciamanna, G.; Ponterio, G.; Tassone, A.;
Mandolesi, G.; Vanni, V.; et al. Regional specificity of synaptic plasticity deficits in a knock-in mouse model
of DYT1 dystonia. Neurobiol. Dis. 2014, 65, 124-132, doi:10.1016/j.nbd.2014.01.016.

33. Tepper, ].M.; Kods, T.; Ibanez-Sandoval, O.; Tecuapetla, F.; Faust, T.W.; Assous, M. Heterogeneity and
Diversity of Striatal GABAergic Interneurons: Update 2018. Front. Neuroanat. 2018, 12, 91,
do0i:10.3389/fnana.2018.00091.

34. Taverna, S.; Ilijic, E.; Surmeier, D.]J. Recurrent collateral connections of striatal medium spiny neurons are
disrupted in models of Parkinson’s disease. ]. Neurosci. 2008, 28, 5504-5512, d0i:10.1523/JNEUROSCI.5493-
07.2008.

35. Dang, M.T.,; Yokoi, F.; McNaught, K.S.P.; Jengelley, T.-A.; Jackson, T.; Li, J.; Li, Y. Generation and
characterization of Dytl DeltaGAG knock-in mouse as a model for early-onset dystonia. Exp. Neurol. 2005,
196, 452-463, doi:10.1016/j.expneurol.2005.08.025.

36. Eskow Jaunarajs, K.L.; Bonsi, P.; Chesselet, M.F.; Standaert, D.G.; Pisani, A. Striatal cholinergic dysfunction
as a unifying theme in the pathophysiology of dystonia. Prog. Neurobiol. 2015, 127-128, 91-107,
doi:10.1016/j.pneurobio.2015.02.002.

37. Martella, G.; Tassone, A.; Sciamanna, G.; Platania, P.; Cuomo, D.; Viscomi, M.T.; Bonsi, P.; Cacci, E.;
Biagioni, S.; Usiello, A.; et al. Impairment of bidirectional synaptic plasticity in the striatum of a mouse
model of DYT1 dystonia: role of endogenous acetylcholine. Brain 2009, 132, 2336-2349,
doi:10.1093/brain/awp194.

38. Sebastiao, A.M.; Ribeiro, J.A. Adjusting the brakes to adjust neuronal activity: Adenosinergic modulation
of GABAergic transmission. Neuropharmacology 2023, 236, 109600, doi:10.1016/j.neuropharm.2023.109600.

39. Mori, A. How do adenosine A2A receptors regulate motor function? Parkinsonism Relat. Disord. 2020, 80
Suppl 1, S13-520, doi:10.1016/j.parkreldis.2020.09.025.

40. Cunha, R.A. Adenosine as a neuromodulator and as a homeostatic regulator in the nervous system:
different roles, different sources and different receptors. Neurochem. Int. 2001, 38, 107-125,
doi:10.1016/S0197-0186(00)00034-6.

41. Schiffmann, S.N.; Fisone, G.; Moresco, R.; Cunha, R.A.; Ferré, S. Adenosine A2A receptors and basal ganglia
physiology. Prog. Neurobiol. 2007, 83, 277-292, doi:10.1016/j.pneurobio.2007.05.001.

42. Yang, C.; Franciosi, S.; Brown, R.E. Adenosine inhibits the excitatory synaptic inputs to Basal forebrain
cholinergic, GABAergic, and parvalbumin neurons in mice. Front. Neurol. 2013, 4, 77,
doi:10.3389/fneur.2013.00077.

43. Wu, Z; Cui, Y.; Wang, H.; Wu, H.; Wan, Y,; Li, B.; Wang, L.; Pan, S.; Peng, W.; Dong, A.; et al. Neuronal
activity-induced, equilibrative nucleoside transporter-dependent, somatodendritic adenosine release
revealed by a GRAB sensor. Proc. Natl. Acad. Sci. U. S. A. 2023, 120, e2212387120,
do0i:10.1073/pnas.2212387120.

44. Boison, D. Adenosine as a neuromodulator in neurological diseases. Curr. Opin. Pharmacol. 2008, 8, 2-7,
do0i:10.1016/j.coph.2007.09.002.

45. Chen, J.-F,; Lee, C; Chern, Y. Adenosine receptor neurobiology: overview. Int. Rev. Neurobiol. 2014, 119, 1-
49, doi:10.1016/B978-0-12-801022-8.00001-5.

46. Taiwo, F.T.; Adebayo, P.B. Neuroimaging findings in DYT1 dystonia and the pathophysiological
implication: A systematic review. Brain Behav. 2023, 13, €3023, doi:10.1002/brb3.3023.

47. D’Angelo, V.; Giorgi, M.; Paldino, E.; Cardarelli, S.; Fusco, F.R,; Saverioni, I.; Sorge, R.; Martella, G,;
Biagioni, S.; Mercuri, N.B.; et al. A2A Receptor Dysregulation in Dystonia DYT1 Knock-Out Mice. Int. ].
Mol. Sci. 2021, 22, doi:10.3390/ijms22052691.

48. Richter, A.; Hamann, M. Effects of adenosine receptor agonists and antagonists in a genetic animal model
of primary paroxysmal dystonia. Br. J. Pharmacol. 2001, 134, 343-352, doi:10.1038/sj.bjp.0704268.

49. Balcioglu, A.; Kim, M.-O.; Sharma, N.; Cha, J.-H.; Breakefield, X.O.; Standaert, D.G. Dopamine release is
impaired in a mouse model of DYT1 dystonia. ]. Neurochem. 2007, 102, 783-788, doi:10.1111/j.1471-
4159.2007.04590.x.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0912.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0912.v1

20 of 21

50. Page, M.E; Bao, L.; Andre, P.; Pelta-Heller, ].; Sluzas, E.; Gonzalez-Alegre, P.; Bogush, A.; Khan, L.E.;
Tacovitti, L.; Rice, M.E.; et al. Cell-autonomous alteration of dopaminergic transmission by wild type and
mutant (DeltaE) TorsinA in transgenic mice. Neurobiol. Dis. 2010, 39, 318-326, doi:10.1016/j.nbd.2010.04.016.

51. Bert, L,; Favale, D.; Jego, G.; Greve, P.; Guilloux, ].-P.; Guiard, B.P.; Gardier, A.M.; Suaud-Chagny, M.F.;
Lestage, P. Rapid and precise method to locate microdialysis probe implantation in the rodent brain. J.
Neurosci. Methods 2004, 140, 53-57, doi:10.1016/j.jneumeth.2004.04.042.

52. Richter, F.; Richter, A. Genetic animal models of dystonia: common features and diversities. Prog. Neurobiol.
2014, 121, 91-113, doi:10.1016/j.pneurobio.2014.07.002.

53. Lopes, E.F.; Roberts, B.M.; Siddorn, R.E.; Clements, M.A.; Cragg, S.J. Inhibition of Nigrostriatal Dopamine
Release by Striatal GABAA and GABAB Receptors. |. Neurosci. 2019, 39, 1058-1065,
doi:10.1523/JNEUROSCI.2028-18.2018.

54. Mathur, B.N.; Lovinger, D.M. Serotonergic action on dorsal striatal function. Parkinsonism Relat. Disord.
2012, 18 Suppl 1, S129-31, d0i:10.1016/S1353-8020(11)70040-2.

55. Blomeley, C.P.; Bracci, E. Serotonin excites fast-spiking interneurons in the striatum. Eur. J. Neurosci. 2009,
29, 1604-1614, doi:10.1111/j.1460-9568.2009.06725.x.

56. Stenfors, C.; Ross, S.B. Changes in extracellular 5-HIAA concentrations as measured by in vivo
microdialysis technique in relation to changes in 5-HT release. Psychopharmacology (Berl) 2004, 172, 119-128,
doi:10.1007/s00213-003-1736-z.

57.  Smith, ].B.; Klug, J.R.; Ross, D.L.; Howard, C.D.; Hollon, N.G.; Ko, V.I.; Hoffman, H.; Callaway, E.M;
Gerfen, C.R;; Jin, X. Genetic-Based Dissection Unveils the Inputs and Outputs of Striatal Patch and Matrix
Compartments. Neuron 2016, 91, 1069-1084, doi:10.1016/j.neuron.2016.07.046.

58. Smit, M,; Bartels, A.L.; van Faassen, M.; Kuiper, A.; Niezen-Koning, K.E.; Kema, LP.; Dierckx, R.A.; Koning,
T.J. de; Tijssen, M.A. Serotonergic perturbations in dystonia disorders-a systematic review. Neurosci.
Biobehav. Rev. 2016, 65, 264-275, doi:10.1016/j.neubiorev.2016.03.015.

59. Ferguson, S.M.; Savchenko, V.; Apparsundaram, S.; Zwick, M.; Wright, ].; Heilman, C.J.; Yi, H.; Levey, A.L;
Blakely, R.D. Vesicular localization and activity-dependent trafficking of presynaptic choline transporters.
J. Neurosci. 2003, 23, 9697-9709, doi:10.1523/J]NEUROSCI.23-30-09697.2003.

60. Szydlowski, S.N.; Pollak Dorocic, L; Planert, H.; Carlén, M.; Meletis, K,; Silberberg, G. Target selectivity of
feedforward inhibition by striatal fast-spiking interneurons. ]. Neurosci. 2013, 33, 1678-1683,
doi:10.1523/JNEUROSCI.3572-12.2013.

61. Burke, D.A.;Rotstein, H.G.; Alvarez, V.A. Striatal Local Circuitry: A New Framework for Lateral Inhibition.
Neuron 2017, 96, 267-284, d0i:10.1016/j.neuron.2017.09.019.

62. Assous, M.; Tepper, ].M. Excitatory extrinsic afferents to striatal interneurons and interactions with striatal
microcircuitry. Eur. |. Neurosci. 2019, 49, 593-603, doi:10.1111/ejn.13881.

63. Kocaturk, S.; Shah, F.; Guven, B.; Tepper, ] M.; Assous, M. Cholinergic control of striatal GABAergic
microcircuits; Cold Spring Harbor Laboratory, 2021.

64. Richter, F.; Bauer, A; Perl, S.; Schulz, A; Richter, A. Optogenetic augmentation of the hypercholinergic
endophenotype in DYT1 knock-in mice induced erratic hyperactive movements but not dystonia.
EBioMedicine 2019, 41, 649-658, doi:10.1016/j.ebiom.2019.02.042.

65. Tassone, A.; Martella, G.; Meringolo, M.; Vanni, V.; Sciamanna, G.; Ponterio, G.; Imbriani, P.; Bonsi, P,;
Pisani, A. Vesicular Acetylcholine Transporter Alters Cholinergic Tone and Synaptic Plasticity in DYT1
Dystonia. Movement Disorders 2021, 36, 2768-2779, d0i:10.1002/mds.28698.

66. Nakanishi, T.; Fukuyama, Y.; Fujita, M.; Shirasaka, Y.; Tamai, I. Carnitine precursor y-butyrobetaine is a
novel substrate of the Na(+)- and Cl(-)-dependent GABA transporter Gat2. Drug Metab. Pharmacokinet. 2011,
26, 632-636, d0i:10.2133/dmpk.dmpk-11-nt-053.

67. Dambrova, M.; Chlopicki, S.; Liepinsh, E.; Kirjanova, O.; Gorshkova, O.; Kozlovski, V.I.; Uhlen, S.; Liepina,
I.; Petrovska, R.; Kalvinsh, I. The methylester of gamma-butyrobetaine, but not gamma-butyrobetaine itself,
induces muscarinic receptor-dependent vasodilatation. Naunyn Schmiedebergs. Arch. Pharmacol. 2004, 369,
533-539, doi:10.1007/s00210-004-0925-6.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0912.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0912.v1

21 of 21

68. Lamy, E.; Pilyser, L.; Paquet, C.; Bouaziz-Amar, E.; Grassin-Delyle, S. High-sensitivity quantification of
acetylcholine and choline in human cerebrospinal fluid with a validated LC-MS/MS method. Talanta 2021,
224,121881, doi:10.1016/j.talanta.2020.121881.

69. Chefer, V.I; Thompson, A.C.; Zapata, A.; Shippenberg, T.S. Overview of brain microdialysis. Curr. Protoc.
Neurosci. 2009, Chapter 7, Unit7.1, doi:10.1002/0471142301.ns0701s47.

70.  Zhu, M,; Liu, G.; Chen, H.; Ma, W.; Cui, L.; Nimmu, N.V.; Hou, H.; Hu, Q.; Zhang, Y. Analytical strategies
in neurotransmitter measurements: A mini literature review. Biomed. Chromatogr. 2023, 37, e5521,
doi:10.1002/bmc.5521.

71. Hascup, E.R.; Bjerkén, S. af; Hascup, K.N.; Pomerleau, F.; Huettl, P.; Stromberg, I.; Gerhardt, G.A.
Histological studies of the effects of chronic implantation of ceramic-based microelectrode arrays and
microdialysis probes in rat prefrontal cortex. Brain Res. 2009, 1291, 12-20, doi:10.1016/j.brainres.2009.06.084.

72. Richner, T.J.; Baumgartner, R.; Brodnick, S.K.; Azimipour, M.; Krugner-Higby, L.A.; Eliceiri, KW
Williams, J.C.; Pashaie, R. Patterned optogenetic modulation of neurovascular and metabolic signals. J.
Cereb. Blood Flow Metab. 2015, 35, 140-147, doi:10.1038/jcbfm.2014.189.

73. Emiliani, V.; Entcheva, E.; Hedrich, R.; Hegemann, P.; Konrad, K.R.; Liischer, C.; Mahn, M.; Pan, Z.-H,;
Sims, R.R.; Vierock, J.; et al. Optogenetics for light control of biological systems. Nat. Rev. Methods Primers
2022, 2, doi:10.1038/s43586-022-00136-4.

74. Paxinos, G.; Franklin, K.B.]. Paxinos and Franklin’s The mouse brain in stereotaxic coordinates, Fifth edition;
Academic Press an imprint of Elsevier: London, 2019, ISBN 0128161582.

75. Wiegert, ].5; Mahn, M.; Prigge, M.; Printz, Y.; Yizhar, O. Silencing Neurons: Tools, Applications, and
Experimental Constraints. Neuron 2017, 95, 504-529, doi:10.1016/j.neuron.2017.06.050.

76. Bansal, H.; Gupta, N.; Roy, S. Comparison of low-power, high-frequency and temporally precise
optogenetic inhibition of spiking in NpHR, eNpHR3.0 and Jaws-expressing neurons. Biomed. Phys. Eng.
Express 2020, 6, 45011, doi:10.1088/2057-1976/ab90al.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0912.v1
http://creativecommons.org/licenses/by/4.0/

