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12 Abstract

13 Locomotion is continuously regulated by an animal’s position within an environment relative to
14 goals. Direct and indirect pathway striatal output neurons (dSPNs and iSPNs) influence

15 locomotion, but how their activity is naturally coordinated by changing environments is unknown.
16 We found, in head-fixed mice, that the relative balance of dSPN and iSPN activity was

17 dynamically modulated with respect to position within a visually-guided locomotor trajectory to
18 retrieve reward. Imbalances were present within ensembles of position-tuned SPNs which were
19 sensitive to the visual environment. Our results suggest a model in which competitive

20 imbalances in striatal output are created by learned associations with sensory input to shape

21 context dependent locomotion.

22

23 Main

24 The striatum, the principal input nucleus of the basal ganglia, integrates convergent sensory and
25 motor signals arising from cortical and sub-cortical regions. Striatal spiny projection neurons

26 (SPNs) are thought to transform sensory input to influence the expression, direction, and vigor of
27 ongoing action in specific sensory contexts'. However, the basic principles and network

28 dynamics underlying this role remain unresolved. SPNs can be sub-divided into two major

29 classes, direct and indirect pathway SPNs (dSPNs and iSPNs respectively), based on molecular
30 expression profiles and downstream projection targets®®. Classic models of the basal ganglia

31 posit that dSPNs promote or invigorate movement (‘go’), while iSPNs suppress or slow

32 movement (‘no-go’)*'°. The opponent framework has received support from Parkinsonian

33 models and some pathway specific manipulations™-'¢, though other manipulation studies have
34 provided conflicting evidence'”'®. Neural recording studies have revealed that dSPNs and iSPNs
35 are similarly activated at movement initiations'®-?’, challenging the simple go-no go model and

36 suggesting that the natural activity of dSPNs and iSPNs may cooperate to drive movement by
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37 promoting selected actions and suppressing competing actions respectively’. An alternative

38 model, also consistent with the co-activation results, is that dSPNs and iSPNs activated during
39 movement compete to promote or suppress the same action respectively?. In this model, both
40 cell-types are activated by similar inputs during movement execution, but the relative levels of

41 activation modulate whether the action is initiated and sustained or suppressed. Simultaneous
42 cellular resolution imaging of dSPNs and iSPNs has reported similar population activation levels
43 at locomotion onsets and offsets and during spontaneous running'®-2', seemingly in conflict with
44 the competitive model. However, bulk calcium measurements have reported dSPN/iSPN

45 imbalances related to whether spontaneous turning behaviors are executed or suppressed® and
46 during the execution of specific spontaneous movements*°. Importantly, prior studies of cell-type
47 specific SPN signaling have been conducted either with non-simultaneous dSPN/iISPN

48 measurements, precluding direct activity level comparisons, or in task conditions where animals’
49 movements were not explicitly sensory guided. Therefore, it remains unresolved whether and

50 how imbalances in dSPN and iSPN activity arise and how ongoing task-specific input influences
51 these imbalances at cellular and population levels.

52

53 To address these questions, we utilized 2-photon calcium imaging to simultaneously measure
54 dSPN and iSPN activity with cellular resolution as head-fixed mice ran through virtual

55 environments to obtain reward. D1-tdTomato mice®' (n = 5) were injected in the dorsal (primarily
56 central-medial, see Methods) striatum with AAVs to drive pan neuronal expression of the green
57 calcium indicator GCaMP7f*?, and were implanted with a chronic imaging window?*? (Fig. 1a).

58 This approach yielded simultaneous Ca?* activity measurements within populations of identified
59 (tdTomato +) dSPNs and putative (tdTomato -) iSPNs (Fig. 1b). Mice were head-fixed on an axial
60 treadmill and their locomotion velocity was translated into corresponding movement of a visual
61 virtual reality (VR) environment projected onto an array of monitors® (Fig. 1c). Training was

62 performed on a linear track task in which mice initiated locomotion and ran through a virtual

63 corridor with proximal and distal visual cues to receive a water reward delivered through a spout
64 (Fig. 1c). Mice exhibited stereotyped patterns of locomotion across the track in which they rapidly
65 accelerated at the start and slowed down prior to reaching the reward zone (Fig. 1d, Extended
66 Data Fig. 1a-c). Running patterns were often highly consistent within a session but varied

67 somewhat across sessions and mice (Extended Data Fig. 1b). Anticipatory licking was

68 sometimes observed in a short window prior to reward delivery (Extended Data Fig. 1a). Thus,
69 mice displayed behavioral patterns indicating learned associations between locomotion

70 kinematics and position relative to reward.

71

72 We first examined how the population activity of dSPNs and iSPNs was modulated during track
73 traversal. Consistent with previous findings in head-fixed and freely moving mice'%2"22.24 the

74 mean activity (AF/F) of both populations increased as mice initiated locomotion at the start of the
75 track and decreased as they slowed down near the end (Fig. 1d,f and Extended Data Fig. 1d).
76 Mean AF/F in the middle of the track, when animals were maintaining high velocity running, was
77 also significantly elevated in both populations. Unlike prior studies in which distinct cell

78 populations were measured in separate groups of mice, our simultaneous imaging approach

79 enabled us to directly compare relative dSPN and iSPN population activity to determine whether
8o output was balanced. Surprisingly, we found that despite qualitatively similar activity patterns
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81 relative to track position and locomotion kinematics, the relative balance between dSPN and
82 iSPN activity was dynamically modulated during track traversal. dSPN activity at the beginning
83 and throughout the middle of the track was significantly higher than iSPN activity, but the balance
84 flipped to favor iISPNs near the end of the track (Fig. 1e,g and Extended Data Fig. 1e). The
85 emergence of the dSPN imbalance at the track start was aligned with the onset of locomotion,
g6 and the flip to an iISPN imbalance appeared at the offset of locomotion, just prior to the animals
87 stopping at the end (Fig. 1g). Thus, the relative balance of dSPN and iSPN output is dynamically
88 modulated with respect to animals’ locomotor kinematics and position through a learned
89 trajectory to obtain reward.
20
91 To test whether the dSPN/iISPN imbalances were purely related to locomotion or whether they
92 were shaped by the linear track task, we asked whether similar imbalances were present during
93 spontaneous locomotion when the linear track VR environment was turned off. Outside VR, mice
94 spontaneously initiated and terminated locomotion. We selected locomotion bouts of
95 comparable length and velocity to trials in VR and calculated the relative dSPN and iSPN activity
96 balance as a function of relative bout progress. Like locomotion bouts in VR, activity in both
97 populations increased at the onset of bouts, decreased at the offset, and was elevated during
98 sustained locomotion (Fig. 1h,j and Extended Data Fig. 1f). However, in contrast to the VR track,
99 there was no average significant imbalance in the dSPN/iSPN population activity during any
100 phase of locomotion bouts (Fig. 1i and Extended Data Fig. 1g). No significant imbalance was
101 present at spontaneous bout onsets or during sustained locomotion (Fig. 1k). Furthermore, a
102 larger number of both dSPNs and iSPNs were active inside VR than outside, and higher overall
103 activity was observed in the active populations, suggesting that SPNs receive stronger excitatory
104 drive in the VR environment, perhaps reflecting visual input or other task representations
105 (Extended Data Fig. 1h-k). This was not due to differences in locomotion between VR and no VR
106 periods, as activity differed across the entire range of velocities (Extended Data Fig. 1h). In
107 summary, these results indicate that dynamic dSPN/iSPN imbalances observed during track
108 traversal were shaped by position within the continuously changing VR task environment.
109
110 We next asked how dSPN/iSPN imbalances at the population level were generated through
111 activity in single neurons. Imbalances varied with position along the track, so we tested whether
112 individual SPNs represented discrete track positions. Individual dSPNs (590/1812 neurons,
113 32.56%) and iSPNs (687/2645 neurons, 25.97%) displayed large Ca®* transients consistently at
114 the same track location across trials, indicating significant encoding of discrete track positions
115 (Fig. 2a,b, see Methods). Significant position encoding dSPNs and iSPNs had activity field peaks
116 tiling positions along the entire track, consistent with prior observations of task tiling in SPNs of
117 rodents and primates>>-® (Fig. 2b-d). For both populations, the largest fraction of neurons had
118 fields near the beginning of the track (Fig. 2c). There was a slight, but non-significantly, larger
119 proportion of dSPNs than iSPNs with fields at the beginning of the track, and a larger proportion
120 of iISPNs than dSPNs at the end of the track (Fig. 2c, Kolmogorov—Smirnov test, p = 0.07). Mean
121 field widths were similar, on average, for iISPNs and dSPNs (Fig. 2d, Wilcoxon rank sum test, p
122 = 0.18). Strikingly, the dSPN/iISPN imbalances observed at the population level (Fig. 1e) were
123 only present for the position tuned subpopulations (Fig. 2e-f). dSPN/iSPN output was balanced
124 across the track for the active un-tuned population (Fig. 2g-h). Thus, dynamic SPN imbalances
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125 are generated by cell ensembles representing discrete track positions tiling the entire locomotor
126 trajectory to reach the goal.

127

128 To determine whether the visual environment contributed to position tuning, we examined

129 differences in SPN activity between two familiar, visually distinct virtual tracks (Fig. 3a,b). For

130 each session, mice were pseudorandomly placed in one of the two track environments on each
131 trial. Velocity and acceleration at each position were highly similar between the two tracks (Fig.
132 2b), allowing us to isolate the influence of the visual input on position specific tuning. Position

133 tuned SPNs of both types were sensitive to the visual environment (333/665 and 437/891

134 position tuned dSPNs and iSPNs respectively, see Methods), with some significantly tuned in
135 only one track, and others consistently active at different positions within each track (Fig. 3c,d).
136 Other position tuned neurons displayed similar tuning between the two tracks (332/665 and

137 454/891 position tuned dSPNs and iSPNs respectively), indicating insensitivity to the visual

138 environment (Fig. 3c,e). Correlations between activity on the two tracks were highest at the track
139 start for both cell types, perhaps reflecting stable representations of movement initiation

140 (Extended Data Fig. 2a,b). Large imbalances in relative dSPN/iSPN activity were present in the
141 position tuned, track sensitive population, with dSPNs more active in the first half of the track and
142 the iISPNs more active in the second half (Fig. 3f,g), similar to the average imbalances across
143 the whole population (Fig. 1e). However, significant imbalances in the track insensitive population
144 were smaller and only present at the track start (Fig. 3i). These results indicate that dynamic

145 dSPN/iISPN imbalances arise largely from a population of SPNs tuned to discrete positions

146 within specific visual environments.

147

148 Overall, our results show that imbalances in cell-type specific dorsal striatal output are shaped
149 by visual input at discrete positions within locomotor trajectories towards a goal. The imbalances
150 aligned, on average, with animals’ locomotor kinematics, with dSPNs favored at positions where
151 animals initiated and sustained locomotion and iSPNs favored when animals slowed down.

152 These results indicate that imbalances within discrete position encoding SPN ensembles may
153 reflect learned associations between dynamic sensory input and locomotor kinematics. In further
154 support of this, imbalances did not exist (or were weaker) when no consistent

155 sensory-locomotion associations were present (outside VR, Fig. 1h-k and Extended Data Fig.
156 1f,g) or in SPN populations that were not position tuned and environment sensitive (Figs. 2g,h
157 and 3h,i). These results may, in part, explain why imbalances have not been observed in

158 previous studies in head-fixed mice during spontaneous locomotion' but have been reported in
159 bulk dSPN/iISPN measurements in freely moving mice?-%.

160

161 We hypothesize that dSPNs and iSPNs activated by similar patterns of sensory input compete
162 to modulate stereotyped, context-dependent locomotion following repeated experience with an
163 environment. In this view, dSPN/iISPN imbalances within ensembles of position encoding SPNs
164 are established through learning via bi-directional changes in synaptic weights of excitatory

165 synapses (Extended Data Fig. 3). Weights of sensory inputs corresponding to positions where
166 animals initiate or sustain high velocity locomotion are stronger onto dSPNs, while weights

167 associated with low velocity or deceleration are stronger onto iSPNs. Thus, the dSPN/iISPN

168 imbalance at each position is determined by associations between visual input and locomotor
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169 kinematics. How might synaptic weights be adjusted to establish sensory driven imbalances?
170 One possibility is through dopamine release, which can modulate opposing cell-type specific
171 potentiation and depression of dSPN and iSPN synapses respectively**“°. Dopamine release in
172 the dorsal striatum rapidly increases and decreases during locomotion accelerations and

173 decelerations respectively®*4'2. These signals could drive plasticity of sensory inputs to SPNs
174 as a function of locomotor kinematics, independently of dopamine release at reward, to promote
175 stereotypic sensory driven movement patterns leading to goals.

176

177

178

179 Methods:

180
181

182

183 Animals

184

185 Adult male Drd1a-tdTomato mice®' (Jackson Labs, strain# 016204, n = 6 mice, postnatal 10-17
186 weeks, 24-30g) were used for all experiments. Mice were initially housed in groups and then

187 individually housed following surgery under standard laboratory conditions (20-26°C, 30-70%

188 humidity; reverse 12-h/12 h light/dark cycle; light on at 9 p.m.) with ad libitum access to food and
189 water, except during water scheduling. During training and imaging, the mice were single housed
190 with a water restriction schedule to receive ~1mL water each day. The amount of water was

191 adjusted to maintain a body weight 80-90% of the initial body weight. Five mice were trained and
192 imaged on the VR linear track task, three were imaged during spontaneous running outside of
193 VR, and two were imaged in both. Experiments were conducted during the dark cycle. All animal
194 care and experimental procedures were performed in accordance with protocols approved by
195 the Boston University Institutional Animal Care and Use Committee (protocol no. 201800554)

196 and in compliance with the Guide for Animal Care and Use of Laboratory Animals.

197

198 Stereotaxic virus injections and imaging window implants

199

200 Mice underwent two separate stereotaxic surgeries, first for intracranial virus injections, then for
201 chronic window implantation for 2-photon imaging. For virus injections, mice were anesthetized
202 with isoflurane (3% induction, 1-2% maintenance) then positioned in a stereotaxic frame (Kopf),
203 and a craniotomy was drilled over the dorsal striatum. Intracranial injections of AAVs carrying the
204 genetically encoded Ca?* indicator GCaMP7f*? (Addgene, AAV1-hSyn-GCaMP7f, 3x10M3 GC/mL
205 diluted 1:4 in PBS) were performed with a 33g Hamilton Neuro Syringe (#65460-02; Hamilton

206 Company) connected to a Micro Syringe Pump Controller (UMP3 and UMC4; WPI). Each mouse
207 received injections at 4 sites ranging from -1.6 to -1.8mm in the DV plane, 1.8-2.2mm in ML, and
208 0.4-0.6mm in AP each with 300 nL virus solution at a rate of 100nL per minute. The craniotomy
209 was then sealed with Kwik-Sil (WPI) and the exposed skull was covered in thick Metabond

210 (Parkell) to secure a metal headplate®, allowing for pre-training on linear track task (Fig. 1, see
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211 below) prior to window implants. 9-14 days after virus injections, mice underwent surgeries for
212 chronic imaging window implantation as described in Howe and Dombeck, 2016%. Briefly, the
213 headplate was removed under anesthesia, and the craniotomy cleaned. A circular drill bit (FST
214 #18004-27) attached to a stereotaxic drill (Foredom K.1070 Micromotor Kit) was used to partially
215 widen the existing craniotomy then the bone was further thinned with a hand held dental drill

216 (Midwest Tradition 790044, Avtec Dental RMWT) and removed with a forceps. The cortical

217 tissue overlying the striatum was carefully aspirated under a surgical microscope (Leica) until
218 the external capsule fibers were visible. The external capsule fibers were thinned, and in some
219 mice, the striatum surface was exposed, but no striatum tissue was removed. A very thin layer
220 of Kwik-Sil was then applied to the brain surface, and the imaging window was inserted.

221 Windows attached to metal cannulae (2.7mm diameter) were made in house as previously

222 described*®. Metabond was applied around the edges of the cannula and over the entire exposed
223 skull to re-secure the metal headplate. A metal ring was centered over the window and secured
224 to the skull and headplate with Metabond blackened with carbon powder (Sigma). Stickers were
225 placed in the ring to keep debris off the window outside of imaging sessions.

226

227 Two-photon imaging

228

229 Imaging was performed using a resonance scanning 2-photon microscope (Neurolabware,

230 Scanbox) with 20x (UMPLFLN, 20X, 0.5 NA) or 40x (Olympus LUMPlanFL N, 40X, 0.8 NA)

231 objectives. Excitation light was supplied by an InsightX3 laser (Spectra Physics). Field of view
232 sizes were 750 x 900 microns for the 20x objective and 400 x 575 microns for the 40x. GCaMP7f
233 was imaged with 920nm excitation light at 31Hz within 1-2 imaging fields for a total of 30-70

234 minutes per day. Light power was adjusted for each field so that fluorescence transients could
235 be clearly resolved without significant photobleaching. Each field was also imaged briefly with
236 1040nm excitation light for visualizing td-Tomato expression in D1 expressing neurons. Fields
237 were imaged within a ~1.5mm region around the center of the cannula (across the ‘dorsal

238 central-medial’ striatum) in each session.

239

240 Head fixed behavior apparatus and virtual track task

241

242 Head-fixed behavior apparatus. Mice were head-fixed with their limbs resting on a hollow 8-inch
243 diameter styrofoam ball (Smoothfoam) mounted on a metal rod axle (McMaster-Carr,

244 #1263K46). The axle had ball bearings (McMaster-Carr,7804K129) attached to each end, which
245 were mounted into a 3D printed cradle, permitting the mouse to locomote forward and backward
246 but restricting angular movement. Ball rotation was measured using an optical mouse sensor
247 (Logitech G203, shells removed, 400 dpi sensitivity, polling rate 1kHz) positioned parallel to the
248 axle. Output from the sensor was relayed to a Raspberry Pi (3B+) and converted to an analog
249 voltage through a digital-to-analog converter (DAC, MCP4725) then sampled at 2kHz by an

250 acquisition board (NIDAQ, PCle 6343)*. Water rewards were delivered through a water spout
251 connected to a 60ml syringe gated by a digitally controlled solenoid valve (Neptune Research,
252 #161T012). Spout licking was monitored through a custom capacitive touch circuit connected to
253 the water spout. Solenoid valve control and lick data acquisition was carried out through the
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254 NIDAQ board. Custom MATLAB software was used to trigger rewards and visualize and acquire
255 behavioral data.

256

257 Virtual linear track task. The virtual environment was designed using the Virtual Reality MATLAB
258 Engine (VIRMEN*) and displayed across 5 computer monitors vertically arranged in a

259 semi-circle at a distance of ~35cm (side) to ~40cm(front) from the mouse. The linear tracks

260 were distinct 3D visual scenes with different distal and proximal landmarks and walls with unique
261 colors and geometric patterns (Figs. 1c and 3a). Tracks were 160 virtual units long, and output
262 from the optical treadmill sensor was used to update the track display (virtual track position)

263 according to the mouse locomotor velocity. The conversion was scaled so that tracks had a

264 fixed length for each mouse ranging from 1.25-2.25m. Custom MATLAB functions were used to
265 update the mouse track position and control the task contingency and trial structures. All mice
266 were initially trained on a track length of 1m then the track length was gradually increased. Each
267 trial began with the mouse positioned in a ‘start zone’ with a virtual gate blocking the main track.
268 The gate opened when the mouse satisfied a stillness criterion by maintaining its velocity below
269 8-10 cm/s for 1.5s. The mouse was then free to run down the central arm of the track to reach
270 the reward location at the end, where it received a 7 pL water reward with a 90% probability.

271 After reward delivery, there was a 5s consumption period where the screen froze and the mouse
272 movement did not affect its track position. Mice were then teleported back to the start zone,

273 where the clocks for a 2-6 second inter trial interval and the 1.5 seconds stillness criteria started.
274 Imaging began after mice ran at >1 trial/min, with clear signs of deceleration before reward

275 (visual inspection) for at least 3 days. Five mice were trained initially on one track and four of

276 these were then trained on a second world with the same length but distinct visual features after
277 5 days (Fig. 3). In 2 world scenarios, two uniquely designed virtual tracks alternated from trial to
278 trial at 50% probability. The reward probability was the same (90%) in the two worlds. Only

279 sessions after 2 days of experience with the 2nd track were included in analysis to avoid novelty
280 effects. Two of the mice trained in VR and one additional mouse were imaged in darkness with
281 the visual display off (Figs. 1h-k and Extended Data Fig. 1f,g). In VR off sessions, mice were

282 delivered unpredicted water rewards at 5-50s intervals drawn from a uniform distribution.

283

284 Data pre-processing and analysis

285

286 Imaging data pre-processing. Videos were motion-corrected using a whole-frame

287 cross-correlation algorithm algorithm?®43, Source extraction was done using the CalmAn

288 package, which employs a constrained non-negative matrix factorization (CNMF) algorithm to
289 identify putative neurons (ROIs)*. Selection of qualified ROls and classification of SPN cell type
290 were performed by manual inspection. Cholinergic and GABAergic interneurons comprise only a
291 small population of striatal neurons (~5% in the rodent) and are characterized by distinct

292 morphology and higher firing rates relative to SPNs. To minimize contamination from this small
293 population, ROIs with large, irregularly shaped soma or with low amplitude continuous

294 fluctuations in Ca?* fluorescence, common to striatal interneurons, were excluded from analysis.
295 Identification of D1-positive neurons was performed by manually inspecting the alignment of the
296 red, td-Tomato channel with the ROl masks from the green GCaMP7f channel. Green ROI

297 masks that clearly overlapped with a td-Tomato positive soma were classified as dSPNs, while
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298 ROls that unambiguously did not overlap with a td-Tomato positive soma were classified as

299 putative iISPNs. To minimize false positives, ROls with partial or ambiguous td-Tomato overlap
300 were omitted from analysis, however, our labeling method and cell-identification approach likely
301 yielded more false negatives than false positives, resulting in an apparently larger population of
302 putative iSPNs. Conversion to AF/F was done through the method provided by CalmAn, where
303 the baseline fluorescence (F) was determined as the 8th quantile over a 500 frame moving

304 window. AF/F was then thresholded to isolate significant positively going Ca?* transients, defined
305 as events exceeding 2 standard deviations above the median of a null distribution. The null

306 distribution was made by truncating the session AF/F with normal distribution parameters in an
307 exponentially modified Gaussian distribution, with parameters estimated using a maximum

308 likelihood estimation (MLE) approach. Coregistration of ROIs across recording movies in and
309 out of VR on the same day (Extended Data Fig. 1d-g) was performed using a multi-session

310 registration algorithm from the CalmAn package. For a pair of track and spontaneous running
311 sessions, each ROI was identified as coregistered if they satisfied three conditions: 1) the ROI
312 was identified across sessions by CalmAn; 2) the ROl passed manual inspection in both

313 sessions; 3) the ROI's cell type classification was identical in both sessions.

314

315 Behavioral variables and binning. The voltage output from the optical sensor was converted to
316 linear velocity in m/s. Velocity traces were smoothed twice consecutively using the MATLAB

317 ‘smooth’ function with window sizes of 1s and 0.5s. Acceleration was the derivative of the

318 smoothed velocity, smoothed again using moving average with a 0.1 second window.

319 Locomotion bouts in and out of VR were defined as periods where the velocity was maintained
320 above a 3 cm/s threshold for more than 3 seconds. For each bout, the first time point above the
321 velocity threshold was labeled a movement onset, and the last time point above velocity

322 threshold was labeled a movement offset. Bouts with a peak velocity below 10 cm/s in VR or 15
323 cm/s out of VR (to obtain comparable velocities in and out of VR) and those that had velocity
324 drops below 5 cm/s were excluded from analysis. Bout onsets and offsets occurring during

325 reward delivery periods (out of VR) or during [Tl periods (in VR) were excluded from all analysis.
326 Position binning on the track was performed by equally dividing the main track (from end of start
327 zone to reward location) into 100 position bins. For spontaneous running, binning was calculated
328 as a percentage of the total distance traveled in each bout. The total distance traveled in a bout
329 was defined as the distance traveled from 1s before movement onset to 1s after movement

330 offset. To account for variability between mice and session and repeated measures, we fit the
331 position binned or triggered average velocity or acceleration to a Linear Mixed Effect model (see
332 below) using the MATLAB function ‘fittme’. The model considers mice and sessions as random
333 effects, with sessions nested within mice. The estimated population mean and the confidence
334 interval were then used to plot the center line and shaded regions of the line plots.

335

336 Quantification of mean population activity and dSPN/iSPN differences. For plots showing mean
337 AF/F or differences between dSPN/iISPN AF/F means, we first calculated the means for each
338 trial (binned by position or triggered on events as indicated in each figure) and across each

339 subpopulation (as indicated in each figure, dSPNs/iSPNs, tuned/untuned, etc.) for each imaging
340 field. To calculate the mean activity of dSPNs and iSPNs or their difference, accounting for
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341 variability across trials, sessions, and mice, we used a Linear Mixed Effect model (MATLAB
342 function fitime’) for each bin or timepoint with the following equation:

343 y =B, + lecelltwe + randomeffects + err

344 For a given binary condition variable x, BO is the estimated mean given x = 0, and Bl is the

345 estimated difference between the two level of x (dSPN and iSPN). Unless otherwise specified,
346 the mixed effect model considers mice and sessions as random effects, with sessions nested
347 within mice. The 95% confidence intervals of the mean or difference terms were displayed as
348 shaded regions in all plots.

349

350 Position tuning and track sensitivity. To determine whether each neuron was stably tuned to a
351 track position over trials, we correlated mean position-binned AF/F computed from odd and even
352 trials within a session (rate map). The true correlation coefficient was compared to a distribution
353 of correlation values calculated after shifting the AF/F trace of each neuron randomly (> 33ms,
354 500 iterations) relative to trial epochs and rebinning AF/F by odd and even trials and position. If
355 the true within track correlation value exceeded the 95th percentile of the randomized distribution
356 and the neuron had significant AF/F transients on at least 40% of trials it was determined to have
357 stable position tuning. Position fields of tuned neurons were calculated by finding the position bin
358 with maximum AF/F and finding the positions before and after where the AF/F dropped below
359 20% of the difference between the maximum and minimum AF/F values. For population analysis
360 comparing tuned and untuned AF/F (Fig. 2e-h), only untuned neurons with a AF/F exceeding 0.5
361 on at least 40% of trials were included to account for overall AF/F differences between tuned and
362 untuned populations introduced by our criteria.

363

364 Track sensitivity was determined using a similar process on sessions with two tracks.

365 Correlations were computed between mean positional AF/F rate maps from track 1 and track 2
366 and compared to a bootstrap distribution in which two mean positional AF/F rate maps were

367 computed using trials that were randomly swapped across the two tracks (500 iterations). If the
368 true cross-track correlation was lower than the 1st percentile of the randomized distribution the
369 neuron was classified as track sensitive. For population analyses comparing track sensitive and
370 insensitive populations (Fig. 3f-i), only neurons with significant position tuning and track

371 sensitivity for the most familiar track (i.e. the one prior to the introduction of the 2nd track

372 sessions) were included. Only trials in the most familiar track (where neurons were significantly
373 tuned) were plotted to avoid confounds with learning or novelty dependent effects in the less

374 familiar track on the dSPN/iSPN balance. One mouse was excluded from the population analysis
375 because it ran in a significantly shorter track than the others.

376

377 Notes on statistical tests and sample sizes. Non-parametric tests for significance were used for
378 all analyses unless otherwise noted. Specific tests and sample sizes are indicated within figure
379 legends or in the main text. Multiple comparisons were corrected using the Bonferroni-Holm'’s
380 correction.(Bonferroni-Holm Correction for Multiple Comparisons - File Exchange - MATLAB

381 Central (mathworks.com))
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494 Figure 1: Dynamic imbalances in the activity of striatal projection neuron cell types

495 during stereotyped locomotion in a virtual linear track task. A.) Schematic of the 2-photon
496 imaging approach for simultaneous cellular resolution Ca?* imaging of dSPNs and iSPNs in the
497 dorsal striatum of head-fixed mice. B.) Fluorescence traces (min-max normalized AF/F) from
498 dSPNs and iSPNs in a representative field. C.) Schematic of the head-fixed virtual reality setup
499 and linear track task design. D.) Mean AF/F of dSPNs (blue, n = 1551), iSPNs (orange, n =

500 2057), and treadmill velocity (black) from 5 mice and 36 sessions binned by position along the
501 linear track. E.) Mean difference in population AF/F between dSPNs and iSPNs binned by track
502 position. Blue lines indicate bins where dSPN AF/F>iSPN , orange lines iISPN>dSPN (p < 0.05,
503 t-tests on model coefficients, Bonferroni corrected for multiple comparisons). F.) Mean AF/F and
504 velocity as in D, triggered on onsets, offsets, and the peak velocity of locomotion bouts during
505 VR track traversal. G.) Mean difference in population AF/F as in E, triggered on locomotion

506 periods as in F. H.) Mean AF/F of dSPNs (blue, n = 1680), iSPNs (orange, n = 2746), and

507 velocity (black) from 3 mice and 35 sessions for spontaneous locomotion bouts occurring

508 outside of VR, binned by relative bout progress normalized to the distance of each bout. I.) Mean
509 difference in population AF/F between dSPNs and iSPNs (as in E) binned by normalized bout
510 progress outside VR. J.) Mean AF/F and velocity as in H, triggered on onsets, offsets, and the
511 peak velocity of locomotion bouts during spontaneous locomotion bouts outside of VR. K.) Mean
512 difference in population AF/F as in |, triggered on accelerations as in J. Shaded regions in all

513 plots are the 95% confidence intervals of the model coefficients from the linear mixed effect

514 model (see Methods).
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519 Figure 2: Dynamic imbalances originate from a subpopulation of position selective SPNs
520 that collectively tile the linear track environment. A.) Representative dSPNs (top) and

521 iISPNs (bottom) with and without significant track position tuning across trials in a session (see
522 Methods). Color plots are AF/F on each trial, binned by track position, normalized to the max

523 AF/F across all trials. Shaded blue (dSPNs) and orange (iSPNs) regions above the color plots
524 are the mean AF/F for each position. The overlaid gray lines are the mean normalized position
525 binned velocities. B.) Mean AF/F binned by track position for all dASPNs (left) and iSPNs (right)
526 classified as having stable track position tuning across trials (see Methods) normalized by the
527 max AF/F for each neuron. Neurons are sorted by the positions of the maximum AF/F from track
528 start to end. C.) Percent of the total position tuned population of dSPNs (blue) and iSPNs

529 (orange) with a maximum AF/F at each position across the virtual track. D.) Boxplot of median
530 field widths of all position tuned SPNs. Each dot is a single SPN. E.) Mean AF/F of stable,

531 position-tuned dSPNs (blue, n = 590) and iISPNs (orange, n = 687) from 5 mice and 36 sessions
532 binned by position along the linear track. F.) Mean difference in population AF/F between the

533 dSPNs and iSPNs in E binned by track position. Blue lines indicate bins where dSPN AF/F >

534 iISPN , orange lines iISPN>dSPN (p < 0.05, t-tests on model coefficients, Bonferroni corrected for
535 multiple comparisons). G.) Same as E for active neurons without significant position tuning (n =
536 406 dSPNs, and 447 iSPNs). P-values, Wilcoxon rank sum test. Shaded regions in all plots are
537 the 95% confidence intervals of the fitted model coefficients from the linear mixed effect model
538 (see Methods).
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540
541 Figure 3: Subpopulations of position tuned SPNs differ in their sensitivity to

542 environment specific visual input and in their cell-type specific activity imbalances. A.)
543 Top-down images of the two virtual tracks with distinct distal and proximal features. B.) Task

544 schematic (top) and mean velocity (bottom) binned by track position in the two tracks across all
545 mice and sessions (n = 4 mice and 23 sessions). C.) Representative position tuned dSPNs (left)
546 and iSPNs (right) with tuning that is sensitive (top) or insensitive (bottom) to the visual track

547 environment. Color plots are AF/F on each trial, binned by track position, normalized to the

548 maximum AF/F across all trials. Shaded blue (dSPNs) and orange (iISPNs) regions above the
549 color plots are the normalized mean AF/F for each position. Overlaid gray lines are the

550 normalized position binned velocity; solid line is track 1 and dashed line is track 2. D.) Mean AF/F
551 binned by position in each track for all dSPNs (left) and iSPNs (right) classified as having

552 track-sensitive position tuning across trials (see Methods) normalized by the maximum AF/F for
553 each neuron across both tracks. Neurons are sorted by the positions of the mean AF/F peaks
554 from track start to end. Top row plots are sorted by peak position indices in track 1, bottom row,
555 track 2. Only neurons with significant position tuning in track 1 are shown in top and in track 2 on
556 bottom. Note that the organization of peak tuning locations across neurons and relative AF/F

557 magnitudes differ between tracks. E.) Same as D but for neurons with track insensitive position
558 tuning. Note that the organization of peak tuning and AF/F magnitudes are relatively similar

559 between tracks. F.) Mean AF/F of position-tuned, track sensitive dSPNs (blue, n = 132) and

560 iISPNs (orange, n = 260) from 3 mice and 14 sessions binned by position along the linear track
561 (see Methods for inclusion criteria). G.) Mean difference in population AF/F between the dSPNs
562 and iSPNs in F binned by track position. Blue lines indicate bins where dSPN AF/F > iSPN ,

563 orange lines iISPN>dSPN (p < 0.05, t-tests on model coefficients, Bonferroni corrected for

564 multiple comparisons). H-1.) Same as F-G for position-tuned, non-track sensitive dSPNs (blue, n
565 = 183) and iISPNs (orange, n = 205) from 3 mice and 14 sessions. Shaded regions in all plots
566 are the 95% confidence intervals of the fitted model coefficients from the linear mixed effect

567 model (see Methods).

568
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570 Extended Data Figure 1: Additional behavioral measures and activity comparisons in and
571 out of VR. A.) Mean spout licking triggered on reward deliveries at the end of the linear track
572 from one representative session (top left) and across mice (n = 5) and sessions (n = 36)

573 (bottom). Top right is a raster of lick counts on all individual trials for the session at top left. B.)
574 Left: Velocity binned by track position across all trials in two example sessions in two different
575 mice with distinct velocity profiles. Right: Mean velocity binned by track position for the two

576 sessions shown at left. C.) Mean treadmill acceleration binned by track position (top) and

577 locomotion bout progress (bottom) across all sessions in (top, n = 36 sessions) and out

578 (bottom, n = 35 sessions) of VR. D.) Mean AF/F of dSPNs (blue, n = 271), iSPNs (orange, n =
579 358), and treadmill velocity (black) binned by position along the linear track from the 2 mice and
580 12 sessions with corresponding imaging of the same fields outside VR. E.) Mean difference in
581 population AF/F between dSPNs and iSPNs binned by track position for the sessions in D. F.)
582 Mean AF/F of dSPNs (blue, n = 218), iSPNs (orange, n = 293), and treadmill velocity (black) for
583 spontaneous locomotion bouts occurring outside of VR binned by relative bout progress

584 normalized to the distance of each bout from the 2 mice in D (10 sessions) D. G.) Mean

585 difference in population AF/F between dSPNs and iSPNs binned by bout progress for the

586 sessions in F. H.) Top: Mean AF/F binned by velocity for all SPNs imaged in the same sessions
587 in and out of VR. Bottom: Difference in mean AF/F between inside and outside VR for the cells
588 and sessions at top. Asterisks, p < 0.05. I.) Boxplot of the mean AF/F per second during

589 locomotion bouts (see Methods) in VR-on and VR-off sessions for dSPNs (left) and iSPNs

590 (right). Each point is the mean across all neurons in a session, lines connect corresponding

591 sessions with the same imaging field. J.) Boxplot of the percentage of the total dSPNs (left) and
592 iSPNs (right) active only in VR-on or VR-off periods for sessions with the same imaging fields in
593 both as in I. K.) Boxplot of the percentage of the total dSPNs and iSPNs active in both VR-on and
594 VR-off periods as in J. P-values, Wilcoxon rank sum test. Shaded regions, 95% confidence

595 intervals of the model coefficients from the linear mixed effect model (see Methods).

596

597


https://doi.org/10.1101/2024.10.29.620847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.29.620847; this version posted October 30, 2024. The copyright holder for this preprint

was not certified by pe iew) is the aufRor/funder, who has granted bi iv a license to display thE)preprint in perpetuity. It [ made
d@tﬁ?\l §I5?\l avallab 0ul,nder aCC-BY-NC-ND 4.0 In?géatlonal_ﬂcéﬁs@_ 2 E

2 >
=3

Error (cm)
% Sensitive

Position track 1

Correlation (rho)

Correlation (rho)
o

o

=0.0002
1 . 45, === 80
| ¢
; 2 60
: et I 40 I
iy | 20
-1
Track Track Track Track dSPNs

Start Track position End Sensitive  Insensitive Sensitive  Insensitive

m
>

Q
o

p = 1.9e-67

I 0.7, — p=33e-6
)
: '. ¢
; -}
-1 '— 0

Track Track Track Track
Start  Position track 2 End Start  Position track 2 End Start Track position End Sensitive  Insensitive Sensitive  Insensitive

(%]
2
Q
=
N
o

Coy
N

Position track 1
Error (cm)

Correlation (rho
Correlation (rho)
o

m

>

[=%
o

Extended Data Figure 2

iSPNs


https://doi.org/10.1101/2024.10.29.620847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.29.620847; this version posted October 30, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

598 Extended Data Figure 2: Additional comparisons of track sensitive and insensitive

599 neurons. A.) Pairwise correlations (Spearman’s rho) between the mean AF/F at a given track
600 position across all track sensitive (top) and insensitive (bottom) neurons in track 1 and the mean
601 AF/F across the same neurons in track 2. Matrices show correlations between the mean AF/F
602 population vectors for all combinations of track positions. Values along the diagonal (dashed line)
603 are correlations for the same relative positions in tracks 1 and 2, so high correlations indicate
604 similar mean population activity in the two tracks at that position. Red lines indicate the

605 combination of track 1 and 2 positions with the highest correlation. B.) Mean correlations for

606 track sensitive (top) and insensitive (bottom) dSPN (blue) and iSPN (orange) mean AF/F

607 population vectors between the same relative positions in tracks 1 and 2 (the diagonal in A).

608 Correlations were computed for each session at each position then averaged across sessions.
609 C.) Boxplots of the correlations (Spearman’s rho) of position-binned mean AF/F for each neuron
610 (dot) between track 1 and track 2 for all dASPNs (top) and iSPNs (bottom) classified as track

611 sensitive and insensitive. D.) Boxplots of the absolute deviation (error, in cm; red line in A)

612 between the empirical peak correlation position and the expected peak correlation if the activity
613 pattern relative to position was identical in track 1 and track 2 for track sensitive and insensitive
614 dSPNs (top) and iSPNs (bottom). Pairs of connected dots are comparisons of SPNs in the

615 same session. E.) Boxplot of the percent track sensitive dSPNs and iSPNs of the total stable
616 position tuned population for each session. Dots and lines indicate percentages for each

617 session. P-values, Wilcoxon Rank Sum test.
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621 Extended Data Figure 3: Model for the generation of dSPN/iSPN activity imbalances.

622 During stereotyped locomotion through a familiar environment (e.g. the VR track), individual

623 dSPNs and iSPNs (blue and orange dots, respectively) receive excitatory, glutamatergic inputs
624 encoding distinct visual features of the environment at each position, giving rise to the position
625 tuning within specific environments we observed (Figs. 2 and 3 and Extended Data Fig. 2). In
626 addition, position tuned SPNs receive glutamatergic and dopaminergic inputs which signal

627 locomotor kinematics at all positions in the environment. Note that each SPN likely receives

628 different relative levels of position and locomotor input, giving rise to diverse tuning across the
629 population (e.g. some neurons will not be sensitive to visual input, Fig. 3). The visual input at

630 each position onto dSPNs and iSPNs is equivalent, but the synaptic weights (W) of the position
631 inputs onto each SPN differ depending on the locomotion kinematics at each position: dSPN

632 weights > iSPN at positions where animals accelerate or sustain high velocity and iSPN weights
633 < dSPN at positions where animals decelerate. Thus, the relative dSPN/iSPN balance at each
634 position reflects an association of context specific visual input and locomotion kinematics. The
635 asymmetric weights onto dSPNs and iISPNs are produced by the kinematic signal transmitted by
636 the dopaminergic (perhaps in conjunction with the glutamatergic) inputs. Dopamine release

637 bi-directionally modulates synaptic plasticity in SPNs, promoting long term potentiation and

638 depression of dSPN and iSPN synapses respectively**#°. Thus, dopamine fluctuations related to
639 ongoing locomotion kinematics will selectively strengthen or weaken the sensory inputs at each
640 position with repeated stereotyped experience (e.g. animals always slow down at the same track
641 position). When visual inputs are not associated with consistent locomotor kinematics (such as
642 during spontaneous running with VR off, Fig. 1h-i and Extended Data Fig. 1d-g) or if neurons

643 receive only continuous locomotor input, the dSPN/iSPN output is balanced (right panels).

644


https://doi.org/10.1101/2024.10.29.620847
http://creativecommons.org/licenses/by-nc-nd/4.0/

	FeareyTong_Final_NN
	Figures_Final_NN

