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Background: Themost prevalent inherited form of generalized dystonia is caused by amutation in torsinA (DYT1,
ΔGAG) with incomplete penetrance. Rodent models with mutated torsinA do not develop dystonic symptoms,
but previous ex vivo studies indicated abnormal excitation of cholinergic interneurons (ChI) and increased
striatal acetylcholine.
Methods:We used in vivo optogenetics to exacerbate this endophenotype in order to determine its capacity to
trigger dystonic symptoms in freely behaving mice. Tor1a+/Δgag DYT1 mice and wildtype littermates expressing
channelrhodopsin2 under the Chat promotor were implanted bilaterally with optical LED cannulae and stimu-
lated with blue light pulses of varied durations.
Findings: Six months old DYT1 KI mice but not wildtype controls responded with hyperactivity to blue light spe-
cifically at 25 ms pulse duration, 10 Hz frequency. Neuronal activity (c-Fos) in cholinergic interneurons was in-
creased immediately after light stimulation and persisted only inDYT1KI over 15min. Substance Pwas increased
specifically in striosome compartments in naïve DYT1 KI mice compared to wildtype. Under optogenetic stimu-
lation substance P increased in wildtype to match levels in Dyt1 KI, and acetylcholinesterase was elevated in the
striatum of stimulated DYT1 KI. No signs of dystonic movements were observed under stimulation of up to one
hour in both genotypes and age groups, and the sensorimotor deficit previously observed in 6 months old DYT1
KI mice persisted under stimulation.
Interpretation:Overall this supports an endophenotype of dysregulated cholinergic activity in DYT1 dystonia, but
depolarizing cholinergic interneurons was not sufficient to induce overt dystonia in DYT1 KI mice.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Early-onset generalized torsion dystonia is caused by a GAG deletion
in TOR1A (DYT1), which encodes for the chaperone like protein torsinA.
Only 30% of themutation carriers develop overt dystonia and themech-
anisms for clinical penetrance are not known [1–3]. DYT1 knock-in (KI)
mice (Tor1a+/Δgag) [4] do not develop a dystonic phenotype but show
sensorimotor deficits [5] probably related to cerebellothalamocortical
tract changes also evident in human non-manifesting gene carriers [6].
Another consistent endophenotype across varied rodent DYT1 models
is the paradoxical excitation of ChI to normally inhibitory dopamine
D2 receptor activation [7]. This may be reflected in deficits in D2 recep-
tor binding evident inmanifesting and non-manifesting DYT1mutation
T1 dystonia.

(F. Richter),

. This is an open access article under
carriers [8,9]. Increased extracellular level of acetylcholine in DYT1 KI
mice was shown to elicit this paradoxical D2 receptor response via in-
teraction with muscarinic acetylcholine receptors [10]. Blocking these
receptors ex vivo normalized D2 receptor response in striatal slices
[10], while acetylcholine receptor M1 antagonists lead to normalization
of synaptic plasticity [11] and rescued motor deficit in another line of
DYT1 KI mice [12]. In patients, anticholinergics are effective in some
cases, but the few available treatment options are insufficient or unat-
tractive due to severe side effects [13].

High expression of Tor1a in striatal ChI could explain the preferential
vulnerability of these neurons to the mutation [14,15]. ChI represent
only 1–3% of striatal neurons, but they are highly branched [16,17]
and critically regulate striatal signaling [18]. In DYT1 KI mice, ChI are
only slightly larger and increased in number in the dorsolateral striatum
[19], thus dysregulation of striatal cholinergic transmission is not asso-
ciated with major structural neuroplastic changes. DYT1 KI mice also
respondedwith increased dopamine release to nicotine [20]. Physiolog-
ically, enhanced dopamine release via nicotinic receptors provides a
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Research in context

Evidence before this study

DYT1dystonia is a highly debilitating and incurablemovement dis-
order with sustained muscle contractions leading to abnormal
twisting postures. Animal models are important to investigate
the pathophysiology. Brain slices of rodent models carrying the
DYT1mutationwere used tomeasure neuronal activity in the stri-
atum. Hereby the cholinergic neurons were found to increase ac-
tivity in response to dopamine, which normally reduces
acetylcholine release via the D2 receptor. This finding was sup-
ported by increased extracellular acetylcholine levels in the stria-
tum of mutated mice. However, these rodent models only show
slight behavioral impairments and no dystonia. It is thus still un-
clear whether these changes in cholinergic interneurons are re-
lated to the development of dystonic symptoms in patients.

Added value of this study

We stimulated cholinergic interneurons in vivo in a DYT1 mouse
model to further increase acetylcholine levels in the striatum in a
freely behaving awake animal. We established specific
optogenetic stimulation parameters to increase activity of these
neurons, measured by c-Fos expression. We showed that DYT1
mutated but not control mice responded with transient hyperac-
tivity and erratic movement patterns, which did not develop into
dystonic symptoms. Cholinergic interneurons in the DYT1 mu-
tated mouse remained activated 15 min after stimulation across
the entire striatum, where neurons in the control animals had al-
ready returned to baseline activity. Substance P,which is released
by GABAergic neurons projecting out of the striatum, was in-
creased in DYT1 mutant mice and after stimulation. Furthermore,
acetylcholinesterase, which hydrolyzes acetylcholine and sub-
stance P, was elevated specifically in stimulated DYT1 mutated
mice.

Implications of all the available evidence

Our results provide the first direct in vivo evidence that in DYT1
dystonia the function of cholinergic interneurons is altered,
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negative feedback for ChI activity via D2 receptors onto ChI [21]. The
lack of this feedback in DYT1 KI mice may result in an enhanced and
sustained hypercholinergic tone which could influence the proper se-
lection of movement concepts by the basal ganglia. The interaction of
striatal acetylcholine and dopamine is crucial for the control of volun-
tary movements and an imbalance seems to play an important role in
the pathophysiology of movement disorders [22].

However, the lack of an overt dystonic phenotype in this model re-
quires further alterations to tip the balance towards penetrance. Inter-
estingly, increase of gene dose beyond what is present in patients by
conditional expression of homozygousmutations [23] or complete dele-
tion of Tor1a from specific neurons including ChI [24] was sufficient to
induce dystonia. If the hypercholinergic tone is indeed instrumental
for development of overt dystonia, further exogenous stimulation of
cholinergic activity may result in dystonic symptoms in heterozygous
mice. Given the complex heterogeneity of the striatum, such as the dis-
tribution of acetylcholine receptor subtypes, striatal microinjections of
compounds are less suitable to understand the role of a specific type
of neuron in the dysfunctional striatal circuitry [25–27]. Therefore, we
used in vivo optogenetics for depolarization of striatal ChI in DYT1 KI
mice to test the hypothesis that a hypercholinergic tone is important
for the manifestation of dystonia.
2. Methods

2.1. Animals

Animal care was in accordance with the German Animal Welfare
Agency (TVV31/14, T46/16) and the European guidelines (Directive
2010/63/EU). Three or 6-month-old heterozygous DYT1 (ΔGAG)
knock-in mice (DYT1 KI) (total 6 months n = 19, 3 months n = 10)
and their wildtype littermates (total 6 months n = 19, 3 months n =
11) expressing channelrhodopsin-2 (ChR2) in cholinergic interneurons
(ChI) were used (C57Bl/6J background). Mice were created by crossing
the ChAT-IRES-Cre knock-in, which express Cre recombinase in ChI
without disrupting endogenous Chat, with Ai27(RCL-hChR2(H134R)/
tdT)-D mice which express an improved ChR2/tdTomato fusion protein
following exposure to Cre recombinase (Jackson Laboratory, ME, USA)
[28]. Resulting homozygous offspring was crossed with DYT1 KI [4] to
create heterozygous DYT1 KI/ChR2mice andwildtype/ChR2 littermates
(Fig. 1a). Genotypes were assessed by polymerase chain reaction (PCR)
amplification analysis of DNA extracted from ear tissue. PCRwas carried
outwith PuReTaq Ready-To-Go Beads (GEHealthcare) as described pre-
viously [5]. Mice were bred and housed in the institute's facility on a
12 h light/12 h dark cycle in makrolon cages (Type III, not ventilated
and open to environment) at 24 °C ± 2 °C with relative humidity of
about 60%. Food (Altromin standard diet) and water were available ad
libitum and material for nest building was provided. Mice were single-
housed starting three days prior to stereotactic surgery. All behavioral
testing was carried out in the dark phase between 1 and 5 pm at low
light in a dedicated experimental room. Mice were habituated for 1 h
to the room prior to testing. The number of mice used in each experi-
mentwas calculated in a priori power analysis (GPower 3.1) and is pro-
vided together with the results in the text and figure legends.

2.2. Stereotactic surgery

Stereotactic surgery was performed as described previously [29,30].
Mice (male; 20–22 weeks of age, n = 13 DYT1 KI/ChR2, n = 15
wildtype/ChR2; 10 weeks of age, n = 11 DYT1 KI/ChR2, n = 10
wildtype/ChR2) were deeply anesthetized with 4.5% isoflurane (CP-
Pharma, Burgdorf, Germany) and maintained at 1.6–2.0% isoflurane at
a flow rate of 160–200 ml/min with 21% O2 (Univentor 1200 Anaesthe-
sia Unit, Univentor, Malta) inside a stereotaxic frame (Stoelting, Wood
Dale, Il, USA). Ophthalmic ointment was applied for eye protection
and 0.1% bupivacaine (Jenapharm, Jena, Germany) injected subcutane-
ously at the surgery site for peri- and postoperative analgesia. To pre-
vent hypothermia mice were placed on isothermal pads (Braintree
Scientific, MA, USA) and body temperature was recorded continuously
with a rectal probe (ThermoWorks, UT, USA). A scalp incision was
mademidline and two holes were drilled into the skull for bilateral im-
plantation of ultra high-power LED fiber cannulas for optogenetics (core
diameter 200 μm, outer diameter 225 μm, length 2.5mm, numerical ap-
erture 0.66, Prizmatix, Israel) into the dorsolateral striatum according to
Paxinos and Franklin's the Mouse Brain in Stereotaxic Coordinates [31]
(distance to bregma anterioposterior +0.8 mm, mediolateral ±
1.9 mm and dorsoventral 2.6 mm). Three additional holes were drilled
for stainless steel holding screws. Then the fibers were implanted and
fixed with dental cement (Paladur, Heraeus Kulzer, Germany) to the
holding screws and the skull. The skin was closed with absorbable su-
tures and mice were observed in their homecages until food and
water intake commenced, usually in b15 min. Correct fiber placement
was ascertained post mortem on coronal brain sections of all experi-
mental animals.

2.3. Optical stimulation and behavioral analyses

After one-week recovery from stereotactic surgery,micewere habit-
uated to the connection between implanted cannulas and the fiber



Fig. 1. (a) genetics of mouse lines used, (b) ChR2-dtTomato (ChR2, red) is expressed in ChI (Chat, green), arrows point at three striatal neurons, scale bar is 20 μm. (c) Localization of the
optical fiber cannula in the dorsolateral striatum (Str). (d-g) Distance moved or (h) velocity normalized to respective baseline (mean of min 1–3) for 6 months old wildtype/ChR2 (WT,
open circles) and DYT1 KI/ChR2 (DYT, closed circles) at 10Hz and different pulse durations (5ms and 25ms,WT n=11, DYT n=8; 10ms,WTn=7, DYT n=6; 1 s,WT n=8, DYT n=
6), *p b 0.05 compared to off periods (Holm-Sidak), means± SEM, (i) Immobility frequency at 25ms, median, 10th, 25th, 75th and 90th percentiles, *p b 0.05 (Holm-Sidak), (j) distance
moved during 60min stimulation at 25ms 10Hz,WTn=4, DYT n=4, *pb 0.05 compared towildtype (Holm-Sidak), (k) time to remove the adhesive sticker, median, 10th, 25th, 75th and
90th percentiles, WT n = 8, DYT n = 6, ^,*,**p b 0.1, 0.05, 0.01 versus corresponding wildtype (rank sum test).
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patch cords inside their homecages (no light stimulation). On the next
day mice were again connected to the fiber patch cords and placed
into an open field (45 cm × 45 cm) equipped with a camera for behav-
ioral recordings [5]. Fiber patch cords were connected to the
optogenetics LEDs (Prizmatix, Israel) controlled via pulser by the behav-
ior tracking software (EthoVision XT10, Noldus). This allowed real time
behavioral analysis in relation to the specific illumination protocol used.
ChI were activated by excitation of ChR2 via a 460 nm blue led light
source. As control for unspecific effects of lightwe used a 520 nmyellow
light source (Prizmatix, Israel). The power at the tip of the cannula was
adjusted to 6 mWwhich is adequate to excite ChR2 with our setup ac-
cording to the brain tissue light transmission calculator of the
Deisseroth group. The correct power was verified for each fiber cannula
prior to implantation and at cessation of all experiments with an optical
power meter (StarLite P/N 7Z01565, Ophir Optronics, Jerusalem, Israel)
as recommended previously [32]. We tested different stimulation para-
digms for comparing the effects of varying optical illumination on be-
havior similar to previously published protocols [18,33–36]. The
following protocol was used for eachmouse and each stimulation para-
digm: 3 min light off, 10 min blue light on, 3 min yellow light on, 3 min
light off. Following pulse durations were tested: 5 ms (WT n= 11, DYT
n = 8), 10 ms (WT n= 7, DYT n= 6), 25 ms (WT n= 11, DYT n= 8)
and 1 s (WT n= 8, DYT n= 6) at stimulation frequency of 10 Hz. Mice
were tested in batches and the order of the protocols with different
pulse durations was varied to distribute potential effects of repeated
testing. In order to prevent excessive habituation to the open field,
which would have reduced ambulation drastically and would not have
allowed detecting a reduction in activity, mice were not habituated to
the open field prior to the experiments. However, there were no signif-
icant differences in activity between the off periods prior and post optic
stimulations, supporting relatively stable behavioral activity over the
observation period in the open field. Parameters quantified in an unbi-
ased fashion by the tracking software included distancemoved, velocity,
immobility frequency, thigmotaxis and rotation (EthoVision XT 10,
Noldus). Number andduration of groomingwas quantified 2min before
and 2 min into blue light stimulation by an experimenter unaware of
the genotypes. One batch of mice (WT n = 8, DYT n = 6) were stimu-
lated with blue light at 25ms 10Hz, which has caused the strongest be-
havioral response in the open field, and tested for sensorimotor deficits
in the adhesive removal test [37,38] pre, during and after stimulation (3
trials each). In this test, a round sticker (1 cm diameter) was put on the
bridge of the nose and the animal was immediately returned to their
home cage (littermates and environmental enrichment was removed).
The latency to touch the sticker and the latency to remove the sticker
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were recorded in 3 consecutive trials with a cut off time of 120 s. If mice
immediately touch the sticker but have difficulty removing it, then this
indicates dysfunctions of fine motor control, while a delay in touching
the sticker suggests impairments of the sensory system or sensorimotor
signaling pathways. First, latency to touch and to remove a sticker from
the nosewasmeasured prior to stimulation. Thenmicewere stimulated
with blue light over 5 min and the tested under continuing stimulation.
The final test followed after a 5 min period without stimulation. For im-
munohistochemical analysis two batches of mice were stimulated with
blue light at 25ms 10Hz (not followed by yellow light stimulation) and
sacrificed as follows: the first group over 60min and sacrificed immedi-
ately after stimulation (WT n = 4, DYT n = 4) the second group over
10 min and sacrificed 15 min later WT (n = 6, DYT n = 5). Brains
from these mice were used for quantification of neuronal activation
compared to naïve controls (WT n = 4, DYT n = 6). To determine
age-specific effects 3 months old mice (WT n = 10, DYT n = 11) were
stimulated with 25 ms/10 Hz as follows: 3 min light off, 10 min or
30 min blue light on, 1 min light off, 3 min yellow light on, 3 min light
off and sacrificed several days later 15min after a 10minblue light stim-
ulation period.
2.4. Immunohistochemistry (IHC)

Tissue was processed for IHC based on previously published proto-
cols [29,39,40]. All mice were deeply anesthetized with intraperitoneal
injection of 100 mg/kg pentobarbital and perfused transcardially with
0.1 M NaCl. The brain was removed and postfixed in 4% paraformalde-
hyde (Pfa) dissolved in 0.1 M phosphate-buffered saline (PBS, pH 7.4)
overnight by 4 °C. Brains were equilibrated for 3 days in an increasing
sucrose dilution from 10 to 30% in 0.1 M PBS. Thereafter the brains
werewashed in 0.1MPBS, dried, frozen on powdered dry ice and stored
at−80 °C. The brainswere cut in 40 μm sections on a cryostat (Hypax C
50, Zeiss, Germany) and stored at −20 °C in cryoprotectant solution
(500 ml: 250 ml 0.1 M PBS, 250 ml glycerol, 0.33 g MgCl2, 42.8 g su-
crose). Two striatal sections of each mouse (levels AP +0.61, AP -0.23)
were used for choline acetyltransferase (ChAT) IHC in order to verify ex-
pression of ChR2-dtTomato in CHI in all experimental animals. Three
sections of the striatum of each mouse (levels AP +1.21, AP +0.30, AP
-0.71) were used for c-Fos IHC for quantification of neuronal activity
of ChR2 positive neurons. Another section of the medial striatum was
used for c-Fos and substance P (SP) co-labelling. The free-floating sec-
tions were washed in 50mM tris buffer solution (TBS, pH 7.6), followed
by a blocking solution with 0.5% Triton X-100 (Tx100) and 10% normal
donkey serum(NDS) in TBS orMouseOnMouse Blocking Reagent (Vec-
tor Laboratories) for 1 h. They were incubated with primary antibody
against c-Fos (Rabbit anti-c-Fos 1:200, sc-52, Santa Cruz Biotechnology,
TX, USA), ChAT (Goat anti-ChAT 1:500, AB144P,MerckMillipore, Darm-
stadt, Germany), SP (Guinea pig anti-substance P 1:100, ab10353,
Abcam, Cambridge, UK) or AChE (mouse anti-acetylcholinesterase
1:200, MAB303, Merck Millipore) in 2% NDS in TBS 24–48 h at 4 °C.
Thereafter sections were washed and incubated with secondary anti-
bodies (1:800, Donkey anti-rabbit AlexaFluor 488 or 594, Donkey anti-
goat AlexaFluor 488, Donkey anti-guinea pig AlexaFluor 488, Donkey
anti-mouse AlexaFluor 488, Jackson Immuno Research, Suffolk, UK) in
2% NDS and 0.5% Tx100 in TBS for 1 h. After a final wash sections were
mounted on glass slides and coverslipped with VectaShield Mounting
Medium with DAPI (H-1200, Vector Laboratories, CA, USA).
Fig. 2. (a) Representative images of c-Fos (green) activity in ChR2-positive neurons (red) andDA
mice, and 15 min after stimulation (15′ post). Arrowheads point at c-Fos-positive ChR2 n
(b) Localization of blue light stimulation and the three quantified coronal sections in the stri
(WT, open bars) and DYT1 KI/ChR2 (DYT, grey bars) stimulated at 25 ms, 10 Hz with different
WT n = 6, DYT n = 5; 1 h light on, no delay before sacrifice, WT n = 4, DYT n = 4), **p b 0
(Holm-Sidak), means ± SEM, (d) ChR2/c-fos positive neurons quantified for three different s
DYT (Holm-Sidak).
2.5. Image acquisition and quantification

Co-localization of ChR2-dtTomato positive and ChAT positive signal
was verified using a confocal microscope (Olympus Fluoview FV 1200,
Software Olympus Fluoview4.1, Olympus, Germany). For quantification
of c-Fos-, ChR2- and double-positive cells stereological analysis with the
optical fractionator probewas used as published previously [39,40]. Ste-
reo Investigator software (MBF Bioscience, VT, USA) coupled to a Zeiss
Axioskop microscope with a Ludl XYZ automated motorized stage, z-
axis microcator (Visitron Systems, Germany), Retiga 2000R CLR-12 col-
our digital camera (QImaging, Surrey, Canada) and LED light source
(Cool LEDpe300, CoolLED)was used for stereological sampling. The stri-
atumwas delineated using the 10× objective and labeled neurons were
counted using the 40× objective (counting frame: 100 × 100 μm, grid
size: 420 × 420 μm for c-Fos, 170 × 170 μm for co-labeling ChR2 and
c-Fos). Image acquisition parameters were kept constant during quanti-
fication. To measure c-Fos reactivity in single SP positive neurons of the
matrix, three immunofluorescence double-labeled confocal images
from the striatumwere acquired at 40× under constant imaging condi-
tions. Fluorescence intensity was measured in all SP positive neurons
with the nucleus in focus using ImageJ as described previously [41].
For quantification of c-Fos and SP immunoreactivity in striosomes ver-
sus matrix, and AChE immunoreactivity in the striatum, microscopic
images were acquired with the Zeiss Axioskop under constant imaging
conditions and mean fluorescent intensity measured in the striosome
versus matrix compartments using Image J.

2.6. Statistics

All results of behavioral testing and stereological quantificationwere
acquired and analyzed by an investigator who was blind to group con-
ditions. The behavioral outcomes perminwere analyzed by amixed de-
sign analysis of variance (ANOVA) (genotype × stimulation) with
stimulation as repeated measure. Cell counts were quantified with
ANOVA for independent variables (genotype × stimulation) for com-
parison across the different stimulation protocols or with ANOVA for
mixed design (genotype × section) with section as repeated measure
for analysis of the effect distribution across the three striatal sections.
Fluorescence intensity in striosome versus matrix was analyzed by a
mixed design ANOVA (genotype × region) with region as repeated
measure and effects of stimulation per region via ANOVA for indepen-
dent variables (genotype × stimulation). ANOVA was followed by mul-
tiple comparisons correcting post-hoc test (Holm-Sidak method).
Significance was assigned at p b 0.05. Behavioral data was normalized
to pre-stimulation off period in figures, but statistics were performed
on raw data. Significance was assigned at p b 0.05.

3. Results

3.1. ChI stimulation elicits hyperactivity but no dystonic symptoms in DYT1
KI mice

All experimental animals expressed ChR2-dtTomato in all ChI ob-
served in two sections of the medial striatum (Fig. 1b) and received
optic stimulation in the dorsolateral striatum (Fig. 1c). At 6 months of
age, DYT1KI but notwildtypemice respondedwith a transient hyperac-
tivity to ChI depolarization. Analyses of the distance moved per min in
the open field uncovered a main effect of stimulation at 5 ms (F(18/
306) = 2.1, p = 0.007), 10 ms (F(18/180) = 2.3, p = 0.003) and
PI-positive nuclei (blue) in naïve and stimulated (stim)DYT1 KI (DYT) andwildtype (WT)
eurons, while open arrows point at c-Fos-negative ChR2 neurons, scale bar is 25 μm.
atum. (c) percentage of ChR2-positive neurons that are c-Fos-positive in wildtype/ChR2
protocols (naive, WT n = 4, DYT n = 6; 10 min light on +15 min delay before sacrifice,
.01 compared to respective naïve (Holm-Sidak), #p b 0.05 compared to respective WT
ections for the 10 min light on +15 min delay stimulated groups, **p b 0.01 WT versus
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25ms (F(18/305) = 4.6, p b 0.001) but not at 1 s pulse duration (F(18/
198) = 1.2, p = 0.25) (Fig. 1d-g). Posthoc tests for the respective min
(1–3 light off, 4–13 blue light on, 14–16 yellow light on, 17–19 light
off) revealed increased distance moved during blue light stimulation
compared to light off at 25 ms pulse duration specifically in DYT1 KI/
ChR2 mice (4 vs. 2 p = 0.002, 4 vs. 18 p = 0.006, 4 vs. 19 p = 0.007,
5 vs. 2 p = 0.012, 4 vs. 1 p = 0.016, 5 vs. 18 p = 0.029, 5 vs. 19 p =
0.034, 11 vs. 2 p = 0.049) but not in wildtype/ChR2 controls (Fig. 1f).
At 5 or 10 ms pulse duration, there were no significant differences
(Fig. 1d, e). As expected, DYT1 KI mice did not differ in their activity
from wildtype at baseline [5]. Importantly, there were no effects of yel-
low light stimulation (posthoc p N 0.05). To further describe this tran-
sient hyperactivity phenotype we quantified velocity and immobility
frequency. At 25 ms pulse duration, there was a main effect of stimula-
tion (F(18/305) = 4.7, p b 0.001) and increase of velocity during blue
light stimulation compared to light off in DYT1 KI/ChR2 (4 vs. 2 p =
0.006, 4 vs. 18 p = 0.009, 4 vs. 19 p = 0.009, 5 vs. 2 p = 0.013, 5 vs.
18 p = 0.020, 5 vs. 19 p = 0.021, 4 vs. 1 p = 0.034) but not in
wildtype/ChR2 controls (Fig. 1h). The increased mobility of DYT1 KI/
ChR2 under blue light was frequently interrupted by brief immobility
(increased immobility frequency, blue light versus post light off p =
0.023, versus pre light off p = 0.1, Wilcoxon signed rank test; Fig. 1i),
leading to an erratic hyperactive movement pattern. This phenotype
was age dependent, as we did not observe genotype specific effects in
3 months old mice using comparable stimulation parameters
(Fig. S1a). We hypothesized that, if this induced hyperactivity is related
to development of overt dystonia, prolonged ChI stimulation may pro-
voke dystonic symptoms. However, we did not observe signs of dysto-
nia/dyskinesia in mice stimulated with blue light over 60 min. While
wildtype/ChR2 controls habituated to the environment, DYT1 KI mice
remained comparably active until end of stimulation (Fig. 1j). Similarly
3 months old DYT1 KI or wildtype mice did not show dystonic symp-
toms after prolonged ChI stimulation (Fig. S1b).Mice of either genotype
in all experimental groups did not show changes in thigmotaxis, rota-
tion behavior or grooming in response to stimulation (not shown). Im-
portantly, ChI stimulation did not alter the sensorimotor phenotype we
have previously described in 6 months old DYT1 KI mice (Fig. 1k, rank
sum testwildtype versus DYT1KI, p b 0.05with orwithout stimulation).
3.2. ChI stimulation causes prolonged c-Fos activation in ChR2 neurons of
DYT1 KI mice

Sections from the anterior, medial and posterior striatum from stim-
ulated and naïve mice were stereologically quantified for density of c-
Fos and ChR2 neurons (Fig. 2a, b). While there was no main effect of
stimulation or genotype on the number of single labeled c-Fos- or
ChR2-positive cells in the striatum, cell counts revealed an increase in
double-positive cells in response to blue light stimulation (main effect
of stimulation, (F(2/23) = 6.2, p = 0.007), Fig. 2c). Stimulation with
blue light increased the number of c-Fos/ChR2 (ChI) positive neurons
to 85% of all ChR2 neurons in DYT KI/ChR2 (posthoc, to naive p =
0.02) and 77% in wildtype/ChR2 (posthoc, to naive p = 0.07). In DYT1
KI/ChR2 mice this increased neuronal activity was also evident if there
was a delay of 15 min between sacrifice and a 10 min stimulation
(posthoc, to naive p = 0.02) while in wildtype/ChR2 neuronal activity
was not different from naive (Fig. 2c). Accordingly, ANOVA revealed a
main effect of genotype (F(1/23)= 6.0, p = 0.02) and posthoc a differ-
ence between c-Fos/ChR2 cell counts between genotypes in the delayed
sacrifice protocol (p = 0.003). The increased percentage of c-Fos/ChR2
positive cells was present in all striatal sections even outside of direct
light exposure in DYT1 KI/ChR2 mice but not in corresponding
wildtype/ChR2 (main effect of genotype F(1/18) = 26.0, p b 0.001;
posthoc genotype effect for each section p b 0.01, Fig. 2d). Conversely,
we did not observe a prolonged c-Fos activation of ChR2 positive cells
in 3 months old DYT1 KI or wildtype mice euthanized 15 min after
stimulation (Fig. S1c), which is in line with absence of hyperactivity
under ChI stimulation at this age.

3.3. Increased substance P (SP) and acetylcholine esterase (AChE) expres-
sion upon ChI stimulation

Aiming to provide insights on how prolonged ChI activation in DYT1
KImice effects downstream neurons we analyzed SP expressing striatal
projection medium spiny neurons (direct pathway) for c-Fos reactivity.
These neurons localizemainly to striosomes (Fig. 3a)where SP labelling
was visibly enhanced and distributed in soma and dense terminals
(local collaterals) as expected [42]. Specificity of staining was also con-
firmed by strong SP labelling of the ventral pallidum. In thematrix com-
partment, SP labeling distinguished sparsely distributed positive
neurons (Fig. 3a). Because single neurons were difficult to distinguish
in the striosomes (Fig. 3b), mean c-Fos reactivity was quantified for
this compartment. In the matrix, c-Fos reactivity of SP positive neurons
wasmeasured in single slice confocal images (Fig. 3c). There was no ef-
fect of genotype (DYT1 KI versus wildtype) or stimulation (naïve versus
stimulated) onmean c-Fos reactivity in the striomsomes ormatrix com-
partments (Fig. 3d), which is in line with the observed lack of change in
the total number of striatal c-Fos positive neurons described in the pre-
vious section. In thematrix, all SP positive neurons were also c-Fos pos-
itive and there was no effect of genotype or stimulation on c-Fos
reactivity measured in single SP positive neurons (Fig. 3e). Striatal pro-
jection neurons release SP togetherwith GABA. Interestingly, SP reactiv-
ity was increased in the striosome but not the matrix of naïve DYT1 KI
mice compared to wildtype (region F(1/8) = 33.901, p b 0.001; geno-
type F(1/8) = 4.3, p = 0.071; posthoc region in wildtype p = 0.022,
in DYT1 KI p b 0.001; genotype in striosome p = 0.035, in matrix p N

0.05, Fig. 4a). Upon ChI stimulation SP expression increased significantly
in wildtype which was no longer different from DYT1 KI (stimulation F
(1/17) = 5.6, p = 0.03; posthoc in wildtype p b 0.05).

Finally we quantified whether release of acetylcholine and SP upon
ChI stimulation triggered prolonged increased expression of acetylcho-
linesterase (AChE). AChE efficiently catalyzes hydrolysis of acetylcho-
line thereby maintaining homeostasis of cholinergic synapses [43], but
was also shown to hydrolyze neuropeptides, including SP [44]. AChE
protein expression was increased specifically in DYT1 KI mice 15 min
after cessation of stimulation compared to corresponding naïve (main
effect of stimulation F(1/17) = 10.2, p = 0.005; posthoc stimulation
in DYT1 KI p = 0.002, in wildtype p N 0.05, Fig. 4b), while there was
not difference between naïve genotypes.

4. Discussion

Stimulations of striatal cholinergic interneurons (ChI) revealed
DYT1-specific hyperactivity and erratic movement patterns in
6 months old mice, but did not induce dystonic symptoms and did not
alter the sensorimotor phenotype. Our observations of hyperactivity
and prolonged ChI activation after optic stimulation in DYT1 KI mice
support alterations in ChI as endophenotypic trait.

Increased c-Fos activity by stimulation confirmed successful activa-
tion of ChI in vivo in our experiments. In DYT1 KI but not wildtype
mice this activation persisted 15 min after stimulation. This genotype
effect may be the result of different response of ChI to dopamine,
which is triggered by acetylcholine via nicotinic receptors upon optic
stimulation. Under physiological conditions, dopamine release pauses
ChI burst activity via D2 receptors [21,45]. This mechanism would ac-
count for reset to baseline neuronal activity as observed in wildtype
mice. It may also be an explanation for the absence of behavioral effects
in wildtype mice. While ChI were successfully activated, the striatal cir-
cuitry did not change to the degree required for obvious behavioral al-
terations. This is in line with previous observations of ChI stimulation
in wildtype mice [18,35]. In DYT1 KI mice, previous studies showed el-
evated striatal extracellular acetylcholine levels leading to a



Fig. 3. (a) Substance P (SP) immunoreactivity (green) in a coronal section of the striatum (aca, anterior part of anterior commissure; VP, ventral pallidum; CPu, striatum).
(b) Representative microscopic images of SP (green) and c-Fos (red) colabelling in the striatum, white outline depicts one striosome, scale bar is 50 μm. (c) Representative confocal
slice with single SP and c-Fos positive neurons in the matrix, scale bar is 25 μm. (d) Bar graph with quantification of mean c-Fos immunoreactivity in striosome and matrix (naive, WT
n = 4, DYT n = 6; 10 min light on +15 min delay before sacrifice, WT n = 6, DYT n = 5), mean + SEM. (e) Bar graph with quantification of c-Fos immunoreactivity in SP positive
neurons in the matrix, mean + SEM.
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paradoxically dopamine D2 receptor-mediated excitation of ChI via
muscarinic acetylcholine receptors [10]. Therefore, in mutant mice, do-
pamine would not pause cholinergic activity but evoke further acetyl-
choline release. Furthermore, while muscarinic autoreceptor function
is conserved, it would not be expected to sufficiently counteract in-
creased acetylcholine release. This can explain the prolonged c-Fos acti-
vation of ChI beyond optogenetic stimulation in our study. Thus, at the
condition of the endophenotype present in the DYT1 KI, ChI depolariza-
tionwas sufficient to evoke a transient behavioral response. Localization
of the fiber tip in the dorsolateral striatum was confirmed for all mice,
and limitation of light transmission through brain tissue excludes
depolarization of ChI outside the striatum. Importantly, ChI are known
to synchronize throughout the striatum at high activity which our
data replicated by widespread ChI c-Fos activation even in parts of the
striatum not exposed to light (Fig. 2d). This synchronous activation of
ChI is necessary to activate nicotinic receptors on dopaminergic termi-
nals [21]. ChR2 expression on cell processes [46] will have facilitated
synchronization of widely branched ChI [47]. Follow up experiments
combining optogenetics with microdialysis should give insights into
torsinA related striatal neurotransmitter imbalances.

ChI are tonically active with a frequency of 5–10 Hz [48], prompting
us to use 10 Hz frequency for all stimulations. Interestingly, behavioral



Fig. 4. Quantification of (a) substance P (SP) immunoreactivity in striosomes (white outline) and (b) acetylcholinesterase (AChE) immunoreactivity in the striatum (white arrows) of
naïve and stimulated WT and DYT1 KI mice (naive, WT n = 4, DYT n = 6; 10 min light on +15 min delay before sacrifice, WT n = 6, DYT n = 5) with representative images, scale
bar is 25 μm, bar graph shows mean + SEM, *p b 0.05 WT versus DYT (Holm-Sidak), #,##p b 0.05, 0.01 WT stimulated to naïve (Holm-Sidak).
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effects occurred specifically at 25 ms pulse duration in DYT1 KI. Short
light pulses of 5 or 10 ms trigger single action potentials while 25 ms
triggers a burst firing with an increased release of acetylcholine [21].
Durations N40ms decrease firing rates [36]. Variability of behavioral re-
sponse to different pulse durationswas also observed byChI stimulation
in an animal model of levodopa induced dyskinesia [33]. Hyperactivity
was transient and occurred in the first minutes after stimulation,
followed by a delayed second spike. While providing more detailed in-
sights, analysis by minute reduced statistical power due to multiple
comparison corrections. If statistics is done on data collapsed over the
10 min stimulation period, hyperactivity is highly significant at 25 ms
in DYT1 KI compared to pre and post off periods. The biphasic effect
could be related to transient adaptive changes in the striatal circuitry
to ChI depolarization, or induction of a depolarization block, a state
where stimulated neurons cease to fire action potentials [36]. Silencing
of neurons is a potential confounding factor of optogenetics, whichmay
lead to conflicting behavioral alterations. However, it is more likely to
occur at longer pulse durations,wherewedid not observe behavioral ef-
fects. The observed increase in c-fos activity of ChI at the end of the
10 min stimulation interval also supports increased activity of these
neurons rather than silencing.
The hyperactive erratic activity observed in ChI stimulated DYT1 KI
mice likely results from postsynaptic effects of acetylcholine and dopa-
mine via their respective receptors onto striatal projection neurons [49].
In order to gain insights into activity of these neurons and to understand
why only DYT1 KI mice responded with hyperactivity, we quantified
overall c-fos and SP immunoreactivity in the striatum, as well as c-fos
reactivity in SP positive neurons. SP is co-released with GABA by the
subset of striatal GABAergicmedium spiny neurons that project directly
to the basal ganglia output nuclei. Thereby SP accumulates in striosomes
where these neurons are preferentially located [50]. Increased expres-
sion of SP in striosomes of naïve DYT1 KI mice versus wildtype, and
upon ChI stimulation, will have facilitated overall excitability via pre-
synaptic NK1 receptors on glutamatergic inputs [51] and boosted dopa-
mine release in striosome centers [50]. This is in line with the observed
hyperactivity phenotype, which is a common feature of animal models
with increased striatal dopamine levels [52,53]. In fact, hyperactivity
in hyperdopaminergic mice is frequently associated with impaired ha-
bituation to the environment [54], similar to our observations of higher
activity after prolonged stimulation (Fig. 1j). Interestingly, all SP posi-
tive neurons were also c-fos positive, with comparable signal intensity,
independent of genotype, optogenetic stimulation or hyperactivity
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response. Similarly, quantification of the overall number of all c-fos pos-
itive striatal neurons, mostly representing projection neurons, did not
reveal differences. Therefore c-fosmay not be a sensitivemarker for fur-
ther increase of neuronal activity in these neurons as opposed to the in-
crease observed in ChI. Importantly, ChI express NK1 receptors and are
depolarized by SP [55]. Therefore increased reactivity for SP may con-
tribute to a hypercholinergic tone in DYT1 KI mice and upon
optogenetic stimulation. Whether NK1 receptors may represent a po-
tential therapeutic target in dystonia can be debated. NK1 receptor
binding was unchanged in the phenotypic hamster model of dystonia
[56]. Together with lack of dystonic symptoms in DYT1 KI mice even
after prolonged ChI stimulation this argues against a crucial involve-
ment of SP signaling in dystonia. Increase in AChE protein we observed
specifically in DYT1 KI mice 15 min after cessation of stimulation sup-
ports the genotype specific increased response to ChI stimulation.
AChE may have counteracted increased acetylcholine release upon
stimulation, and thus dampened cumulative effects over prolonged
stimulation. However, elevated postsynaptic SP release and observed
behavioral responses argue against a full and immediate compensation.
Interestingly, we did not observe elevated AChE protein in naïve DYT1
KI mice compared to wildtype. Unchanged protein level does not pre-
clude increased enzymatic activity found in a transgenic DYT1 mouse
model [57]. A lack of compensatory increase in AChE protein would ex-
plainwhy there were no genotype specific differences of low dosages of
the AChE inhibitor neostigmine in DYT1 KI mice [10]. Regardless, the
stimulation specific increase in AChE protein demonstrates that
optic ChI stimulation triggered further alterations specifically
in hypercholinergic DYT1 KI mice, which was the purpose of the
approach.

Sensorimotor deficits were not altered by ChI stimulation, indicating
that this phenotype is related to more complex cerebello-
thalamocortical tract changes rather than localized striatal pathophysi-
ology [5]. However, the co-occurrence of hypercholinergic and
sensorimotor endophenotypes at 6 months of age but not in younger
animals supports a prolonged age-dependent impact of the TorsinA
mutation, which however did not result in dystonic symptoms under
ChI stimulation. The complete lack of penetrance of dystonic symptoms
in this model diverts from the reality in patients, where dystonic symp-
toms appear during or bevor early adulthood [58]. Technical limitations
hampered the use of mice younger than 3months (early adulthood) for
chronic implantation of optogenetic fibers. Therefore, we cannot ex-
clude that ChI stimulation before 3 months of age could elicit dystonic
symptoms. Alternatively, it may be an early loss of ChI function that is
responsible for the development of dystonia-like symptoms as shown
in DYT1 models with severe degeneration of ChI in the dorsal striatum
[24,59].

Altogether our data supports ChI malfunction upon TorsinA muta-
tion, but increasing ChI activity with our approach was not sufficient
for penetrance of dystonic symptoms in the DYT1 mouse model. Given
the complexity of the striatal neuronal network, other interneurons
may play an important role in further tipping the balance towards
overt symptoms in the model and in patients with TorsinA mutation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.02.042.
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