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 7 

Summary 8 

The dorsal striatum receives dense and overlapping cortical projections making it an important structure 9 

for sensory integration. However, the degree of input convergence to individual striatal projection 10 

neurons (SPNs) is unclear. To address this issue, we investigated convergence in the vibrissal 11 

corticostriatal projection using an ex vivo functional approach combining laser scanning 12 

photostimulation in the mouse barrel cortex with patch-clamp recordings in the dorsolateral striatum. 13 

We found that the functional innervation of individual SPNs is sparse and specific to each cell, 14 

suggesting that sensory integration occurs at the population level. However, patterns with different 15 

degrees of input convergence were observed. Interestingly,  they are associated with intrinsic behavioral 16 

biases of mice placed in an open field: preference for contralateral tactile input for direct pathway SPNs 17 

and locomotion speed  for indirect pathway SPNs. Altogether, these results suggest that corticostriatal 18 

connections are selectively formed, constraining the convergence of vibrissal input to each SPN and 19 

generating innervation patterns that reflect individual biases in tactile behavior. 20 

 21 

Highlights 22 

● Functional mapping of cortical cells targeting striatal projection neurons  23 

● Projections from barrel cortex to single SPNs are sparse and cell-specific 24 

● Input convergence tuned to the biases of mice when sampling tactile information 25 

● Lateralization in the direct pathway; Velocity in the indirect pathway 26 

 27 



 

 

Introduction 28 

An important feature of models of basal ganglia functions is that cortical inputs are sent through 29 

multiple overlapping channels such that striatal neurons may integrate sensorimotor, cognitive and 30 

limbic signals 1,2. In the dorsal striatum, this diffuse organization of cortical projections has been 31 

supported by anatomical studies showing that, although sensory regions could be delineated, their 32 

boundaries were loose and fibers from different cortical areas overlapped 3–8. Indeed, tracing of 33 

projections from domains in sensory and motor cortex revealed overlaps, the extent of which depended 34 

on the distance between areas and their interconnectivity 3,4,9,10. Functional observations have also 35 

supported the loose topographic organization of corticostriatal projections, describing interspersed 36 

clusters of neurons along a recording electrode placed in the dorsolateral striatum (DLS) that respond to 37 

sensory stimulation or movement of different parts of the body 11–14. However, these studies also 38 

revealed that, counterintuitively, each neuron in the DLS responded to a single body part (e.g., neck or 39 

whiskers or limb…) 11–13,15. These observations suggest an innervation model in which each SPN in the 40 

DLS selectively receives connections from a small region of the somatosensory cortex, despite the 41 

availability of a larger panel of sensory projections. However, the degree of input convergence to 42 

individual cells revealed by electrophysiology may vary depending on whether spiking units or 43 

subthreshold responses are recorded, or whether animals are anesthetized or engaged in a task. Thus, 44 

the extent to which sensory inputs converge on individual SPNs remains unclear. In addition, patterns of 45 

innervation may also be cell specific. Indeed, SPNs are segregated into two pathways, termed direct and 46 

indirect, whose organization allows for differential regulation of basal ganglia output neurons 16–19. It 47 

was previously described that inputs received by the dopamine receptor (DR)-1-expressing SPNs in the 48 

direct pathway are stronger than those received by the DR2-expressing SPNs in the indirect pathway 49 

15,20–23 (neurons are hereafter referred to as D1 and D2 SPNs). Finally, patterns of innervation on SPNs 50 

may differ between individuals to support or adapt to different sensory integration capabilities. Rodents 51 

show individual behavioral biases when exploring a novel environment. First, they are spontaneously 52 

lateralized, preferentially exposing one side of their body and whiskers to sample tactile input as they 53 

move along walls (a behavior called thigmotaxis)16,24. Second, rodents move in an open field with an 54 

individual-specific overall speed (or distance traveled) 25,26. These two features of their behavior, side 55 

preference and velocity, are sensitive to manipulations at the level of the whiskers or barrel cortex, 56 

which alter tactile and egomotion perception, and at the level of the striatum 24,27–33. Based on these 57 

observations, it has been hypothesized that individualities in these behaviors are indicative of variations 58 
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in the properties of sensorimotor integrating circuits. Ultimately, stronger and broader sensory 59 

innervation to individual SPNs may be two of these properties.  60 

To characterize the pattern of the vibrissal corticostriatal projections, we used the functional mapping 61 

technique for brain slices that combined patch-clamp recordings in the DLS with laser scanning 62 

photostimulation (LSPS) for stimulating neurons in the barrel cortex. The locations in the cortex where 63 

LSPS evoke synaptic currents indicate the locations of neurons that are presynaptic to the SPN being 64 

recorded. We found that cortical neurons innervating a SPN are sparse, and sometimes scattered over 65 

large regions of the barrel field. SPNs were innervated by one or a few whisker columns, and shared few 66 

inputs even when they were close together. These findings support the model that sensory integration 67 

occurs primarily at the population level rather than at the level of single cells in the DLS. Overall, D1 and 68 

D2 SPNs had similar innervation. But, by comparing the pattern of SPN innervation with the behavior of 69 

mice during thigmotaxis, we uncovered that D1 SPN vibrissal innervation was enhanced if mice showed 70 

a preference for contralateral tactile inputs. In contrast, the pattern of D2 SPN innervation was related 71 

to the animal velocity, as inputs from spatially distant whisker cortical columns converged on these cells 72 

in animals with faster displacements. 73 

 74 

Results 75 

General organization of the projections from the barrel cortex to the dorsal striatum 76 

To study the spatial organization of the sensory projections onto SPNs functionally, we prepared 77 

corticostriatal slices from Drd1a-tdTomato hemizygous mice (PND 22-43; Fig. 1A and Supplemental Fig. 78 

1A) and recorded Drd1+ and Drd1- SPNs in the DLS in the whole cell voltage–clamp configuration (n = 79 

101 cells, N = 54 mice). Simultaneously, an ultraviolet laser beam was directed at every site of a 29 x 16 80 

pixel grid (2.1 × 1.1 mm), uncaging glutamate over the barrel cortex, exciting cortical neurons, and 81 

revealing glutamatergic cells presynaptic to the recorded SPN (Fig. 1A-B). When glutamate was uncaged 82 

on a cortical neuron innervating the recorded SPN, photo-stimulation elicited short-lived excitatory 83 

postsynaptic currents (EPSCs; < 50 ms duration) (Fig. 1B). We and others have shown that EPSCs are 84 

mono-synaptically evoked in our conditions, because only subthreshold events are elicited 34,35 85 

(Supplemental Fig. 1B). For each cell, a so-called input map was assembled from the responses evoked 86 

at each uncaging site of the LSPS grid (Fig. 1C). Generally, multiple stimulated sites evoked EPSCs in a 87 

SPN. These ''connected sites'' were either adjacent or separated by non-connected sites in the barrel 88 

cortex. 89 
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As previously described 23,36,37, the layer (L) 5a was the principal source of innervations to SPNs in the 90 

dorsal striatum, as ~ 65% of them received input from this layer (Fig. 1D). Responses were elicited less 91 

frequently when stimulations were in L4, L5b, L2/3 and in L6 23,38,39. We tested whether the 92 

depolarizations caused by the uncaging of glutamate over the apical dendrites of L5a cells evoked action 93 

potentials, as this would make the distinction between the stimulation of L4 or L2/3 cells and L5 cells 94 

harder. We found that 50 % of L5a cells fired action potentials when stimulations were at the bottom of 95 

L4, indicating that a fraction of the L4-inputs were in fact due to the activation of L5 pyramidal cells 96 

(Supplemental Fig. 1B,D). In contrast, photo-stimulations in L2/3 never elicited the firing of L5a cells (n = 97 

11; Supplemental Fig. 1B), indicating that the EPSCs evoked by stimulations in these superficial layers all 98 

arise from direct synaptic connections between L2/3 pyramidal cells and SPNs 23,40. EPSCs evoked with 99 

stimulations in L2/3 to L5b had similar amplitudes (Fig. 1E), suggesting that L5a dominated the other 100 

layers through a denser innervation of SPNs principally. However, L6-EPSCs were smaller compared to 101 

L5a-EPSCs (Fig1. E, Kruskal-Wallis, H(4) = 21.09, p = 0.0003; Dunn-Šidák posthoc test, p = 0.0003). 102 

To investigate the organization of the corticostriatal projection along the axis of barrels, we superposed 103 

the SPN input maps all aligned with respect to the same landmarks in the slice (see Methods), and color 104 

coded each site with input in the barrel cortex according to the position of the SPN in the striatum (Fig. 105 

1F). Consistent with previous anatomical studies 3,9,41,42, we found that corticostriatal projections were 106 

topographically organized because SPNs located laterally in the dorsal striatum received synaptic inputs 107 

whose center of mass was in the lateral part of the barrel cortex (Fig. 1F,G; i.e., towards arcs of whisker 108 

columns with larger numbers essentially in this preparation; Supplemental Fig. 1A). This organization 109 

was not as precise as for the intracortical projections 43,44 because two cells in one given region of the 110 

dorsal striatum could receive input with centers of mass ~ 1 mm apart. 111 

Individual SPNs have sparse input and specific innervation patterns 112 

To evaluate the convergence of vibrissal inputs onto single SPNs, we describe clusters of innervation 113 

located on the horizontal axis of the LSPS grid of stimulation, which corresponds to the axis of barrels. 114 

Thus, clusters are defined hereafter as the ensemble of contiguous sites in the input map, collapsed 115 

along its vertical axis, where stimulation evoked EPSCs (Methods). SPNs received inputs from 1 to 6 116 

clusters of cortical cells, 2 on average (Fig. 2A). The median width of the clusters was 150 µm (Fig. 2B), 117 

the width of a single barrel/column in this preparation (~ 100-200 µm). When confined to L5a, one 118 

median size cluster comprised one or few pyramidal cells as each was excited in a zone ~ 100 µm wide 119 

(Fig. 2B; Supplementals Fig.1 D). But the width of some clusters extended over several columns (Fig. 2B). 120 
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SPNs with a single cluster of inputs were occasionally found in the same slice and located nearby other 121 

SPNs with multiple clusters (Fig. 2C). This argued that for the former, the innervation from the portion of 122 

the barrel cortex present in the slice was genuinely low (i.e., not severed), like for the 35 % of SPNs that 123 

lacked any input in these slices. For SPNs with multiple clusters present in the slice, the fields of input, 124 

the spaces encompassing all their clusters, were large up to 1.6 mm, and thus hovered over multiple 125 

whisker cortical columns (Fig. 2D). However, their innervation was parcellated. Indeed clusters of 126 

cortical cells could be hundreds of micrometers apart and ~ 40 % of an input field collapsed along its 127 

vertical axis did not yield any synaptic response when stimulated (Fig. 2E). The amount of innervation 128 

did not increase proportionally with the width of the input field; in other words, the wider the field, the 129 

less dense the innervation (Fig. 2F). Finally, we observed a profound decrease, ~ -75 %, in the amplitude 130 

of the inputs provided by the adjacent clusters compared to the strongest cluster (Fig. 2G). This 131 

indicated that the SPN field of inputs was functionally sharp along the axis of barrels, even for SPNs 132 

innervated by multiple clusters of cells. Altogether, these data support the hypothesis of the discrete 133 

nature of innervation and sensory inputs associated with each SPN. It also reveals a great diversity in the 134 

spatial organization of clusters of cells in the barrel cortex that innervate the striatal cells, leading some 135 

SPNs to integrate a focal representation of cortical whisker columns and others to integrate a larger but 136 

parcellated representation of whisker columns.  137 

The position of clusters, relative to each other in the input field, differed among  SPNs. In particular, 138 

aligning all the input fields to the position of their strongest cluster did not allow the secondary clusters 139 

to be aligned (Fig. 2H). Thus, the projection to SPNs lacked a consistent organization relative to the 140 

arrangement of cortical columns. Within the same animal and slice, neurons shared little input as 60 % 141 

of all pairs had no overlap at all (median, 0 % of their inputs, Fig. 2I). However, input sharing was more 142 

common, 55 % of pairs, when SPNs were separated by 100 µm or less, horizontally (Fig. 2J, in red). These 143 

pairs shared 0 to 38 % of their inputs (median, 4 %). Again, this local organization was not stereotyped, 144 

as it was no longer seen when data from all animals were pooled (Fig. 2J, in black). These results suggest 145 

that the corticostriatal projection allowed SPNs located in close proximity (≤ 100 µm) to still share a 146 

small fraction of their cortical inputs, despite an overall low connectivity rate and the absence of a 147 

clearly defined innervation pattern.  148 



 

 

Sensory projections to D1 and D2 SPNs are similar at the population level 149 

Next, we investigated whether the organization of the projections from the barrel cortex was similar 150 

between neurons in the direct and indirect pathways. Based on previous studies on Drd1a-tdTomato 151 

mice, unlabeled (D1-) SPNs were expressing the D2 type of dopamine receptors exclusively 45–49. In 152 

addition, less than 5 % of all striatal neurons are local interneurons, indicating that the vast majority of 153 

unlabeled neurons in our experiments were D2+ SPNs. As previously found 23, projections to D1 and D2 154 

SPNs were spatially intermingled along the axis of barrels (i.e., medio-lateral axis; Fig. 3A; n = 47 and 54, 155 

cells respectively). The two subtypes received inputs from the same layers, in the same proportions (Fig. 156 

3B). Finally, D1 and D2 SPNs received inputs with similar profiles as shown by their number of clusters 157 

and the sharpness of their input fields (Fig. 3C-G). However, D1/D2 differences were observed in the 158 

strength of projections, in a layer-specific manner. The sum of EPSCs (EPSC∑) evoked in every layer are 159 

compared here so as to make our results comparable to responses evoked with other stimulation 160 

methods. Whereas stimulations in L5a evoked similar EPSC∑ in D1 and D2 cells, differences were found in 161 

layers with a low incidence in the LSPS input maps. Indeed, L2/3-evoked EPSC∑ were stronger in D2 SPNs 162 

(91 ± 36 vs. 23 ± 22 pA,  p = 0.005, Mann-Whitney) whereas L6-evoked EPSC∑ were stronger in D1 SPNs 163 

(37 ± 17 vs. 16 ± 2 pA, p = 0.0076). Altogether, these findings suggest that projections to D1 and D2 SPNs 164 

are globally similar, but that a dichotomy may be found in the properties of their less abundant cortical 165 

afferents.  166 

Different patterns of innervation of the D1 and D2 SPNs correspond to different behavioral biases of 167 

the mice during thigmotaxis  168 

Next, we tested the hypothesis that the patterns of innervation of the D1 and D2 SPNs are linked to the 169 

lateralization and speed of the mice's displacements guided by tactile input, two intrinsic behavioral 170 

biases. Hence, we analyzed the thigmotaxis of each mouse that had been placed in the dark within a 171 

large squared open field (OF) prior to the electrophysiological recordings (Fig. 4A). To evaluate the 172 

mouse eventual preference for tactile information contralateral to the investigated striatum (left 173 

hemisphere), we monitored the body side, left or right (LB and RB hereafter), the mouse exposed to the 174 

walls. As described previously 50, the mice's preference for tactile input from one side of the body was 175 

consistent when their lateralization was tested in two different settings (Supplemental Fig. 2A). Thus, 176 

the lateralization of thigmotaxis in the open field was an intrinsic bias of the mice. We also monitored 177 

the speed of the mice and the changes in speed-mode, high or low 51,52 (> or < 10 cm.sec-1 ; Fig. 4A and 178 

supplemental Fig. 2C,D). As previously described 25,26, the speed at which mice moved along the walls of 179 

the OF was individual-specific and transferable to another environment  (supplemental Fig. 2B). 180 
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The Spearman coefficients of the correlations between these behavioral parameters and key 181 

characteristics of the sensory projection to SPNs were computed to uncover associations and identify 182 

which property of innervations, strength or spatial organization, was involved. This revealed specific 183 

associations for the D1 and D2 subtypes, as indicated by the positions of the significant pairs that 184 

differed in the D1 and D2 matrices (green circles in Fig. 4B; p < 0.0035, 5 % false discovery rate or FDR). 185 

In addition, five of the tested pairs had a significantly different coefficient between D1 and D2 (+ 186 

symbols in Fig. 4B; p < 0.0125 taking the absolute values, 5 % FDR). Thus, the properties of the cortical 187 

projections targeting the two SPN subtypes appeared to be shaped in different manners, significantly 188 

more so than suggested by  the population level analysis.  189 

There was a positive relationship between the mouse propensity to switch to RB wall scanning and the 190 

number of clusters in the barrel cortex innervating D1 SPNs in the contralateral (left) hemisphere  (R = 191 

0.47, p = 0.0021,  5 % FDR, N = 35; Fig. 4C). There was no correlation when the reverse switch to LB wall 192 

scanning was considered (R = 0.08, p > 0.05) and it was degraded if the body side-changes were not 193 

detected reliably (i.e., if a large spatial binning of the OF was used; Supplemental Fig. 2H). These findings 194 

suggest that D1 SPNs received input from additional clusters in the hemisphere contralateral to the 195 

preferred tactile input. Consistent with this, D1 SPNs in the left hemisphere had significantly more 196 

clusters in mice that moved preferentially with their RB exposed to the walls than in other mice, 2 ± 0.3 197 

vs. 1 ± 0.2 (Welch’s t test, p = 0.046, Fig. 4D). Moreover, D1 SPNs without a single input in the slice were 198 

encountered 2 times less frequently in RB biased mice (23 % vs. 45 %; n = 31 and 40 recordings 199 

respectively; only slices with input are included; Fig. 4E). However, the width of the input fields was not 200 

significantly changed (263 ± 117 vs. 500 ± 106 μm, p = 0.18; Fig. 4F). Altogether, these results suggest an 201 

increased innervation of the input fields of D1 SPNs in mice that preferentially guide their displacements 202 

with the contralateral side of the body during the exploration of a novel environment (Fig. 4G). 203 

The electrophysiology/behavior pairs showing a significant correlation in the D2 matrix linked the 204 

density of the input field of D2 SPNs with the mean speed of the mice in the high speed mode (RB side, R 205 

= -0.63, Spearman, p < 0.001, 5 % FDR; Fig. 4B,H) and with the probability that it switched to the high 206 

speed mode (R = -0.53, p = 0.0035, 5 % FDR, N = 34; Fig. 4I). The correlations were negative, as the least 207 

dense D2 SPNs input fields were observed in mice that travel the fastest (Fig. 4H). As described above, 208 

low density was a hallmark of the wide input fields (Fig. 2F). Indeed, D2 SPNs input fields greatly 209 

elongated in “fast mice'', by a factor of 5 from 110 ± 71 to 580 ± 71 μm (p = 0.0042, Mann-Whitney, ≤ vs 210 

> 18 cm.s-1, the mice mean high speed on average; Fig. 4K). Thus, a critical factor of the variability of the 211 



 

 

D2 SPN input fields was how broadly the innervating cortical cells were distributed along the axis of 212 

barrels. The density of the D2 SPN input field was also negatively correlated with the mean high speed 213 

of mice when they were exposing their other body side to walls, ipsilateral to the recording hemisphere 214 

(R = -0.50, p = 0.005; Fig. 4J). Testing different cut-offs for separating the two speed modes revealed that 215 

the density of D2 input fields reflected the mouse preference for a mode of displacement rather than a 216 

preference for mobility or immobility (Supplemental Fig. 2J). Taken together, these results suggest that 217 

in animals that tend to explore the OF slowly, D2 SPNs have a small input field in the barrel cortex (Fig. 218 

4L). In contrast, in animals that tend to run, D2 SPNs have a large but parcellated input field in the barrel 219 

cortex.  220 

 221 

Discussion 222 

We investigated the organization of functional projections originating in the barrel cortex and targeting 223 

projection neurons in the dorsal striatum. We found that cortical neurons innervating one SPN were 224 

sparse, scattered in input fields wide up to 1.6 mm, separated by multiple whisker-columns, and 225 

principally located in L5a. This arrangement for a single sensory modality contrasts with the macroscopic 226 

organization of cortico-striatal projections, which is characterized by a higher degree of convergence. 227 

Here, each SPN had a distinct pattern of innervation from the barrel cortex, albeit with occasional 228 

overlaps for SPNs less than 100 µm apart. Patterns of innervation of SPNs were overall similar in the 229 

direct and indirect pathways. However this similarity was only apparent, and the sensory innervations of 230 

D1 and D2 SPNs were probably shaped according to different constraints, but in relation to the animal’s 231 

spontaneous sensorimotor biases for both.  232 

Sparse sensory innervation of single SPNs 233 

As previously revealed by tracing of corticostriatal projections, the primary source of innervation of SPNs 234 

in this study is the upper part of L5 in the barrel cortex, L5a 23,37,53,54. Also, SPNs are occasionally 235 

innervated by cells located in deeper and superficial layers 23,38,39,55. Given the abundance of cortical 236 

axons in striatum, it has been assumed that a large number of cortical cells innervated each SPN, up to 237 

few thousands if synaptic connections were made promiscuously 56. On the other hand, it has also been 238 

reported that neurons in the DLS fire in response to the stimulation of a single body-part in monkeys 239 

and rodents in vivo, even of a single whisker in some cases 11–13. This finding suggests that each striatal 240 

neuron is in fact innervated by one small subregion of the somatosensory cortex. Consistent with these 241 
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findings, LSPS revealed here that neurons in the barrel cortex innervating a SPN are sparse, as shown by 242 

the number of clusters and the size of evoked EPSCs, averaging 2 and 40 pA respectively. 30 % of SPNs 243 

were innervated by a single whisker cortical column. Based on the small receptive fields of certain SPNs 244 

that were previously observed in vivo  11–13, it is possible that, intriguingly, for some of these SPNs the 245 

inputs detected by LSPS are the only inputs they have from the entire sensory cortex. Furthermore, even 246 

when a SPN was connected by several cortical clusters, a primary cluster could be identified, 247 

characterized by input strength substantially greater than that of the adjacent clusters. This pattern 248 

should also contribute to the sharpness of the receptive fields of SPNs. Altogether, our results suggest 249 

that, indeed, the integration of sensory information from the whisker pad, and perhaps other tactile 250 

organs, largely occurs at the population level of SPNs in the DLS, rather than at the level of  individual 251 

cells. The sparse innervation is in striking contrast to the abundance of cortical axons in the DLS, 252 

suggesting that the sensory corticostriatal synapses are formed in a selective manner. 253 

Specific cortical input to individual SPNs  254 

A peculiar feature of the corticostriatal innervation is the disproportion between the number of cortical 255 

cells projecting to the striatum and the number of striatal cells, thought to be at a ratio of 10 to 1 57. 256 

Based on this ratio and the ultrastructure of the corticostriatal connection, C. Wilson's group concluded 257 

that the probability of an SPN being contacted by a given axon entering the domain of its dendritic 258 

arborization is low, 0.04 - 1.4 %, depending on the model. Hence, the chance that two SPNs are 259 

innervated by the same cortical axon is slim. Accordingly, we found here that the overlaps between LSPS 260 

input maps of different SPNs were scarce. In fact, nearby neurons could have input fields whose center 261 

of mass was 1 mm apart, indicating a loose topographic organization of the projection. This distance, 1 262 

mm, corresponds to the width of cortical cell axonal arbor in the striatum 9,56. Yet, LSPS maps of 2 SPNs 263 

had some overlap if the neurons were within 100 µm of each other, i.e., if their dendritic arbors 264 

overlapped. This was not predicted by the study of the ultrastructure of corticostriatal connections 265 

which posited, on the contrary, that two SPNs had a greater chance to be innervated by the same 266 

cortical cell if their dendrites deployed in different subregions of its axon arbor, as this would enhance 267 

the amount of available axonal boutons 56. We attribute the difference to the fact that in our 268 

experiments neighboring SPNs were probably innervated by different neurons which were colocalized in 269 

the grid of stimulations positioned over the barrel cortex. This may indicate a mechanism by which 270 

neurons in close vicinity in cortex (< 100 µm) grow their axon in the exact same subregion of striatum (< 271 

400 µm). Such a mechanism would permit the emergence of functional clusters in striatum as those 272 

described in vivo 11,13,58–60 and in brain slices 61. In the future, dual recordings could test this hypothesis 273 
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specifically. It has already been shown that in vivo, nearby striatal cells responding to stimulation of the 274 

same part of the body still spiked with different latencies or showed different direction selectivities, 275 

consistent with the hypothesis of separate innervation even when originating from one small region in 276 

the cortex 11,13.  277 

Similarities and specificities in the patterns of projection to SPNs in the direct and indirect pathways 278 

How the inputs to D1 and D2 SPNs influence the differential effects of the direct and indirect pathways 279 

on basal ganglia outputs is unclear. Electrophysiological studies have shown that D1 SPNs exhibit larger 280 

responses than D2 SPNs to whisker deflections 15,20. Also, the optostimulation of cortical efferents in 281 

brain slices showed a bias towards D1 SPNs 21,22. In our study, we had contrasting results. Taking the 282 

projections globally, there was no difference in the innervation of D1 and D2 SPNs, neither in the rate at 283 

which cells were connected, nor in the organization of the projection. The principal layer innervating 284 

SPNs, L5a, delivered inputs of similar strengths to D1 and D2 SPNs. However, layers with lower incidence 285 

in the pattern of innervation showed bias in the amplitude of responses: Stimulations in L2/3 induced 286 

stronger responses in D2 cells whereas stimulations in L6 activated D1 cells more strongly. We have 287 

shown that stimulation in L2/3 activates true L2/3 projection. Similarly, L6-evoked EPSCs could indicate 288 

rare L6 projections to striatum, as these were previously described 38,39.  However, it is also possible that 289 

LSPS at the top of L6 effectively stimulated the proximal dendrites of neurons whose soma was located 290 

at the bottom of L5B. Our results would be consistent with the previous findings that D1 SPNs are more 291 

strongly innervated than D2 SPNs by cortical projection neurons of the pyramidal tract 22, as these are 292 

proportionally more present in deep layer 5 62. The larger L2/3 inputs received by the D2 SPNs is 293 

intriguing because of the role of this layer in higher-order integration processes, such as those activated 294 

during operand sensory discrimination tasks 63–65. Moreover, L2/3 cells activity during the mouse 295 

displacement is distinctive, with a sustained response to ongoing wall touch as opposed to the transient 296 

response observed in L5 66. Further investigation is needed to specifically examine projections from the 297 

upper and lower cortical layers and how they influence the dynamics of sensory integration in the direct 298 

and indirect pathways of the DLS. However, these data illustrate the diversity of paths of sensory 299 

integration involving D1 and D2 SPNs. 300 

  301 
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D1 and D2 patterns of innervation associated with the animal's behavioral biases as they 302 

spontaneously sample tactile input from a novel environment 303 

It is well known that unilateral alterations in striatum provoke lateralized behaviors in rodents 67. The 304 

motor imbalance, that causes the rotation of the animal on itself, has received a lot of attention. 305 

However, it should not be confused with the sensory asymmetry studied here, which was revealed by 306 

the presence of walls to which mice were attracted during spontaneous exploration 68.  As previously 307 

reported 69, there were as many right and left “whiskered” mice in this study. The origin of this intrinsic 308 

lateralization is thought to reside in left/right asymmetries of the dopaminergic system and other 309 

signaling molecules in striatum 67,70, but a lateralized activity was also reported in the barrel cortex upon 310 

bilateral whisker stimulation 71. To our knowledge, we provide the first evidence that different levels of 311 

sensory innervation to the striatum are associated with the preferential use of the contralateral side by 312 

mice for sampling tactile input. The fact that the number of clusters was increased suggests that this 313 

stronger innervation allowed the D1 SPNs to be connected by more cortical columns. Interestingly, this 314 

occurred in the absence of a significant increase in the width of their input fields, suggesting that the 315 

“additional” clusters primarily consolidated the D1 SPN input fields. The variability in the number of 316 

clusters per D1 SPN observed in the mice with a preference for RB inputs was large, with some cells still 317 

receiving inputs from a single cluster in the slice (Fig. 4D). It is possible that these SPNs had more 318 

clusters located along the antero-posterior axis of the brain, i.e., in other slices. In other words, the 319 

number of clusters innervating D1 SPNs may have increased both in the arc and row axis of the whisker 320 

columns of the barrel cortex. Alternatively, the densification of the input fields may only affect a fraction 321 

of the D1 SPNs. 322 

The patterns of innervation of D2 SPNs did not correlate with the lateralization of mice. Instead, we 323 

found that the density of the D2 SPN input field was negatively correlated with the speed of the mice in 324 

the OF, which we could attribute to differences affecting the width of the input fields. Thus, D2 SPN 325 

input fields in fast mice were particularly wide in the axis of the barrel arcs present in the slice, although 326 

they were still parcellated. SPNs are active during spontaneous locomotion 30,58 , but it is still unclear 327 

how this activity is generated. Our results raise the hypothesis that the functions of D2 SPNs are well 328 

supported by circuits in which these cells have large input fields in the barrel cortex, with multiple and 329 

distant arcs of whisker columns. On the rodent snout, arcs of whiskers are arranged on the rostro-caudal 330 

axis, which coincides with the axis of mouse displacements. The observation that the D2 correlation with 331 

speed did not depend on the side of the body exposed to the wall suggests that the relevant tactile 332 

stimuli were not caused by contacts with the wall, but with the floor 31.  Thus, large input fields in the 333 
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axis of barrel arcs may not only allow for more convergence but also for different temporal dynamics in 334 

the integration of tactile inputs during motion. In fact, it has been shown that stimulation moving across 335 

the whisker pad evokes complex neuronal responses in the barrel cortex that may encode spatial 336 

information 72,73. Furthermore, in addition to scanning surfaces, some whiskers and the activity of their 337 

corresponding cortical neurons are also speed detectors 31. Thus, the activity of the vibrissal 338 

corticostriatal projection to SPNs may encode the ego-velocity of the animal. From this perspective, the 339 

correlation found for D2 SPN innervation patterns suggests that mice adapt their speed to their real-340 

time processing capacity.  341 

In conclusion, we found that the vibrissal sensory innervation of  each SPN is sparse and specific, which, 342 

given the abundance of cortical axons in the DLS, argues that the formation of sensory corticostriatal 343 

synapses is selective. Sensory integration necessarily occurs at the population level because individual 344 

SPNs only have a limited representation of the whisker columns. Altogether, our results suggest that the 345 

sensory cortical wiring in the striatum offers great functional flexibility to SPNs, enabling their input to 346 

align with the tactile sampling behavior of mice. 347 

 348 

 349 

Materials and Methods 350 

Animals and ethics 351 

Hemizygous male and female B6.Cg-Tg(Drd1a-tdTomato)6Calak/J mice (postnatal day [PND] 22–43)  352 

were used in accordance with institutional guidelines and the French Ministry of Research 353 

(APAFIS#27242). Mice were ear punched for identification. Mice were housed at constant room 354 

temperature (21° C) and humidity (60 %) and exposed to a reverse light cycle of 12 h light/dark with 355 

food and water available ad libitum. 356 

Brain slices preparation and electrophysiology. 357 

Mice were deeply anesthetized with isoflurane (4 %) prior to cervical dislocation and decapitation. We 358 

prepared corticostriatal slices (350 μm thick) from the brain left hemisphere, based on stereotaxic 359 

coordinates placing the striatal cells 1-2 mm anteriorly to the projection neurons in the barrel cortex 360 

17,18. Parasagittal slices were cut with a 60° angle from the midline and a 10° angle in the dorso-ventral 361 

axis (supplemental Fig. 1A) in a chilled cutting solution containing (in mM): 110 choline chloride, 25 362 

NaHCO3, 25 D-glucose, 11.6 sodium ascorbate, 7 MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, 363 

and 0.5 CaCl2 (Sigma Aldrich). Slices were then transferred to artificial cerebrospinal fluid (ACSF) 364 
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containing (in mM): 127 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 1 MgCl2, 2 CaCl2, and 1.25 NaH2PO4, 365 

aerated with 95% O2/5% CO2. Slices were first incubated at 34 °C for 30 min and then maintained at 366 

room temperature for 20 min prior to use. Slices used for LSPS contained barrels in the L4 of cortex, the 367 

globus pallidus, its external segment (GPe), the internal capsule, the ventral posteromedial nucleus of 368 

thalamus and the anterior hippocampus.  5 to 13 barrels were visible in the slice. 2 rows of barrels may 369 

be superimposed, explaining the largest numbers of barrels (supplemental Fig. 1A). SPNs 50–150 μm 370 

deep in the slice were visualized under infrared and fluorescent lights in a BX61WI microscope 371 

(Olympus) and patched with borosilicate electrodes (3–6 MΩ) and recorded in the voltage-clamp whole-372 

cell configuration using a Multiclamp 700A  amplifier (Axon Instrument, Molecular Devices). The holding 373 

membrane potential was – 80 mV. The intracellular solution contained (in mM) 128 Cs-methylsulfate, 4 374 

MgCl2, 10 HEPES, 1 EGTA, 4 Na2ATP, 0.4 Na2GTP, 10 Na-phosphocreatine, 3 ascorbic acid; pH 7.25; 290-375 

300 mOsm. Cells in L5 and L2/3 of the barrel cortex were recorded in the current-clamp mode, with an 376 

intracellular solution in which Cs-methylsulfate was replaced by K-methylsulfate. All experiments were 377 

performed at room temperature (21°C). 378 

LSPS with glutamate uncaging 379 

LSPS was performed as described previously 19. Recirculating (2 mL/min) ACSF solution contained (in 380 

mM): 0.2 MNI-caged glutamate (Tocris), 0.005 CPP [()-3-(2-carboxypiperazin-4-yl) propyl-1-phosphonic 381 

acid], 4 CaCl2, and 4 MgCl2. Focal photolysis of caged glutamate was accomplished with a 2 ms 20mW 382 

pulse of a pulsed UV (355 nm) laser (DPSS Lasers Inc.) through a 0.16 NA 4 × objective (Olympus). 25 383 

mW laser pulses were used for stimulating cortical neurons in mice older than P30 to maintain their 384 

excitation at a similar level than in younger mice (Supplemental Fig. 1C). The stimulus pattern for 385 

mapping the corticostriatal projections was 464 positions spaced by 75 μm on a 29 × 16 grid (2.1 × 1.1 386 

mm) over barrel cortex. The corticostriatal slice and the LSPS grid were oriented in such a way that layer 387 

5a was laid out horizontally. UV stimuli were applied every 700 ms and their successive positions on the 388 

LSPS grid was such as to maximize the time between stimulations of neighboring sites. 389 

Electrophysiological traces consisted of 100 ms baseline, a 450 ms window followed by a -5 mV / 100 ms 390 

test pulse. A minimum of 2 and up to 4 stimulations were performed at each site at several minutes 391 

intervals. Custom software for instrument control and acquisition 74 was written in Matlab (Mathworks). 392 

At the end of each experiment, a picture of the slice was saved in order to superpose it digitally to other 393 

slices, according to visual landmarks, with Adobe Photoshop (Adobe Inc.). Excitation profiles of 394 

pyramidal neurons were generated under similar conditions except that cells were recorded in current-395 

clamp mode and glutamate was uncaged on a smaller 8 × 8 grid covering their soma and dendrites (50 396 
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μm spacing; 350 × 350 μm; Supplemental Fig. 1B). In a subset of L5a cell recordings, a 8 × 24 grid was 397 

used to stimulate up in L1 (50 μm spacing; Supplemental Fig. 1B). 398 

Analysis of LSPS data 399 

Synaptic input maps of neurons were constructed by taking the peak amplitude of EPSCs detected in a 400 

50 ms time window starting at stimulation onset for each position in the LSPS grid. Measures were 401 

averaged across repetitions of stimulations (2-4). The threshold for EPSC detection was 3 standard 402 

deviations from baseline, or 9.2 ± 0.4 pA. To disambiguate evoked responses from spontaneous activity, 403 

synaptic responses occurring less than 2 times across repetitions of maps were set to zero. Averaged 404 

maps were superposed taking L5a as reference in the vertical axis and the junction of the GPe, dorsal 405 

striatum and internal capsule as reference in the horizontal axis (Refhor). In order to detect clusters and 406 

the center of mass of inputs in the LSPS map, we used the binary version of the map reporting the 407 

location of connected and non-connected sites (i.e., yielding EPSCs or none in the recorded SPN) and 408 

stacked it along its vertical axis. A cluster of inputs comprised 1 or more consecutive connected sites in 409 

the stacked map that was framed by 1 or more non-connected sites. Thus, a cluster here may include 410 

connected sites that were not adjacent on the vertical axis in the original map, and may combine 411 

synaptic inputs from different layers. The input center of mass in the horizontal axis was computed as : Σ 412 

(connected sites × lateral distances from Refhor)/Σ (connected sites). Traces from current clamp 413 

recordings were analyzed in a 50 ms time window at stimulus onset to count the number of action 414 

potentials (APs) elicited upon glutamate uncaging at every site and in the entire stimulation grid. Non 415 

parametric statistical tests were used. Everywhere n is the number of cells and N the number of mice. 416 

Spontaneous locomotion behavior 417 

Prior to electrophysiology experiments, mice were placed in an open field (OF; 70 x 80 cm) inside a 418 

wooden chamber illuminated with red LEDs. The position of their body center of mass was tracked 419 

during 20 min at 20 Hz by a DMK 23UMO21 camera (Imaging Source) and Labview (National 420 

Instruments) and their displacements were analyzed in Matlab. In the analysis, the border of the OF was 421 

divided in 20 zones (11 cm) 75,76 and the side of the body that mice exposed to the walls, left or right (LB 422 

and RB), their speed, and speed-mode (low, < 10 cm.sec-1; high, ≥ 10 cm.sec-1) 51,52  were analyzed at 423 

each visit of a zone. Speed was the distance traveled inside a zone divided by the time spent in that 424 

zone. This allowed computing probabilities (p.) of changing body side or speed mode during thigmotaxis 425 

74
. Precisely, the monitored  parameters were: P. switch to fast mode, RB  is p. of switching from the low 426 

to the high speed mode, during RB thigmotactic scanning; Mean high speed, RB is averaged speed in 427 
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zones where mice were in high speed mode, during RB thigmotactic scanning; P. turn to RB scan is p. of 428 

switching from LB to RB thigmotactic scanning; P. RB scan is p. of thigmotactic scanning with the RB. 429 

Electrophysiology/Behavior correlation matrices  430 

A correlation matrix was assembled from the Spearman correlation coefficients of 20 431 

electrophysiology/behavior pairs for D1 SPNs and D2 SPNs. The electrophysiological parameters of each 432 

cell were: Input field width is the horizontal length in cortex containing all sites that evoked an EPSC; 433 

Clusters is number of clusters; ClustI input is the sum of EPSCs evoked by stimulation in the strongest 434 

cluster;  Connected sites is the total number of sites where stimulation evoked an EPSC; Input field 435 

density is the [connected sites / input field width] ratio. Electrophysiological parameters were averaged 436 

if more than one SPN of the same pathway (D1 or D2) were obtained per animal. This concerned 10 out 437 

of 35 mice for the D1 SPN data set and 14 out of 34 mice for the D2 SPN data set (2 to 3 cells per mice). 438 

Variables were ordered according to hierarchical clustering  in the correlation matrices (Ward’s linkage 439 

method, Supplemental Fig. 2F).  440 

To detect pairs of electrophysiological/behavioral variables in the D1 or D2 matrix of correlations that 441 

were statistically significant, 3000 surrogates were generated by associating each set (i.e., from one 442 

mouse) of electrophysiological data with a set of behavioral data picked randomly from the pool of D1 443 

or D2 data, without replacement. The Spearman correlation coefficient (R, Fisher transformed) of an 444 

electrophysiology/behavior pair was considered significant if it was outside the 95 % confidence interval 445 

of the R of surrogate pairs. False discovery rates (FDR) were computed for each 446 

electrophysiology/behavior pair according to the procedure of Benjamini-Hochberg for multiple testing. 447 

For testing the differences between the absolute values of the correlation coefficients of D1 and D2 448 

pairs (Δ|R| = |R|D1-|R|D2); R Fisher transformed), surrogate pairs were made from the random pick of 449 

electrophysiological and behavioral data set, half from the D1 data, the other half from the D2 data, 450 

with replacement. We tested whether the actual Δ|R| was outside the 95 % confidence interval of the 451 

Δ|R| of surrogate pairs. The FDR were computed according to the procedure of Benjamini-Hochberg.  452 

 453 
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Figure 1. Map of the functional projections from barrel cortex to single SPNs. 

A. Montage of a corticostriatal slice (left) and layout of the experiment (right). A SPN was recorded in the 

dorsolateral striatum while cortical neurons were photostimulated with LSPS. The grid of LSPS (blue) was 

postionned on the barrel cortex. GPe, globuls pallidus, external segment; IC, internal capsule; hipp. , 

hippocampus.  

B. Example EPSCs recorded in two SPNs. Responses were evoked by the photorelease of glutamate at the 

sites indicated by letters a-c in the maps shown in C. Two repetitions are superposed (black and gray). 

Stimulus onsets are indicated by the vertical dashed lines (2 ms duration). 

C. Examples of synaptic input maps for individual SPNs showing one or four clusters of input (cell 1 and 2, 

respectively). Each pixel of color indicates the peak amplitude of EPSCs detected within a 50 ms window 

after the stimulus onset. The different cortical layers are represented by solid white vertical lines on the 

left side of the map. Traces corresponding to the zones indicated by letters are shown in B.  

D. Contribution of each cortical layer to the SPN innervation (n =101 cells, N = 54 mice). The 16 rows of 

the grid correspond to different cortical layers (Layer 2/3: 1-6; L4: 7-9; L5a: 10; L5b: 11-13; L6: 14-16). 

The horizontal dashed lines show the L5A borders. 

E. Amplitude of SPN largest EPSCs as a function of their laminar origin. Median (red) and 25-75th 

percentiles (boxes). * indicates significant difference (Kruskal-Wallis p = 0.0003, Dunn-Sidak posthoc test, 

p = 0.0003). 

F. Overlay of the sites in barrel cortex where stimulations evoked EPSCs in SPNs. The shades of magenda 

indicate the position of the SPNs (grey circles) along the medio-lateral axis in dorsal striatum (axis at the 

bottom, 0 is Refhor in the Methods; n = 101, N = 54). Light shades are for lateral cells. Sites in orange and 

green are the input fields of the two cells shown in B,C. 

G. Position of the sites in cortex innervating SPN  as a function of the SPN position in striatum. Zero on 

the x and y axis is the position of the vertical dashed line shown in F. Regression, R = 0.58 (n = 101, N = 

54). The orange and green symbols are the two cells shown in B,C. 

 

Figure 2. Excitatory neurons connecting individual SPNs are sparse and specific 

A. Fraction of cells receiving inputs from 1 to 6 clusters of projections in barrel cortex. n = 101 cells, N = 

54 mice. Clusters are defined as the ensemble of contiguous sites in the input map, collapsed along its 

vertical axis, whose stimulation evoked EPSCs. 

B. Width of clusters of inputs, all cells combined. In inset, the width of clusters located in L5a. Median 

(red) and 25-75th percentiles (box). 192 clusters. 

C. Left, Number of clusters of input in barrel cortex per SPN. Each dot is a cell, each line a slice. Only 

experiments with ≥ 2 recordings with input are shown. Right, three example slices with 3 or 4 recordings. 

The polygones are the stimulation sites evoking EPSCs, the boxes on top are the clusters generated from 

the collapsed input maps, the circles at the bottom the position of the SPNs on the horizontal axis. 

Recordings are color coded. 

D. Width of the input field of SPNs in the barrel cortex (n = 101, N = 54). 

E. Fraction of the input field, collapsed along its vertical axis, where stimulations evoked EPSCs in SPNs. 

Median (red) and 25-75th percentiles (box) 

F. Fraction of the input field where stimulations evoked EPSCs in SPNs, as a function of the width of the 

input field. The input fields were not collapsed along the vertical axis here. 



G. Sum of EPSCs when secondary adjacent (Adj.) clusters of projections were stimulated, relative to the 

the principal cluster EPSCs. 55 cells with ≥ 2 clusters are shown in inset. 

H. Fraction of cells receiving inputs when stimulations were performed at various distances from their 

peak response in the input map. 

I. Fraction of pairs of cells with 0 to 40 % overlap in their input maps. Cells in the pairs were in the same 

slice. In inset, the median (red) and 25-75th percentiles (box) of overlap across pairs. 70 pairs in 28 slices 

J. Overlap in the input maps (symbols) and fraction of pairs with overlap in their input maps (stairs) for 

recordings performed in the same slice (red) or different slices (black and gray) as a function of the 

horizontal distance separating the cells in the pairs. 

 

Figure 3. Strong similarities in the input fields of D1 and D2 SPN at the population level with some 

layer specificities.  

A. Top, overlays of the sites in barrel cortex where stimulations evoked EPSCs in SPNs. The shades of red 

indicate the position of the D1 SPNs, and the shades of blue the position of the D2 SPNs along the medio-

lateral axis in dorsal striatum. Light shades are for lateral cells. Bottom, position of the sites in cortex 

innervating each SPN  as a function of the SPN position in dorsal striatum. R = 0.58 (D1, n = 47, N = 36) 

and 0.62 (D2, n = 54, N = 37). 

B. Contribution of each cortical layer to the D1 SPN (red) and D2 SPN (blue) innervation. 

C. Number of clusters in the input field of D1 and D2 SPNs. Median (thick line) and 25-75th percentiles 

(box) 

D. Width of the input field of the D1 and D2 SPNs in the barrel cortex.  

E. Amplitude of the sum EPSCs of D1 and D2 SPNs. Outliers were not shown for clarity (1 D1, 2 D2, 1.2-

1.5 nA) 

F. Top, Amplitude of the D1 and D2 SPN sum of EPSCs as a function of their laminar origin. Cells without 

inputs are not included. Outliers were not shown for clarity (3 D1, 2 D2, 350-700 pA). Bottom, fraction of 

cells with input for different laminar origins.  

G. Sum of EPSCs evoked in D1 and D2 SPN when secondary adjacent (adj.) clusters of projections were 

stimulated, relative to the principal cluster EPSCs. Cells with ≥ 2 clusters; D1, n = 24; D2, n = 31. 

 

Figure 4. The properties of D1 and D2 SPN input fields in barrel cortex vary in relation to the intrinsic 

behavioral biases of mice. 

A. Traces, trajectories of mice in an open field, placed in the dark (13 are shown, 5 min). The side of the 

body, right or left, that mice exposed to the walls during thigmotaxis was tracked (RB and LB scanning) 

along with its speed mode. Traces in green, trajectories in the low speed mode (< 10 cm s-1). In orange, 

trajectories in the high speed mode (> 10 cm.s-1). All analysis were performed on the mouse trajectories 

by the border of the open field. 

B. Matrices of Spearman correlation coefficients describing the relationships between properties of the 

D1 (left, N = 35) and D2 (right, N = 34) SPN input fields (lines) and features of thigmotaxis (columns). The 

green contours indicate the significant correlations with a false discovery rate (FDR) < 5 %. +, correlations 

signficantly different between D1 and D2, taking the absolute values of coefficients, with a FDR < 5%.  

C. Relationship for the significant electrophysiology/behavior pair obtained with the D1 data set. Each 

point corresponds to a mouse.  



D. Number of clusters innervating D1 SPNs as a function of the animal bias towards LB or RB scanning. *, 

D1 SPNs of mice with p. RB scanning ≥ 0.5 had significantly more clusters of inputs (p = 0.046, Welch’s t-

test). 

E. % of recorded D1 SPNs without input in the barrel cortex (only cells from slices in which inputs were 

found are included). n = 31 and 41 cells for LB and RB biased mice. 

F. D1 SPN input fields are not significantly larger in the barrel cortex of mice with p. RB scanning ≥ 0.50 (p 

= 0.18, Mann-Whitney) . 

G. Superposed input fields (red shaded boxes) of D1 SPNs in right body-sided (top, p. RB scanning ≥ 0.51) 

and left body-sided mice (bottom, p. RB scan. ≤ 0.49). 16 cells each condition. The polygones indicate the 

location of the connected cortical cells; the circles at the bottom, the location of the SPNs in striatum. 

H, I. Relationship for the two significant electrophysiology/behavior pairs obtained with the D2 data set. 

In blue, the correlation fit assuming a linear relationship between input field density and mean high 

speed during RB thigmotaxis (Pearson R = -0.59). 

J. D2 SPN input field density as a function of the mean high speed of mice during LB thigmotaxis (i.e. 

when the ipsilateral body-side was exposed to walls). In blue, the correlation fit assuming a linear 

relationship (Pearson R = -0.46). 

K. D2 SPN input fields are significantly larger in the barrel cortex of mice with a mean high speed > 18 

cm/sec (18 is all mice median value; p = 0.0042, Mann-Whitney) . 

L. Left, Superposed input fields (blue shaded boxes) of D2 SPNs in mice running in the OF (top, mean high 

speed > 20 cm.sec-1) and in mice exploring the OF slowly  (bottom, mean high speed ≤ 18 cm.sec-1). 18 

cells each condition. The polygones indicate the location of the connected cortical cells; the circles at the 

bottom, the location of the SPNs in striatum. Right, the input fields are aligned horizontally on their right 

extremity. 
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Supplemental Fig. 1 . Experimental conditions 

A. Left, the corticostriatal slice generated from the Allen mouse brain reference atlas by the CutNII 

custom-angle slice visualization tool (G. Csucs). bf, barrel field. str, striatum. VPL, ventral posterolateral 

thalamic nucleus. VPM, ventral posteromedial thalamic nucleus. GPe, globus pallidus, external segment. 

Center, the section angles illustrated on a horizontal and longitudinal sections of the brain. Right, the 

section angle with respect to the orientations of the arcs and rows in the barrel field of the left 

hemisphere (Allen mouse brain atlas). 

B. Excitation of two L5a pyramidal neurons evoked by LSPS. Glutamate was uncaged on a 8 x 8 (left) or 

on a 24 x 8 (right) - 50µm spacing grid while APs evoked in the cortical neuron positionned at the center 

of the grid (white triangle) was recorded in current-clamp mode, at the cell resting membrane potential. 

Traces with an action potential are in red. 

C. Total number of APs evoked in the stimulation grid for L5 (left) and L2/3 (right) pyramidal cells in 

juvenile (juv, P22-30) and adolescent (ado, P31-41) mice. A higher stimulation intensity was used for 

stimulating the cortex in adolescent mice (25 mW instead of the standard -std - intensity, 20 mW), so 

that the total number of APs matched between the two age groups. L5, juv: number of cells, n = 22, 

number of mice, N = 9 ; ado std: n = 22, N = 13; ado high: n = 8, N = 5; L2/3, juv: n=16, N=3; ado std and 

high n = 10, N = 2; * indicates p < 0.001, Mann-Whitney.  

D. Vertical (left) and horizontal (right) excitation profile of L5 pyramidal cells, in juveniles and 

adolescents combined (20 and 25 mW stimulation, respectively). Evoked APs were summed along each 

column (left) or each line (right) of the LSPS grid. Solid line, median. In gray, 25-75th percentiles. n=30, N 

= 14. 

 

Supplemental Fig. 2 Behavioral parameters 

A. Left, the lateralization indices of mice tested in two configurations are correlated. The sensory bias of 

the mice was assessed in a second task for 10 minutes in which they spontaneously cross a hole in a 

plate. The mouse was in the dark. It jumped to the edge of the hole (6 cm diameter, 3 cm high), scanned 

its contours, the outer surface of the plate, and the floor with their face and whiskers, and then stepped 

down. Created with BioRender.com. The center of mass of the mouse was tracked as it exited the hole. 

Purple traces, a mouse’s trajectories when exiting to the RB side. Black traces, its trajectories when 

exiting to the LB side. Light gray traces, other trajectories before and after exiting the hole. Mice could 

enter the hole from either side, traces were realigned for clarity. Scale bar, 2 cm. Bottom inset, the 

trajectories aligned to the position of the mouse before it steps down. Right, the rate at which they 

chose to exit to their RB side is compared to their preferrence for the RB side during thigmotaxis in the 

open field (N = 11). Dashed line, identity line. Blue line, the fit with an intercept at 0. 

B. The mean speeds of mice during thigmotaxis in two environments were correlated. Y axis, the mean 

speed of mice in a circular arena (30 cm diameter arena with a center rod). X axis, the mean speed of 

mice in the OF of the study. Mice were first tested in the OF (N = 61). Dashed line, identity line. Blue line, 

the fit with an intercept at 0. 

C. Left, A bi-phasic distribution of speeds was observed in all mice (N = 78), from the fastest to the 

slowest (~15 per group), except for the slowest (blue). Fastest mice were more often in the high-speed 

mode and were on average faster in this mode compared to other mice. Dashed line, the cut-off 

between speed modes.  



D. Tortuosity index of the trajectories inside the zones of OF, in low (green) and high speed (orange) 

mode. The tortuosity index is the actual distance traveled inside a zone over the optimal distance ratio -

1. Median (thick line) and 25-75th percentiles (box). Trajectories in corners were excluded. N = 78. Traces 

on the right are examples of these trajectories, aligned to one extremity (+). The mouse trajectories were 

in straight lines in the high speed mode and meandering in the low speed mode. 

E. The high speed mode (orange) was dominant everywhere except in corners. The low speed mode 

(green) was seen at similar frequencies across the OF. 

F. The mice differed in their propensity to be in the high-speed mode, but we could not link this to their 

anxiety level because they spent similar amounts of time in the center of the OF. Symbols, total time 

spent in the center of the OF as a function of the mouse average speed during the session. Thick line, 

median and box, 25-75th percentiles. 

G. Cross-correlation matrix for the behavioral variables (left) and electrophysiological variables (right). At 

the bottom, the hierarchical dendritic trees. 

H. Impact of spatial binning of the strip along the open field border and the detection of body side-

changes. Increasing the size of the zones up to 28 cm linearly increased the measure of the probability 

that mice switched from LB to RB side while scanning the wall (right). This is expected because the 

probability that any zone contained a u-turn increased then. The measure reached a plateau when the 

size of zones exceeded the average length of the mice continuous runs ~ 50 cm (i.e. w/o change of 

direction; blue vertical line; 25-75th percentiles in cyan). Hence, a spatial binning of the OF border with 

zones 7 to 28 cm long was suitable for realiably detecting body side changes whereas longer zones led to 

an underestimation of the frequency of these changes as the probability of a zone containing more than 

one such event increased. White symbols, the size of the zones in the study, 11 cm. 

I. The Spearman correlation coefficient for the D1 electrophysiology/behavior pair obtained with 

different spatial binnings of the OF (see G). Dashed line, the binning in the study. The correlation 

between the number of clusters in the D1 SPN input fields and the probability of a mouse switching from 

the LB to the RB side during thigmotaxis was stable for several spatial binnings, but decreased when the 

size of the zones exceeded the length of a continuous run (blue vertical line ~50 cm; 25-75th percentiles 

in cyan), i.e. when they were too long to detect all changes of body side. 

J.Distributions of the speeds measured at each visit of a zone by the OF border for three different spatial 

binnings. In black, the distribution of the mouse speed with zones 11 cm long used for the rest of the 

study. Zones 11 or 14 cm long yielded a bi-phasic distribution of speeds. Longer zones (28 cm, light gray) 

did not allow the two-speed modes to be distinguished. 

K. The Pearson correlation coefficients for two D2 electrophysiology/behavior pairs obtained with 

different cut-offs between the low and high speed modes. In dash, the cut-off in the study. 
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