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Abstract

Striatal pavalbumin (PV) and cholinergic (CHI) interneurons are poised to play major roles in
behavior by coordinating the networks of medium spiny cells that relay motor output. However,
the small numbers and scattered distribution of these cells has made it difficult to directly assess
their contribution to activity in networks of MSNs during behavior. Here, we build upon recent
improvements in single cell calcium imaging combined with optogenetics to test the capacity of
PVs and CHls to affect MSN activity and behavior in mice engaged in voluntarily locomotion. We
find that PVs and CHIs have unique effects on MSN activity and dissociable roles in supporting
movement. PV cells facilitate movement by refining the activation of MSN networks responsible
for movement execution. CHIs, in contrast, synchronize activity within MSN networks to signal
the end of a movement bout. These results provide new insights into the striatal network activity
that supports movement.
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Introduction

Movement disorders including Parkinson’s disease and Tourette’s syndrome are
hypothesized to result from disruptions of basal ganglia circuitry 1-4. Within the basal
ganglia, the dorsal striatum serves as a point of integration between cortical and sub-cortical
regions that transforms information provided by these inputs to an output signal that guides
behavior 6, Medium spiny projection neurons (MSNs) are the major target of these inputs
as well as the primary source of projections from the striatum. These cells comprise roughly
95% of all striatal neurons 78, and are traditionally classified based on the target of their
output in the Globus Pallidus and the presence of dopamine D1 (direct pathway) or D2
(indirect pathway) receptors 2. Imbalance between these pathways is thought to contribute to
the expression of motor pathologies 21011, Despite having disparate projection pathways
and being differentially regulated by dopamine, recent calcium (Ca?*) imaging studies
suggest that these two unique MSNs populations could be uniformly engaged during
movement and share a remarkably similar activity profile during normal locomotion 12-15,
These recent findings suggest that coordinated activity in D1 and D2 MSN population
supports normal voluntary movement, and disrupting the balance of activity between these
two pathways contributes to disease pathology 1. The mechanisms underlying this
coordination are less well understood, although they likely include contributions of local
interneurons.

In addition to MSNSs, the dorsal striatum also contains multiple populations of interneurons,
each of which represent only a small fraction of the total population of cells (<5% per type)
716,17 Though few in number, each interneuron class has the potential to shape striatal
activity and function through its innervation of the MSN projection network 1819, Two of
the best characterized striatal interneurons are the parvalbumin-positive interneurons (PVs)
and cholinergic interneurons (CHIs). PVs are GABAergic and can provide a potent source of
inhibition on the activity of nearby MSNSs to support motor control 20-22, CHIs are a major
source of striatal acetylcholine (ACh) 2324, These extensively arborized cells can directly
modulate the activity state of MSNs via muscarinic ACh receptors expressed by both D1 and
D2 populations of MSNs 2526 and have likewise been implicated in normal control of motor
output 23,27,28

The unique roles of PVs and CHls in generating the MSN network dynamics that support
movement remain unknown. Efforts to understand how sparsely distributed striatal
interneurons interact with MSNSs to support behavior have been hampered by a lack of
experimental approaches that allow for the simultaneous monitoring of genetically defined
interneuron populations in combination with large numbers of MSNs. To gain further insight
into interneuron-MSN interactions in support of movement, we utilized a wide-field calcium
imaging platform that enabled us to monitor and optogenetically manipulate interneurons,
while simultaneously recording calcium dynamics in hundreds of surrounding MSNSs in
mice during voluntary locomotion. We find that PV and CHI interneuron types differ from
one another, and from MSNSs, in how they contribute to movement and how they regulate
populations of MSN networks that guide behavior. PV interneurons best predict movement
and reduce the level of MSN population activity in the dorsal striatum during movement
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events. CHls, in contrast, have a more selective role in recruiting and synchronizing the
activity of MSNs during movement to suppress or end a movement bout. Our combined
evidence demonstrates the unique capacity of different classes of striatal interneurons to
organize networks of MSNs in support of discrete aspects of voluntary locomotion.

Simultaneous monitoring of MSN networks and PVs or CHIs during movement

To simultaneously monitor activity in interneurons in conjunction with the surrounding
population of dorsal striatal MSNs, PV-Cre and Chat-Cre mice were injected with AAV-Syn-
GCaMP6f 29 to label all striatal neurons with the calcium activity indicator GCaMP6f. AAV-
CAG-flex-tdTomato was also co-injected to allow us to label and identify GCaMP6f
expressing interneuron cell types (see Figure 1A—C and Figure S1A for experimental
timeline). AAV viral mediated flex-targeting allows for highly specific targeting of neuron
classes and we found that 96.1+0.2% of tdTomato cells were immunoreactive for PV
antibody in PV-Cre mice (Figure S1B-C); and 97.2+0.2% of tdTomato cells were
immunoreactive for Chat in Chat-Cre mice (Figure S1D-E) in the area below the imaging
window. These numbers were consistent with measures reported previously for these
specific transgenic mouse lines 28:30, Importantly, we also found that <1% of cells co-
expressed GCaMP and tdTomato but were immuno-negative for the corresponding Chat or
PV antibody in Chat-Cre or PV-Cre mice respectively, demonstrating selectivity.

Calcium responses for the three populations of cells in our experiments were recorded as
mice freely ran on a spherical treadmill while tracking movement (Figure 1A). Animals
were positioned and imaged underneath a custom microscope equipped with a scientific
CMOS camera and imaged at 10X (Figure 1B). This yielded an imaging field of view of
1.343 x 1.343 mm with each pixel corresponding to 1.312 x 1.312 pm2, allowing in excess
of 100 pixels to contribute to a single cell. GCaMP6f excitation was accomplished with a
460 nm LED, and tdTomato excitation with a 567 nm LED (Figure 1B; for a complete
description of the labeling, ROI identification, and motion acquisition procedure see
Supplemental Methods). As shown in Figure 1C, this approach allowed us to monitor
activity in genetically defined interneurons (CHIs: n=5.1+1.1 cells per session, PV:
n=4.4+0.8, mean+SEM) in combination with large numbers of surrounding neurons
(281.6+34.2, cells per session, mean+SEM). The vast majority of striatal cells are MSNs
(~95%); therefore all GCaMP-positive and tdTomato-negative cells were treated as MSNs
for the purpose of analysis (see Supplemental Methods for full description of dual labeling
approach and analysis). All statistical tests are reported in the corresponding figure legends
and are corrected for multiple comparisons. A complete description of all tests and statistical
models can be found in Supplemental Methods and the Life Sciences Reporting Summary.

Striatal activity during locomotion

We found that the bulk striatal fluorescence (averaged activity across all cells) increased
during periods of movement (high speed) and decreased during periods of no or low
movement (low speed, Figure 1D, E, Video S1). For this reason, we focused our analyses
around the time of movement onsets as well as peaks in velocity. In a typical 10 min
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recording session, 15-20 such locomotion events occurred (Chat-Cre mice, 20.1+4.1 onset
events, n=6 mice; PV-Cre mice, 14.9+£3.0, n=6 mice; mean£SEM), with the average period
of high movement velocity lasting 5.1+0.1 (mean+SEM) seconds. Individual MSN calcium
events showed a sharp increase and an exponential decay (see Figure 2A (top; for
representative traces). Over all, calcium events were most frequent in MSNs of the three
neuron types (Figure 2B), and had the greatest amplitude (Figure S2A). Similar to recent
imaging experiments in genetically defined populations of D1 and D2 MSNs, we found that
the vast majority of MSNs exhibited a sharp increase in fluorescence at movement onset
(Figure 2D), although we did detect a proportion of MSNs that were either negatively
(21.4%), or non-modulated (24.2%) by movement (Figure S3). As a population, MSN
fluorescence rose coincident with movement onset (Figure 2D-E), peaked coincident with
maximum velocity (Figure 2F-G), and then declined as movement slowed (Figure 1D-E).

Calcium events in PV cells were slow to rise and long lasting (Figure 2A (middle), 2C;
S2B-C; Video S2), consistent with calcium responses previously noted in PV neurons from
cortical regions 31. Like MSNs, PVs overwhelmingly exhibited increases in fluorescence
around motion onset (Figure 2D—E; while only 13.9% of the PV population were negatively
modulated at movement onset; see Figure S3C and Figure S4 for a full characterization of
positively and the small subset of negatively modulated PVs). The increase in PV activity
preceded MSNs by 523.1+304.3ms (mean+SEM; n=13 sessions, Figure 2D; see Figure S5
and Figure S6 for individual examples and supplemental methods for details). Indeed, PV
cells also showed the highest proportion of neurons positively modulated in the 500ms
before movement onset (Figure S2H), providing further evidence for a rise in PV activity
preceding motion onset and MSN activity. Additional analyses showed that in the 1.5 s
following a calcium event in the PV population, PVs calcium events were uniquely
associated with a positive change in velocity (Figure 2H; S2I).

Calcium events in CHIs had similar event rates across periods of movement as PVs (Figure
2B), and had the smallest area under the curve of all neuron classes (Figure 2A (bottom),
2C), despite having similar rise times and event widths as MSNs (Figure S2B-C). As a
population, CHIs showed a modest, but not statistically significant increase in fluorescence
at motion onset (Figure 2D-E). Rather, CHI population fluorescence reached maximum
intensity approximately 2 seconds after peak velocity (Figure 2F-G, Video S3). Analysis of
changes in movement speed following CHI calcium events further indicated that speed
dramatically declined following CHI calcium events (Figure 2H; S2I).

Further analyses indicated that CHIs were unique amongst the three cell types in that equal
numbers of cells were positively (43.1%) or negatively (37.3%) modulated by motion onset,
which likely contributed to the small change in CHI population fluorescence described
above (see also Figure S3C). The fluorescence of positively modulated CHIs peaked around
maximum velocity (Figure S7C-D) similar to MSNs. In contrast, the negatively modulated
CHls exhibited increased fluorescence 2 seconds after maximum velocity (Figure S7C), the
same trend was observed when we considered the CHI population as a whole and described
above (Figure 2F-G). Analysis of speed following calcium events in either positively or
negatively modulated CHIs revealed that both populations were followed by similar
reductions in speed in the 2 seconds after CHI events (Figure S7H). Thus while the two CHI
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populations became active at different time points in the movement sequence, each
population was active prior to reductions in movement.

Distinct, causal roles for PV and CHI interneurons in movement

In our correlative analysis described above, PV neurons homogeneously become active prior
to movement bouts, perhaps providing a unified signal to increase the vigor or specificity of
future locomotion. CHls, while more heterogeneous than PVs or MSNs, as a population
become active after peaks in velocity, and calcium events in CHIs were followed by
reductions in speed. If each interneuron type is causing rather than tracking these changes in
movement speed, manipulation of their activity should impact motor output. To test this
hypothesis, we used optogenetics to control activation of PVs and CHIs, while recording
locomotion and neuronal activity from MSN and interneuron populations simultaneously.
Specifically, the red-shifted, light-activated channelrhodopsin Chrimson 32 was expressed in
PV or CHI interneurons using AAV-flex-Chrimson in PV-Cre or Chat-Cre mice. GCaMP6f
was expressed in all striatal neurons as above using AAV-Syn-GCaMP6f. Mice were allowed
to freely run on the spherical treadmill, while sparse periods (100 frames ~6 seconds) of
optogenetic stimulation occurred at random every 25-55 seconds (see Figure 3A and
Supplemental Methods).

In PV-Cre mice, if optogenetic stimulation occurred when a mouse was already moving,
there was no impact on speed; although stimulation did introduce a transient change in side-
to-side directional movement on the spherical treadmill, similar to that seen during
endogenous PV events (see supplemental methods, Figure S8A-B; Video S4). Surprisingly,
if optogenetic stimulation occurred when animals were at rest, we found that it was
sufficient to trigger a transition to movement (Figure 3C). PV-triggered movement bouts
plateaued ~1-1.5 seconds after laser onset, consistent with the enhanced period of motor
output we witnessed during endogenous PV events (Figure 2H, S21). Importantly, the same
laser stimulation protocol had no impact on the behavior in PV-Cre control mice expressing
only tdTomato (without Chrimson), or in Chat-Cre mice expressing Chrimson or tdTomato.
Taken together, these results demonstrate that endogenous PV interneuron activity precedes
motion onset and that their activation is sufficient to promote movement during periods of
inactivity. Furthermore, our predictions regarding unique roles for each interneuron class in
modulating behavior, based on the timing of calcium events from each cell class during
voluntary movement, were confirmed by optogenetic manipulation of CHIs and PVs.

Consistent with our Ca* imaging analysis of CHIs, optogenetic stimulation of these cells
was sufficient to cause the animal to reduce on-going movement (Figure 3B) without
altering direction (Figure S8). This effect was robust, and statistically significant when
averaged across all optogenetic stimulation events (Figure 3B). Furthermore, if CHI
stimulation occurred when the mouse was at rest, it did not trigger new movement (Figure
3C).The same laser stimulation protocol had no impact on the behavior in Chat-Cre control
mice expressing only tdTomato in CHIs. The optogenetic results combined with the CaZ*
imaging results from the endogenous activity in the CHIs described above suggest CHIs
function to reduce velocity or terminate on-going bouts of locomotion (Figure 3B, Video
S5).
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Characterization of coordinated MSN and interneuron activity

Similar to other recent reports 1214 we found that Ca2* dynamics in cells nearby one
another (within 200um) tended to be more correlated than those further away (Figure 4A,
see also below 4E). Further, we found that correlations in fluorescence between cells varied
by behavioral state (moving or at rest), and increased dramatically during high speed
movement periods (Figure 4B), likely due to the increase in Ca%* event rate observed in all
neuron types described above (Figure 2B). Finally, this effect of movement state on
correlated neural activity was strongest amongst pairs of neurons situated close to one
another (Figure 4C, see also Figure S9B), in line with recent findings of spatially organized
clusters of dorsal striatal neurons emerging during locomotion 1214,

In order to get a sense of the correlational structure of Ca?* dynamics between neurons, and
control for the potential influence of changes in behavior on these relationships, we
calculated asymmetric correlation coefficients 12:33 between pairs of identified MSNs and
interneurons. The pairwise correlation between MSN pairs was low (correlation=.08, Figure
4D). When we considered the strength of MSN-MSN correlations by distance, we found,
similar to recent studies, that the average correlation between MSNs decreased as the
distance between cells increased (Figure 4E), and only those in close proximity to one
another were more correlated than chance. We further calculated the proportion of
significantly correlated MSN pairs, and found that only a small subset of MSN pairs (~16%;
Figure 4F) exhibited such coordination. PVs however showed the highest degree of within-
class correlation across the three classes (Figure 4D-E), although only ~25% of PV cells
(Figure 4F) were significantly correlated with one another. Unlike MSNSs, correlated CaZ*
activity between pairs of PV cells was not impacted by distance (Figure 4E). In contrast,
CHI pairs were characterized by the weakest within-class correlation and the fewest number
of correlated pairs of the three neuron types (Figure 4D—F). The strength of the correlation
between CHls, like PVs, did not vary by the distance between cells (Figure 4E). Thus
distance-dependent correlated activity appears to be a feature unique to MSN pairs during
voluntary locomotion.

Lastly we considered coordinated activity between MSNSs and interneurons (Figure 5A).
Across all interneuron-MSN combinations, the proportion of correlated cell pairs decreased
with distance, although this decline was sharpest for PV-MSN pairs (Figure 5A, middle), as
reflected by the median distance between correlated cells (Figure 5B). In contrast, distance
had far less of an influence on correlated CHI-MSN pairs (Figure 5A, right), which were
characterized by the largest median distance between related cell pairs (Figure 5B).
Combined, these findings are consistent with the prescribed roles of PV cells providing
perisomatic inhibition to a local network of nearby MSNs 22, whereas CHI interneurons
appear to affect networks of MSNs over greater distances, perhaps via their extensive
arborization 23.34,

PVs and CHls differentially predict movement and MSN activity

Having characterized neural activity surrounding movement, determined a causal role of
interneuron activity on movement, and defined the degree of correlated activity between
neurons, we next sought to determine how each interneuron population coordinates MSN
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activity to control movement. To this end, we first created linear statistical models and tested
the capacity of Ca2* dynamics in interneurons to predict changes in the global MSN
population fluorescence. Because we found that the population fluorescence in the striatum
was highly correlated with both speed and rotation (see Figures S2D, S2G, S9), we
considered both factors in our model. We found that the small number of PV cells recorded
during a session were equivalent to the power of either speed or rotation in predicting MSN
population fluorescence (Figure 6A-B). Since both endogenous and optogenetically evoked
PV activity also coincided with changes in movement onset, we further examined whether
PV activity could be used as a predictor of speed. We found that the predictive power of the
small population of PV neurons (n=4.6) though slightly lower, was similar to that of the
entire population of MSNs (n=244.2 neurons/session, Figure 6C-D).

In contrast to PVs, the population of CHIs (n=5.1 neurons/session) were weak predictors of
both MSN population activity (Figure 6E-F) and velocity (Figure 6G—H). Importantly, we
used regression models as the strength of the prediction for individual neurons would not be
affected by whether neurons are positively or negatively modulated by movement. However,
given the heterogeneity of CHI responses to motion onset, we conducted additional analyses
that considered positive and negatively modulated CHI populations in isolation. We found
that the positive and negatively populations did not differ from one another in their
predictive relationship toward MSN activity (Figure S71: left) or speed (Figure S7I: right).
Thus, while CHI and PV neurons had similar representations in total number of neurons
across recording sessions, only PV neurons were prominent predictors of both instantaneous
striatal bulk fluorescence and locomotor output.

PVs and CHIs modulate movement through unique effects on MSN activity

While the predictive modeling described above demonstrates the extent to which interneuron
activity can forecast MSN Ca2* dynamics and movement, it does not provide information on
whether MSN population dynamics are impacted by changes in PV or CHI activity.
Therefore, using the deconvolved calcium fluorescence signal (see Figure S10 and Methods)
to align calcium events in each population, we next assessed how the activity within the
population of MSNs changed when they coincided with PV or CHI events. Specifically, we
compared MSN activity around interneuron events to MSN activity observed by chance
around other randomly selected MSN events. We found that on average, MSN population
fluorescence was lower than chance when associated with a PV calcium event (Figure 7A),
suggesting that PV activity could contribute to a decrease in the MSN population response.
In contrast, MSN population fluorescence was elevated when coincident with a CHI calcium
event (Figure 7B), suggesting that CHI activity may activate or recruit the MSN population.

Having revealed that interneuron activity coincides with changes in MSN fluorescence, we
further considered if this change in fluorescence was a result of changes in coincident
activity between MSN pairs. Specifically, we quantified the incidence of MSNs exhibiting
coincident calcium events when interneurons are active compared to what would be
expected by chance (see Supplemental Methods for details). We found MSN-MSN co-
activity was reduced when aligned to PV events, relative to MSNs or CHls (Figure 7C).
Thus the reduction in MSN fluorescence observed during PV activation was concomitant
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with a reduction in coincident events in the MSN population. When we performed the same
analysis on the optogenetic stimulation sessions, we found that PV activation also reduced
the MSN-MSN co-activity during laser on periods when compared to CHI stimulation or
endogenous MSN-MSN co-activity (Figure 7D-E). Further MSN population analysis
revealed that optogenetic stimulation of PVs did not universally inhibit MSNSs, but rather
produced heterogeneous changes in MSN activity, including increases in activity in sub-
populations of MSNs (Figure S4G). The combined evidence suggests a model whereby PVs
support specific movement plans by determining which MSNs are currently active 35.

In contrast, CHI events appeared to have had the opposite effect on the MSN population, and
were associated with increased MSN-MSN co-activity; suggesting that CHIs may play a role
in enhancing such coincident activity in the population of MSNs (Figure 7C). In line with
these observations, optogenetic stimulation of CHIs increased both MSN fluorescence
(Figure S11B), the probability of MSN activity (Figure S11F) and MSN-MSN co-activity
during laser on periods (Figure 7D-E). To explore whether CHI-mediated enhancement of
MSN-MSN co-activity might represent a mechanism underlying the capacity of CHls to
reduce on-going movement, we analyzed motor output during peaks in MSN-MSN co-
activity. We found that MSN-MSN co-activity peaks were followed by significant reductions
in motor output (Figure 7F), mirroring the reductions in velocity seen in association with
endogenous CHI activity (Figure 2H) or optogenetic stimulation of CHIs (Figure 3B).

Together, our data support distinct and dissociable functions of PVs and CHIs in modulating
MSNSs to support voluntary movement. Optogenetic stimulation of PVs increased future
movement, and given their superior capacity to predict MSN population fluorescence and
speed, our data strongly supports a specific role for PVs in refining the populations of MSNs
recruited during the execution of planned movement. In contrast, CHIs are poor predictors of
instantaneous speed or MSN population activity. However, CHI activation is sufficient to
reduce movement, an effect that was accompanied by enhanced coordinated activity in the
MSN population. Such CHI-mediated MSN coordination represents a unique and previously
unknown means by which striatal networks act to terminate on-going movement sequences.

Discussion

To begin to understand how PVs and CHIs modulate striatal MSN activity to support
voluntary movement, we developed a large scale two-color imaging assay that enabled us to
observe the activity of both interneurons and hundreds of surrounding MSNSs in mice as they
ran on a spherical treadmill. Because recent studies employing optical imaging to monitor
activity in genetically defined D1 versus D2 MSNs did not differentiate these cell types from
one another in healthy mice during spontaneous locomotion 11-15  we considered MSN
populations as a single population in our analyses. Distinctions between D1 and D2 MSN
activity have been described for goal directed vs habitual behaviors 36:37, However our data,
in the context of other recent imaging studies!1~15, suggest that these distinctions likely
reflect striatal network remodeling inherent to learning particular goal directed action
sequences. Thus, while our studies specifically sought to characterize the role of two major
interneuron populations in modulating general MSN activity and voluntary movement,
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future studies could uncover distinct influences of PV and CHI cells on direct or indirect
pathway MSNSs for different behaviors 3038,

We found evidence that both PVs and CHIs have activity-behavior relationships that are
distinct from MSNs. While MSNs are topographically organized by their relationship to
motor output as described previouslyl2.14, we found that neither PV nor CHI interneuron
populations showed a similar anatomical specificity. Further we discovered that PV
populations became active prior to MSNs at movement onset, and their calcium activity
remains elevated throughout the duration of movement. PVs were also the best predictor of
MSN population activity. Interestingly, both endogenous and optogenetically-triggered PV
activity produced a reduction in the probability of coincident calcium events occurring in the
MSN population. PV interneuron-mediated feedforward inhibition has been hypothesized as
a potential mechanism for shutting down active MSNs that are not important for the
currently activated motor plan 3.

Although PV cells can provide powerful and reliable feed-forward inhibition to nearby
MSNs 1938 our data suggests their activity largely coincides with periods of movement
when MSNs are under the influence of strong excitatory cortical input, subcortical input, and
dopamine release. As such, PV signals indeed may serve as an important component for
“silencing” non-motor relevant MSNs to create a “de-noised” output condition to facilitate
movement execution. This process could aid the selection of individual motor choices
through reducing the activity of output neurons that are not integral to on-going behavior,
and our data provide support for such a model. Furthermore, given the more narrow
anatomical space over which PVs were correlated with MSNSs, it is possible that specific
subpopulations of PVs could be recruited to inhibit nearby MSNs to bias striatal output. Our
finding that PV stimulation could spur new movement, and modulate the trajectory of on-
going movement suggests that ill-timed PV activation may be a prominent component of
hyperkinetic movement disorders, whereas refined coordination of striatal activity by this
population is important for specific movements 2139, Taken together, our data support the
hypothesis that PV cells play a major role in refining the activation of MSNs to modulate
movement execution 2140, Future studies will be needed to understand the mechanisms by
which this process occurs, but recent evidence suggests that PV neurons can influence MSN
networks through direct monosynaptic connections and larger scale di-synaptic circuit
interactions 39,

In contrast to MSNs and PVs, increased activity in CHIs was associated with a reduction of
ongoing locomotion. We found activity between CHIs was largely uncorrelated during
voluntary movement; suggesting that the synchronized activity in CHIs observed in previous
studies may be related to a specific response to salient environmental stimuli 4143, CHI
activity did, however, coincide with recruitment and synchronization of MSNs (Figure 7C),
as well as reductions in velocity (Figure 2H). Using optogenetics, we were able to
completely recapitulate (Figure 3B, Figure 7D—E) each of these findings illustrating that a
major function for CHls is to coordinate networks of MSNs to trigger the end of a
movement bout, and this may represent a key mechanism for cholinergic modulation of
motor control. Previous studies in striatal slices have revealed complex actions of
acetylcholine in the striatum including both excitatory and inhibitory effects that can alter
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MSN activity states 2444, The processes by which acetylcholine may organize MSN
networks in vivo are less well understood, although the conditions associated with disease
states provide insight. Elevated cholinergic tone has been hypothesized to contribute to
Parkinson’s disease symptoms, in particular akinesia and bradykinesia 284, and our results
support the idea that augmented cholinergic activity in disease states may promote a
pathological synchronization of striatal networks, freezing the dorsal striatum in a state that
inhibits movement. The present data offer mechanistic insight into the therapeutic benefits of
anti-cholinergic compounds in the treatment of Parkinson’s disease 4546 and other motor
disorders associated with elevated cholinergic tone 28. As recent studies have implicated
phasic dopamine release as a mechanism within the striatum to promote movement 4748 our
findings suggest that acetylcholine may act in opposition to this process. More specifically,
striatal dopaminergic and cholinergic systems may act synergistically to promote or inhibit
movements respectively, and balanced activation within these systems could be critical for
the capacity of striatal networks to support dynamic behaviors.

The results reported here specifically relate to striatal control of volitional movement,
deficits in which are prominent features of several disorders. Interestingly, evidence suggests
that goal-directed actions are often preserved in patients with neurodegenerative disorders
like Parkinson’s disease 24950, Thus identifying how MSN and interneuron populations
interact to control self-generated locomotion is a crucial step in the effort to develop new
treatments for a major, debilitating symptom of these disorders. Our data provide a
foundation, and more broadly highlight that as potential therapies for movement disorders
are explored, striatal function should not be considered as a monolithic whole, but rather a
mosaic of projection cell networks differentially regulated by neuromodulators and local
interneurons to support diverse functions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Experimental Paradigm and | maging Protocol.
(A) Left, Schematic of behavioral paradigm showing a head-fixed mouse under the imaging

scope positioned on a spherical treadmill. The animal’s position and movement were
simultaneously acquired along with Ca2* imaging data. Right, Anatomical schematic
showing placement of the imaging window for striatal recordings. (B) Imaging protocol.
Recording sessions began with calcium imaging of GCaMP6f in the dorsal striatum using a
460nm illumination LED (left), followed by tdTomato imaging with a 567nm illumination
LED (right). (C) Wide-field images from each recording condition described in (B) from a
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PV-Cre mouse. Left, top, Max-minus-minimum pixel intensity map of GCAMP6f
fluorescence across all frames. Bottom, same GCaMP6f image overlaid with manually
identified individual GCaMP6f expressing cells (red circles). Right, top, tdTomato
fluorescence, max pixel intensity map across all frames. Bottom, same tdTomato image
overlaid with identified GCaMPG6f expressing cells (yellow circles indicate cells co-
expressing GCaMP6f and tdTomato). Recording sessions yielded a large number of total
neurons (N=281.6+34.2, mean+SEM, across 28 recording sessions) with a substantially
smaller number of interneuron cell types (CHIs: n=5.1+1.1 cells per session, 10 sessions in 6
animals; PV: n=4.4+0.8, mean+SEM across 18 sessions in 6 animals). (D) Color map
showing GCaMP6f activity from 375 neurons (371 MSNSs and 4 PVs) recorded during a
representative 10 minute long imaging session from a PV-Cre animal. Below, summed
population GCaMPG6f fluorescence (blue:top) and linear velocity (speed:black) shown in the
color map. Arrows indicate movement onsets (blue). Movement onsets and offsets were
determined based on thresholded changes in movement speed independently (see
supplementary methods). (E) Extracted movement speed (black) and summed population
GCaMP6f fluorescence of all neurons (blue curve, summed from 544 MSNs and 3 CHI)
from a representative Chat-Cre animal. Highlighting indicates periods of sustained high
movement speed (green: > 5cm/s sustained) or low movement speed (gray: <1 cm/s,
sustained: see supplementary methods for details).
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Figure 2: Striatal Population Activity Correlates with Discrete Aspects of M ovement.
(A) Representative calcium events from the three types of neurons recorded; MSNs (top),

PV cells (middle) and CHIs (bottom). (B) Calcium event rates during high versus low speed
periods. Event rates for all neurons increased during periods of high movement speed (Sign-
test, MSN: sign=6999, n=7518, 237 ties, p=0; CHI: sign=43, n=47 neurons, 4 ties,
p=2.78e-09; PV: sign=66, n=72 neurons, 7 ties, p=7.26e-14, across 28 sessions in 12
animals). (C) Calcium event shape assessed as area under the curve (AUC), with PVs’
having the largest, and CHIs the smallest waveforms (Kruskal-Wallis, X2 (2)=37.3,
p=8.02e-09, npsn=7727, npy=78, ncH=50; mean ranks: MSN: 3.92e+03, PV: 5.36e+03,
CHI: 3.13e+03; Tukey’s HSD post-hoc, PV vs MSN: p=7.58e-08, PV vs CHI, p=1.80e-07,
MSN vs CHI: 0.038). This distinction was conserved during both high and low speed
periods. MSNs also showed a small but significant increase in AUC between low and high
speed movement periods, while PVs and CHIs were unchanged (Sign-test, MSN: sign=1190,
n=1813 neurons, 0 ties, p=2.55e-40; CHI: sign=8, n=11 neurons, 0 ties, p=0.23; PV: sign=5,
n=13 neurons, 0 ties, p=0.58). *=p<0.05, ***=p<0.001. (D) Mean population fluorescence
of each cell class relative to movement onset. Line and shaded regions indicate the mean
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SEM. (E) Quantification of the change in fluorescence between the pre-onset and post-onset
windows around movement onset. All cell classes showed an increase in mean fluorescence
from pre-onset, except CHIs (change from pre-onset; Sign-test, MSNs: sign=2540, n=7755
neurons from 12 mice, p=1.60e-202; CHIs: sign=25, n=51 neurons from 6 mice, p=1; PVs:
sign=16, n=79 neurons from 6 mice, p=9.44e-08). In PVs, the increase in fluorescence
around motion onset began 523.1+304.3ms before MSNs. Line plots and error bars indicate
the mean £ SEM. (F) Mean population fluorescence of each cell class relative to peak
velocity. Line and shaded regions indicate the mean £ SEM. (G) Quantification of
fluorescence across the peak velocity time period. MSNs and PV cells when compared to
baseline (2 seconds before peak velocity) showed significantly elevated fluorescence in the 1
second prior to peak velocity and in each 1 second time bin following. CHIs did not show
significantly higher fluorescence until after peak velocity plateauing in the 1-2 second post-
peak bin. Line plots and error bars indicate mean £ SEM. (Mixed-effects model; ANOVA
for interaction of cell type and time bin: F(10,6.11e+06) = 9.52, p=4.91e-16; fluorescence
for PVs at bin 1 (-1 to 0 seconds pre-peak): t(48198)=3.08, p =0.00278 vs baseline;
fluorescence for MSNs —1 to 0 seconds following event, t(6.00e+06)=21.6, p=3.34e-103 vs
baseline, fluorescence for CHIs 0-1 seconds following event, t(59244)=2.93, p=0.00428 vs
baseline). (H) Normalized change in movement speed centered on calcium events sorted by
cell class. Line plots and error bars indicate mean £ SEM. Analysis revealed a significant
interaction between time bin and cell type (Mixed-effects model, ANOVA F(8,39260)=3.61,
p=0.00034), so comparisons were broken down by cell type. CHI calcium events were
followed by a significant decrease in speed compared with events from the other two cell
types. Comparisons of time windows to baseline, 0-500ms (CHls: t(245)=-0.33, p=0.81;
PVs: t(385)=-0.42, p=0.81; MSNs: t(38630)=5.0, p=1.9e-06); 500-1000ms (CHIs: t(245)=
-2.0, p=0.089; PVs: 1(385)=1.02, p=0.52; MSNSs: t(38630)= —0.76, p=0.59), 1000-1500ms
(CHls: t(245)=-3.6, p=9.2e-04; PVs: t(385)=0.95, p=0.52; MSNs: t(38630)= -10.0,
p=9.1e-23), 1500-2000ms (CHIs: t(245)=-4.68, p<0.001; PVs: t(385)= —0.19, p=0.85;
MSNSs: t(38630)=-18.4, p=3.83e-74) Benjamini-Hochberg corrected across all cell types
and time bins (n=12 comparisons; Nnpsn=7727, Ncyi=50, and npy=78. A total of 30 cells out
of 7855 did not produce an event that was included in this analysis, see methods for details;
MSN, n=28 cells; PV, n=1 cell; CHI, n=1 cell). For all box plot figures, middle lines indicate
the median, lower and upper edges of the box indicate quartiles below and above the
median, and upper and lower whiskers indicate the points furthest from the median whose
value did not exceed 1.5 times the first-to-third quartile range above the third quartile or
below the first quartile. All sign-tests were two-sided.
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Figure 3: Optogenetic Stimulation of Interneuron Populations M odulates M ovement.
(A) Simultaneous optogenetic stimulation and imaging experimental design. (top) Animals

were imaged over 10-15 continuous minutes and received 13-23 trials of optogenetic
stimulation with an ITI of 40+15seconds. Each trial consisted of 100 laser stimulation pulses
at ~15 Hz. Red laser light was pulsed between GCaMP6f imaging frames. (bottom), Cartoon
depicting alternating GCaMP6f image acquisition and red laser light delivery for Chrimson
activation through the imaging window across successive frames. (B) Normalized change in
movement speed at laser onset for PV-Chrimson and Chat-Chrimson mice for all trials (n=4
PV-Chrimson mice, and n=4 Chat-Chrimson mice, 2 sessions for each mouse). Line plots
and error bars indicate mean £ZSEM. Significant reductions in speed coincided with laser
onset only in Chat-Chrimson mice (Mixed-effects model, ANOVA: F(4,645)=6.7, p < 0.001,
comparisons of time windows: 0-500ms; t(645)= -0.91, p=0.36, 500-1000ms; t(645)=-1.8,
p=0.11, 1000-1500ms; t(645)=-3.8, p=6.2e-04; 1500-2000ms, t(645)=-3.6, p=8.1e-04.
*=p<0.01, Benjamini-Hochberg corrected). This effect was not present in PV-Chrimson
mice (Mixed-effects model, ANOVA: F(4,575)=1.4, p=0.24), or in control mice (n=4 PV-
tDTomato mice, and n=4 Chat-tDTomato mice, 2 sessions for each mouse; PV-tDTomato
mice: Mixed-effects model, ANOVA: F(4,580)=6.0, p=0.60; Chat-tDTomato mice: Mixed-
effects model, ANOVA: F(4,580)=2.2, p=0.07). (C) Normalized change in movement speed
following laser onset for PV-Chrimson and Chat-Chrimson mice when stimulation occurred
during periods of low movement. Line plots and error bars indicate mean £ SEM. Laser
stimulation increased movement only in PV-Chrimson mice (Mixed-Effects Model, ANOVA
F(4,200)=5.4, p=4.0e-04; baseline vs time=0-500ms: t(200)=3.16, p =0.0018; baseline vs
time=500-1000ms: t(200)=4.3, p=6.2e-05; baseline vs time=1000-1500: t(200)=3.6,
p=6.0e-04; baseline vs time=1500-2000 ms: t(200)=4.3, p=6.2e-05), but not in Chat-
Chrimson mice (Mixed-effects model, ANOVA: F(4,130)=1.7, p=0.15) or in control mice
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(PV-tDTomato: Mixed-effects model, ANOVA: F(4,170)=2.2, p=0.07; Chat-tDTomato mice:
Mixed-effects model, ANOVA: F(4,150)=1.2, p=0.31, n=4 tDTomato mice, and n=4 Chat-
tDTomato mice, 2 sessions from each mouse). *=p<0.05, **=p<0.01, ***=p<0.001.

Nat Neurosci. Author manuscript; available in PMC 2019 September 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gritton et al.
Corr.
‘ : 1
10 [N
20 @ 0s
” 30 § 06
=
© 40 §
z H
zZ 50 LEd 0.4
60 g
0.2
70 g
80 I S S 0.0
10 20 30 40 50 60 70 80
Neurons
D *k%k E
*k%k *k%k
0.90 - — 0.90 -
s c 0.75
2  o70| S
© © .
g g F:: 5 0.60 |
o
%% 0801 8% 0.45F
28 23
E® z©
< &

i 0.00
o — A Q,
0.10 ) %0 /520 015L
4«% L%,

Figure 4: Anatomical Clustering and Coordinated Activity within each Cell Population.
(A) Correlation matrix utilizing asymmetric correlation coefficients of 80 neurons from a

randomly chosen recording session. White lines represent boundaries between unique
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neuron pairs less than 100um of one another. (B) Box plots of pairwise Pearson correlation

coefficients during periods of high and low speed from all animals. Correlation between
neuron pairs increased with speed (Sign-test, two-sided, sign=24, p=1.80e-04, n=28
sessions; high speed vs shuffled, sign=28, p=7.45e-09; low speed vs shuffled, sign=28,

p=7.45e-09, high speed shuffled vs low speed shuffled: sign=21, n=28 sessions, p= 0.0125).

(C) Difference in pairwise strength between periods of high and low movement sorted by
anatomical distance across all cells from all sessions in all mice. The change in correlation
strength was greatest between nearby cells (all two-sided sign-tests, sign-test, <100um vs
>100um; sign=26, p=3.03e-06, n=28 sessions; sign-test, <100 pm vs <100 pm shuffled,
sign=27, p=2.16e-07; sign-test, >100um vs >100pm shuffled, sign=21, p=0.0125;). (D)

Pairwise asymmetric correlation between the same cell types. Dotted lines indicate median

of averaged correlation coefficients for within cell type shuffled data. PV cells showed the
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highest correlation coefficient values (Kruskal-Wallis, X2(2)=1.5e+02, p=7.69e-33; mean
ranks: MSN: 7.46e+05, PV: 1.03e+06, CHI: 5.99e+05; Tukey’s HSD post-hoc, MSN-MSN
vs CHI-CHI: p=8.80e-06; MSN-MSN vs PV-PV: p=9.56e-10; PV-PV vs CHI-CHI:
p=9.56e-10) and were correlated above that expected by chance based on within neuron type
shuffled data (sign-test, sign=146, n=241 PV-PV pairs, p=0.0013) MSN-MSN pairs and
CHI-CHI pairs were not significantly different from shuffled data. (E) Population box plots
showing asymmetric pairwise correlation of each cell type across all 28 recording sessions
sorted by anatomical distance. Dotted lines indicate median of averaged correlation
coefficients for shuffled data for each cell pair. Pairs of MSNSs in close proximity (<100 pum)
are more correlated than those further apart. Unlike MSN pairs, PV pairs and CHI pairs were
not modulated by distance (Effect of distance; two-sided Wilcoxon rank-sum, MSN-MSN
pairs, w=5.3e10, n<19p=62895, n>100=1429304, p=0; PV-PV pairs: w=1955, n.190=17,
N>100=224, p=0.71; CHI-CHI pairs, w=684,n<10p=9, n>100=143, p=1.0). As expected, only
MSN pairs within 100um were more correlated than chance based on within neuron-class
shuffled data (sign-test, MSN-MSN pairs < 100 pym, sign=32864, n=62894 MSN-MSN
pairs, ties = 1, p=1.37e-29; PV-PV pairs >100 pm, sign=137, n=224 PV-PV pairs, p=0.0011.
All other comparisons were not different from chance based on shuffled data. (F) Population
pie charts showing the number of significantly correlated pairs of neurons above those
expected by chance from shuffled data, sorted by cell type. A greater proportion of PV cell
pairs were correlated than MSN pairs, and both were more correlated than CHI pairs (MSNs
vs. CHIs: X2(1)=7.2, p=0.022; PVs vs. CHIs: X?(1)=26.3, p=8.72e-07; MSN-MSN:
238293/1501649 pairs, PV-PV: 68/244 pairs, CHI-CHI: 13/160 pairs). For all box plot
figures, middle lines indicate the median, lower and upper edges of the box indicate quartiles
below and above the median, and upper and lower whiskers indicate the points furthest from
the median whose value did not exceed 1.5 times the first-to-third quartile range above the
third quartile or below the first quartile.
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Figure 5: Coordinated Activity between Interneuronsand M SNs by Anatomical Distance.
(A) Population colormaps from all sessions in all animals showing significantly correlated

cell pairs sorted by distance. Density distributions from above in the x-axis are shown below.
MSN-MSN cell pairs (left) and MSN-Interneuron cell pairs (PV, middle; CHI, right). MSN-
CHI cells are correlated over greater distances than MSN-MSN pairs, and MSN-PV are
correlated over smaller distances than MSN-MSN pairs (MSN-MSN median = 411ums,
MSN-PV: 343 pms, MSN-CHI: 448 ums; Kruskal-Wallis, X2(2)=303, npsn-msn=238293,
NmsN-pv=4028, Npsn-cHI=2686, p=1.87e-66; mean ranks: MSN-MSN: 1.23e+05, MSN-PV:
1.04e+05, MSN-CHI: 1.31e+05; Tukey’s HSD post-hoc, MSN-PV vs MSN-MSN:
p=9.56e-10, MSN-PV vs MSN-CHI: p=9.56e-10, MSN-MSN vs MSN-CHI: p=9.53e-09).
(B) Population density distributions showing the x-direction from (A) for all cell types
superimposed. The median value distance value from (A) has been plotted for reference on
the x-direction plot. (C) Measure of the expected values between the proportion of
significantly correlated pairs for the MSN-MSN, MSN-PV, and MSN-CHI populations for
those separated by a distance of >750 um vs < 100 um. Data >750 um are plotted relative to
<100 pum values. For all interneuron-MSN combinations, the proportion of correlated pairs
decreased as the distance between cells increased, though the decrease in CHI-MSN pairs
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was more modest than that seen for PV-MSN or MSN-MSN pairs. Center indicates expected
value, error bars are + SE (Generalized linear model, Binomial family with identity link
function; 274589 total observations; Benjamini-Hochberg corrected p-values of interaction
terms (two-sided t-tests): MSN-MSN vs MSN-CHI: t(274583) = 4.07, p=1.39e-04; MSN-
MSN vs MSN-PV: t(274583) = -0.56 , p=0.573; MSN-PV vs MSN-CHI: t(274583) = -3.42,
p=9.53e-04). All comparisons are made using pairwise data across 28 sessions in 12
Animals (6 PV-Cre animals and 6 Chat-Cre animals). *=p<0.05, ***=p<0.001.
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Figure 6: PVs, but not CHIs, are Strong Predictors of Speed and M SN Population Activity.
(A) Striatal population fluorescence (blue, top, and gray in the bottom four) and predicted

fluorescence based on the PV activity (orange), or an equivalent number of MSNs (teal)
from a representative PV-Cre mouse. (B) Quantification across all P\V-Cre mice. Predictions
of population fluorescence were compared to that derived from using motor output (rotation:
purple; speed: black). PV Ca*2 dynamics were better predictors than that of an equivalent
number of MSNs, and similar to speed and rotation Friedman test, X2(3)=18.0, p=4.47e-04,
n=17 sessions in 6 mice; mean ranks: speed: 2.94, rotation: 2.53, PV: 3.12, MSN: 1.41; post-
hoc Tukey’s HSD, speed vs PV: p=1.0, rotation vs PV: p=0.54; PV vs. MSNs, p=6.8e-04.
(C) Actual speed and predicted speed based on PV cell activity or MSN activity for a
representative PV mouse. Experimentally measured speed is plotted in black (top), and gray
(bottom three), compared with predicted velocity using the activity of a single PV (orange),
a single MSN (light blue) and the full population MSNs activity (dark blue). (D)
Quantification of the population predictor performance across all PV-Cre mice. The ability
of the full PV population from each recording session to predict speed was also compared to
an equivalent number of MSNs (n=4.6+0.86 PV cells across 17 sessions with at least 1 PV
cell, mean+SEM), referred to as “sub-population”. The activity of a single PV was a
significant predictor of speed, and the small population of PVs has equal predicting power
speed as the entire population of MSNs (Friedman test, X?(4)=50.1, p=3.51e-10; mean
ranks: single MSN: 1.32, multiple MSN: 2.56, all MSN: 4.94, multiple PV: 3.56, single PV:
2.62, n=17 sessions; Tukey’s HSD post-hoc: MSN all-MSN single: p=1.01e-08; MSN all-
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MSN subgroup: p=9.12e-05, MSN all-PV all: p=0.076). (E, F) Same as (A, B) except for
CHI neurons in Chat-Cre mice. Unlike PVs, CHI Ca*2 dynamics were poor predictors of
population fluorescence. Friedman test, X2 (3) = 24, p=2.50e-05, n =10 sessions in 6 mice;
mean ranks: speed: 3.9, rotation: 2.7, CHI: 1.1, MSN: 2.3; Tukey’s HSD post-hoc: speed vs.
CHI: p=7.36e-06; rotation vs CHI: p=0.029; MSN vs CHI, p=0.16. (G, H) Same as (C, D)
except from a representative Chat-Cre mouse (G) and predictor performance quantification
for all Chat-Cre mice (H). Actual speed is shown in black or gray. Predicted speed based on
the activity of a single CHI neuron in green, a single MSN in light blue, or population MSNs
in dark blue. Sub populations represent an equivalent number of MSNs as the full CHI
population from each recording session (n = 5.1+1.1 CHIs across all recording sessions,
mean+SEM). CHIs were weak predictors of speed, and using the full population of CHI
cells did not significantly improve the predictive power over a single CHI. (Friedman test,
X2(4):20.8, p=3.44e-04; mean ranks: single MSN: 2.5, multiple MSN: 3.4, all MSN: 4.8,
multiple CHI: 2.2, single CHI: 2.1, n=10 sessions in 6 mice; Tukey’s HSD post-hoc; MSN
all-MSN single: p=0.0090, MSN all-CHI single: p=0.0011; MSN all-CH]I all: p=0.0019,
CHI all-CHI single: p=1.0). *=p<0.05, **=p<0.01, ***=p<0.001. For all box plot figures,
middle lines indicate the median, lower and upper edges of the box indicate quartiles below
and above the median, and upper and lower whiskers indicate the points furthest from the
median whose value did not exceed 1.5 times the first-to-third quartile range above the third
quartile or below the first quartile.
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Figure 7: Interneurons Regulate M SN Activity and Movement State.
(A) MSN population fluorescence aligned to all PV calcium event onsets (orange) versus

MSN calcium event onsets (blue) from all PV-Cre animals. MSN population peak
fluorescence was significantly reduced in the 500ms following a PV calcium event (PV post-
event: rank-sum test, two-sided, ranksum=2.43e+12 np\,=237528 event-neurons,
Nmsn=20289773 event-neurons, across all 6 PV animals and 18 sessions, p=1.48e-06), in
comparison to a MSN calcium event (blue). Plots are mean £SEM. (B) Same as (A) but for
Chat-Cre animals. MSN peak population fluorescence was significantly elevated in the
500ms following a CHI calcium event (green: Chat-Cre post-event: two-sided, rank-sum
test, ranksum=1.73e+12, p=2.53e-09, npsn=22116844 event-neurons, ncy=153680 event-
neurons from 10 sessions in 6 animals), compared to an MSN event (blue). (C) Change in
coincident MSN activity (MSN co-activity) following a MSN calcium event (blue), a PV
calcium event (orange), or a CHI calcium event (green) from all animals and normalized to
event onset for all three types (t=0). Plots are mean £SEM. A magnified inset demonstrating
the change in MSN co-activity probability in the 100ms following a MSN, PV or CHI
calcium event is shown to the right. Following a CHI calcium event, there is an increase in
MSN co-activity, whereas following a PV calcium event, there is a reduction in MSN co-
activity relative to the change in MSN-triggered co-activity (Pairwise two-sided z-tests, PV-
MSN vs CHI-MSN, z=-40.8, p=0; PV-MSN vs MSN-MSN, z=-47, p=0; CHI-MSN vs
MSN-MSN, z=20.4, p=0. Bonferroni corrected post-hoc for multiple comparisons; raw
proportions: MSN: 3.52e-03, PV:2.30e-03, CHI:5.91e-03,nc;=38189238, ncy=38189238
event-pairs, npsn=9644946557 event-pairs, npy=48285061 event-pairs, across all 12
animals and 28 sessions). (D) A time series showing MSN-MSN event co-activity during
laser stimulation of PV cells (orange) and CHIs (green) during laser stimulation in PV-
Chrimson mice (n=4 PV-Chrimson mice and n=4 Chat-Chrimson mice). For reference, the
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change in MSN-MSN co-activity around random MSN events from all time periods outside
of optogenetic stimulation for all PV-Chrimson and Chat-Chrimson mice is shown in blue.
Plots are mean +SEM. (E) Population line plots quantifying the change in the MSN-MSN
co-activity upon optogenetic stimulation of PVs or CHlIs in PV-Chrimson and Chat-
Chrimson mice. Opto-stim induced co-activity was compared to the endogenous rate of
MSN-MSN co-activity from the non-opto stimulation periods of the imaging session,
indicated by the dashed blue line. Error bars and center are mean £ SEM. During
optogenetic stimulation of CHIs MSN-MSN co-activity increased, whereas during
optogenetic stimulation of PVs, MSN-MSN co-activity decreased, relative to the
endogenous MSN-MSN co-activity rate (Pairwise two-sided z-tests, ncy=2078751 event-
pairs, Nnpmsn=694475807 event-pairs, npyy=682922 event-pairs; CHI-MSN vs PV-MSN
z=78.7, p=0; MSN-MSN vs MSN-PV, z=-228, p=0; MSN-MSN vs CHI-MSN, z=19.2,p=0,
n=4 PV-Chrimson mice and n=4 Chat-Chrimson mice, Bonferroni corrected post-hoc for
multiple comparisons). *=p<0.05, **=p<0.01, ***=p<0.001. (F) Change in movement speed
after peaks in MSN-MSN co-activity events (see supplemental methods), binned into 500ms
windows for analysis. Error bars and center are mean £ SEM. Peaks in MSN co-activity
were followed by decreases in speed similar to that observed following CHI events, and CHI
optogenetic stimulation (Friedman test, main effect of time, n=2249 peaks in coactivity,
X2(8)=520, p<0.001; Tukey’s HSD post-hoc, (vs 0-0.5 s) 0.5-1 seconds, p=0.030, 1.00-1.50
seconds, p=9.30e-07, 1.50-4.50 seconds, all p=8.97e-08; mean ranks: 5.81, 5.54, 5.35, 5.04,
4.84,4.72,4.62, 4.52, and 4.56).
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