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ARTICLE INFO ABSTRACT

Keywords: The alterations in the basal ganglia circuitry are core pathological hallmark in Huntington’s Disease (HD) and

Optogenetics traditionally linked to its sever motor symptoms. Recently it was shown that optogenetic stimulation of cortical

fasal gar_‘gha circuits afferences to the striatum is able to reverse motor symptoms in HD mice. However, the specific contribution of
ocomotion

the direct and indirect striatal output pathways from the dorsolateral (DLS) and dorsomedial striatum (DMS) to
the motor phenotype is still not clear. Here, we aim to uncover the contributions of these striatal subcircuits to
motor control in wild type (WT) and HD mice by using the symptomatic R6/1 mice. We systematically evaluated
locomotion, exploratory behavior, and motor learning effects of the selective optogenetic stimulation of D1 or
A2A expressing neurons (direct and indirect pathway, respectively), in DLS or DMS. Bilateral optogenetic
stimulation of the direct pathway from DLS and the indirect pathway from DMS resulted in subtle locomotor
enhancements, while unaltering exploratory behavior. Additionally, bilateral stimulation of the indirect pathway
from the DLS improved performance in the accelerated rotarod task, suggesting a role in motor learning. In
contrast, in HD mice, stimulation of these pathways did not modulate any of these behaviors. Overall, this study
highlights that selective stimulation of direct and indirect pathways from DLS and DMS have subtle impact in
locomotion, exploratory activity or motor learning. The lack of responses in HD mice also suggests that strategies
involving cortico-striatal circuits rather than striatal output circuits might be a better strategy for managing
motor symptoms in movement disorders.

Motor learning
Movement disorders

1. Introduction (striatum), the central hub of basal ganglia circuitry.

The medium-sized spiny neurons (MSNs) from the striatum receive

The dysregulation of basal ganglia circuitry stands as the primary
cause behind the manifestation of motor abnormalities in Huntington’s
disease (HD). HD is a progressive neurodegenerative disorder that
courses with a triad of motor, cognitive and psychiatric symptoms. It is
caused by a polyglutamine expansion in the huntingtin gene
(MacDonald et al., 1993), that leads to the degeneration of GABAergic
medium-sized spiny neurons (MSNs) of the caudate and putamen nuclei

inputs from the cortex and thalamus and transmit information through
two main pathways, direct and indirect, each projecting to specific
output nuclei. Specifically, MSNs from the direct pathway express
dopamine D1 receptors and project to the internal globus pallidum (GPi)
and the substantia nigra reticulata (SNr); while MSNs from the indirect
pathway express dopamine D2 and A2a receptors and project to external
globus pallidum (GPe) (Galvan et al., 2012). In addition, the dorsal
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striatum can be further divided by dorsomedial (DMS) and dorsolateral
(DLS) regions, based on the clear segregation of cortical inputs along the
mediolateral and dorsoventral axes (Hintiryan et al., 2016; Hunnicutt
etal., 2016; Wall et al., 2013). For instance, cingulate, orbitofrontal and
medial prefrontal cortices project mainly to the DMS, while motor and
somatosensorial cortices project preferentially to the DLS (Hintiryan
et al., 2016; Hunnicutt et al., 2016). Notably, both direct and indirect
pathways project to their specific output nuclei with segregated
mediolateral connections (Lee et al., 2020; Lerner et al., 2015). More-
over, activation of direct or indirect pathways has been linked to the
induction or inhibition of movement (Durieux et al., 2012; Kravitz et al.,
2010), respectively. Yet, it is now accepted that a more complex and
coordinated activity of the distinct striatal subcircuits modulates loco-
motion and motor learning processes (Badreddine et al., 2022; Cui et al.,
2013; Kupferschmidt et al., 2017; Tecuapetla et al., 2016; Yin et al.,
2009).

However, despite our extensive knowledge of the basal ganglia cir-
cuitry under healthy conditions, the involvement of these distinct sub-
circuits in HD remains limited. In individuals with HD,
neurodegeneration primarily occurs in the MSNs of the indirect
pathway, with MSNs from the direct pathway being altered later in the
course of the disease (Deng et al., 2004; Glass et al., 2000; Reiner et al.,
1988; Richfield et al., 1991; Sapp et al., 1995). In mouse models of HD,
alterations are observed in both direct and indirect pathways, including
reduced expression of A2a and D1 receptors markers (Dowie et al., 2009;
Glass et al., 2004; Miller et al., 2014) and altered MSNs physiology
(Andre et al., 2011; Barry et al., 2018; Goodliffe et al., 2018).

In addition, motor learning deficits and reduced rearing behavior are
core symptoms present in HD models (Creus-Muncunill et al., 2019;
Fernandez-Garcia et al., 2020; Hong et al., 2012; Pépin et al., 2016;
Puigdellivol et al., 2015). Remarkably, we recently showed that selec-
tive optogenetic stimulation of M2 cortex-DLS projection restores motor
learning, exploratory behavior and coordination in the R6/1 mouse
model of HD (Fernandez-Garcia et al., 2020). However, the specific
contributions of the distinct striatal subcircuits and its functional im-
plications on locomotion and motor learning in HD are not yet known.

To delve into the contributions of the distinct striatal subcircuits to
motor control, we employed optogenetic techniques to selectively
stimulate D1 or A2a expressing neurons in either the DLS or DMS. We
systematically evaluated the effects of the repeated optogenetic stimu-
lation of the diverse subcircuits on locomotion, exploratory behavior
and motor learning in WT and the R6/1 mouse model of HD. Better
comprehension of the role of the distinct striatal subcircuits in motor
behavior and, specifically, their involvement in HD will help to further
understand motor control and to design effective therapeutic strategies.

2. Materials and methods
2.1. Animals

The transgenic R6/1 mice were used as mouse model of HD. R6/1
mouse express the exon-1 of mutant huntingtin with ~115-150 CAG
repeats expansion and were originally acquired from The Jackson Lab-
oratory (Bar Harbor, ME; (B6CBA-Tg(HDexonl)61Gpb/1 J; RRID:
IMSR_JAX:002809) and maintained on a B6CBA background by
breeding transgenic male mice with C57BL/6 J x CBA/J F1 females. At
the time of the experiments, the length of CAG repeats was measured in
six animals, which provided CAG repeats values ranging between 143
and 147. Heterozygous R6/1 male mice were crossed with heterozygous
Adora2a-Cre+/— (Durieux et al., 2012) and heterozygous Drd1a-Cre+/
— female (129S6.FVB(B6)-Tg(Drdla-cre)AGsc/KndlJ, The Jackson
Laboratory), both with Bl6 background) to obtain WT-Adora2a-Cre +
(A2a-WT mice), R6/1-Adora2a-Cre + (A2a-HD mice), R6/1-Drd1-Cre +
(D1-HD mice) and WT-Drdla-Cre + (D1-WT mice), respectively. Due to
the different background of the crossed mice, F2 inbred mice from the
same litter, which include both genotypes, were used for all
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experiments. Genotypes were determined by polymerase chain reaction
from ear biopsy. Mice groups (AAV-GFP / AAV-ChR2) were randomly
assigned and behavioral data were recorded for analysis by microchip
mouse number, blind to the experimenter. Mice were housed in groups
of mixed genotypes under a 12:12 h light/dark cycle with access to
water and food ad libitum, in a room kept at 19-22 °C and 40-60 %
humidity. A maximum of 5 mice were housed together in a cage con-
taining sawdust and enriched with wooden bricks and shredded paper.
Experiments were conducted using 16-22 weeks-old male mice (sur-
geries performed at 16 week and behavior between 20 and 22 weeks).
All animal procedures were conducted in accordance with the Spanish
RD 53/2013 and European 2010/63/UE regulations for the care and use
of laboratory animals and approved by the animal experimentation
Ethics Committee of the Universitat de Barcelona (274/18) and Gen-
eralitat de Catalunya (10101). This study was in compliance with the
ARRIVE guidelines.

2.2. Stereotaxic surgery

Stereotaxic surgery was performed in ~16-week-old male D1-HD,
D1-WT, A2a-HD and A2a-WT mice under isoflurane anesthesia (5 %
induction and 1.5 % maintenance). After fur shaving and scalp cleaned
with ethanol and iodine, local anesthesia was applied (Lidocaine 2.5 %
and Prilocaine 2.5 % EMLA, AstraZeneca) and a dose of 2 mg/kg of
analgesic Metacam was injected subcutaneously. Small bilateral holes
were drilled according to DLS or DMS coordinates from bregma and dura
matter: DLS [+0.1 AP, £2.2 I, —3.0 DV]; DMS [+0.5 AP, £1.5L, —3.0
DV] and double-floxed inverted (DIO) recombinant AAV-DIO encoding
the channelrhodopsin-2 (ChR2) fused to enhanced yellow fluorescent
protein (eYFP) (AAV1-EF1a-DIO-ChR2(E123A)-eYFP; Addgene catalog:
#35507-AAV1) or eYFP as control (AAV1-EF1a-DIO-eYFP; Addgene
catalog: #27056-AAV1) were injected. 0,5 pL of the AAV construct was
injected in each hemisphere using 5 pl Hamilton syringe with a 33-gauge
needle at 0.1 pl/min, followed by an additional 5 min period to allow
diffusion and avoid reflux. Then, fiber-optic cannulas (MFC_200/
240-0.22_3.5mm_ZF1.25_FLT; Doric Lenses) were implanted and fixed
during surgery using dental cement (TAB 2000tm, Kerr Dental). All
surgeries were performed 4 weeks before experiments were initiated to
allow mice recovery and a stable expression of viral constructs. AAV
expression and cannula implantation was validated post-mortem by
immunofluorescence in sagittal sections of one hemisphere and mice
were excluded from the analysis when AAV was not expressed and/or
cannula was misplaced.

2.3. Optogenetic stimulation

Blue light was delivered from 473 nm diode-pumped solid-state blue
laser (Laserglow) using a custom-made wave-form generator (Arduino)
while mice were freely moving in the open field (OF) at 20, 21 and 22-
weeks of age. Mice were placed in the OF and after 5 min, light stimu-
lation was performed in a series of 10 trials of laser illumination and
each trial alternated a 30 s period in which laser was ON [Cte illumi-
nation, ~5 mW (at tip of each fiber)], followed by a 60 s period in which
laser was OFF, based on (Kravitz et al., 2010), then mice were left in the
OF for 5 additional minutes.

2.4. Behavioral assessment

Behavioral tests were performed as previously described (Fernandez-
Garcia et al., 2020). Animals were habituated to the experimental room
for at least 1 h before testing and all apparatus were cleaned with water
and dried between animals. Mice that experienced a seizure just before
or during the test were excluded from the corresponding data and not
included in the analyses.
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Fig. 1. Validation of D1-Cre and Adora2a-Cre mice and selection of optogenetic
stimulation protocol. (A) Heterozygous Drdla-Cre+/— (D1) and Adora2a-
Cre+/— (A2a) male mice were crossed with homozygous Flox-TdTomato fe-
male to validate pathway specificity, resulting in 50 % D1-TdTomato and 50 %
A2a-TdTomato mice. Tdtomato was constitutively expressed in all D1- and A2a-
expressing cells (cyan). Within the striatum (STR), D1-expressing cells (left)
project to the substantia nigra pars reticulata (SNr) and give rise to the direct
pathway, whereas A2a-expressing cells (right) project to the globus pallidus
externus (GPe) and give rise to the indirect pathway. (B—C) Optogenetic
stimulation was delivered unilaterally to the DLS, and induction of circling
behavior analyzed by the number of contralateral and ipsilateral turns/ min
induced, using a 473 nm laser at (B) constant light stimulation, as in Kravitz
et al., 2010 and at (C) 10 Hz light stimulation, as in Ferndndez-Garcia et al.
(2020). Data are represented as mean = SEM. Number of mice per group: D1-
Cre n = 4 and A2a-Cre n = 2 mice. *p < 0.05, ***p < 0.001. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

2.4.1. Open field (OF)

Optogenetic stimulation was performed in the OF, which consists in a
white square arena (40 x 40 x 30 cm3) with dim light (~20 1x). Mice
were left in the center of the apparatus and allowed to freely explore the
arena during a total of 25 min (5 min PRE-stimulation, 15 min TRAIN-
stimulation (30s ON +60 OFF), 5 min POST-stimulation. Tracking and
recording of mice were performed using SMART 3.0 software (Panlab).
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2.4.2. Accelerating rotarod (ARR)

Motor learning was assessed using the rotarod apparatus at 21 weeks
of age. Mice were placed on a motorized horizontal rod (30 mm diam-
eter) with a rotation speed increasing from 4 to 40 rpm over 5 min. The
test was performed four times per day during three consecutive days (12
trials in total) and latency to fall from the rod was measured for each
trial. Different trials during the same day were separated by 1 h.

2.5. Immunohistochemistry

Intra-cardiac perfusion was performed with cold PBS and 4 %
paraformaldehyde solution. Brains were post-fixed in 4 % para-
formaldehyde for 24 h and dehydrated in a PBS/Sucrose gradient [from
15 % (48 h post-mortem) to 30 % (72 h post-mortem)] with 0.02 %
Sodium Azide and kept at 4 °C. Sagittal sections were obtained at 30 pm
with a vibratome (Leica VT1000 S) and cryopreserved [30 % Ethylene
glycol, 30 % Glycerol, 25 % Tris HCI (pH = 7.5) and 15 % H20 miliQ] at
—20 °C.

Viral injections were validated using anti-GFP (anti-Green Fluores-
cent Protein, 1:500, Invitrogen, #11122) as previously described
(Fernandez-Garcia et al., 2020). Free-floating sections were washed in
PBS and permeabilized and blocked for 15 min in PBS containing 0.3 %
Triton X- 100 and 3 % Normal Goat Serum (NGS, Pierce Biotechnology).
Sections were then washed again in PBS and incubated overnight at 4 °C
with primary antibodies. The day after, slices were washed three times
and then incubated 2 h rocking at RT with the secondary antibody goat
anti-rabbit Cy3 (Cy3, 1:200, Jackson ImmunoResearch, West Grove, PA,
USA). Brain slices were finally mounted on microscope slides using DAPI
Fluoromount-G (SouthernBiotec). Fluorescence signal was detected
using a Leica AF600 Fluorescence Microscope and mosaics were
captured using a 20x objective with 1.6 magnification.

2.6. Statistical analysis

Results are expressed as mean + SEM and data from individual
mouse is represented by single points when possible. GraphPad Prism
version 8.0.0. Software was used for statistical analyses. Statistical an-
alyses included one-way ANOVA or two-way ANOVA analysis and fol-
lowed by Bonferroni post-hoc test, with the factors used indicated in the
results section and/or figure legends. Values were considered as statis-
tically significant when p < 0.05.

3. Results

3.1. Light stimulation pattern differently modulates motor behavior in
wild type mice

Aiming to understand how the distinct striatal subcircuits modulate
motor activity, we combined the use of optogenetic tools and mice that
express Cre under the D1 and A2a- promoter to target direct and indirect
pathways of the striatum (Fig. 1A). Then, we transduced mice with an
AAV expressing ChR2 (or its control YFP) under double-floxed inverse
open reading frame (DIO) system in DLS to achieve opsin expression
either in D1 or A2a expressing neurons. Fiber-optic cannulas were
implanted in the same coordinates. Because different stimulation pat-
terns could lead to different outcomes, we tested two light stimulation
protocols based on previous studies: constant illumination (Kravitz
etal., 2010) and 10 Hz light stimulation (Fernandez-Garcia et al., 2020).
Constant illumination was able to induce contralateral circling in D1
DLS WT mice and ipsilateral circling in A2A DLS WT mice during
stimulation (Fig. 1B), while 10 Hz stimulation was not able to induce
clear behavioral effects (Fig. 1C). Thus, constant illumination pattern
was selected as stimulation protocol for subsequent experiments.
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Fig. 2. Experimental protocol for the optogenetic stimulation of the direct or indirect pathways from DLS and DMS in WT and HD mice. (A) Schematic representation
of the experimental mouse groups and AAV constructs. D1-Cre and A2a-Cre mice were crossed with R6/1 mice to obtain D1-WT, D1-HD, A2a-WT and A2a-HD mice.
Then, AAV-YFP or AAV-ChR2 constructs were injected in the DLS or DMS of these mouse groups. (B) Optogenetic stimulation was performed during the three OF
procedures at 20, 21 and 22 weeks of mouse age. The accelerating rotarod (ARR) task was performed after the 2nd stimulation day. Optogenetic stimulation started
five minutes after the mice was placed in the OF and consisted of 10 trials of laser illumination and each trial alternated a 30 s period in which laser was ON [Constant
illumination, ~5 mW] and 60 s period in which laser was OFF. Mice were left in the OF for an additional five minutes after the stimulation train. (C) Representative
immunofluorescence images of AAV-ChR2 and AAV-YFP constructs expression (green), DAPI (blue) and cannula location at DLS or DMS of D1 WT, D1 HD, A2a WT
and A2a HD mice. (D-E) Average distance travelled (cm) per min during the first OF session are represented for WT YFP, WT ChR2, HD YFP and HD ChR2 expressed
in (D) direct pathway of the DLS (left panel) and DMS (right panel) and (E) indirect pathway from the DLS (left panel) and the DMS (right panel). The green shadow
indicates the ten consecutive periods of 30 s in which laser was ON. Data are represented as mean = SEM. Number of mice per group: Drd1-DLS-WT-YFP n = 7, Drd1-
DLS-WT-ChR2 n = 5, Drd1-DLS-HD-YFP n = 5, Drd1-DLS-HD-ChR2 n = 4, Drd1-DMS-WT-YFP n = 7, Drd1-DMS-WT-ChR2 n = 5, Drd1-DMS-HD-YFP n = 5 and Drd1-
DMS-HD-ChR2 n = 3; A2a-DLS-WT-YFP n = 7, A2a-DLS-WT-ChR2 n = 12, A2a-DLS-HD-YFP n = 4, A2a-DLS-HD-ChR2 n = 3, A2a-DMS-WT-YFP n = 10, A2a-DMS-
WT-ChR2 n = 12, A2a-DMS-HD-YFP n = 4 and A2a-DMS-HD-ChR2 n = 6. Abbreviations: Globus Pallidus pars externa (GPe), Substantia nigra (SN) and Striatum

(STR). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Optogenetic stimulation of the direct or indirect pathways from the
DLS and DMS induces different locomotor responses in WT and HD mice

Based in our previous finding where optogenetic stimulation of M2
cortical afferences to the DLS improved motor phenotype in the R6/1
mouse model of HD (Fernandez-Garcia et al., 2020), we aimed to un-
derstand how selective activation of direct and indirect pathways in the
DLS or DMS could show differential motor responses in WT and HD mice
at same symptomatic stage. First, we crossed D1-Cre and A2a-Cre mice
with R6/1 mice to obtain D1-WT, D1-HD, A2a-WT and A2a-HD mice.
AAV-YFP or AAV-ChR2 was injected in the DLS or DMS of these mouse
groups. Four weeks later, we evaluated how specific optogenetic acti-
vation of DMS and DLS striatal subcircuits affects motor behaviors in
both WT and HD mice. The experimental procedure is detailed in Fig. 2.
Mice were optogenetically stimulated once per week, during three
consecutive weeks, while mice performed an OF task (Fig. 2B). The day
after the second session of OF, mice performed the accelerated rotarod
test to assess motor learning. DMS and DLS subcircuits were illuminated
in a series of 10 trials during the OF, each trial alternated 30 s during
which the laser was ON (constant illumination), followed by 60 s period
during which the laser was OFF (Fig. 2B). Validation of correct viral
expression and cannula implantation was assessed by immunofluores-
cence (Fig. 2C).

In bilaterally stimulated mice, the stimulation induced changes in
locomotor activity throughout the OF. Fig. 2D-E shows the precise
changes in locomotor activity every 30 s in D1 DLS, D1 DMS, A2a DLS
and A2a DMS. Each panel shows the effects of WT and HD mice
expressing either ChR2 or YFP. Our results show different activity pro-
files in the diverse striatal subcircuits and between WT and HD mice.
Particularly, a clear increase in locomotion was observed in A2a DLS WT
ChR2 expressing mice during light stimulation. However, our data also
shows a clear light-dependent locomotor pattern in mice expressing both
ChR2 and YFP, indicating that light per se might have an influence on
these locomotor changes and could mask our results. Moreover, the
profile of these changes decreased over time, suggesting certain habit-
uation to the light and the open field.

Thus, to avoid light-dependent but not ChR2-dependent effects, and
based on our previous study where optogenetic stimulation induced
persistent behavioral effects across three open field sessions (Fernandez-
Garcia et al., 2020), we decided to only quantify the effects on loco-
motion the 5 min before (PRE) and the 5 min after (POST) stimulation
(Fig. 3). We evaluated locomotion effects using two-way ANOVA
considering the three OF as repeated measurements and the different
groups as factors for each of the subcircuits studied. During the 5 min
PRE-stimulation, there were no significant differences in locomotor ac-
tivity between WT-YFP, WT-CHR2, HD-YFP and HD-CHR2 groups over
the three OF sessions for all the pathways analyzed except in mice in
which optogenetic stimulation was performed in the indirect pathway
from the DMS (Table 1). In this group, Bonferroni main group post-hoc
comparisons showed that optogenetic stimulation increased locomotor
activity in WT-CHR2 compared to WT-YPF.

Conversely, in the 5 min POST-stimulation, we clearly observed
group effects in all conditions, as summarized in Table 1. Bonferroni
main group post-hoc comparisons showed significantly reduced loco-
motion in HD mice in all conditions, compared to WT YFP. Optogenetic
stimulation was unable to modulate locomotion in HD mice in any of the
striatal subcircuits tested. Of note, locomotion was significantly induced
in WT-CHR2 mice compared to WT-YPF mice when the direct pathway
from the DLS was stimulated (Fig. 3A).

3.3. Optogenetic stimulation of the distinct striatal output pathways does
not affect exploratory behavior in either WT or HD mice

We further evaluated the effects of the optogenetic stimulation on
the rearing time (Fig. 4). In our previous study, optogenetic stimulation
of DLS cortical inputs was able to increase rearing time over the different
sessions, both before and after the stimulation, (Fernandez-Garcia et al.,
2020). Thus, here we also compared the effect of optogenetic stimula-
tion on total rearing time before (PRE) and after (POST) the stimulation
and over the 3 sessions, for each of the striatal subcircuits tested: D1
DLS, D1 DMS, A2a DLS and A2a DMS.

Two-way ANOVA with OF test (day effect) as repeated measure-
ments and group as factors showed that there are significant group ef-
fects for all experimental groups tested, as detailed in Table 1. However,
Bonferroni main group comparisons post hoc test showed significant
genotype effects, but not significant effect of CHR2 expressing groups
compared to YFP expressing groups, indicating that the optogenetic
stimulation of the diverse striatal subcircuits was not able to modulate
rearing time in neither WT nor HD mice.

3.4. Optogenetic stimulation of the indirect pathway from the DLS
increases motor learning in WT mice but not in HD mice

We then explored the effects of the distinct striatal output subcircuit
stimulation on motor learning (Fig. 5). Motor learning was assessed by
measuring the latency to fall from the accelerated rotarod, as previously
described (Creus-Muncunill et al., 2019; Fernandez-Garcia et al., 2020;
Puigdellivol et al., 2015). In our previous study, optogenetic stimulation
of M2 cortex-DLS circuit was able to reverse the motor learning deficits
observed in symptomatic R6/1 mice (Fernandez-Garcia et al., 2020).
Here, HD mice showed reduced latency to fall compared to WT in all
groups tested (Fig. 5), as expected. Notably, optogenetically stimulated
WT mice increased the latency to fall from the rod when the stimulation
was performed in the indirect pathway from DLS (Fig. 5C). Moreover,
we quantified the area under the curve (AUC) for each experimental
group (Fig. 5, right panel). One-way ANOVA showed significant group
effects in all tested sub-circuits (D1 DLS: (F(3,15) = 14.5, p = 0.0001);
D1 DMS: (F(3,16) = 11.6, p = 0.0003); A2a DLS: (F(3,23) = 22.75, p
(0.0001) and A2A DMS: (F(3,26) = 8.422, p = 0.0004). Bonferroni post-
hoc test highlights that A2A DLS optogenetically stimulated WT mice
(WT CHR2) increase motor learning performance compared to control
(WT YFP) (p = 0.05), while all other significant group comparisons
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Fig. 3. Locomotor activity induced by optogenetic stimulation of the direct (D1) or indirect (A2a) pathways from DLS and DMS in WT and HD mice, over three open
field sessions. The effects of ChR2 or YFP expressed in WT and HD mice on total distance travelled was compared before (5 min PRE, left panels) and after (5 min
POST, right panels) the optogenetic stimulation for (A) direct pathway of the DLS (D1 DLS), (B) direct pathway from the DMS (D1 DMS), (C) indirect pathway from
the DLS (A2a DLS) and (D) indirect pathway from the DMS (A2a DMS). A two-way ANOVA with AAV construct and genotype group as factors was performed,
followed by main group Bonferroni post-hoc comparisons test. Each point represents data from an individual mouse and data are represented as mean + SEM.
Number of mice per group: Drd1-DLS-WT-YFP n = 7, Drd1-DLS-WT-ChR2 n = 5, Drd1-DLS-HD-YFP n = 6, Drd1-DLS-HD-ChR2 n = 4, Drd1-DMS-WT-YFP n = 7,
Drd1-DMS-WT-ChR2 n = 5, Drd1-DMS-HD-YFP n = 5 and Drd1-DMS-HD-ChR2 n = 3; A2a-DLS-WT-YFP n = 7, A2a-DLS-WT-ChR2 n = 12, A2a-DLS-HD-YFP n = 5,
A2a-DLS-HD-ChR2 n = 3, A2a-DMS-WT-YFP n = 10, A2a-DMS-WT-ChR2 n = 12, A2a-DMS-HD-YFP n = 4 and A2a-DMS-HD-ChR2 n = 6. *p < 0.05, **p < 0.01, ***p
< 0.001.
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Table 1
Locomotion and rearing time statistical effects between WT-YFP, WT-CHR2, HD-
YFP, and HD-CHR2 groups across the three OF sessions.

Locomotion Rearing time
Group Factor F(DFn, P value F(DFn, P value
DFd) DFd)
F (2,30) = F (2, 30) =
Day 18.94 <0.0001* 0.058 0.9438
F (3,18) = F(3,18) =
Group 1.532 0.2404 3.958 0.0249*
D1 Day/ F (6, 30) = F (6, 30) =
DLS PRE Group 0.855 0.5384 0.296 0.9342
F (2,30) = F (2, 30) =
Day 5.225 0.0113* 4.241 0.0239*
F(3,18) = F(3,18) =
D1 Group 16.62 <0.0001* 7.610 0.0017*
DLS Day/ F (6, 30) = F (6, 30) =
POST Group 0.343 0.9086 0.932 0.4867
F (2,32) = F (2, 32) =
Day 0.897 0.4180 2.046 0.1459
b1 1?1335 Growp T (3 61462 = oos4 T %818? = 0.0135*
Day/ F (6, 32) = F (6, 32) =
Group 0.699 0.6521 1.752 0.1411
F (2, 32) = F(2,32) =
Day 2740 0.0797 3.230 0.0527
DIPBI\S’ITS Growp T (i 31765) = o.o008* T (g 91965) = 0.0061*
Day/ F (6, 32) = F (6, 32) =
Group 0.797 0.5795 1.673 0.1599
F(2,44) = F(2,44) =
Day 8.768 0.0006* 0.471 0.6274
F (3,23) = F (3,23) =
Group 0.927 0.4433 3.515 0.0312*
A2A DLS Day/ F (6, 44) = F (6, 44) =
PRE Group 1.143 0.3538 1.472 0.2101
F(2,44) = F(2,44) =
Day 8.962 0.0005* 0.071 0.9316
F (3,23) = F(3,23) =
Group 11.26 <0.0001* 8.979 0.0004*
A2A DLS Day/ F (6, 44) = F (6, 44) =
POST Group 2.732 0.0241* 0.099 0.9962
Day F (215167) = <o00001¢ T (%8%60) - 0.1748
AZAPDRII\E/IS Growp T (2’5.222 = <oo0001+ (ibi? =~ <0.0001*
Day/ F (6, 56) = F (6, 56) =
Group 0.480 0.8208 0.387 0.8840
F (2,56) = F (2, 56) =
Day 1.837 0.1688 0.389 0.6794
F(3,28) = F (3, 28) =
Group 29.55 <0.0001* 15.45 <0.0001*
A2A DMS Day/ F (6, 56) = F (6, 56) =
POST Group 2.178 0.0586 0.595 0.7332

Summary of two-way ANOVA statistical analysis of locomotion and rearing time
before (PRE) and after (POST) optogenetic stimulation for each striatal sub-
circuit group: D1 DLS, D1 DMS, A2a DLS and A2a DMS. The four groups were
compared considering the three stimulation sessions (day) as repeated measures
for each subcircuit analyzed: WT YFP, WT CHR2, HD YFP and HD ChR2.

reflect genotype differences in all subcircuits evaluated. As for loco-
motion and exploratory behavior, optogenetic stimulation did not
modulate motor learning in any HD mouse group.

4. Discussion

Alterations in the basal ganglia circuitry have been long associated to
the motor symptoms in HD. Building on our previous study, which
demonstrated that optogenetic stimulation of cortical afferences to the
DLS reversed motor learning and exploratory behavior deficits in HD
mice (Fernandez-Garcia et al., 2020), we systematically evaluated the
effects of selective optogenetic stimulation of the direct and indirect
pathway from DLS and DMS on locomotion, exploratory behavior and
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motor learning in WT and HD mice. Our data shows that unilateral
optogenetic stimulation reliably induced rotations, demonstrating the
effectiveness of the optogenetic stimulation approach. However, bilat-
eral stimulation produced only subtle motor effects in WT mice and
failed to modify the motor phenotype in HD mice.

These findings suggest that the relationship between optogenetic
activation of D1 or A2a expressing cells and movement may be more
complex than previously thought (Kravitz et al., 2010). While lesion
studies have shown that specific ablation of the direct pathway reduces
locomotion and ablation of the indirect pathway increases it (Durieux
etal., 2012), our data indicate that the effects of pathway activation may
not be as straightforward.

The stimulation of the distinct striatal subcircuits with optogenetics
was not sufficient to modulate motor responses in HD mice, despite
unilateral stimulation being able to induce rotational behavior also in
HD mice (data not shown). Thus, our present results contrast with our
previous study (Fernandez-Garcia et al., 2020), where M2 cortex — DLS
optogenetic stimulation was able to increase locomotion, rearings and
motor learning in symptomatic R6/1 mice. The fact that direct stimu-
lation of MSNs in the DLS (present results) does not modulate any of
these behaviors indicate that acting on cortico-striatal circuitry
(Fernandez-Garcia et al., 2020) rather than directly in the striatum is a
better strategy to ameliorate motor symptoms in HD. Moreover, these
results agree with the idea that cortico-striatal terminals re-organization
is needed for motor learning (Kupferschmidt et al., 2017).

Interestingly, altered responses in HD mouse models are observed
upon dopamine signaling modulation, such as locomotor activity
(Pineda et al., 2005), long-term potentiation (Kung et al., 2007) and
expression of early genes (Spektor et al., 2002). Indeed, synergistic ac-
tions of glutamate and dopamine have been described, and dopamine
potentiates glutamate-induced effects on calcium responses and induced
apoptosis in HD (Tang et al., 2007). Therefore, it could be that
concomitant activation of glutamate and dopamine pathways is needed
to modulate these motor behaviors, which is not the case when using our
optogenetic approach.

Of note, we also showed that different patterns of stimulation have
differential effects on the rotational behavior. Accordingly, it has been
shown that the optogenetic stimulation pattern could affect mean ve-
locity (Freeze et al., 2013). Moreover, it has been shown that A2A-
dependent motor suppression relies on sufficient striatal collateral in-
hibition rather than indirect pathway activation (Isett et al., 2023).
Therefore, we cannot exclude that a different pattern of light could lead
to differential motor effects, as the pattern of activity and the extent of
striatal volume stimulated, inhibited or lesioned seems to tightly
modulate the motor responses observed by striatal subcircuits
stimulation.

Regarding motor learning, our findings reveal that prior optogenetic
stimulation of A2a-expressing neurons in the DLS enhances performance
on the accelerated rotarod task in WT mice. This aligns with previous
research suggesting that extensive training induces long-term potentia-
tion (LTP) onto A2a- expressing neurons from the DLS (Yin et al., 2009).
Yet, several authors have shown that the acquisition of a skill requires a
complex re-organization of MSNs neuronal activity in both DLS and DMS
(Badreddine et al., 2022; Durieux et al., 2012; Kupferschmidt et al.,
2017; Yin et al., 2009), and the involvement of pre-synaptic cortical
inputs is required for motor learning (Kupferschmidt et al., 2017). Thus,
while A2A might have a role in rotarod test performance, the involve-
ment of the other subcircuits in motor learning still requires further
investigation.

One of the limitations of the study is the low number of mice per
group. While the group size was sufficient to demonstrate that opto-
genetic stimulation of the direct and indirect pathways in the DLS and
DMS, respectively, induces subtle locomotor and motor learning re-
sponses in healthy mice, smaller effects on these behaviors may have
been underestimated. However, the data did not reveal any small change
or trend suggesting phenotype modulation in HD mice, which contrast
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Fig. 4. Exploratory behavior induced by optogenetic stimulation of the direct (D1) or indirect (A2a) pathways from DLS and DMS in WT and HD mice, over three
open field sessions. The effects of ChR2 or YFP expressed in WT and HD mice on total rearing time was compared before (5 min PRE, left panels) and after (5 min
POST, right panels) the optogenetic stimulation for (A) direct pathway of the DLS (D1 DLS), (B) direct pathway from the DMS (D1 DMS), (C) indirect pathway from
the DLS (A2a DLS) and (D) indirect pathway from the DMS (A2a DMS). A two-way ANOVA with AAV construct and genotype group as factors was performed,
followed by main group Bonferroni post-hoc comparisons test. Each point represents data from an individual mouse and data are represented as mean + SEM.
Number of mice per group: Drd1-DLS-WT-YFP n = 7, Drd1-DLS-WT-ChR2 n = 5, Drd1-DLS-HD-YFP n = 6, Drd1-DLS-HD-ChR2 n = 4, Drd1-DMS-WT-YFP n = 7,
Drd1-DMS-WT-ChR2 n = 5, Drd1-DMS-HD-YFP n = 5 and Drd1-DMS-HD-ChR2 n = 3; A2a-DLS-WT-YFP n = 7, A2a-DLS-WT-ChR2 n = 12, A2a-DLS-HD-YFP n = 5,
A2a-DLS-HD-ChR2 n = 3, A2a-DMS-WT-YFP n = 10, A2a-DMS-WT-ChR2 n = 12, A2a-DMS-HD-YFP n = 4 and A2a-DMS-HD-ChR2 n = 6. *p < 0.05, **p < 0.01, ***p
< 0.001.
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Fig. 5. Effects of optogenetic stimulation of the direct (D1) or indirect (A2a) pathways from DLS and DMS in WT and HD mice on motor learning. Latency to fall in
the ARR was measured after two sessions of optogenetic stimulation of (A) direct pathway of the DLS (D1 DLS), (B) direct pathway from the DMS (D1 DMS), (C)
indirect pathway from the DLS (A2a DLS) and (D) indirect pathway from the DMS (A2a DMS). Additionally, the area under the curve (AUC) was calculated. AUC data
were analyzed by one-way ANOVA, followed by Bonferroni’s mean group multiple comparison test as post-hoc. Each point represents data from an individual mouse
and data are represented as mean + SEM. Number of mice per group: Drd1-DLS-WT-YFP n = 6, Drd1-DLS-WT-ChR2 n = 5, Drd1-DLS-HD-YFP n = 4, Drd1-DLS-HD-
ChR2 n = 4, Drd1-DMS-WT-YFP n = 7, Drd1-DMS-WT-ChR2 n = 5, Drd1-DMS-HD-YFP n = 5 and Drd1-DMS-HD-ChR2 n = 3; A2a-DLS-WT-YFP n = 7, A2a-DLS-WT-
ChR2 n = 12, A2a-DLS-HD-YFP n = 5, A2a-DLS-HD-ChR2 n = 3, A2a-DMS-WT-YFP n = 10, A2a-DMS-WT-ChR2 n = 10, A2a-DMS-HD-YFP n = 4 and A2a-DMS-HD-
ChR2 n = 6. *p < 0.05, **p < 0.01, ***p < 0.001.
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with our early findings (Fernandez-Garcia et al., 2020), where cortico-
striatal optogenetic stimulation produce robust effects. Another limita-
tion is the use of only males in the study. We cannot discard that the
effects of optogenetic stimulation might be different between males and
females, especially as dimorphic dopaminergic dysfunction has been
described in the R6,/1 mouse model of HD (Renoir et al., 2014). Also, we
cannot exclude that the optogenetic stimulation at earlier time could
produce differential effects. However, we selected to study the effects in
symptomatic male mice in order to compare the results with our pre-
vious study (Fernandez-Garcia et al., 2020).

In summary, our results highlight that optogenetic stimulation of
direct and indirect pathways from DLS and DMS induces subtle loco-
motor and motor learning responses in healthy mice, favoring the idea
that the orchestrated activity of the distinct striatal subcircuits and its
dopamine and glutamate inputs is necessary to modulate these behav-
iors. Moreover, the lack of responses by optogenetic stimulation in HD
mice, together with our previous results showing restoration of spon-
taneous behavior, motor learning and coordination (Fernandez-Garcia
et al., 2020), suggests that strategies involving cortico-striatal circuits,
rather than direct striatal stimulation might be a better therapeutic
opportunity for treating motor symptoms in HD.
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