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Manipulation of striatal population dynamics

using temperature warps judgment of time

One Sentence Summary: Manipulation of striatal population speed by temperature

controls the speed of a latent timing process without affecting movement timing.
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Abstract: Time is critical for brain function, yet its neural bases are poorly understood. One
prominent hypothesis posits that networks of neurons intrinsically support timing function because
time is implicit in the state of neuronal population activity as it evolves along reproducible
trajectories in the space of possible firing patterns. We tested this hypothesis in the striatum, an
input area of the basal ganglia, by using temperature to manipulate population activity and

measuring the behavioral impact on rats performing categorical time judgments. Cooler
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temperatures caused dilation, and warmer temperatures contraction, of both neural activity and
the pattern of judgments in time. In contrast, temperature did not cause consistent effects on low
level timing of movements. These data demonstrate that the time-course of evolving striatal
population activity dictates the speed of a latent timing process, operating above the lower levels

in a hierarchy of behavioral control.
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INTRODUCTION

Much of behavior is dependent on the ability to estimate the passage of time. Humans
and other animals must extract temporal structure from the environment to learn to anticipate
events, to understand relationships between actions and consequences, and use estimates of
time to plan and properly time action. For tasks as varied as waiting at a stoplight to a
hummingbird foraging for nectar, time is fundamental. However, the neural substrates of

timekeeping are poorly understood.

Timing mechanisms appear to be distributed across the nervous system, reflecting the
importance of time information for much of brain function (1, 2). However, one common
requirement among diverse time dependent functions is the need to create an index for time,
ordering and spacing information along the temporal dimension such that useful relations can be
extracted and outputs appropriately coordinated. On the scale of seconds to minutes at which
much of behavior unfolds, neuronal population dynamics represent a candidate means of both
encoding and producing temporal patterns. Artificial neural network models have explored
evolving population activity as a basis for timing sensory events (3) and timed movements (4).
And correlations between behavior and the time-course of neuronal population activity have lent
further support to the hypothesis that time-varying patterns of neural activity within a population
perform temporal computations (5-8). One critical prediction of these “population clock”
hypotheses is that experimental slowing or speeding of population activity should lead to a
corresponding dilation or contraction of the temporal functions performed by the population. Here,
we test this prediction by using focal temperature manipulations to experimentally speed or slow

neuronal population dynamics as rats judge intervals of time.
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One brain system where time information appears to be critical is the basal ganglia (BG),
an evolutionary ancient set of brain structures thought to contribute to appropriate action selection
based on experience. A dominant view holds that the BG embed core features of algorithms
similar to those found in computational models of reinforcement learning (RL) (9). In mammals,
inputs from a diverse set of territories in cortex, thalamus, and limbic brain structures convey
information about the state of the world that converges with dense dopaminergic input in the major
input area of the BG, the striatum. The input from dopamine neurons is thought to teach striatal
circuits about the value and risks of taking particular actions in a given state, information that can
ultimately be conveyed to downstream brainstem and thalamo-cortical motor circuits to bias
selection or otherwise specify features of actions. To accomplish such a function, the BG would
need access to knowledge about ordering and spacing along the temporal dimension both to
extract meaningful relations between the environment, actions and outcomes that drive learning
(10, 11), and to coordinate the production of actions in time (12, 13). Interestingly, data from
people with BG disorders (14, 15) and human fMRI (16, 17) have consistently identified the BG
as being involved in timing behavior. In addition, lesions and pharmacological manipulations of
the striatum can cause deficits in temporal estimation and reproduction (18, 19). Lastly, recordings
from striatal populations have demonstrated that time information can be readily decoded from
neural activity, and this information correlates with variability in timing behavior (7, 20-23).
Specifically, the state of striatal population activity continuously changes along reproducible
trajectories during behavioral tasks that require time estimation, advancing more quickly when
animals produce behavior consistent with longer time estimates, and more slowly when they

produce behavior consistent with shorter time estimates (4, 7, 19, 23).

To test whether variability in the speed of BG population dynamics merely correlates with

or directly regulates timing judgments, we sought to experimentally manipulate BG population
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78 dynamics as animals reported temporal judgments. Interestingly, despite being composed of
79  elements with differing temperature dependencies (24), neural circuits can produce patterns of
80 activity that systematically slow down or speed up with decreasing or increasing temperature
81  within some range around their normal operating point (25, 26). For this reason, temperature
82  manipulations may be used to test hypotheses regarding the relationship between the speed of
83  neural dynamics and function. Indeed temperature manipulations in the zebra finch have been
84  used to identify area HVC as a locus within the song production circuit that contributes to the
85 temporal patterning of bird song (27). Similar temperature manipulations in humans have
86 identified a subregion of speech motor cortex that regulates the speed of speech (28), and a
87  region of rodent medial frontal cortex that controls the timing of a delayed movement (29). Here,
88  we used a custom thermoelectric cooling (TEC) device to systematically vary the temperature of
89  striatal tissue, both warming and cooling relative to a baseline condition. We observed
90 bidirectional and dose-dependent changes in animals’ timing judgments, with warmer (cooler)
91 temperatures leading to relative overestimation (underestimation) of duration. To assess how
92 temperature manipulations altered neural population activity absent potential behavioral
93 confounds, we manipulated the temperature of striatal tissue while recording optogenetically
94  induced population dynamics under anesthesia. We found that temperature caused a bidirectional
95 and dose-dependent change in the time-course of neural population activity, resulting in
96  systematic changes in the encoding of temporal information consistent with the observed effects
97 on behavior. Together, these findings demonstrate that dynamics involving populations of BG
98 neurons can control the temporal scaling of decision variables that are used to guide judgments
99  of duration, providing insight into how the BG may extract temporal information from the

100 environment and use it to coordinate behavior.
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m RESULTS

102 We trained rats to report intervals of time as either shorter or longer than a 1.5-s category
103  boundary (Fig. 1A, B, C). Briefly, rats were placed in a rectangular behavioral box with three nose
104  ports positioned at head level along one wall (Fig. 1A). Trials began with an auditory tone
105 triggered by the subjects’ entry into the central “initiation” nose port. After an interval of silence
106  during which animals were required to maintain their snout positioned in the central port, a brief
107  second tone was delivered. This second tone acted both as stimulus offset, defining the duration
108 of the interval animals were asked to judge, and a “go” cue, freeing animals to report their choice
109 at one of two equidistant ports on either side of the initiation port. Choices reported at one of the
110 lateral noseports following short stimuli (<1.5 s) and at the opposite lateral noseport after long
111  stimuli (>1.5 s) were defined as “correct” and resulted in delivery of a water reward at the choice
112  port. “Incorrect” choices and premature departures from the central port before second tone
113  delivery were punished with an error tone and a time penalty added to the inter-trial-onset interval
114  (Fig. 1A). We defined reaction and movement times as the latency to depart from the initiation
115 port after the second tone, and the time between leaving the initiation port and entering a choice
116  port, respectively. The task thus provided a quantitative readout of a timing judgment, quantified
117  as the probability of making a long choice as a function of interval duration, as well as metrics
118 reflecting low-level motor function such as the latency to respond to a go cue, and the speed with
119  which animals moved to report their choices.

120

121 Previously, we found that trial to trial variability in the speed of striatal dynamics correlated
122 with variability in rats’ timing judgments in this task, with slower dynamics during interval
123  presentation predicting “short judgments”, and faster dynamics predicting “long judgments” (23).

124  If these dynamics were capable of directly driving temporal judgments, manipulating their speed
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125 should cause systematic changes in animals’ choices. Temperature has been shown in multiple
126  systems to alter the speed of neural population activity while maintaining the general pattern (25,
127  26). Thus, we experimentally manipulated the temperature of striatal tissue and examined effects
128 on animals’ behavior. First, we developed a thermoelectric cooling (TEC) device (30) (Fig. 1D)
129 based on the Peltier effect and used it to achieve closed-loop control over the temperature of
130 silver metal probes implanted in brain tissue. To characterize the spatio-temporal profile of
131 temperature changes in the brain, we measured temperature at different distances from the tip of
132 a probe implanted in dorso-central striatum (DCS), setting our TEC device to a control
133 temperature approximating normal body temperature, one warm condition or two levels of cooling
134  (Fig. 1E). Throughout all experiments in the study, we applied temperature manipulations using
135 acommon block design of control-manipulation-control with transitions occurring at three-minute
136 intervals (Fig. 1F). Manipulation temperatures were drawn at random and without replacement
137 from the aforementioned set until its exhaustion, at which point the set was replenished and the
138 sampling process resumed. We found that temperature in the brain tracked block changes,
139 reaching asymptote within ~60 s of transitions, and that temperature changes fell off to minimal
140 levels within 6.0 mm of the probe tip (Fig. 1E). This in vivo characterization of the implant
141  confirmed that temperature manipulations were localized to striatal tissue and that manipulation
142  blocks of three minute duration would allow for assessing effects of striatal temperature on
143  behavior.

144

145 We next chronically implanted six rats previously trained in the interval discrimination task
146  (Fig. 1B, C) targeting the probe tips of the TEC device to DCS (Fig. 1D, Fig. S1). In advance of
147  temperature manipulations, rats’ performance was virtually perfect for easy stimuli, progressively
148 more variable as stimuli approached the categorical boundary and was well described by a
149  sigmoidal psychometric function with a threshold matching the experimentally imposed decision

150 threshold of 1.5 s (Fig. 1B). Strikingly, at the onset of temperature manipulations, all six animals
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151 exhibited bidirectional and monotonic changes in their discrimination behavior as a function of
152  temperature: rats were less likely to report long judgments during cooling blocks, and more likely
153 to report long judgments during warm blocks, particularly for intervals nearer to the 1.5-s
154  categorical boundary (Fig. 2A, B). Importantly, the larger the magnitude of the cooling
155  manipulation, the larger the change in choice behavior (Fig 2C). The systematic changes in the
156 animals judgments caused by temperature was best described by shifts in the threshold
157  parameter of the psychometric curve (top inset Fig. 2A) - the stimulus duration at which the
158 sigmoid crosses 50% probability of the animal making either a long or short choice (see methods).
159  Thresholds tracked differences between control and manipulation temperatures in both sign and
160  magnitude for all individual animals (Fig. 2B, C). These data were consistent with data collected
161 using an earlier version of the implant capable of producing only a single cooling temperature
162 (inset Fig. 2B, Fig. S2). Additionally, the circuit mechanism underlying the behavioral effects of
163 temperature did not seem to involve overlying primary motor cortex (M1), through which the
164 insulated portion of the probes passed, because direct manipulation of M1 temperature in an
165 additional set of four rats produced significantly smaller effects on choice behavior (Fig. 2C, Fig.
166  S3), consistent with volume conduction of cortical temperature manipulations to the striatum.
167  Thus, striatal temperature manipulations caused highly reproducible, parametric variation in a

168 decision variable used by rats to guide duration judgments during the task.

169

170 What can these results tell us about the nature of the specific functions supported by
171  striatal circuits? Animals often develop stereotyped patterns of movement that correlate with
172  behavioral readouts of timing (31-33). Such observations have led to the hypothesis that animals
173  may offload timing function onto motor systems in a form of embodied cognition. Given such
174  hypotheses and the involvement of the BG in movement, we hypothesized that if temperature

175 manipulations in the striatum affected timing judgments, they might similarly impact low level


https://paperpile.com/c/27FesR/LwQI+2vay+hLI9
https://paperpile.com/c/27FesR/LwQI+2vay+hLI9
https://paperpile.com/c/27FesR/LwQI+2vay+hLI9
https://paperpile.com/c/27FesR/LwQI+2vay+hLI9
https://paperpile.com/c/27FesR/LwQI+2vay+hLI9
https://doi.org/10.1101/2020.08.24.251827

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.24.251827; this version posted August 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

176 features of movement. To assess this, we measured animals’ time to react to the interval go cue,
177  and the time taken to move to the choice port. Reaction and movement times integrate information
178 about decision uncertainty (34) and temporal expectation of interval offset (35, 36) (Fig. S4).
179  Thus, to avoid interference between potential motor and decision-related influences on metrics of
180 movement, we focused our analysis of reaction and movement times on trials where decisions
181 were most consistent across temperatures, and where temporal expectation would be affected
182  as little as possible by variability in a latent timing process. This corresponded to trials in which
183 the shortest interval in the set was presented (Fig. S4). In only 1 out of 6 animals, did we observe
184 changes in reaction or movement times that were consistent with the observed change in
185 psychometric threshold across striatal temperatures, and we observed no significant effect of
186 temperature on movement or reaction times across animals (Fig. 2C, D). These data suggest that
187  at the level of striatal circuitry, the timing of low level motor processes can be dissociated from
188 the temporal regulation of decision-variables used to guide animals’ judgments.

189

190 We next wanted to understand the features of neural activity that were modified by
191 temperature to cause the observed biases in timing judgment. Given the previous observation
192 that behavior correlated with the speed of striatal population dynamics (23), we sought a means
193 of assessing the impact of temperature on population dynamics free from the potential
194  confounding influence of ongoing behavior. To achieve this, we adapted a paradigm for
195 optogenetically inducing reliable patterns of striatal population activity under anesthesia (13).
196  Briefly, we expressed Channelrhodopsin-2 (ChR-2) in the ventral posterolateral nucleus (VPL,
197 Fig. 3A), a somatosensory thalamic area, using a viral strategy. Three weeks post-infection,
198 under urethane anaesthesia, we implanted an optic fiber over VPL, a single insulated silver probe
199  of our TEC device into DCS and an adjacent Neuropixels (37) silicon probe (Fig. 3A, Fig. S1).
200 We then stimulated VPL with 50-ms trains of blue light pulses once every 1.5 s and recorded DCS

201 neural activity (Fig. 3B, see methods). Stimulation of VPL thalamus caused a brief volley of
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202  activity, followed shortly thereafter by reproducible patterns of firing across the population over
203  hundreds of milliseconds after the last light pulse had been delivered (Fig. 3B, C). For assessing
204  the effect of temperature on neural responses we focused on this longer lasting activity because,
205 unlike the initial volley, later responses reflected ongoing dynamics of the system as opposed to
206  the direct impact of stimulation.

207

208 Given the observed effects of temperature on timing judgments reported above, we
209 hypothesized that cooler temperatures dilate, and warmer temperatures contract, neural firing
210 rate profiles in time. Indeed, while the general patterning of firing rate over time was maintained
211 across different temperatures, the time-course of this pattern systematically varied with
212 temperature, advancing more slowly the colder the temperature, and more quickly when
213  temperature was raised above baseline (Fig. 4A). To quantify temperature dependent warping in
214  the time-course of neural responses, we computed a scaling factor for each neuron and each of
215 the four temperature conditions. We first created an array of time-warped versions of the average
216  spike density function recorded during a subset of control trials and then measured how well these
217 templates matched the average spike density functions recorded during both the remaining set of
218  control trials and all manipulation blocks by regressing them against each other. The warp factor
219 resulting in the largest coefficient of determination (R?) was chosen as the temporal scaling factor
220 for that neuron-temperature pair (Fig. S5, see methods). Scaling as opposed to time shifting of
221  responses provided a significantly better explanation of the effect of temperature on firing rates
222  across the population (Fig. S5). For ease of comparison with behavioral effects of temperature,
223  we transformed individual neuron scaling factors to be expressed as the percent dilation caused
224 by each temperature (with negative values corresponding to contraction). Across all recorded
225  neurons, distributions of percent dilation were ordered inversely as a function of temperature (Fig.
226  4A, B, C), with the majority of cells exhibiting time-contracted firing profiles (dilation < 0%) under

227  warming, and time-dilated firing profiles (dilation > 0%) under cooling conditions.
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228 In a previous study, we observed that striatal population activity exhibited trial to trial
229  variability in its time-course that correlated with whether rats judged intervals as longer or shorter
230 than 1.5 s. In addition, estimates of elapsed time decoded from striatal populations predicted
231 timing judgments (23). To assess whether temperature effects recapitulated features of
232  endogenous variability in population activity during behavior and its impact on readout of decision
233  variables, we decoded elapsed time from the population under different temperatures. Briefly, we
234  first characterized the “typical” temporal profiles of striatal responses using a subset of control
235 trials, and then applied a probabilistic decoding approach to estimate the most probable value of
236  current elapsed time based only on the observed state of the recorded population for all time
237  points in all remaining trials. Estimates of elapsed time derived from ongoing population activity
238 systematically led ahead and lagged behind true time during warming and cooling blocks,
239  respectively. This can be observed by sampling the output of our decoder of elapsed time at
240 discrete delays from stimulation onset (Fig. 4D), and more continuously by subtracting decoder
241  output based on activity recorded during control blocks from that based on activity recorded during
242  the three different manipulation conditions (Fig. 4E). Relative to control, cooler temperatures
243  gradually shifted decoded estimates of time earlier, and the warmer temperature shifted decoded
244  estimates of time later. These data demonstrate that the temporal scaling of neural response
245  profiles by temperature recapitulated features of endogenous variability in the time-course of
246  population activity and time encoding in a manner previously shown to correlate with timing
247  judgments. We thus conclude that the systematic changes in timing judgments induced by
248  temperature manipulations of the striatum we describe here are most likely explained by the effect
249  of temperature on the temporal scaling of neuronal responses within populations of neurons.
250

251 Previous work has demonstrated that neural population activity tends to traverse
252  reproducible trajectories in the space of possible firing patterns, and that the speed with which

253  activity traces this trajectory can correlate with variability in the timing of actions (4, 38—40) and in

10


https://paperpile.com/c/27FesR/4Kd0
https://paperpile.com/c/27FesR/4Kd0
https://paperpile.com/c/27FesR/4Kd0
https://paperpile.com/c/27FesR/7R9X+mMxQ+AlBc+jFck
https://paperpile.com/c/27FesR/7R9X+mMxQ+AlBc+jFck
https://paperpile.com/c/27FesR/7R9X+mMxQ+AlBc+jFck
https://paperpile.com/c/27FesR/7R9X+mMxQ+AlBc+jFck
https://paperpile.com/c/27FesR/7R9X+mMxQ+AlBc+jFck
https://paperpile.com/c/27FesR/7R9X+mMxQ+AlBc+jFck
https://paperpile.com/c/27FesR/7R9X+mMxQ+AlBc+jFck
https://doi.org/10.1101/2020.08.24.251827

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.24.251827; this version posted August 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

254  time-dependent decisions (6, 23, 41). Here we show that experimental temperature manipulations
255 in the striatum, an area where population speed along a trajectory has been shown to correlate
256  with timing judgments, similarly rescales both striatal neural population responses and latent
257  decision variables that rats use to guide judgments of duration. However, we did not observe
258  consistent effects of temperature on the speed of or latency to initiate movements, suggesting
259 that striatal population trajectories are not necessarily involved in the timing of low-level aspects
260 of movement. It has long been appreciated in fields as diverse as neuroscience, robotics, and
261 artificial intelligence that control of movement is likely facilitated by a hierarchy of control
262  mechanisms (42, 43). Our observation that manipulating striatal population speed differentially
263 impacts evolution of decision variables and those required for the timing of movement is
264  consistent with the proposal that the BG act as a mid-level controller of movement, important for
265  selecting among (9), linking (12), or modulating (44) different actions but not involved in the details
266  of their execution. This finding is reminiscent of the observation that cooling an orofacial region of
267  motor cortex in singing mice slows certain aspects of the song while leaving others unchanged
268  (45). Interestingly, tonic inhibition of the direct feedforward pathway of the BG at its initiation point
269 in the striatum can produce a slowing of movement (46, 47), suggesting that the influence of the
270  BG on control of parameters such as movement speed is not through dynamics in the higher
271 dimensional space of population firing, but rather through a low dimensional, even scalar,
272  modulation of motor programs that are largely implemented by circuitry elsewhere.

273

274 Interestingly, while the effects of temperature on timing judgments were robust in the first
275  sessions of manipulations (Fig. 2), these effects diminished with experience (Fig. S6). Though
276 we had sought to minimize opportunities for animals to learn to adapt to the temperature
277  manipulations by applying manipulations in blocks of trials lasting only three minutes, always
278 interspersed with a control temperature block (Fig. 1F), and alternating manipulation sessions

279  with “washout” sessions where temperature was not manipulated (Fig. 1C), we wondered whether
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280 animals might have learned to adapt to the effects of our temperature manipulations. To assess
281  this possibility, we performed a set of behavioral experiments in which the boundary between
282 intervals rewarded for short judgments, and those rewarded for long judgments was shifted in the
283  same blockwise manner as was temperature during the previously described experiments (Fig.
284  S6). This manipulation was devised to create a similar scenario to that created by striatal
285 temperature manipulations in terms of unsignaled and surprising feedback that could be used by
286 the animal to adapt their decision-making strategy to maximize rewards. Indeed, animals
287  developed the ability to shift their decision thresholds over a small number of sessions (Fig. S6),
288  similarly to the observed diminishing effects of temperature on temporal judgments. Thus, while
289 temperature manipulations might also produce physiological adaptations that render neural
290 systems more robust to future temperature variations (24), we found that the changing impact of
291 temperature on timing judgments was consistent with learning to compensate for decision
292 variables whose features might be changing. These data suggest that in general the behavioral
293 impact of manipulating neural systems should be evaluated continuously from the moment the
294  manipulations begin, as opposed to evaluating end-point effects alone, as the adaptation ability
295 of animals may be capable of overcoming what are initially significant effects on performance
296  (48).

297

298 What circuit mechanisms might give rise to task-relevant population activity in the striatum
299  during our experiments? In songbirds, there is evidence that a combination of local circuit
300 mechanisms in pallial area HVC and a larger re-entrant circuit involving HVC and multiple other
301 Dbrain areas are involved in generating the temporally patterned activity underlying song timing
302 (26, 27). As in the vocal control circuit of songbirds, our data appear to be inconsistent with a
303 mechanism where the relevant dynamics are simply inherited by the brain area targeted for
304 temperature manipulations, in our case the dorsal striatum. Under such a scenario, cooling would

305 be expected to simply induce a slight, additive delay of the pattern observed in that area, and not
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306 its rescaling. Alternatively, activity patterns could be produced by local connectivity within the
307  striatum. While most network modelling efforts that use neural dynamics for computation have
308 relied at least in part on recurrent excitation, recent work suggests that it may be possible for a
309 largely inhibitory, striatum-like circuit to produce complex spatio-temporal dynamics given
310 sustained excitatory input (49). A third possibility is that the striatum may represent one stage in
311 a larger re-entrant circuit involving multiple brain systems, and it is that larger circuit that is
312  ultimately responsible for generating dynamic patterns of activity that govern the evolution of
313 decision-variables. In this view, delays or advances induced by cooling or warming would
314  accumulate with each cycle through the re-entrant circuit, resulting in temporal rescaling with
315 temperature. Such a circuit could in principle involve cortex, BG structures and thalamus (50), or
316  subcortical areas such as downstream BG structures, superior colliculus and thalamus (51). Our
317  data suggest that any re-entrant circuit mechanism involving cortex does not include motor cortex
318 as temperature manipulations there had minimal effects on choice behavior, consistent with
319 previous studies demonstrating that manipulating motor cortex does not affect well learned
320  behavior in motor timing tasks (29, 32). However, orbito-frontal and medial frontal cortical areas
321 have been shown to encode temporal information during both motor timing and temporal
322  judgment tasks, albeit less accurately than in striatum (6, 7), and cooling of medial frontal cortical
323  structures has been shown to slow timed movements (29), suggesting potential involvement of
324  frontal cortical structures. In addition, the activity of midbrain dopamine neurons correlates with
325 and can directly cause changes in timing judgments (52), suggesting that dopaminergic
326 neuromodulation may act to tune the time-course of network activity through its action on striatal
327  neurons.

328

329 Almost a century ago, observations that core body temperature could influence time
330 reproduction and estimation led to the hypothesis that timing was mediated by a “chemical clock”

331 (53, 54). The thinking was that heating or cooling the chemical reactions composing the clock
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332  would speed or slow them respectively, leading to a faster or more sluggish timekeeping. These
333 ideas later gave way to information processing views of timekeeping mechanisms that involved a
334  central pacemaker that emits pulses that are accumulated by a counter to estimate passage of
335 time and stored in memory for later use (55, 56). More recently, it has been proposed that timing
336  processes are more distributed in the brain, and that networks of neurons possess a rich capacity
337 to act as timekeeping mechanisms through the time-varying patterns of activity they tend to
338  produce, sometimes termed a “population clock”. While the data presented here would seem most
339 closely related to this latter hypothesis, in principle the kinds of computations performed by earlier
340 more algorithmic information processing accounts of timing might well be embedded in the activity
341  of and interactions between populations of neurons. This possibility is reflected in a recent
342  suggestion that the brain performs many computations through dynamics (57).

343

344 “Train of thought”, “stream of consciousness”, and “course of action” are all phrases that
345 reference the fundamentally dynamic nature of cognition and behavior. Our percepts, thoughts,
346 and actions are continuously intertwined and regulated in time, and indeed understanding the
347 neural basis of timing has been argued to be a necessary prerequisite for general models of
348 cognition (58). Yet understanding how the brain appropriately orders and spaces information
349 along the temporal dimension has been an enduring challenge for neuroscience. Here we
350 demonstrate that the time-course of activity in populations of striatal neurons directly determines
351 the time-course of a latent timing process used to guide decision-making. Understanding the
352  precise circuit mechanisms responsible for establishing and modulating the timescale of neural
353 activity in these circuits, and which specific computations this activity subserves, represent
354  important future directions of inquiry if we are to understand how the brain goes beyond what the
355 immediate environment presents to it, drawing on internally computed information to produce

356 adaptive and intelligent behavior.
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533

534 Figure 1. Rats were trained to report judgments of duration and fitted
535 with a thermoelectric device that enabled temporally and spatially

536 restricted manipulations of brain temperature during behavior.

537 (A) Depiction of temperature manipulation setup preparation (left) and event diagram highlighting

538 a correct trial in the interval discrimination task (right). (B) Discrimination performance of all

539 animals implanted with the TEC device (n = 10) on the last day of training before the first
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540 temperature manipulation session. Gray lines are psychometric fits to individual animals. Solid
541  and dashed black lines are fits to averages across animals within cohorts in which we targeted
542  our TEC probes to striatum (n = 6) or M1 (n = 4), respectively. Black markers correspond to striatal
543  and white markers to cortical targeted implants’ data across the cohort (mean = s.e.m.). The thin
544  dotted vertical (horizontal) line represents the categorical boundary (chance-level performance).
545 (C) Timeline for a typical experimental rat. Elongated bars illustrate long periods of time, whereas
546 large squares represent individual daily sessions. (D) Schematic of the final version of our
547 implantable TEC device. The thick horizontal black line splits the diagram into two differently
548  scaled subregions (see 5 mm scale bars). Its vertical counterpart further splits the top region into
549 afront view (to its left, with white strokes and gray fills) and a sectional view of a cut plane going
550 through the center of the implant (coronal brain slice adapted from (59)). (E) Spatiotemporal
551  profile of the magnitude of our temperature manipulation, modeled using multiple temperature
552 measurements from an acute preparation (see methods). Curves represent differences in
553 temperature between control and manipulation doses as a function of time at different distances
554  from the probe tip, and for different temperature conditions. Color indicates temperature condition
555  (crimson: warm, teal: cold, cyan: coldest) and linestyle indicates distance from probe tip (solid: 0
556  pm, dashed: 600 um, dotted: 6000 um). The color scheme introduced here is conserved in all
557  following panels and figures. (F) Representative segment of a session’s thermistor (the one at the
558 lower plate of the TEC device shown in (D)) readout (in black), illustrating the temperature
559  manipulation protocol throughout all experiments. We convolved this TEC temperature trace with
560 an exponential kernel and linearly transformed the result using the model shown in (E) to get an
561 estimate of the corresponding induced temperature changes in tissue surrounding the tips of our

562 implant (gradient-colored trace).
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Figure 2. Manipulating striatal temperature caused bidirectional and

dose-dependent changes in duration judgments

(A) Average discrimination performance at the onset of striatal temperature manipulations. Main
axes: psychometric functions fit to cross-animal averages (n = 6) of temperature-split
psychophysical data, respectively shown as solid lines and markers of matching color (mean +
s.e.m.). The thin dotted vertical (horizontal) line represents the categorical boundary (chance-

level performance). Bottom-right inset: Average differences in proportion of long choices from
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571 each manipulation condition to control (mean + propagated s.e.m.). The thin dotted vertical
572  (horizontal) line represents the categorical boundary (zero-level). Top-left inset: Marginal
573  posterior distributions of the threshold parameter for each condition’s psychometric fit. Solid black
574 lines represent the maximum a posteriori (M.A.P.) point estimates implicit in the fits shown in the
575 main axes. The thin dotted vertical line represents the categorical boundary. (B) Main axes:
576  Markers represent M.A.P. estimates and transparent patches the corresponding 95% confidence
577 intervals of threshold parameters fit to individual animals’ performance on control (y axis) versus
578 manipulation blocks (x axis). Single animals contribute one data point of each color. The thin
579  dotted vertical and horizontal lines represent the categorical boundary. The identity line is plotted
580 as adiagonal line. Its thick solid portion highlights the region of the main axes that is shown in the
581 bottom-right inset axes. Top-right inset: Distribution of threshold differences between
582  manipulation and control conditions. Markers represent individual animal differences, bars and
583 error bars are animal means and s.e.m. Bottom-right inset: Same as main axes, but with data
584  from a pilot experiment in which we used a single cooling dose (n=5). (C) Overall effect of striatal
585 (n = 6) and motor cortical (n=4) temperature manipulations on psychophysical threshold. Left:
586  Distributions of percentage change in threshold relative to control (dilation) as a function of
587 induced temperature changes, shown only for the striatal cohort. Markers represent individual
588 threshold dilations, linked within animals by thin solid black lines. Right: Distributions of the slope
589 coefficients of linear models (stretch) where effects on psychophysical threshold dilation in DCS
590 and M1 cohorts were predicted using estimates of manipulation magnitude at the tips of our
591 implant’s probes. Markers represent individual animals, and their size and color denote
592  bootstrapped significance: larger dark-filled markers were significantly different from slopes
593 estimated using equal-sized samples drawn with replacement from the control distribution; this
594  was not true for smaller white-filled markers. (D) Same as (C), but for condition-split reaction and
595 movement time medians instead of threshold point estimates. Boxplots show animal means

596  (horizontal thick black lines) and s.e.m. (colored bars).
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508 Figure 3. Optogenetic activation of sensory thalamus elicited

509 reproducible striatal dynamics.

600 (A) Schematic of the acute preparation used to elicit, record and manipulate reproducible striatal
601 dynamics in the absence of potential behavioral confounds (sagittal brain slice adapted from (59)).
602 (B) VPL stimulation protocol overlaid with five single-trial examples of evoked striatal voltage
603  signals recorded in the control temperature condition. Black traces are extracellular voltage traces
604 from an arbitrary channel in the striatal portion of our recording probe (i.e., recording depth > 1
605 mm from cortex surface, Fig. S1). Blue ticks depict light pulses. (C) Normalized and smoothed
606  peri-stimulus time histograms (PSTHSs) of all putative striatal neurons (n = 430), built using half of
607  all trials that were recorded in the control condition. Units are ordered by their maximum firing
608 rates between 150 ms and 750 ms from stimulation onset, calculated using the remaining half of
609 control trials. This time window is delimited by white vertical lines and adjacent transparent
610 patches, and was the region of interest in all subsequent population analyses. Arrowheads

611 indicate example neuronal units shown in Fig. 4A.
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613 Figure 4. Temperature manipulations induced bidirectional and dose-
614 dependent changes in the time course of striatal responses and

615 estimates of duration derived from them.

616  (A) Activity of three putative striatal units aligned to the onset of VPL stimulation. Top: smoothed
617  PSTHSs split by temperature (mean = s.e.m.). Bottom: Raster plots, wherein rows correspond to
618 chronologically ordered trials and each tick mark to a unit-assigned action potential. The
619  superimposed gradient-colored trace indicates how striatal temperature changed over the course
620 of the recording session. (B) Distribution of percentage change in temporal scale relative to
621  control (dilation) over all recorded units that survived our intersectional selection criteria (n=251,
622 see methods). Histograms (top) and corresponding cumulative density functions (CDF, bottom)
623  of dilation conditioned on manipulation temperature. Vertical dotted lines indicate a temporal
624  scaling factor of 1 (dilation of 0%). (C) Left: Distributions of neuronal response dilations as a
625 function of striatal temperature change. Markers represent temperature-split response dilations
626  for each cell. Boxplots show population medians (horizontal thick black lines) and i.g.r. (colored
627 bars). The thin horizontal dotted line represents a dilation-level of zero. Right: Distribution of
628  stretch in neuronal responses. The thin horizontal dotted line represents a stretch-level of zero.
629 (D) Decoded posterior probability of time given the state of concatenated striatal populations at
630 the time points indicated by the arrowheads in (E), averaged separately across trials for each
631 temperature condition (mean + s.e.m.). (E) Difference between decoded estimates for
632 manipulation (left: extreme cooling; middle: mild cooling; right: warming) and control conditions,
633  shown for the time window highlighted in Fig. 3C. Grayscale arrowheads indicate time points
634  used in panel (D). The identity line is shown in dashed black. Though the color maps for the three
635 different manipulation conditions differ at one end of their color space, their range of values is

636 identical.
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7 MATERIALS AND METHODS

638 Subjects

639 A total of 26 adult Long-Evans hooded rats (Rattus norvegicus) between the ages of 6 and 24
640  months were used in this study. 2 rats were used in an acute experiment aimed at characterizing
641 the spatiotemporal profile of our temperature manipulation. Another 4 animals were used for an
642 acute experiment combining electrophysiological recordings, temperature manipulation and
643  optogenetic stimulation. 20 wild-type males were trained in the interval discrimination task (or
644  variants thereof), of which 15 were chronically implanted with a custom TEC device that allowed
645 for temperature manipulation experiments, and 5 were used in behavioral manipulation
646  experiments. Prior to surgery, animals were kept in pairs in transparent cages with HEPA (High-
647  Efficiency Particulate Air) filters on a 12-hour light-dark cycle (with lights ON at 8 am), at 21 °C
648 and relative humidity of 50%. All experimental procedures were performed during the light phase
649  of the cycle. Animals used in behavioral experiments had ad libitum access to food and were
650 water-deprived. All experimental procedures were in accordance with the European Union
651 Directive 2010/63/EU and approved by the Champalimaud Foundation Animal Welfare Body
652  (Protocol Number: 2017/013) and the Portuguese Veterinary General Board (Direcgao-Geral de

653  Veterinaria, project approval 0421/000/000/2018).

654 Behavioral setup

655  The behavioral apparatus consisted of a 42 x 30 x 35.5 cm plastic storage box (TROFAST, lkea)
656  with three floor-level custom nose ports mounted on one of its wider walls, a speaker (LS00532,

657  Pro Signal) nearing the top of the opposite wall and a custom-made lid that provided uniform
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658 lighting and allowed for overhead video recordings (FL3-U3-13S2, FLIR) through an aperture.
659  Each cylinder-shaped nose port was made up of 3D printed components housing a white light
660 emitting diode (LED), an infrared (IR) emitter-sensor pair that enabled the detection of port entries
661 and exits and the accompanying printed circuit board (PCB). Additionally, the two lateral ports
662  (positioned symmetrically around the central one) were each equipped with a metallic spout
663  connected to a 20 mL water syringe via a solenoid valve (LHDA1231215H, Lee Company). All
664  sensors, actuators and peripherals were respectively monitored, controlled and kept in the same
665 temporal reference frame using a custom finite state machine implemented by a microcontroller
666 1/0 board (Arduino Mega 2560, Arduino) and an interfacing PCB (Champalimaud Hardware
667 Platform). Finally, detected port events and other task-relevant behavioral data were
668 timestamped, serially communicated to a Windows 10 desktop computer and stored as a
669 parseable text file using a custom python script. High-speed video was acquired at 60 FPS with

670 aresolution of 1280 x 960 pixels in grayscale using Bonsai (60).

671 Behavioral training

672 Leading up to the experimental sessions reported in this paper, animals were first trained in 2
673  hour-long daily sessions 5 times a week in various “tasks” of increasing complexity. During this
674  stage, which we termed Pokingl101, rats were progressively introduced to the following rules:
675  (un)lit ports are (un)responsive, meaning that nose-poking into a lit port will cause it to turn off
676 and trigger some task event, whereas doing so at an unlit port is inconsequential; entering a lit
677 lateral port results in a reward delivery of 25 uL of water paired with a brief auditory tone (1750
678 Hz, 150 ms); entering the central port when it is illuminated initiates a trial and can lead to both
679 lateral ports lighting up. This is contingent on the animal’s snout continuing to interrupt the IR
680 beam at the center port for the entirety of a “fixation delay”, which starts off at 0 s and is adaptively

681 marched up towards 3 s (within and across sessions). Critically, these silent delays are
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682 demarcated by two brief auditory tones (7500 Hz, 150 ms), the second of which dependent on
683  the animal’s withholding of movement until its arrival. Failure to do so causes the current trial to
684  be aborted, eliciting an error tone (150 ms of white noise) and adding a timeout of 15 s to the
685 already ticking 9-s inter-trial-onset interval (ITOI). This time penalty delays the availability of the
686  next trial, thus reducing obtainable reward rate. Once animals were able to reliably maintain
687 fixation at the central port for 3 s, training on the interval discrimination task began (23). In it,
688 instead of remaining immobile for a fixed amount of time and collecting a reward at either lateral
689 port once it elapsed, rats were asked to fixate for a variable delay on each trial and to then
690 categorize it as either shorter or longer than a boundary of 1.5 s. “Short” judgments were
691 registered at one of the lateral noseports and “long” judgments at the opposite one. Rewards were
692  contingent on stimulus and judgment categories being the same. When this was not the case, an
693  error tone (150 ms of white noise) was played and a time penalty of 10 s was added to the ITOI.
694  Pairs of stimuli symmetric about the categorical boundary were gradually introduced (from easiest
695 to hardest) into the discrete sampling set that animals experienced, until reaching | = {0.6, 1.05,
696  1.38,1.62,1.95, 2.4} s. Though initially a uniform distribution, our final sampling scheme was one
697  in which the more difficult a stimulus was, the more likely it was to be drawn - P ={0.13, 0.17, 0.2,
698 0.2, 0.17, 0.13}. A correction-loop procedure was used such that, following 3 incorrect
699 categorizations of any given stimulus, only that stimulus was presented to the animal until its
700 associated error count dropped below 3. This training mechanism was disabled during

701  manipulation sessions. It took ~3 months for rats to reach asymptotic performance.
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702 TEC device

703  Design

704  We used a custom-made implantable TEC device (weighing ~30g) based on the Peltier effect to
705 bidirectionally manipulate temperature in the striatum and overlying motor cortex. The implant
706  consisted of a heat dissipation module, a thermoelectric cooling module (01801-9A30-12CN,
707  Custom Thermoelectrics), a 10kQ thermistor (9707204, Farnell) and two 15-mm long 1-mm thick
708 sharpened silver probes. These were insulated down to, but excluding, the tips with a thin layer
709 of PTFE low density thread seal tape (00686081520745, Gasoila) and 2-mm wide polyimide tubing
710 (95820-11, Cole-Parmer). The main distinguishing factor between the implant’s prototype (used
711  inthe single cooling dose pilot experiment, Fig. S2) and the final version (used in the bidirectional
712  manipulation cohorts), was that the former was constructed with a passive aluminum heatsink
713  (ICKS25X25X18,5, Fischer Elektronik), whereas the latter had an actively cooled water block
714  (WBA-1.00-0.49-AL-01, Custom Thermoelectrics). This was used in tandem with a peristaltic pump
715 (200-SMA-150-050, Williamson), male and female Luer adapters (WZ-45504-00, Cole-Palmer)
716 and the required interfacing tubing (WZ-06407-71, Cole-Palmer), allowing for a continuous flow
717  (~15 mL/min) of room temperature water through the water block’s inner chambers. The TEC
718 module’s upper plate was glued to the bottom of the heatsink using thermal glue (TBS20S, TBS),
719  which was also used to secure the thermistor at the center of this module’s lower plate. Finally,
720 two insulated and sharpened 1 mm (0.5 mm for the pilot experiment) thick silver probes were
721  soldered on each side of the thermistor using a mixture of lead (419424, Farnell) and silver solder
722 (SDR-9703-030, Custom Thermoelectrics), at a distance of 5 mm from each other. This inter-
723  probe spacing corresponds to two times the ML stereotaxic coordinate of all our TEC implant

724  target locations. Lastly, an RJ45 (85513-5014, Molex) connector was added on top of the water
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725  block and a custom 3D-printed spacer was mounted on its bottom, both secured using epoxy

726  resin (2022-1, Araldite).

727  Closed-loop control

728 The implant was plugged into a custom-made PCB (developed by Champalimaud Hardware
729  Platform and available upon request) via an ethernet cable. This PCB implemented a proportional-
730 integrative-derivative (PID) controller that was designed to bring the implant’s thermistor
731  measurement to any experimenter-defined target temperature (within the TEC module’s range of
732  operation). Briefly, the thermistor readout was continuously compared to the current temperature
733  setpoint in order to compute an absolute error term (proportional channel), a cumulative error
734  (integrative channel) and an instantaneous change in error (derivative channel). These three error
735 terms were then linearly combined, with weights set by the resistive and capacitive components
736  of the hardware modules that implemented them, and used to modulate the control current driving
737 the TEC device. This negative feedback mechanism was optimized so that the target temperature
738  could be reached with negligible delays, steady-state errors and over/undershoots. The resulting
739 closed loop control allowed for much stabler, safer and more transient temperature manipulations,
740 as it required less user intervention, monitorization and arbitration than its open loop alternatives
741  would. The PID’s setpoint was communicated through a serial communication pin from an
742  additional Arduino Mega 2560 board that implemented the temperature manipulation protocol per
743  se, meaning it controlled both when to transition into a new block and which temperature to
744  transition to. All block types lasted for 3 minutes (Fig. 1F), except for control ones in our single-
745  cooling dose pilot. The latter were twice as long (Fig. S2) to accommodate slower heat dissipation
746  due to this initial experiment's characteristic passive heatsink. In all cases, block transition times
747  andtargettemperatures were respectively signaled via a brief digital pulse and an additional serial
748 communication port to the task-implementing Arduino board. Both the PID-implementing PCB

749  and the block-controlling Arduino were connected to a computer running Windows 10, where a
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750 LabView-based graphical user interface (TEC visualizer, Champalimaud Hardware Platform)
751 enabled online visualization and saving of digitized thermistor temperature measurements
752  (sampled at 100 Hz). Lastly, to prevent irreversible tissue damage in the eventuality of a partial
753  compromise of the closed loop system leading to its “opening”, an additional failsafe mechanism
754  was implemented in the PCB’s firmware, ensuring that the TEC device was automatically disabled

755  if the registered thermistor temperature ever dipped below 0 °C or rose above 55 °C.

756 Calibration

757 A calibration curve between different set temperatures at the lower plate of the TEC module and
758 temperature measurements at the tip of the silver probes was derived from an acute preparation
759 with an anesthetized rat (see Acute Temperature Measurements, below). Lower plate
760 temperature was set to each value in T = {5, 15, 20, 25, 30, 45} °C, in blocks of 4 minutes, always
761  preceded and followed by a control block of the same duration (T = 36 °C). Temperature at one
762  of the tips of the implant’'s probe was measured by a second thermistor glued along the probe
763  axis to the polyimide insulation layer. In a separate acute experiment, we positioned an angled
764  thermistor probe at different distances to the implant’s tip (D = {0, 600, 6000 um}) and for each of
765 them repeated the aforementioned calibration procedure. Post-assembly, all implants were tested
766 individually using the same protocol but in warmed agarose, which has similar thermal properties
767  to braintissue (61), to ensure their respective TEC modules were functioning steadily and properly

768 calibrated.

769 Surgical procedures

770  Chronic implants
771  Rats (n =15; 5 in the pilot striatal cooling experiment, 6 and 4 in the bidirectional striatal and M1

772  temperature manipulation experiments, respectively) underwent surgery around 3 months after
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773  they started training. During the implantation of the TEC device rats were anesthetized with 2.0-
774  4.5% isoflurane. Animals' body temperature was continuously monitored and maintained at 35°C
775 by arectal probe connected to a closed-loop heating system (FHC, https://www.fh-co.com). After
776  being anaesthetised and before making the first incision, we administered dexamethasone (2
777  mg/Kg), carprofen (5 mg/Kg) and a saline solution of atropine (0.05 mg/Kg) subcutaneously. We
778  stereotaxically targeted the dorso-central striatum (DCL) bilaterally (+0.84 mm AP, £2.5 mm ML
779  from Bregma, (59)). Two craniotomies and durotomies matching the diameter of the silver probes
780 were made. 5 support screws were placed: 1 in the occipital plate, 2 posterior and 2 anterior to
781  the location of the craniotomies. The cranial bone was covered with self-curing dental adhesive
782  resin cement (Super-Bond, C&B) to improve adherence to the dental acrylic used to secure the
783 implant. The TEC implant was then slowly lowered perpendicular to the brain surface to a depth
784  of 4 mm from cortical surface. The craniotomies were covered with Kwik-Cast (WPI) and the
785 implant was fitted into place and secured with several layers of dental acrylic (the first of which
786  mixed with gentamicin). The procedure ended with suturing (Vicryl, Ethicon Inc.) the skin anterior
787  and posterior to the implant. Animals were allowed to fully recover on a warming pad and returned
788  to the home cage once fully alert. Animals were then individually housed in double decker cages
789  to minimize implant damage. During the 3 days following surgery, animals were injected once a
790 day with carprofen (5 mg/Kg, SC). Animals were allowed to recover for a week after the surgery
791  with food and water ad libitum.

792

793  Acute temperature measurements

794  We used surgical procedures similar to those used for chronic implant placement (see above).
795 Two separate calibration procedures were performed. In one the TEC device had an extra
796 thermistor glued to a probe’s polyimide tubing (see Calibration, TEC device section, above). In
797 asecond calibration experiment, a needle with a thermistor mounted at the tip was lowered at a

798  30° angle targeting one of the TEC device’s tips in DCS, taking temperature measurements at
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799 different distances to the implant’s tip (see Calibration above). Immediately following these
800 procedures, animals were perfused for histological confirmation of the measurements’ location.
801 Viral injections

802 Following the same procedure used for chronic implantation (see above), we stereotaxically
803 targeted the ventral posterolateral nucleus of the thalamus for viral delivery (VPL; -2.3 mm AP,
804 2.8 mm ML, 6.6 mm DV from Bregma, (59)).We injected 300nL of rAAV5-CamKIl-
805 hChR2(H134R)-EYFP (titer ~10"12 GC%,; University of Pennsylvania Vector Core) using an
806 automated microprocessor controlled microinjection pipette with micropipettes pulled from
807  borosilicate capillaries (Nanoject Il, Drummond Scientific). Injections were performed at 0.2 Hz
808  with 2.3 nL injection volumes per pulse. For all injections, the micropipette was kept at the injection
809 site 10 minutes before withdrawal. Craniotomies were then covered with Kwik-Cast (WPI) and the
810  skin was closed with sutures (Vicryl, Ethicon Inc.). Animals were allowed to fully recover on a
811 warming pad and returned to the home cage when fully alert. During the 3 days following surgery,
812  animals were given carprofen (5 mg/Kg, SC).

813

814  Acute recordings and stimulation

815 Following 3-6 weeks for viral expression, 4 rats were anesthetized with two doses of urethane,
816 thefirst at 0.7 g/Kg of body weight and the second at 0.35 g/Kg 20 minutes after. Additionally, we
817 administered dexamethasone (2 mg/Kg), carprofen (5 mg/Kg) and a saline solution of atropine
818  (0.05 mg/Kg) subcutaneously. Following this, animals were kept with isoflurane at 0.5-1% until at
819 least 30 minutes before electrophysiological recordings were to begin. Animals' body temperature
820  was continuously monitored and maintained at 35°C by a rectal probe connected to a closed-loop
821  heating system (FHC, https://www.fh-co.com) throughout the experiments. We opened a large
822  rectangular craniotomy over the left hemisphere (4 mm AP by 3 mm ML from Bregma), centered
823 in the same target location as the chronic implants (see above). A 300 um diameter and 0.37NA

824  optic fiber (Doric) was targeted to VPL (-2.3 mm AP, £2.8 mm ML, 6.2 mm DV from Bregma, (59)),
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825 inserted at a 39° angle and secured with blue light cured self adhesive resin cement (RelyX™
826  Unicem 2 Self-Adhesive Resin Cement, 3M). A small silver ground wire was inserted under the
827  skull of the opposite hemisphere. A TEC device similar to the one used for chronic implants (with
828 a single silver probe at a 90° angle relative to the heat sink, to accommodate the geometrical
829 demands of the experimental preparation) was lowered to the same DCS target location (+0.84
830 mm AP, -2.5 mm ML, 4 mm DV from Bregma). This modified device was calibrated and behaved
831 similarly to the ones used for chronic manipulations. Finally, a Neuropixels probe (Phase 3A
832  Option 3, IMEC, (37)) was placed caudally relative to the temperature probe (Fig. 3A, Fig. S1),
833  and slowly lowered to target (5 to 6.5 mm DV) and allowed to stabilize in the tissue for at least 30
834  minutes before starting recordings and stimulation protocols. Isoflurane was turned off at least 30
835 minutes before starting recording and stimulation protocols. Seldomly, and for longer recording
836  protocols, an additional dose of urethane was necessary to maintain anesthesia (0.2 g/Kg). An
837 473 nm LED source (Doric) was connected to the implanted optical fiber using a patch cord (400
838 um core, 0.48 NA) and set to 3.5-5.5 mW at the end of the fiber and controlled using a dedicated
839 arduino that was also responsible for switching the block temperature identity through a serial
840 communication with the TEC controller. Each stimulation trial consisted of a single train of 5, 1-
841 mslong, pulses at 100 Hz. Each trial was separated by a period 1.5 seconds. Electrophysiological
842  and peripheral synchronization (LED and temperature probe) data were simultaneously acquired
843  using SpikeGLX software (https://billkarsh.github.io/SpikeGLX/) at 30kHz. Local-field potential
844  gain and action potential gain were set at 250 and 500, respectively, and split at 300 Hz. Identically
845  to behavior manipulations (see Temperature manipulation protocol, below), each block at a
846  specific temperature lasted 3 minutes. Temperature identities were drawn, without replacement,
847  from the available set of 3 temperatures and were always intercalated with a control block. This
848  protocol was repeated twice for a total of 2 blocks of each manipulated condition. Immediately
849 following these procedures, animals were perfused for histological confirmation of the

850 measurements’ location.
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851 Temperature manipulation protocol

852  After one week of recovery from surgery, all animals were again water deprived. After reaching
853  similar pre-surgery performance in the interval timing task described above, behavioral sessions
854  were divided in 3-minute fixed-time blocks: control blocks, in which the implant was set to body
855 temperature (~36 °C), that were interleaved with different block-wise randomized manipulation
856 doses (15, 25 and 42 °C). Each session always started and ended with a control block and animals
857  were not cued to block transitions. Manipulation sessions were interleaved with washout sessions,
858  in which both the temperature controller of the implant was disabled, and correction-loop training

859  was reinstated (see Behavioral Training above).

860 Implant placement confirmation

861  Rats were sacrificed with transcardiac perfusion with phosphate-buffered saline (PBS), followed
862 by 4% (wt/vol) paraformaldehyde (PFA). Following perfusion, brains were left in 4% PFA for 24 h
863 and then moved to a 30% sucrose solution (wt/vol) in PBS for 2 to 3 days. For animals who
864  performed the behavioral manipulation sessions, a 1 T MR scanner (ICON, Brucker) was used to
865 collect MRI data. A T:-weighted structural image of the brains was collected using a Rapid
866 Imaging with Refocused Echoes (RARE) pulse sequence. The sequence used had a repetition
867 time of 2800 ms, echo time of 90 ms and a RARE factor of 12. The field of view was set to 28 x
868 15 x 20 mm?, the spatial resolution of the images was 150 x 150 x 150 ym?3 or 80 x 80 x 80 ym?
869 and a matrix of 187 x 100 x 133 voxels was acquired after 8 averages during a 7 hour scanning.
870  For the pilot and acute experiments, a vibratome was used to section the brain into 50 ym coronal
871  or 40 um sagittal slices, respectively. Coronal slices were stained with NISSL and sagittal slices
872  series were alternated with NISSL or immunostained with a primary antibody against GFP (A-

873 6455, Invitrogen) and a secondary antibody conjugated with AlexaFluor 488 (ab150077), and
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874  finally, incubated in DAPI. Images were acquired with a stereoscope (Lumar V12, Zeiss) or a slide

875  scanner (Axio Scan Z1, Zeiss).

876 Behavioral data analysis

877  All behavioral data were analyzed using custom MATLAB (https://www.mathworks.com) scripts

878 unless otherwise stated.

879  Preprocessing

880  Trials with reaction times greater than 500 ms, or movement times greater than 3 s were labelled
881  asoutliers and excluded from all reported analyses. This resulted in less than 5% of all trials being
882 removed. In order to make balanced comparisons across animals and temperature conditions,
883  data from the initial two manipulation sessions of every chronically implanted animal were pooled
884  together chronologically up to the point where there were 10 trials per stimulus for each
885  manipulation condition and 40 trials per stimulus for the control temperature condition. The same
886  pooling procedure was applied in reverse for the last two temperature and boundary manipulation
887  sessions shown in Fig. S6. All reaction and movement time analyses were performed on medians
888  calculated using only data from correct categorizations of the shortest interval in our stimulus set,

889  for the reasons laid out in Fig. S4.

890 Psychometric function

891 We used the Psignifit (62) toolbox to fit the following 4-parameter psychometric function to all
892 interval discrimination data:
893

894 vxmw(a),Ly)=y+ (1 —A—y)XS(x;mw(a))
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1
1+ exp—ZIn(l/a—l)x(x—m)/w

895 Siogistic(x; m,w(a)) = ,a = 0.05

896

897 In this parameterization, a strictly monotonic sigmoid function S from the stimulus level x onto the
898 unit interval [0,1], is specified by m = $71(0.5) and w = S~1(1 — 0.05) — $71(0.05), namely the
899 threshold and width parameters. This is independent of the choice of S, which in our case is the
900 logistic function. The hyper-parameter «a, which sets the span of w along the y axis, was set to
901 0.05. To account for stimulus-independent choices, S is scaled by two additional free parameters,
902 1 and y, which respectively control the upper and lower asymptotes of the psychometric function
903 ¥. The 1 and y parameters were fixed across temperatures at values found through fitting the

904  corresponding control temperature data.

905 Dilation & stretch metrics

906 We adopted the dilation and stretch definitions of Long and Fee (27). Briefly, dilation (D) of any
907  scalar metric x (be it threshold M.A.P., median reaction or movement time), was calculated as the

908 percent difference from unity in the ratio of a given temperature estimate over that of control.

909
X

910 D=< ar —1>><100
XAT=0

911

912  Stretch (S) was defined as the slope coefficient in a least squares linear regression using dilation
913 as the response variable and the magnitude of our temperature manipulation (induced
914 temperature differences around the implant’s tip, Fig. 1E, F) as the sole predictor.

915

916 D=SXAT + B, +¢€
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917 Electrophysiological data analysis

918 Preprocessing

919 We used a semi-automated offline approach to detect and sort recorded action potentials into
920 well-isolated units and clusters of multi-unit activity. Detection, sorting and inference of the relative

921 depth of each unit, were done using KiloSort2 (github.com/MouselLand/Kilosort2), whereas

922  curation of the resulting clusters was performed using Phy (github.com/cortex-lab/phy). Prior to

923 any of the analyses shown in the main figures, we further selected validated neuronal units with
924  an intersectional approach that used firing rate, stability, recording depth (Fig. S1) and
925 stimulation-modulation as criteria. Briefly, in order to survive this selection step, units had to: have
926 amean firing rate outside of the VPL stimulation period (Fig. 3C) of 0.25 Hz or higher; be “stable”
927  throughout the recording session, which we enforced by discarding units for which the Pearson
928 correlation coefficient between average spike density functions computed with two random non-
929  overlapping permutations of control trials was lower than a 0.75 threshold; have been recorded
930 at a contact that was later inferred to be in the striatum, by comparing its position along the
931 Neuropixels probe to a dip in the distribution of recorded cell depths (Fig. S1), likely corresponding
932 to a characteristic silence when transitioning from gray (cortex) to white (corpus callosum) to gray

933  (striatum) matter.

934  Single neuron responses

935  Spike density functions were built on a trial-by-trial basis by first counting spike times in 2-ms bins
936 and then convolving the resulting histogram with a causal kernel specified by a gamma distribution
937 with shape and scale parameters of k = 2 and 8 = 7.5 ms, respectively. To compute temporal
938  scaling factors for each unit-condition pair, we first upsampled control spike density functions by

939 afactor of 10 and then warped them in time using 1000 scale factors, linearly spaced in the range
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[0.625, 1.75]. Both the upsampling and time-warping steps were performed using linear
interpolation. Next, we linearly regressed all time-warped templates against the spike density
function of each temperature condition and stored the corresponding coefficient of determination
(R?). The scale factor that maximized this template-matching metric, is what we operationally
defined as the temporal scaling factor for that unit and experimental condition (Fig. S5). In the
case of control scaling factors, we again split data into two random non-overlapping sets of trials
and arbitrated which one was used to construct templates and which one was the target.
Regarding response dilation and stretch, we used the same definitions from the behavioral
analysis section (see above), except that scaling factors (f) replaced ratios of temperature over

control estimates when calculating dilation:

D= (f—-1)x100

Decoding time from ongoing population activity

We used a Naive Bayes decoder with a flat prior to continuously compute probability distributions
over elapsed time using multi-session, stimulation-aligned concatenations of putative striatal
population activity.
Briefly, we:
1) Discretized time t into B 2-ms long bins, such thatb € [1,B] and t;, € [0,1500]ms;
2) Fit an encoding model to each neuron n € [1, N] at each point in true time t;:
p(1al tp)
Which we determined empirically by querying cell-specific single-trial spike density
functions r;, at the true time interval [t;, t;,1], and smoothing the resulting rate histograms

with a gaussian kernel (u = 0, o = 10Hz). This was done using a subset of trials making

up half of all trials recorded during control blocks;
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3) Made conditional independence assumptions about neurons, regardless of whether or not

they were simultaneously recorded:

N
p(ty |R) o | |pCal t)
n=1

Where R = (r,13,...,1y) IS @ novel, to-be-decoded instance of concatenated population
activity recorded at a known temperature condition and point in true time since VPL
stimulation;

4) Used Bayes’ rule in creating a decoding model that linearly combined all individual neuron

1 .

encoding models with a uniform prior over decoded time p(t,) = B

p(ty) [Tn=1 (] tp)
p(R)

Where the probability p(R) for the population vector R to occur does not have to be

p(ty | R) =

estimated explicitly, as it indirectly follows from normalizing the posterior distribution
p(tp | R) such that it sums to 1 over all possible decoder outcomes, i.e., elapsed time as

decoded from striatal ongoing activity.

Once the time-dependence in the responses of striatal cells recorded during a set of training trials
is known, this Bayesian approach directly addresses the inverse problem: given the firing rates of
the same cells, now recorded during previously unseen test trials, how likely is it for any and all b

units of time to have passed since the last train of light pulses was delivered to VPL?

Statistics

Unless otherwise stated, we used one-sample two-tailed t-tests whenever assessing the

statistical significance of shifts in distributions, which we visually afford with vertical solid black

45


https://doi.org/10.1101/2020.08.24.251827

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.24.251827; this version posted August 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

985 lines connecting the distribution’s mean to zero. When examining differences across distributions,
986  we used either two-sample two-tailed t-tests when comparing striatal and motor-cortical stretch
987  distributions, or repeated measures ANOVA followed by post-hoc contrasts with Tukey correction
988 for multiple comparisons when comparing experimental dilation distributions within cohorts. We
989 visually afford these two- and paired-sample tests with horizontal solid black lines connecting the
990 two underlying distributions, offset in y for clarity. In all cases, we denote test outcomes close-by
991 the respective visual affordance with the following notation: *, p<0.05; **, p<0.01; n.s., not
992 significant. In the case of single animal stretch estimates (Fig. 2C, D), we assessed their statistical
993 significance at a 5% level by bootstrapping M.A.P. estimates for thresholds, and medians for
994  reaction and movement times. Specifically, we computed these point estimates for 1000 random
995 samples per manipulation condition, constructed by sampling equal numbers of trials with
996 replacement from the control condition while preserving stimulus identity. For each iteration, we
997 then performed a linear regression on bootstrapped dilations and stored the respective slope
998 coefficient as that iteration’s stretch. Bootstrapped significance was consistently denoted by larger

999  dark-filled markers, as opposed to smaller white ones.
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Figure S1. Histological reconstruction of thermoelectric cooling (TEC)
devices, optical fibers and Neuropixels placements for chronic and

acute experiments.

(A) Intermediate anterior posterior (AP) location of TEC device probes projected onto target
coronal slice (AP = +0.84 mm from Bregma) for striatal (black markers, n = 6) and cortical (gray
markers, n = 4) targets. White markers show implant locations for the pilot striatal cooling
experiment (n = 5). (B) Intermediate medial-lateral (ML) locations of TEC device probes (black
markers), optical fibers (blue markers) and Neuropixels probes (white triangles) projected onto a
reference sagittal slice (ML = 2.62 mm from Bregma). (C) Distributions of relative recording depths
for all animals (n = 4) and recorded units (n = 535 across animals). Horizontal dashed line
represents corpus callosum. Putative motor cortical and striatal neurons in gray and black,
respectively. Histograms’ relative depth is overlaid in (B) using the same color scheme. We were

unable to clearly identify the Neuropixels tract for animal I. Brain slices were adapted from (59).

47


https://paperpile.com/c/27FesR/ujZG
https://paperpile.com/c/27FesR/ujZG
https://paperpile.com/c/27FesR/ujZG
https://doi.org/10.1101/2020.08.24.251827

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.24.251827; this version posted August 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

14 —_
O
LI
o}
= 36
o
passive heat sink [$)
=) ]
5 4 TEC device =
= ©
o 5mm thermistor g 20 -
polyimide insulation g
o
silver probe 5 )
g 3 min
O - V —
T T rTTTT T T
0.6 1.05 1.5 1.95 24
Interval duration (s)
14 244 . 50 - 50
2 3
105 15 195 —_ Vg © = ]
Threshold (s) % 1.954 ’9\%0 2 -§
s AN & 254 25 @
5 5 % | ns. =
c n E h = a
2 £ %] g° s i%}\ 8. §
0.25 S 4 S S N =
s g ’ Pt Bpd
5 § 1054 £ / g
@ = /' 3
05 { &
- o =
04 i 06 15 24 0.6 -25 - -25
T T T T T T T LI I I B | T T T T T T
0.6 1.05 1.5 1.95 24 0.6 1.05 1.5 1.95 2.4 cool control cool control

Interval duration (s)

Manipulation threshold (s)

Temperature condition

Figure S2. A TEC device capable of a single mild cooling temperature

produced qualitatively similar effects on timing judgments.

(A) Discrimination performance of all animals implanted with the prototype of our TEC device (n
= b5) on the day of training that preceded the first cooling session. Gray lines are psychometric fits
to individual animals. The solid black line is a fit to the average across animals. Markers
correspond to mean data across the pilot striatal cohort (mean + s.e.m.). The thin dotted vertical
(horizontal) line represents the categorical boundary (chance-level performance). (B) Schematic
of the prototype of our implantable TEC device. The thick horizontal black line splits the diagram
into 2 differently scaled subregions (see 5 mm scale bars). (C) Representative segment of a
session’s thermistor readout illustrating the temperature manipulation protocol employed in pilot,

single-cooling dose experiments. (D) Average discrimination performance at the onset of cooling
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1027 for the pilot cohort. Main axes: psychometric functions fit to cross-animal averages of
1028 temperature-split psychophysical data, respectively shown as solid lines and markers of matching
1029 color (mean + s.e.m.). The thin dotted vertical (horizontal) line represents the categorical
1030 boundary (chance-level performance). Bottom-right inset: Average differences in proportion of
1031 long choices from the cooling condition to control (mean + propagated s.e.m.). The thin dotted
1032  vertical (horizontal) line represents the categorical boundary (zero-level). Top-left inset: Marginal
1033  posterior distributions of the threshold parameter for the control and cooling psychometric fits.
1034  Solid black lines represent the M.A.P. point estimates implicit in the fits shown in the main axes.
1035 The thin dotted vertical line represents the categorical boundary. (E) Markers represent M.A.P.
1036 estimates and transparent patches the corresponding 95% confidence intervals of threshold
1037  parameters fit to performance of individual animals on control (y axis) versus cooling blocks (x
1038 axis). Each animal contributes with one data point. The thin dotted vertical and horizontal lines
1039 represent the categorical boundary. The identity line is plotted as a diagonal line. Inset:
1040 Distribution of threshold differences between the cooling and control conditions. Markers
1041  represent individual animal differences, bar and error bars are the mean and s.e.m. across
1042 animals, respectively. (F) Overall effect of striatal single dose temperature manipulations on
1043  psychophysical threshold and response times (Fig. 1A). Left: Distribution of percentage change
1044 in threshold relative to control (dilation) as a function of induced temperature change. Markers
1045 representindividual threshold dilations, linked within animals by thin solid black lines. Right: Same
1046  for response time medians instead of threshold point estimates. Boxplots show animal means
1047  (horizontal thick black lines) and s.e.m. (colored bars). Markers represent individual animals, and

1048 their size and color denote bootstrapped significance.
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1050 Figure S3. Manipulating the temperature of M1 cortex produced

1051 markedly smaller effects on timing judgments

1052 (A) Average discrimination performance at the onset of M1 temperature manipulations. Main
1053 axes: psychometric functions fit to cross-animal averages (n = 4) of temperature-split
1054  psychophysical data, respectively shown as solid lines and markers of matching color (mean %
1055 s.e.m.). The thin dotted vertical (horizontal) line represents the categorical boundary (chance-
1056 level performance). Bottom-right inset: Average differences in proportion of long choices from
1057 each manipulation condition to control (mean *+ propagated s.e.m.). The thin dotted vertical
1058 (horizontal) line represents the categorical boundary (zero-level). Top-left inset: Marginal
1059  posterior distributions of the threshold parameter for each condition’s psychometric fit. Solid black
1060 lines represent the M.A.P. point estimates implicit in the fits shown in the main axes. The thin
1061 dotted vertical line represents the categorical boundary. (B) Animal-split discrimination behavior
1062  at the onset of M1 temperature manipulations. Main axes: Markers represent M.A.P. estimates
1063 and transparent patches the corresponding 95% confidence intervals of threshold parameters fit
1064  to individual animals’ performance on control (y axis) versus manipulation blocks (x axis). The
1065 thin dotted vertical and horizontal lines represent the categorical boundary. The identity line is
1066 plotted as a diagonal line. Inset: Distribution of threshold differences between manipulation and

1067  control conditions. Markers represent individual animal differences, bars and error bars are animal
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1068 means and s.e.m. (C) Effect of motor cortical temperature manipulations on psychophysical
1069 threshold (left), reaction (bottom right) and movement times (top right). Markers represent
1070 individual metric dilations, linked within animals by thin solid black lines. Boxplots show animal

1071  means (horizontal thick black lines) and s.e.m. (colored bars).
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1073  Figure S4. The effects of temperature on temporal and decision
1074 uncertainty are expected to modulate reaction and movement times,

1075 but minimally in trials where the shortest interval was presented.

1076  (A) Schematic depiction of distributions of internal time estimates over trials for different
1077 temperatures (colors) and different interval stimuli (rows). (B) Impact of temperature on
1078 categorical duration judgments assuming time estimate distributions in panel (A). Inset depicts
1079 the difference in the probability of a long choice between each of the temperature manipulation
1080 conditions and the control temperature condition. (C) Example distribution of internal time
1081 estimates at the offset of the 1.62 s interval stimulus during control “trials”, with the portion of
1082 estimates categorized as “long” in gray, and “short” in white. Square markers indicate the mean

1083 internal time estimate for correct trials in black, and incorrect trials in white. (D) Expected effect
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1084  of temperature dependent variability in time estimation on temporal surprise, computed as the
1085 complement of the hazard rate for interval offset. (E) Expected impact of temperature dependent
1086 variability in time estimation on decision uncertainty, proportional to the complement of the
1087  expected probability of correctly categorizing a given interval. Vertical lines connecting panels
1088 (C), (D), and (E) provide a visual index of the average internal time estimates at the offset of the
1089 1.62 s interval (C) on correct (black marker) and incorrect (white marker) trials into the
1090 corresponding average temporal and decision uncertainty levels for those trials during the control
1091 temperature condition. Horizontal lines from (E) to (F) provide a visual index from decision
1092  uncertainty on these same trials into its expected impact on movement timing (34) (F), and
1093  horizontal lines from panel (D) to panel (G) provide a visual index from temporal surprise on these
1094  same trials into expected impact of temporal surprise on movement timing (35, 36) (G). Solid lines
1095 in (F) and (G) correspond to correct trials, and dashed lines to incorrect trials. These influences
1096 on movement timing combine with other possible influences (H), such as low level postural
1097 factors, to produce the overall profile of movement timing as function of interval for the two
1098 choices. A toy example fully explained by equal parts temporal and decision uncertainty is shown
1099 in (). (J, K) Data from the control condition of the 6 rats who underwent multiple striatal
1100 temperature conditions (shown in Fig. 2), depicting average reaction (J) and movement times (K)
1101  split by stimulus and choice (mean + s.e.m.). The rightmost column of the figure depicts the
1102 expected impact of temperature dependent variability in time estimation on the timing of
1103  movement across different temperatures, separately for the contributions of temporal surprise at
1104 interval offset (L), and the influence of decision uncertainty (M). (N) Influence of timing variability
1105 on the stretch (see methods) of reaction or movement times as a function of interval and
1106  depending on the relative weighting of temporal surprise and decision uncertainty in determining
1107  movement timing. Timing variability would be expected to minimally affect motor timing through
1108 non-motor processes such as temporal expectation and decision uncertainty for the shortest

1109 interval in the set. We thus tested the hypothesis that temperature affected timing of low-level

53


https://paperpile.com/c/27FesR/IGG1
https://paperpile.com/c/27FesR/IGG1
https://paperpile.com/c/27FesR/IGG1
https://paperpile.com/c/27FesR/evZA+Nueb
https://paperpile.com/c/27FesR/evZA+Nueb
https://paperpile.com/c/27FesR/evZA+Nueb
https://paperpile.com/c/27FesR/evZA+Nueb
https://paperpile.com/c/27FesR/evZA+Nueb
https://doi.org/10.1101/2020.08.24.251827

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.24.251827; this version posted August 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1110 motor processes by examining motor timing in those trials where the shortest interval was

1111 presented.
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1113 Figure S5. Temporal scaling as opposed to shifting provided a better

1114 account of temperature’s effect on neural activity.

1115 (A) Top: Simulated spike density functions exhibiting bidirectional and dose-dependent temporal
1116  scaling with temperature. Middle: Templates built by warping a control spike density function
1117  (thicker black line) in time by scale factors ranging from 0.625 (maximum contraction) to 1.75
1118 (maximum dilation). Note that when applying this method to data, this control response is not the
1119 same as the one shown in the top panel, as the two are built using two non-overlapping random
1120  sets of control trials (see methods). Bottom: Thick lines represent the coefficient of determination
1121  (R?) for all scaled templates in the middle panel regressed against each of the target spike density
1122  functions shown at the top. We computed this objective function for each neuron-temperature
1123  condition pair and took its global maximum as the corresponding temporal scaling factor,

1124  highlighted here by the larger markers. Thinner lines and smaller markers depict R? values for a
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1125 similar regression procedure applied to a series of shifted, as opposed to scaled, templates (see
1126  B). (B) Same as (A), except that for artificially temporally shifted responses relative to control
1127  (top), temporally shifted templates (middle), and their regression outcomes (bottom). The thinner
1128 lines and smaller markers respectively represent the R? curves and maxima resultant from
1129 regressing the scaled templates from A, middle against the shifted targets in B, top. Conversely,
1130 the result of regressing shifted templates against scaled targets is plotted in the same manner in
1131 (A, bottom). (C) To assess whether the effects of temperature on individual striatal responses
1132  were better accounted for by temporal scaling or shifting, we built two separate spiking models in
1133  which we either injected one effect or the other. Briefly, we modeled 500 control firing rate
1134  functions as gaussian bumps defined over 1.5 s with means spanning the interval from 150 ms to
1135 750 ms (Fig. 3C) and a standard deviation of 50 ms. The amplitudes of the resulting probability
1136  density functions were rescaled so that their distribution of mean firing rates matched that of
1137  striatal data. Next, we created one additional rate function per neuron per manipulation condition
1138 by either shifting or scaling its control response in time. Again, the distribution of generative
1139 temporal scaling factors and shifts used was informed by the empirical distributions of these
1140 metrics extracted from striatal data. We then generated 150 spike trains of each condition per
1141  neuron by sampling spike times from inhomogeneous Poisson point processes with the
1142  aforementioned condition-specific responses as their time-dependent rate parameters. From this
1143  point on, we proceeded to analyze the resulting spike “data” in the exact same way we did for the
1144  striatal data, by first averaging trials within condition, generating libraries of templates and then
1145  computing temporal scaling factors and shifts. Finally, for each “neuron”-condition pair within each
1146  model, we stored the R? values corresponding to the best-matching scaled and shifted templates
1147  and subtracted the former from the latter to build the distributions shown here at the top (scaling
1148 model) and middle (shifting model) panels. Thick solid sigmoidal lines represent the CDFs of each
1149 condition’s R? difference. Thin vertical black lines denote control mean differences. Small

1150 horizontal colored lines link the respective means of the corresponding manipulation and control
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1151  distributions. (D) Same as (C), but for striatal data.
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1154 Figure S6. Animals adapted their behavior to both temperature and

1155 category boundary manipulations.

1156 (A) Threshold dilation across the first three temperature manipulation sessions for the striatal
1157  cohort shown in Fig. 2 (n = 6). Small markers and thin lines linking them refer to threshold dilations
1158 for individual animals. Larger markers correspond to cross-animal averages (mean + s.e.m.), and
1159 their facecolor being any other than black indicates that the underlying dilation distribution was

1160 significantly shifted from zero (p<0.05, one-sample two-tailed t-test). The gradient bar and arrow
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1161 symbolize the uneven contribution of the last two sessions to the data pool shown in (D), with the
1162 last session contributing the most (see methods). (B) Time-course of the boundary manipulation
1163  experiment. The thin horizontal dotted lines represent the four categorical boundaries animals
1164  experienced in these sessions (i.e., boundary changes followed the same rules as the
1165 temperature manipulation experiments: a control-manipulation-control 3-min block design with
1166  boundaries drawn at random and without replacement from the set B = {1.32, 1.5, 1.68, 1.85} s
1167 until exhaustion, at which point the set was replenished and the sampling process resumed). The
1168  color scheme introduced in this panel is preserved throughout the figure. (C) Same as (A), but for
1169 the first five boundary manipulation sessions (n = 5 rats). (D) Average discrimination performance
1170 onthe last and second to last sessions of striatal temperature manipulations (see methods). Main
1171  axes: psychometric functions fit to cross-animal averages of temperature-split psychophysical
1172  data, respectively shown as solid lines and markers of matching color (mean * s.e.m.). The thin
1173  dotted vertical (horizontal) line represents the categorical boundary (chance-level performance).
1174  Bottom-right inset: Average differences in proportion of long choices from each manipulation
1175 condition to control (mean % propagated s.e.m.). The thin dotted vertical (horizontal) line
1176  represents the categorical boundary (zero-level). Top-left inset: Marginal posterior distributions of
1177  the threshold parameter for each condition’s psychometric fit. Solid black lines represent the
1178 M.A.P. point estimates implicit in the fits shown in the main axes. The thin dotted vertical line
1179 represents the categorical boundary. (E) Distributions of percentage change in threshold relative
1180 to control (dilation) as a function of which categorical boundary was enforced. Markers represent
1181 individual threshold dilations, linked within animals by thin solid black lines. (F) Same as (D), but
1182  for the last two days of boundary manipulations, with all boundaries in our manipulation set as

1183 dotted vertical dashed lines.
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