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Abstract 
 
Huntington’s disease (HD) is a devastating movement disorder without a current cure. 25 
Although the monogenic basis of HD is well-defined, the complex downstream effects that 
underlie behavioral symptoms are poorly understood. These effects include cortical 
dysfunctions, yet the role of specific cortical neuronal subtypes in HD symptoms remain 
largely unexplored. Here, we used longitudinal in vivo two-photon calcium imaging to 
examine the activity of two cortical inhibitory neuron (IN) subtypes and excitatory 30 
corticostriatal projection neurons (CSPNs) in the motor cortex of R6/2 HD mouse model 
throughout disease progression. We found that motor deficits in R6/2 mice were accompanied 
by neuron type-specific abnormalities in movement-related activity, including hypoactivity of 
vasoactive intestinal peptide (VIP)-INs and CSPNs. Optogenetic activation of VIP-INs in 
R6/2 mice restored healthy levels of activity in VIP-INs and their downstream CSPNs and 35 
ameliorated motor deficits in R6/2 mice. Our findings highlight cortical INs as a potential 
therapeutic target for HD and possibly other neurological diseases. 
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Introduction 

Precise motor control is essential for an animal’s survival and well-being. This function is 
subserved by complex, interconnected neuronal networks in the brain that include the 
neocortex and striatum1 . Various neurodegenerative diseases affect motor control, including 
Huntington's disease (HD). HD is a devastating monogenic disorder without a current cure, 45 
caused by a CAG repeat expansion in the Huntingtin (HTT) gene2. The disease is 
characterized by a severe and progressive motor dysfunction. While the genetic foundation of 
HD is well understood2, the precise neural circuit basis that leads to HD motor symptoms 
remains unclear. Notably, one of the key brain regions associated with the symptomatology 
and progression of HD is the neocortex and its projections to the striatum. Changes in 50 
corticostriatal connections are among the earliest events in HD progression, and disconnection 
from cortical afferents likely plays a major role in the subsequent dysfunction of the 
downstream striatal circuits3–5. Furthermore, cortical inhibitory circuits, which regulate the 
activity of excitatory corticostriatal projection neurons (CSPNs), appear to be impacted in 
HD6–8 . These observations raise the possibility that HD has cell type-specific effects on 55 
cortical networks. Many neuron types are molecularly identifiable and genetically targetable, 
with the potential for subtype-specific therapeutic interventions. 

Cortical inhibitory neurons (INs) consist of distinct subtypes with unique functions shaped by 
their morphology, connectivity, and physiology. Among these subtypes, those expressing 
vasoactive intestinal peptide (VIP) and somatostatin (SST) play important roles in regulating 60 
cortical circuits, with SST-INs mainly inhibiting excitatory neuron dendrites, and VIP-INs 
mainly inhibiting other INs9–12. The precise regulation of the activity of these functionally 
diverse subtypes is essential for proper cortical circuit functions underlying healthy behavior. 
However, the impact of HD on distinct cortical IN subtypes has been poorly explored, and 
direct evidence of the pathogenic interplay between cortical inhibition and CSPNs is lacking. 65 

Here we used longitudinal in vivo two-photon calcium imaging to examine the activity of 
VIP- and SST-INs as well as CSPNs in the motor cortex in HD model mice during 
spontaneous and learned movements throughout the disease progression. We uncovered a 
neuron subtype-specific dysfunction of cortical circuits in HD. We further demonstrate that 
neuron subtype-specific activity modulation using optogenetics can normalize cortical 70 
network activity and ameliorate motor deficits in HD mice. 

 

Results 
 
Motor learning deficits in HD mice are reflected by subtype-specific alteration of 75 
cortical neuron activity 
To investigate the neural mechanisms underlying motor symptoms in HD, we used the 
transgenic R6/2 mouse model of HD, which expresses exon 1 of the human mutant huntingtin 
(mHTT) gene and is characterized by motor impairments and reduced life span13.  Non-
transgenic littermates were used as controls throughout. We trained mice on a motorized 80 
ladder task, in which mice learned to walk on a circular ladder with equally spaced rungs 
under head-fixation in the dark. Following an auditory cue, the ladder rotated at a fixed speed 
for 8 seconds in each trial, during which mice had to walk on the ladder by grasping the rungs. 
After a 5-day training regimen, mice were repeatedly tested in the task, covering early, 
middle, and late stages in learning / disease progression (Fig. 1a-b, Extended Data Fig. 1a, 85 
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Methods). During the task, body movements were traced by video analysis14 (Extended Data 
Fig. 1b). Compared to controls, R6/2 mice exhibited a range of deficits in movement 
kinematics (Fig. 1c), and we analyzed a number of kinematic features to characterize the 
deficits. First, we quantified hindlimb dragging as a measure of failures to keep up with the 
rotation of the ladder (Extended Data Fig. 1c). R6/2 mice exhibited more hindlimb dragging 90 
compared to ctrl mice, with the difference becoming more apparent over time (Fig. 1d). Next, 
we assessed the regularity of the gait pattern by an autocorrelation analysis of paw 
trajectories, which revealed a consistently lower regularity in the gait pattern of R6/2 mice 
(Fig. 1e, Extended Data Fig. 1d). We then analyzed the distribution of cadence during gait, 
using Fourier analysis of paw trajectories. While control mice showed a clear peak of cadence 95 
at ~1.3 Hz, indicating consistency of stride frequency, R6/2 mice lacked such a peak and 
showed overall reduced cadence (Fig. 1f, Extended Data Fig. 1e). In addition, the directness 
of strides—defined as the linearity of the forepaw trajectories during the swing phase of 
locomotion — was reduced in R6/2 mice and further deviated from ctrl mice with disease 
progression (Fig. 1g). These various measures confirm motor deficits in R6/2 mice.  100 

To explore potential cortical contributions underlying these behavioral deficits, we 
recorded the activity of several cortical neuron subtypes in mice during the ladder task with 
two-photon calcium imaging. We labeled VIP- and SST-INs by injecting AAV vectors 
expressing GCaMP6f in a Cre-dependent manner into the primary motor cortex (M1) of VIP-
Cre and SST-Cre mice15, crossed to R6/2 mice, respectively (Fig. 1b, h). In R6/2 mice, VIP-105 
INs exhibited a nearly complete absence of movement-related activity (Fig. 1i). In contrast, 
SST-INs were hyperactive during movements in R6/2 mice compared to the controls (Fig. 1j). 
To investigate how such subtype-specific dysregulations of cortical INs in R6/2 mice may be 
reflected in the activity of cortical principal neurons, we next examined CSPNs projecting to 
the dorsolateral striatum, which is the part of striatum most severely affected in HD. These 110 
CSPNs were targeted by retrograde labeling to express GCaMP8s. By imaging CSPNs during 
the ladder task, we observed that their activity during movement was significantly reduced in 
R6/2 mice compared to the controls (Fig. 1k). These results reveal neuron subtype-specific 
dysfunctions of the cortical circuit in HD. In particular, considering the known connectivity 
among these three neuron subtypes (VIP-INs inhibit SST-INs which in turn inhibit CSPNs, 115 
Fig. 1a), the absence of movement-related activity in VIP-INs could be partially responsible 
for the hyperactivity and hypoactivity of SST-INs and CSPNs, respectively. 
 
Abnormalities of spontaneous movements in HD mice are accompanied by subtype-
specific dysfunctions of cortical INs 120 
To test whether the altered activity of cortical IN subtypes is generalizable across different 
movements, we employed another behavioral paradigm where head-fixed mice were placed 
on a continuous-surface wheel that mice could turn by spontaneous locomotion. This was 
done repeatedly for early, middle, and late phases as described above (Extended Data Fig. 
2a, b). We did not impose any task structure and instead observed the spontaneous behavior 125 
of the mice examined by video analysis (Fig. 2a). Using a semi-supervised deep learning 
algorithm16 applied on videos, behavioral epochs were classified into different behavioral 
categories (Fig. 2a, Extended Data Fig. 2c). These categories of spontaneous behaviors 
included ‘active’ epochs such as ‘locomotion’, ‘grooming’, and forelimb ‘twitches’, as well as 
‘inactive’ epochs corresponding to periods labeled as ‘rest’ and ‘sit’ (Methods). Control mice 130 
showed a distribution of these epochs that were consistent throughout the timepoints, while 
R6/2 mice demonstrated a different distribution at the early stage as well as a progressive 
deviation from the pattern seen in the control mice. Specifically, the duration of active epochs 
significantly decreased and inactive epochs correspondingly increased (Fig. 2b). The decrease 
of active epochs in R6/2 mice was largely accounted for by a decrease in locomotion periods. 135 
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We proceeded to evaluate cortical IN activity during this behavioral paradigm in R6/2 
and control mice. To achieve this, we expressed Cre-dependent GCaMP7f in M1 of VIP- and 
SST-Cre lines17, crossed to R6/2 mice and monitored VIP-IN and SST-IN activity 
longitudinally over 4-5 weeks, spanning early, middle, and late disease stages (Extended 
Data Fig. 3a). R6/2 mice displayed abnormal IN activity. In control mice, VIP-IN activity 140 
was higher during active behavioral states compared to inactive states. However, this 
modulation was reversed in R6/2 mice, in which VIP-INs became less active at the onset of 
active motor behaviors and more active at transitions to inactive behavioral states (Fig. 2c, 
Extended Data Fig. 3b). In contrast to VIP-INs, SST-INs in control mice showed only 
moderate activity during active behaviors, while SST-INs in R6/2 mice exhibited much more 145 
pronounced movement-related activity (Fig. 2d, Extended Data Fig. 3c). We evaluated IN 
alterations during episodes of all classified behaviors. In R6/2 mice, we observed a marked 
reduction in VIP-IN activity and increase in SST-IN activity during movements (locomotion, 
grooming and twitching), changes that were either absent or reversed during inactive states 
(rest and sit) (Fig. 2e, f).  150 

Together, these results reveal that abnormal behavior during various types of 
spontaneous movements in R6/2 mice is accompanied by a consistent alteration in the activity 
of cortical neuron subtypes, with VIP-INs and SST-INs demonstrating hypoactivity and 
hyperactivity during movements, respectively. 
 155 
 
Optogenetic activation of VIP-INs restores CSPN activity in HD mice 
The neuron subtype-specific alteration of activity in HD affords a potential opportunity for 
intervention to normalize cortical network function by a targeted modulation of genetically-
defined neuron subtypes. VIP-INs are upstream of the other observed neuron types 9–11,18, and 160 
their hypoactivity in R6/2 mice could disinhibit SST-INs leading to their hyperactivity, which 
would in turn lead to increased inhibition of CSPNs explaining their hypoactivity. We 
hypothesized that artificial stimulation of VIP-INs could correct the hypoactivity of CSPNs in 
R6/2 mice. Therefore, we chose VIP-INs as the target for manipulation using optogenetics.  

Neural activity modulation in diseases has an enormous therapeutic potential, but 165 
requires careful selection of the artificial modulation parameters to achieve physiological 
levels of neural activity19. To this end, we evaluated the effect of our VIP-IN stimulation 
protocol on VIP-IN activity associated with movement. We co-expressed the excitatory opsin 
ChrimsonR and GCaMP6f in VIP-INs in M1 of R6/2 mice to simultaneously activate them 
and image their activity. VIP-INs were activated with red light stimulation (638 nm, 25 Hz, 170 
2.5 mW) in 40% of trials during the ladder task, starting at the auditory cue and terminating at 
1 second after the ladder movement offset (Fig. 3a, Extended Data Fig. 4a). In the no-light 
trials, we observed a lower activity of VIP-INs in R6/2 mice during the movement period 
(Fig. 3b), consistent with the previous experiment (Fig. 1i). In the opto trials, VIP-INs were 
robustly activated, achieving overall activity levels in R6/2 mice similar to those seen in the 175 
no-light trials of control animals (Fig. 3c, d). Next, to test whether this normalization of VIP-
IN activity can correct CSPN hypoactivity, we imaged CSPN activity while stimulating VIP-
INs using the same protocol (Fig. 3e, Extended Data Fig. 4b). In the no-light trials, CSPNs 
showed hypoactivity during movements in R6/2 mice (Fig. 3f) as described above (Fig. 1k). 
In the opto trials, CSPN activity during movements of R6/2 mice was increased to the level 180 
statistically indistinguishable from that in no-light trials of control mice (Fig. g, h). Light 
stimulation alone did not have an effect on CSPN activity in control nor R6/2 mice in the 
absence of ChrimsonR (Extended Data Fig. 4c-e). These observations demonstrate that 
targeted VIP-IN activation can restore excitatory activity in downstream CSPNs and 
underscore the potential of circuit-level interventions to ameliorate network deficits in HD. 185 
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VIP-IN activation improves motor learning and ameliorates motor symptoms in HD 
mice 
Does the restoration of cortical network activity improve motor behavior in R6/2 mice? To 190 
address this question, we used the stimulation protocol to activate VIP-INs and examined its 
effects on motor performance in R6/2 mice. We expressed ChrimsonR bilaterally in the M1 
cortex (Extended Data Fig. 5a, Methods). At six weeks of age, corresponding to an early 
disease stage, mice completed a baseline session on the ladder task without optogenetic 
stimulation. Following this, mice were subjected to the ladder task every other day across nine 195 
sessions, with 40% of randomly interspersed trials with red light stimulation bilaterally (638 
nm, 25 Hz, 2.5 mW) (Fig. 4a). Across sessions, control mice improved their task 
performance, demonstrated by reduced hindlimb dragging, increased autocorrelation of gait 
trajectories, a clear peak in cadence rhythm, and increased regularity of strides (Fig. 4b-e, 
Extended Data Fig. 5b). Consistent with the previous results (Fig. 1d-g), R6/2 mice 200 
expressing tdTomato as a control showed persistent hindlimb dragging without improvement, 
irregular gait patterns without a coherent cadence rhythm, and poor coordination of strides 
(Fig. 4b-e, Extended Data Fig. 5b). In contrast, R6/2 mice that received VIP-IN stimulation 
displayed a progressive decrease in hindlimb dragging over time (Fig. 4b), and more regular 
stride patterns compared to R6/2 tdTomato mice (Fig. 4c). Furthermore, R6/2 mice receiving 205 
VIP-IN stimulation demonstrated cadence changes similar to control mice, adopting faster and 
more consistent strides over time (Fig. 4d), as well as substantial improvements in the 
directness of stride swings (Fig. 4e).  

In the analysis above, the light trials (40%) and no-light trials (60%) were pooled 
together. We next sought to examine whether the beneficial effects of VIP-IN stimulation 210 
were only during the stimulation, or whether they persisted beyond stimulation. To this goal, 
we compared the behavioral performance in light and no-light trials. Strikingly, we did not 
find any difference in behavioral performance between these trial types in R6/2 mice with 
VIP-IN stimulation (Fig. 4f, Extended Data Fig. 5b). These results suggest that VIP-IN 
stimulation during movements have lasting benefits, likely by promoting motor learning. 215 

These experiments demonstrate that targeted VIP-IN activation can mitigate motor 
deficits in HD. 
 
 

Discussion 220 

The symptoms of neurological disorders arise from a complex interplay of genetic, molecular, 
and circuit-level dysfunctions, making it difficult to design therapeutics to ameliorate the 
symptoms. This is true even in HD, which is a monogenic disorder with a clearly defined 
genetic origin. Identifying the critical nodes of the complex dysfunctions would illuminate 
intervention strategies, as modulation of these nodes could correct multiple downstream 225 
processes.  

Cortical dysfunction in HD is among the earliest pathological signatures, which includes an 
imbalance between excitation and inhibition20–22. Studies in conditional HD mouse models 
have found that mHTT expression in cortical INs and principal neurons both contribute to the 
development of full-fledged cortical HD pathology and behavioral defects 8,23. Furthermore, 230 
CSPNs in the motor cortex appear selectively vulnerable in HD24.  While previous work 
suggests differential contributions of cortical neuron subtypes to driving behavioral 
symptoms21,25,26, the roles of specific inhibitory and excitatory neuron populations remain 
poorly understood. 
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Here, we examined the activity patterns of two cortical IN subtypes and CSPNs in the well-235 
established R6/2 HD mouse model13 in vivo and during identified behaviors. We observed 
neuron subtype-specific abnormalities in their activity which were consistent across learned 
and spontaneous movements. Of these abnormalities, the hypoactivity of VIP-INs appears to 
be an upstream node, as selective restoration of VIP-IN activity with optogenetics in R6/2 
mice corrected the hypoactivity of CSPNs during movement. Remarkably, this intervention 240 
within the motor cortex improved motor deficits over time. VIP-INs are a unique group of 
cortical INs with preferential connections onto other INs and thus their activity results in 
disinhibition of the excitatory population. Even though our stimulation parameters were 
carefully titrated, it is still striking that the artificial pattern of stimulation benefited behavior, 
considering that behavior is controlled by precise and complex spatiotemporal patterns of 245 
neural activity. We speculate that our manipulation on the inhibitory circuits effectively 
reduced the pathologically strong levels of inhibition on excitatory neurons, such that 
excitatory neurons could now function more normally to express their healthy activity 
patterns. 

VIP-IN activity is sensitive to behavioral states and, through their disinhibitory function, these 250 
cells contribute to the modulation of cortical gain and plasticity 10,27–29. Consistently with their 
role in regulating plasticity, we found that the beneficial effects of VIP-IN stimulation carried 
over to the subsequent trials without VIP-IN stimulation. This observation suggests that the 
activation of VIP-INs does not only facilitate activity patterns related to movement execution, 
but also ‘ungates’ synaptic plasticity mechanisms required for motor learning. The lasting 255 
benefits of VIP-IN stimulation suggest that the potential therapeutic applications of this 
approach may not require a constant stimulation over long periods of time. 

An endogenous mechanism mediating VIP-IN activity regulation involves cholinergic input 
from basal forebrain projections, which are known to drive VIP-IN-mediated disinhibition 
during motor learning10. Cholinergic signaling is essential to facilitate synaptic plasticity and 260 
motor adaptation, processes that rely on VIP-IN-mediated modulation of excitatory output. In 
HD, early cholinergic deficits30,31 may disrupt this modulatory pathway, potentially 
contributing to VIP-IN dysfunction. 

Our results suggest that VIP-INs may be a critical target for intervention in HD. Their 
strikingly low-dimensional activity changes seen in our experiments make them feasible 265 
targets for directional activity manipulation. Additionally, the fact that they show relatively 
slow accumulation of intranuclear mHTT inclusion bodies and possibly are less vulnerable to 
cell-autonomous toxicity mechanisms than principal neurons32 may further argue for their 
suitability as a therapeutic target. More broadly, our results underscore the therapeutic 
potential of targeting specific neuron subtypes to rebalance neural circuit dynamics. This 270 
approach could inform future therapies aimed at modulating the activity of distinct neuronal 
populations to alleviate symptoms and slow disease progression in HD and potentially other 
neurological disorders with distinct circuit-level disruptions. It is important to note, however, 
that this type of circuit-based intervention likely would not stop neurodegeneration. Thus, the 
circuit rebalancing approach for behavioral benefits should be pursued in parallel with 275 
approaches to target the root causes of neurodegeneration. 
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 Figures 
 

 
 395 
Fig. 1: Motor dysfunction in HD mice is reflected by subtype-specific alteration of 
cortical neuron activity. (a) Left, schematic of the experimental setup and task structure. 
Right, simplified connectivity scheme of the examined neuron subtypes. (b) Diagram of 
behavioral and imaging schedule. Early, middle and late timepoints were defined through 
body weight and CAG repeat numbers of the R6/2 mice (Extended Data Fig. 1a, Methods). (c) 400 
Example movement trajectories of forelimbs and hindlimbs in single trials in ctrl and R6/2 
mice at middle timepoint sessions. (d) Duration of hindlimb dragging per trial was longer in 
R6/2 mice and progressively deviated from ctrls with advancing timepoints (Aligned rank 
transform; genotype main effect, p = 0.012; genotype:timepoint interaction, p = 0.017). (e) 
Regularity of strides measured by the autocorrelation of forelimb trajectories. Left, example 405 
trajectories in single trials at the middle timepoint. Middle, autocorrelation plots from 
example trials. Right, fractions of significantly autocorrelated trials. R6/2 mice showed lower 
fractions of significantly autocorrelated trials, indicating their irregularity of gait pattern 
(Aligned rank transform; genotype main effect, p < 0.001; genotype:timepoint interaction, p  
= 0.005). c.i., 95% confidence interval. (f) Cadence of strides was measured by Fourier 410 
analysis. Average power spectra of trial forelimb trajectories. Cadence in ctrl mice was 
consistent around 1-2 steps per second. R6/2 mice step frequency was inconsistent. (g) The 
linearity of strides was measured by linear regression of the swing phase of single forelimb 
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strides. Left: strides of single example trials, aligned to the swing onset of the stride phase, 
with overlaid regression lines. Right: mean R2 values, representing a measure for the 415 
directness of swings. R6/2 swings were less direct than ctrl swings and further deviated from 
ctrls over timepoints (Aligned rank transform; genotype main effect, p < 0.001; 
genotype:timepoint interaction, p = 0.037). (d-g) n = 8 ctrl, n = 8 R6/2 mice, n = 107 sessions 
across all mice and timepoints. (h) Example maximum intensity projections of in vivo two-
photon fluorescence images and example calcium traces from individual neurons. VIP- and 420 
SST-INs expressed Cre-dependent GCaMP6f (in VIP-Cre::R6/2 and SST-Cre::R6/2 mice, 
respectively), and CSPNs were labeled retrogradely with GCaMP8s from the dorsolateral 
striatum. Imaging was performed at middle and late timepoints. (i) Calcium signals of VIP-
INs (n = 342 neurons / 17 sessions from 8 VIP-Cre ctrl mice, 211 neurons / 16 sessions from 
8 VIP-Cre::R6/2 mice) averaged over trials, from 2 s before ladder onset to 3 s after ladder 425 
offset. Data was binned into 2 s intervals for statistical comparison (Aligned rank transform; 
genotype main effect, p = 0.018; genotype:time bin interaction, p < 0.001). (j) Calcium 
signals from SST-INs (n = 173 neurons / 15 sessions from 4 SST-Cre ctrl mice, n = 191 
neurons / 19 sessions from 4 SST-Cre::R6/2 mice; Aligned rank transform; genotype main 
effect, p = 0.008; genotype:time bin interaction, p < 0.001). (k) Calcium signals from CSPNs 430 
(n = 871 neurons / 18 sessions from 6 ctrl mice, n = 689 neurons / 18 sessions from 5 R6/2 
mice; Aligned rank transform; genotype main effect, p = 0.001; genotype:time bin interaction, 
p < 0.001). For this and all other figures, *: p<0.05; **: p<0.01; ***: p<0.001 for interaction 
effects, and #: p<0.05; ##: p<0.01; ###: p<0.001 for group effects. Error bars represent mean 
± s.e.m for behavioral analyses and mean ± c.i. for neuronal activity measurements. 435 
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 440 
Fig 2: Abnormalities of spontaneous movements in HD mice are accompanied by 
subtype-specific dysfunctions of cortical INs.  
(a) Schematic of the experimental setup. Mice behaved on a passively rotating wheel with no 
task structure. In vivo calcium activity, wheel movement, and behavior ethogram were 
monitored simultaneously. (b) Cumulative duration of classified behavioral states. HD 445 
progression encompasses a progressive decrease of active periods in R6/2 mice (n = 26 ctrl 
and 24 R6/2 mice; Aligned rank transform; genotype main effect, locomotion p < 0.001, 
groom p = 0.008, twitch p < 0.001, chew p < 0.001, rest p = 0.463, sit p < 0.001; 
genotype:timepoint interactions: locomotion p < 0.001, twitch p < 0.001, sit p < 0.001, others 
n.s.). (c) Abnormal VIP-IN modulation in R6/2 mice at transitions from inactive to active 450 
behavioral states and vice versa. Average z-scored DF/F0 aligned to state transitions (Aligned 
rank transform, fit separately for early, middle, and late timepoints; genotype:time bin 
interaction, p < 0.001 for all timepoints). (d) Same as (c), but for SST-INs (Aligned rank 
transform; genotype:time bin interaction, p < 0.001 for all timepoints).  (e) Average VIP-IN 
activity is reduced during active behaviors in R6/2 mice (Aligned rank transform; genotype 455 
main factors: locomotion p = 0.021, groom p = 0.067, twitch p = 0.108, rest p = 0.048, sit p = 
0.044; genotype:timepoint interactions: locomotion p < 0.001, groom p < 0.001, twitch p < 
0.001, rest p < 0.001, sit p < 0.001). (f) Average SST-IN activity is increased during active 
behaviors in R6/2 mice (Aligned rank transform; genotype main factors: locomotion p = 
0.080, groom p = 0.126, twitch p = 0.023, rest p = 0.782, sit p = 0.932; genotype:timepoint 460 
interactions: locomotion p < 0.001, groom p < 0.001, twitch p = 0.272,  rest p = 0.412, sit p < 
0.001). n = 8 VIP-Cre ctrl, n = 8 VIP-Cre::R6/2, n = 6 SST-Cre ctrl, n = 6 SST-Cre::R6/2 
mice. Error bars represent mean ± c.i.. 
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Fig 3: Optogenetic activation of VIP-INs normalizes VIP-IN and CSPN activity.  
(a) Left, scheme of VIP-IN stimulation and imaging. Upper right, example maximum 
intensity projections of in vivo two-photon fluorescence images in mice performing the ladder 470 
task, showing ChrimsonR and GCaMP6f co-expression in VIP-INs. Lower right, 
experimental setup and task structure. b) VIP-IN activity averaged over no-light trials (red 
masking light presented to the mouse). Dashed lines from left to right indicate: sound cue 
onset, ladder onset, and ladder offset. Data was binned into 2 s intervals for statistical 
comparison (n = 274 neurons / 9 sessions from 3 VIP-Cre ctrl mice and 343 neurons / 17 475 
sessions from 5 VIP-Cre::R6/2 mice; Aligned rank transform; genotype main effect, p = 
0.023; genotype:time bin interaction, p < 0.001). (c) Same as (b), but for light trials (638 nm, 
25 Hz, 2.5 mW); (Aligned rank transform; genotype main effect, p = 0.167; genotype:time bin 
interaction, p = 0.002). (d) Comparison of no-light trials in control mice vs. light trials in R6/2 
mice, replotted from (b) and (c); (Aligned rank transform; genotype main effect, p = 0.937; 480 
genotype:time bin interaction, p = 0.592). (e) Left, scheme of VIP-IN stimulation and CSPN 
imaging. Right, example maximum intensity projections of in vivo two-photon fluorescence 
images showing ChrimsonR expression in VIP-INs and GCaMP8s in CSPNs. (f) CSPN 
activity averaged over no-light trials (red masking light presented to the mouse). CSPNs 
showed reduced movement-related activation in R6/2 mice. (n = 636 neurons / 19 sessions 485 
from 5 VIP-Cre ctrl mice and 832 neurons / 33 sessions from 7 VIP-Cre::R6/2 mice, Aligned 
rank transform; genotype main effect, p = 0.182; genotype:time bin interaction, p < 0.001). 
(g) Same as (f), but for light trials (638 nm, 25 Hz, 2.5 mW). There is no difference in CSPN 
activity between ctrl and R6/2 mice (Aligned rank transform; genotype main effect, p = 
0.810; genotype:time bin interaction, p = 0.867). (h) Comparison of no-light trials in control 490 
mice vs. light trials in R6/2 mice, replotted from (f) and (g); (Aligned rank transform; 
genotype main effect, p = 0.878; genotype:time bin interaction, p = 0.368). Error bars 
represent mean ± c.i. 
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Fig 4: VIP-IN activation improves motor learning and ameliorates HD motor symptoms 
(a) Schematic of the experimental paradigm and timeline. ChrimsonR was expressed 500 
bilaterally in M1 VIP-INs, and light dispersing cannulas were implanted over the cortical 
surface. Following two training sessions and one baseline recording, mice performed in the 
ladder task paired with optogenetic stimulation in 40% of trials every other day for 9 sessions. 
(b) Duration of hindlimb dragging per trial decreased in ctrl-ChR, ctrl-tdTomato, and R6/2-
ChR mice (Aligned rank transform; actuator:session number interaction, ctrl: p < 0.001, R6/2: 505 
p < 0.001). (c) Left, example movement trajectories of the left forelimb in single trials at a 
late timepoint. Right, autocorrelation performed on forelimb trajectories in individual trials 
reveals that the regularity of oscillatory gait pattern increased with learning in ctrl-ChR, ctrl-
tdTomato, and R6/2-ChR mice: fraction of significantly autocorrelated trials and max. 
autocorrelation value per trial (Aligned rank transform; actuator:session number interaction; 510 
fraction of significantly autocorrelated trials; ctrl: p = 0.492, R6/2: p = 0.044; autocorrelation; 
ctrl: p = 0.727, R6/2 p = 0.018). (d) Left, trial-averaged power spectra of forelimb trajectories. 
With motor learning, cadence increased and low frequency components of gait decreased in 
ctrl-ChR and ctrl-tdTomato mice. R6/2-ChR mice showed a shift in the average spectrum 
resembling that of ctrl mice. Right, mean peak frequencies of the plots on the left. Cadence 515 
increased in R6/2-ChR mice over time (Aligned rank transform; actuator:session number 
interaction, ctrl: p = 0.002, R6/2: p = 0.032). (e) Regression analysis of individual forelimb 
strides. Left: strides of single example trials, aligned to the swing onset of the stride phase, 
overlaid with regression fits. Right: average R2 values – representing a measure for the 
directness of swings – increased with motor learning and VIP-IN stimulation in ctrl and R6/2 520 
mice (Aligned rank transform; actuator:session number interaction, ctrl: p = 0.146, R6/2: p = 
0.020). (f) The effects of VIP-IN stimulation in R6/2 mice last beyond the light trials. 
Comparison of no-light and light trials for hindlimb dragging durations (Aligned-rank 
transform; trial type:session number interaction, p = 0.016 for Ctrl-ChR, p = 0.809 for Ctrl-
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tdTomato, p = 0.999 for R6/2-ChR, p = 0.999 for R6/2-tdTomato). n = 9 VIP-Cre-ChR, n = 525 
10 VIP-Cre-tdT, 11 VIP-Cre::R6/2-ChR, and 11 VIP-Cre::R6/2-tdT mice, 779 sessions across 
all mice and timepoints. Error bars represent mean ± s.e.m. 
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