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Abstract

Time, like space, is a fundamental dimension of animals' worlds. To behave adaptively, organisms
must extract temporal structure from experience and construct temporally patterned behavior. The
striatum is the main input of the basal ganglia and has been implicated in several time-dependent
functions such as reinforcement learning and timing behavior. Previously work from the lab manip-
ulated and recorded the activity of striatal neurons while rats performed an interval categorization
psychophysical task. It was found that simultaneously recorded neuronal ensembles could judge time
as well as the animal and that striatal neurons were necessary for duration judgments, as muscimol
infusions produced a clear decrease in temporal sensitivity. Lastly, these studies showed that time was
encoded in the speed of population dynamics: faster dynamics were correlated with longer duration
judgments and vice-versa. To directly assess whether variability in the speed of striatal population
dynamics causes variability in duration judgments, we experimentally manipulated striatal temperature
during task performance using a custom-made thermoelectric device. Behavioral sessions were divided
in �xed-time blocks: control blocks (in which the device was set to body temperature), interspersed
with manipulation blocks (in which the temperature changed between di�erent doses). Here we show
that cooling/warming striatal tissue caused graded underestimation/overestimation of duration, respec-
tively. Critically, motor-related variables were not a�ected. These data strongly support the hypothesis
that dynamics in neural populations underlie duration estimation, and establish the dorsal striatum as
a locus within neural circuitry where a decision variable related to elapsed time and independent of
motor function may be manipulated.
Keywords: basal ganglia, behavior, duration judgments, neural dynamics, striatum, temperature
manipulation, time encoding

Introduction
Time, like space, is a fundamental and consistently
present dimension in the environment and, more
broadly, in life.
The use of timing information is critical for iden-

tifying structure in the environment and knowing
when to act. Nevertheless, the way temporal infor-
mation is represented and processed in the brain is
still poorly understood.
The ability of interacting with the environment

relies on the evolutionary development of adaptive
systems that are able to capture the a variation of
events in the environment across time. Although
animals are able to represent a large dynamic range
of timescales, from circadian rhythms to represen-
tations of time in the order of the microsecond to
milisecond [1, 2], the most critical time range on
most forms of learning and behavior lies in the scale
of milliseconds to seconds [3]. The quanti�cation
of intervals in this seconds to minutes range is re-
ferred by many authors as interval timing and it
is involved, amongst others, in foraging, decision
making and coordinated motor responses [4]. Fur-
thermore, at this scale there is an in�uence of other

cognitive processes such as attention and memory,
which interact with the mechanisms of quanti�ca-
tion of intervals in this range of time [5, 6].
Some research areas in neuroscience are inter-

ested in understanding the mechanisms of timing
in the brain during interval timing. However, de-
spite all e�ort done so far in the development of
di�erent behavioral paradigms [7, 8, 9, 10] as well
as of several computational models [11, 12, 13], the
mechanisms underlying timing on the scale of mil-
liseconds and seconds is still poorly understood.
Ultimately, the most fundamental step in under-

standing the neural basis of temporal processing is
to �nd neurons that are selective to the temporal
features of sensory stimuli or responsible for the
generation of timed motor responses [14].
Several studies over the past years have been able

to identify timing related signals in the neural activ-
ity in multiple brain areas such as the hippocampus
[15, 16], cerebellum [17, 18, 14], medial prefrontal
[19, 20], motor [21] and parietal [22, 23] cortices and
the basal ganglia [24, 25, 26].
One important study that shows evidence that

the striatum, BG's main input structure, is involved
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in the representation of sensory timing was done by
our lab, and it is the main motivation for this disser-
tation [26]. Gouvêa and colleges found that striatal
dynamics are necessary for and are able to explain
interval timing behavior in a two-alternative forced-
choice (2AFC) task, in which animals had to cate-
gorize intervals as longer or shorter than a 1.5-s cat-
egorical boundary, by making leftward/rightward
movements, respectively.

By simultaneously recording ensembles of stri-
atal neurons while rats were performing the task it
was observed that these neurons presented di�erent
�ring patterns at di�erent times during the inter-
val period and the choices could be predicted using
the neural activity collected during interval stimuli
presentation. Furthermore, the authors de�ned a
mean trajectory in a high dimensional neural space
of neural activity within each session and projected
the state of simultaneously recorded neuronal pop-
ulations on individual trials onto that mean trajec-
tory. These analysis showed evidence that if a pop-
ulation state at stimulus o�set was leading or lag-
ging the de�ned mean trajectory, animals were more
likely to judge near-boundary stimuli as long or
short, respectively. These results strongly suggest
that striatal dynamics encode the timing informa-
tion that rats were using to guide their judgments.
To further show that striatal activity was directly
involved in supporting the interval categorization
task, muscimol (agonist of the γ-aminobutyric acid
(GABA) receptor A) was bilaterally injected into
the rats' dorsal-central striatum. This resulted
in a signi�cant drop in the sensitivity of animals'
judgment when compared to interleaved sessions
in which saline was injected in the same site, sug-
gesting that interval categorization in this task was
dependent on a normally functioning striatum and
that the neural activity previously recorded was di-
rectly supporting duration judgments.

However, the use of pharmacological agents such
as muscimol infusions that promote neural inacti-
vation could be compromising other important neu-
ral functions involved in task performance such as
reward processing or memory for the mapping be-
tween time and choice. To be able to dissect this
neural circuit and gain further insight into its in-
volvement in time encoding, a more appropriate
technique must be selected.

Lesion studies and pharmacological studies can
give us information whether a brain region is nec-
essary for the expression of a particular behavior
[27]. Other techniques such as electrophysiologi-
cal recordings or �ber photometry can tell us if the
neural activity of a brain area can disrupt or elicit
a behavior. However, none of the above-mentioned
strategies are able to reveal whether the biophysi-
cal dynamics within a region are actively involved

in timing a behavior [28]. Therefore, a more sub-
tle manipulation that induces changes in the speed
of neuronal and circuit dynamics rather than in-
activation would be more appropriate in providing
stronger evidence of the role of the striatum in the
control of timing.
Taking into account that most biological pro-

cesses are highly temperature dependant, including
the functioning of nerve cells [29, 30, 31], localized
temperature manipulation such as mild cooling or
heating alter the speed of neuronal and circuit dy-
namics [27]. Therefore, by inducing perturbations
in the speed of neural dynamics, temperature ma-
nipulations in brain tissue allow researchers to test
hypotheses about the dynamical origin of temporal
structure in neural circuits, revealing the role of the
manipulated area in the control of timing [28].
Several studies in brain slices have investi-

gated the temperature dependence of neural ac-
tivity, reporting a decrease of spontaneous activ-
ity (spikes/second) and an increase of spike dura-
tion and width during cooling of brain tissue, with
a recovery of the original values upon rewarming
[30, 32]. Furthermore, at a neural population level,
remarkable work on the in�uence of temperature
in the activity of neural circuits has been done on
the pyloric rhythm of the stomatogastric ganglion
of crabs [33]. The authors report an increase in
the activity of this neural circuit with temperature
while leaving the circuit properly functioning by a
maintenance of the phases at which neurons burst.

Taken together, these studies support the use of
temperature as a useful manipulation strategy to
investigate the role of speci�c circuits in timing of a
behavior. Because it a�ects many neuronal pro-
cesses such as synaptic transmission and spiking
properties, temperature change can be used very
generally, even without detailed knowledge of the
underlying circuit or neuronal properties [28]. De-
spite large decreases in temperature can result in a
circuit "shut-down" [29, 32], mild cooling results in
a slowing of the circuit activity, with a reversibility
of the e�ect upon rewarming.

As for in vivo e�ects, several studies show how
temperature changes in crucial structures for gener-
ating a pattern produce a signi�cant change in the
oscillatory cycle time of the neural activity, while
leaving the circuit and behavioral function intact
[34, 35, 20, 36]. In rats trained to estimate time in-
tervals by exiting a waiting port at di�erent times
according to a sound o�set, temperature manipula-
tions in the medial prefrontal cortex (mPFC) were
used to directly test a causal role of the mPFC neu-
ronal activity in the rat's time-estimation behavior.
It was found that temporal scaling of mPFC neural
activity was strongly correlated with the rat's time-
estimation behavior during the two-interval time-
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estimation task, as cooling the mPFC resulted in
increased exit times [20]. Furthermore, in this study
the cooling e�ect on exit times was not shown not
to be due to a general slowing of rat' movements,
since there were not signi�cant changes in the time
for the rat to move from the waiting port to the
reward port while cooling the motor cortex.
Moreover, studies in song birds have provided

some of the clearest evidence that population clocks
in the form of sequential activation of neurons un-
derlie some forms of motor timing [3]. The songs of
zebra �nches have a very precise and hierarchically
organized temporal structure mediated by a number
of distinct motor nuclei, known as the song motor
pathway [28]. Particularly, the population of neu-
rons in two forebrain nuclei have been implicated
in the control of the temporal structure of a song:
the high vocal center (HVC) and the robust nucleus
of the arcopallium (RA), where the �rst projects to
the latter. Long and Fee have shown that cooling
down the HVC uniformly slows the speed of the
bird's song, as it was registered an increase in motif
duration during cooling [36]. However, temperature
manipulations in the RA did not result in signi�cant
changes on the song timing [36]. Moreover, the au-
thors also measured the spiking frequency of single
units in the RA in an anaesthetized preparation at
di�erent temperatures, registering a rapid linear de-
crease in RA neuron tonic spiking rate upon cooling
of this area, hence a slowing of neural activity by
means of temperature changes. Therefore, by us-
ing temperature manipulations, this study shows a
causal link between the neural dynamics generated
within a circuit and the timing of a motor behavior
[3].
Motivated by temperature as an elegant method

to dissect neural circuits and by the above-described
�ndings of Gouvêa et al. [26] providing remarkable
evidence that striatal dynamics encode the timing
information that rats were using to guide their judg-
ments while performing a psychophysical task, our
study intends to causally manipulate in a dose de-
pendent and bidirectional manner the speed of stri-
atal population dynamics and get insights on it im-
pacts the animals judgment of elapsed time.
Hereby we propose that reversibly cooling or

heating the temperature of striatal tissue, hence
locally slowing down or speeding up neural activ-
ity in the striatum, will induce behavioral changes
in animals' judgments in the context of an interval
categorization task. We believe that manipulating
striatal temperature will bidirectionally a�ect esti-
mates of elapsed time, making animals more likely
to judge near boundary stimuli as long or short if
the temperature is warmer or colder than the phys-
iological body temperature, respectively.

Methods Summary

Subjects: Subjects were 4 adult male Long-Evans
hooded rats (Rattus norvegicus). At the time of
the surgery, their ages ranged from 11 to 13 months
and their weights from 487 g to 552 g.Until surgery,
animals were housed in pairs on a 12 hour light-
dark cycle (with lights ON at 8am), at 21 oC and
relative humidity of 50 %. All experimental pro-
cedures were performed during the light phase of
their cycle. During the whole experimental period,
animals had ad libitum access to food and were wa-
ter deprived, getting access to water daily during
2 hour-long behavioral sessions. All experimental
procedures were carried out according to the Euro-
pean Directive 2010/63/EU and were approved by
Portuguese Veterinary General Board.

Experimental Setup: Both behavior training
and manipulation procedures were carried out
in two identical boxes containing three equidis-
tant cylinder-shaped nose ports (Shapeways, USA)
placed in one of the wider walls of the box, allowing
the rats to place their snouts inside to initiate tri-
als and collect water rewards. Apart from the nose
ports, the boxes also contained a speaker (Monacor,
Germany) that played di�erent tones along the task
and a video camera (Point Grey Flea 3.0, record-
ing at 60 fps, with 1.2 MPx resolution) hanging
on top of the box to collect video data during the
behavioural task. These hardware components (ex-
cept for the camera) were monitored by sensors and
controlled by actuators by a microcontroller board
(Arduino Mega 2560), through a second custom-
made PCB (made by the Champalimaud Hardware
Platform).

Behavior: The four rats were trained (2 hour
sessions, 5 days per week) to categorize time in-
tervals as either long or short by making left or
right choices, respectively [37] (�gure 1 a). Before
learning the interval categorization task, animals
were taught how to interact with the nose pokes,
through di�erent training stages. Trials were initi-
ated when rats entered the illuminated central nose
port, triggering a stimulus interval. Triggering a
stimulus immediately turned o� the initiation port
light and played a pair of audible tones separated in
time by an interval randomly selected from the set
I = {0.6, 1.05, 1.38, 1.62, 1.95, 2.4} s, with uneven
sampling probabilities: the more di�cult the stim-
ulus, the more likely it was for it to be presented
in a trial. Tones consisted of 150 ms long trains of
square pulses at 7 kHz. The six time intervals in the
above-mentioned set I are symmetric around the 1.5
s categorical boundary and de�ne three di�culty
levels: the further a stimulus is relative to the 1.5
s boundary, the easier it is to correctly categorize
it. A new trial could be initiated once the initiation
port became illuminated again. This inter-trial in-
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Figure 1: Interval categorization task and TEC device (a) Schematic of the behavioral task. (b)
Event diagram listing the main epochs of the behavioral task. (c) Picture of the �nal version of the
implant (front perspective).

terval varied according to the choice in the previous
trial. For correct trials, a new trial was available
9 s after the initiation of the previous trial (inter-
stimulus onset interval). For incorrect trials/broken
�xations, the inter-trial interval was 19 s and 24 s,
respectively. Rats were required to withhold nose
poking at the central port during the period of time
between the two tones, corresponding to the stim-
ulus duration on that trial. Fixations broken be-
fore interval o�set were penalized with an error tone
(150 ms white noise sound) and a 15 s time out. For
intervals longer/shorter than the categorical bound-
ary, a 25 µL water reward was delivered and a 1.75
kHz tone was played upon choice of the left/right
nose port, respectively. Incorrect choices resulted
in a white noise sound and were punished with a 10
s time out (�gure 1 b). If the animals fail to cat-
egorize the same stimulus three consecutive times
along the session, they enter in a correction loop,
where the same incorrectly categorized stimulus is
the only being drawn in the next consecutive trials.
In this state, each correct trial discounts the num-
ber of further trials with the same stimulus, until
the animal leaves the correction loop. On the other
hand, incorrect trials are penalized with one more
trial in which the same stimulus is being drawn.
Therefore, the animals leave a correction loop state
after giving the same number of correct answers as
incorrect to a speci�c stimuli. The main behavioral
readouts from this task are the reported choice, re-
action times and movement times. The reported
choice corresponds to the side port which infra-red
light beam was interrupted after leaving the central
port (left or right). In the context of this task, a re-
action time is de�ned as the time the animal takes
to leave the central nose port (and the infra-red
light beam is no longer interrupted) after the sec-
ond tone is played. Movement times correspond to

time interval between the moment an animal leaves
the central nose port and when a choice is reported
in one of the side nose ports (with the interruption
of the respective infra-red light beam).
Thermoelectric Cooling (TEC) device: We
built a custom-made implant based on the Peltier
e�ect to systematically manipulate the temperature
of brain tissue of rats (�gure 1 c). We used an
aluminium active cooling (water) heatsink (21 g,
25.4 mm x 25.4 mm x 12.4 mm, Custom Thermo-
electrics, USA) to avoid the implants' overheating.
A thermoelectric module (Custom Thermoelectrics,
USA) was glued with thermal glue (Farnell, Por-
tugal) on one of the widest sides of the heatsink.
The peltier had 48 semiconductor couples of Bis-
muth Telluride (Bi2Te3) connecting two 10 x 10
mm alumina ceramic with copper/nickel and gold
plating plates. Temperatures were measured by a
thermistor (Farnell, Portugal) glued with thermal
glue to the plate of the peltier that was not glued
to the heat sink. Heat was conducted to the tar-
get subcortical structure with two silver probes in-
sulated with a layer of polytetra�uoroethylene and
polyimide tubes (wide enough to leave some air be-
tween the probe covered with te�on and the poly-
imide wall). The thermistor and TEC device were
soldered to individual pins of an RJ45 connector
(Farnell, Portugal), allowing the temperature con-
trol and readout of the thermoelectric device. All
implants underwent a testing procedure, in which
agarose at 37 oC was used to mimic the thermal
properties of brain tissue [38]. A heating pad con-
nected to a direct current (DC) temperature con-
troller (FHC, USA) through a closed-loop feedback
system was placed under a small piece of agarose
(2% (V/V)), keeping its temperature constant at
37 oC (approximately the body temperature of a
rat). The peltier tips were placed inside the heated
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agarose and measurements of the temperature at
the tips and at the lower plate were registered for 5
minutes.

Surgical Procedure: Rats underwent surgery af-
ter 3 months of training. Rats were anesthetized
with 2.0 - 4.5 % iso�urane. The animals' body
temperature was continuously monitored and main-
tained by a rectal probe connected to a closed-loop
feedback heating system. We stereotaxically tar-
geted the striatum bilaterally (+ 0.84 mm AP, ±
2.5 mm ML, - 4 mm DV from Bregma) and two
craniotomies and durotomies matching the diame-
ter of the silver probes were made. After surgery
animals were individually housed in double decker
cages without the second level to minimize implant
damage and were allowed to recover for a week after
with food and water ad libitum.
Manipulation Sessions: After stable perfor-
mance, behavioral sessions (2 hour sessions, 7 days
a week) were divided in 3-minute �xed-time blocks:
control blocks, in which the peltier's lower plate
was set to body temperature (∼36 oC), that were
interleaved with di�erent manipulation doses (15,
25 and 45 oC), randomly selected without replace-
ment. Each session always started and ended with
a control block and the animals were not queued
when blocks switched. Manipulation sessions were
interleaved with washout sessions, in which the con-
troller of the implant was disabled, and correction
loop training was reinstated.

Data Analysis: All data were analysed in MAT-
LAB 2018a. To �t the behavioral data showing the
probability of making a long choice as the function
of the duration of presented stimulus intervals, we
used logistic psychometric functions [39], using their
psigni�t tool box (Equation 1).

ψ(x;m,w, λ, γ) = γ + (1− γ − λ)S(x;m,w) (1)

where S(x;m,w) is the sigmoid

S(x;m,w) =
1

1 + exp
(
−2× log( 1

0.05 )−1

w

)
(x−m)

(2)

In this logistic regression �t, w is mathematically
de�ned as S−1(0.95) − S−1(0.05), controlling the
slope of the function between these performance val-
ues. m de�ned as S−1(0.5) and de�nes the in�ec-
tion point or bias of the sigmoid function. Finally,
two none psychophysical parameters (γ and λ) are
responsible for the scaling of the sigmoid function
de�ned by m and w. γ gives the lower bound of
ψ(x;m,w, λ, γ), which can be interpreted as the
base rate of performance in absence of a signal and
λ represents the lapse rate.

Magnetic Resonance Imaging (MRI): A 1 T
(ICON, Bruker) MR scanner was used to collect
MRI data. After brain extraction and perfusion or
PFA immersion, a T2-weighted structural image of
the brains was collected using a Rapid Imaging with
Refocused Echoes (RARE) pulse sequence. The se-
quence used had a repetition time (TR) of 2800 ms,
echo time (TE) of 90 ms and a RARE factor of 12.
The �eld of view was set to 28 x 15 x 20 mm3, the
spatial resolution of the images was 150 x 150 x 150
µm3 and a matrix of 187 x 100 x 133 voxels was
acquired after 8 averages during a ∼7 hours scan-
ning.

Results

TEC device testing

Once we selected the usable implants and guar-
anteed that their working range was equivalent, we
wanted to have a better sense about the device's
performance inside a brain. For that purpose, we
tested the implants in agarose (2 % (V/V)) kept
constantly at 36-37 oC with a DC closed-loop tem-
perature controller, mimicking thermal properties
of neural tissue [38].

In �gure 2 it is shown that there is an o�set be-
tween the temperature at which the device was set
and the temperature registered at the tips. This
o�set was expected a priori since the silver tips are
not perfect conductors and the insulation is not per-
fect either, naturally leading to a reduction in the
e�ciency of the device in producing temperature
changes deep in the brain. Furthermore, it can also
be noticed in �gure 2 that the lowest temperature
at which the cold plate of the peltier can stabilize
is at 5 oC, even when set at 0 oC.

Although it was not surprising to see di�erent
temperatures at the tips and at the lower plate of
the peltier device and despite no thermoregulatory
homoeostatic mechanisms are taken into account in
this testing, characterizing this function for a set of
temperatures in a biological range was an important
step towards choosing which manipulation temper-
atures to use with more principled and objective
criteria.

All in all, for the purposes of this experiment, the
implants were stable during the 3-minute period of
a block and for all manipulation temperatures.
After sacri�cing the animals, implants were care-

fully removed and re-tested for the manipulation
temperatures in warmed agarose. Through a vi-
sual inspection we saw that all implants were ap-
parently intact and indistinguishable from their pre-
surgical state, except for Roger's, in which the ther-
mistor was no longer glued to the lower plate of the
Peltier. Since temperature control is done in closed-
loop with the thermistor's reading, having air, a
poor thermal conductor, in between this now free-
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Figure 2: Transfer function between set tem-
peratures and measured temperatures at the
lower plate and probe's tips. The relation be-
tween set and measured temperatures at the tips
is represented by the grey circles (mean ± stan-
dard deviation) and between set and lower plate
temperatures by the grey circumferences. Data
points are averaged during a 5 minute testing pe-
riod in warmed agarose (2 % (V/V)), and were
�tted with linear regressions (dashed line: y =
0.9705x + 1.0675, R2 = 0.9938; full line: y =
0.3677x + 22.7013, R2 = 0.9876) The manipula-
tion doses used in behavioral sessions were selected
according to these tests - 15, 25 and 42 oC at the
lower plate, which approximately correspond to 28,
31 and 39 oC at the tips, respectively.

to-oscillate sensor and the TEC device's lower plate
meant we were no longer operating in the intended
temperature range. This gave us con�dence that
this implant was compromised since the �rst ma-
nipulation session, which lead us to remove Roger
from following analysis.

The tests of the three remaining peltier implants
show that they were still able to achieve tempera-
tures in the range measured before surgeries, sug-
gesting that the peltiers were working across ma-
nipulation sessions similarly as when implanted.

Animal Training

Surgeries were done 11 weeks after the begin-
ning of training and animals were considered apt for
surgery based on a criteria that took into account
the stability of their performances across sessions
(over a 70 % performance threshold).

By the time of the surgeries to implant the TEC
device, all animals showed a consistent discrimina-
tion performance in the interval categorization task.
Guaranteeing a similar performance and a compara-
ble number of trials per session for all subjects after
surgery recovery was also an important step before
starting any temperature manipulation procedure.

Despite a non-negligible decrease in the number of
trials per session (from an average of 407 to 307)
there were no marked qualitative di�erences in the
pre- and post-surgery discrimination behavior of the
implanted animals.

All this training and its monitoring led to a highly
consistent behaviour and performance in the timing
categorization task and thus allowed us to rule out
any learning-related but temperature independent
non-stationarities when interpreting the e�ects of
our manipulation.

Behavior in Manipulation Sessions

Behavioral data was labelled by temperature and
the analysis mainly consisted in comparing the
di�erences across the four di�erent temperature
groups. We pooled data across 3 animals, for a
total of 12 manipulation sessions with 5485 trials:
794, 978, 2791 and 922 trials for 15 oC, 25oC, 36
oC and 42 oC, respectively. Due to the contribu-
tion of several nonstationarities at di�erent stages
in a block (e.g., overshoots in temperature at transi-
tions, homeostatic mechanisms to compensate tem-
perature changes or the development of adapta-
tion strategies across time), we restricted our anal-
yses to stable periods between the 10th and 75th

percentiles of manipulation blocks as well as the
latter halves of control blocks. Moreover, we no-
ticed that there were trials systematically associ-
ated with longer reaction and movement times as
well as chance-level performance, that were sugges-
tive of disengagement. For this reason, these spu-
rious trials were considered as outliers, as they did
not necessarily re�ect time judgments. An outlier
was de�ned as a trial with a reaction or movement
time above the 95 % percentile or with reaction
times below 30 ms (as motor responses to an au-
ditory queue are not expected to be faster than 50
ms), and were excluded in further analysis.

Then, we used the curve �tting described in equa-
tion 1 to �t a psychometric curve to the data points
of the control temperature blocks and compared
data from di�erent manipulation temperatures and
the control. This provided us with readily inter-
pretable parameters that we could use to better
quantify and visualize the e�ects of our manipu-
lation.

Consistent with the hypothesis that cooling down
striatal tissue would lead to slower dynamics, which
would in turn lead to a lower propensity for long
judgments, data shows a dose-dependent decrease
in the proportion of long choices as manipulation
temperatures get colder (�gure 3 a). These di�er-
ences in long choice proportions are clearer when
plotting the di�erences between the data points of
manipulation and control temperatures (∆P(long)
- inset �gure 3 a), with negative values for both
colder than control temperatures and positive

6



RTs & MTs

0.6 1.05 1.5 1.95 2.4

Interval duration (s)

50

150

250

R
e

a
c
ti
o

n
 t

im
e

 (
m

s
)

0.6 1.05 1.5 1.95 2.4

Interval duration (s)

350

525

700

M
o

v
e

m
e

n
t 

ti
m

e
 (

m
s
)

(a) (b) (c) (d)

0.6 1.05 1.5 1.95 2.4

Interval duration (s)

0

1

P
(l
o

n
g

)

P
(lo

n
g

)

Figure 3: Changes in striatal temperature caused bidirectional and graded changes in es-
timates of elapsed time. (a) Discrimination behavior for each temperature condition across all ma-
nipulation sessions (mean ± s.e.m and psychometric �ts, top left). Di�erence between long choice
proportions in manipulation and control temperatures for each interval duration (mean ± subtraction
displacement, top right). Inset shows the di�erence between long choice proportions in manipulation
and control temperatures for each interval duration (mean ± subtraction displacement). (b) Probability
density functions of the parameters de�ning the logistic function - threshold (top) and width (bottom)
- in the psychometric �ts for each temperature. Vertical lines correspond to the MAP estimates shown
in the top left panel. (c) Thresholds of the psychometric �ts for each manipulation dose as a function
of the corresponding control threshold. Small markers correspond to the maximum-a-posteriori (MAP)
for single sessions. Big markers correspond to the thresholds for the �ts with sessions pooled together
and for each manipulation dose plotted as a function of the corresponding threshold of the psychometrics
�t for the control blocks of all sessions (color patches represent 95 % of con�dence intervals for MAP
estimates,(bottom left)). (d) Average reaction (top) and movement (bottom) times for correct trials
for all temperature doses (median ± interquartile range).

values for the warmer temperature, meaning that
the probability of reporting a stimulus as long is
smaller/bigger for colder/warmer temperatures
than control, respectively and especially for near
boundary stimuli.
Furthermore, we plotted the probability density

functions of the psychophysical parameters that
describe the �tting curves for each temperature
block (�gure 3 b). These plots add further support
for a dose dependent behavior in the context of the
task by showing that the changes in manipulation
temperature data from all sessions of all three
animals seem to be explained with a change in the
psychophysical parameters that set the threshold
and the width of the sigmoids, as the distributions
of these parameters are also dose dependent.
This systematic stimulus-dependent but

category-independent biases towards the short
choice port were captured by a rightwards shift
in the psychometric curve, which corresponds to
an additive change in discrimination threshold.
This suggested shift is essentially captured by
one parameter of the psychometric function: the
threshold. In the context of our task, a rightward
(leftward) shift in the psychometric function
corresponds to an increase (decrease) in the point
of subjective equality [40]. Figure 3 c relates
thresholds �tted with data from manipulation
temperatures of all sessions and their respective

control counterparts. This scatter plot speaks
to the robustness of the dose-dependent e�ect
summarized in its accompanying panels of �gure
3, with cold temperature data points below the
unity line and the warm temperature slightly above
unity. However, this plot also highlights that there
is non-negligible variability across sessions.
By taking into account eventual behavioral

adaptations and other non-stationary mechanisms
when analysing out data, it was evident that all
manipulation doses were causing a behavioral e�ect
considerably di�erent from the control, as there is
a remarkable distinction between the �ttings of all
four-conditions psychometric curve (�gure 3 a,b,c).
Ultimately, the bidirectional and dose dependent

shift between all di�erent psychometric curves
suggests that the categorical boundary of the
animals while solving the task is being shifted by
temperature: by being more (less) likely to judge
a stimuli as long during a warmer (colder) than
control temperature, the categorical boundary
during these blocks becomes shorter (longer) than
1.5 seconds, thus being shifted to the left (right) in
the time axis.
Since the manipulations were being made in a

basal ganglia nuclei (i.e., striatum), which is highly
involved in motor responses, we wanted to check
if animals' motor behavior was also being a�ected.
For that purpose, apart from the performance of
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the animals in the timing task, we also looked at
the in�uence of di�erent temperatures in reaction
and movement times.

Figure 3 d depicts the reaction (top) and move-
ment (bottom) times for each temperature manip-
ulation as a function of the trial stimulus. In this
�gure it is consistently observed that there are no
abrupt changes in the reaction times with the ma-
nipulation temperature of a block. The same inde-
pendence from temperature can be seen in the plots
describing movement time as a function of the stim-
ulus. However, in these plots it can be noticed that
longer stimuli (or movements to the left side) are
often associated with slower movement times than
shorter stimuli/movements to the right.

Taken together, these data show that there are
no evident motor e�ects of temperature while per-
forming the task, suggesting that the rats' motor
activity, unlike a cognitive variable such as time
judgment, is not being a�ected by temperature.

All in all, the presented results provide remark-
able evidence of a causal relation between the speed
of striatal population and timing judgments, being
strongly congruent with early work done in the lab
showing that speed of population activity run faster
or slower when animals judge a given stimulus as
long or short, respectively [26].

Discussion

We trained rats in an interval categorization task to
analyse changes in their time judgment induced by
temperature manipulations of the striatal tissue.

A structured and detailed planning of several
stages allowed a progressive training of the behav-
ioral paradigm to the animals, gradually introduc-
ing them to the �nal timing task. Roughly after two
months since the beginning of training, all animals
displayed a very reliable time sensitive behavior,
being able to consistently categorize correctly the
intervals with a performance above 70%. Neverthe-
less, we believe that the training duration could be
shortened if the sessions were done uninterruptedly
(7 days a week), as we noticed that performance
seemed to drop persistently on every session after
the two days of pause.

We consider that this close and systematic mon-
itoring of the training sessions (as well as the ani-
mals' well being and experimental setup conditions)
from the �rst day of training up until the period af-
ter surgery recovery was a crucial process as it led to
the development of a highly consistent behavior and
performance across animals in the task. Therefore,
this reproducibility allowed a reliable inter-animal
comparison on their behavior and on the e�ects of
temperature manipulations.

Another fundamental step in this study was the
successful design, characterization and validation

of our custom-made thermoelectric implant. The
implant developed was capable of stably operating
during the three minute period of each manipula-
tion block within a broad range of temperatures,
that included the values used for the manipulations.
The range of these values was de�ned so that no
thermal damage in the neural tissue was induced,
taking into account that spiking activity is blocked
below 10 oC [41] and that temperatures above 43 oC
cause damage in the structure of proteins [42]. For
these reasons, stability at the set temperature was
a key feature achieved in the engineering of the im-
plant, being the measured �uctuations in the order
of the 0.1 oC. Indeed, in pilot experiments stabil-
ity around a set temperature was not being achieved
due to overheating of the top plate of the implant, as
the heat dissipation rate, being passive, was not fast
enough. However, by introducing an active heatsink
to the implant this stability feature was guaranteed,
further allowing us to do a dose-dependent manip-
ulation and not only a single cooling condition, as
done before in pilot studies from the lab. Moreover,
having an implant that does not overheat during a
manipulation block reduces the possibility of this
sensory variable queuing the animals of block tran-
sitions, potentiating faster adaptation to the task.
Still considering the narrow temperature range in
which the animals' health is not compromised, an-
other important adjustment was at the control level
of the implants by �nding a trade-o� between the
speed of block transitions and the avoidance of over
or undershoots to biologically-threatening temper-
atures.

Since the striatum, the region of interest of this
study, is located deep in the brain, a thermally con-
ductive probe had to be attached to the lower plate
of the thermoelectric device to allow heat transfer
[27]. When characterizing the implant in warmed
agarose (2% V/V), which mimics the brain tis-
sue thermal properties [38], despite the use of a
highly thermal conductive material for the probes
and poor thermal conductive insulation materials
up to the tips, we registered an o�set between the
set temperature at the lower plate and the tempera-
ture at the probes' tip. These registered di�erences
were not surprising since the materials of both insu-
lation and conduction are not perfect. Furthermore,
this in vitro characterization of the implant is also
lacking the consideration of natural biological ther-
moregulation mechanisms that seek to maintain the
temperature homoeostasis of homoeothermic ani-
mals [43]. Nevertheless, de�ning a function of the
temperature at the tips according to the set tem-
perature at the lower plate of the TEC device was
an important step towards choosing with more prin-
cipled and objective criteria the temperature doses
used in the manipulation sessions.
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MRI scannings show that, in all surgeries, the im-
plants were placed in the dorsal-central striatum,
successfully targeting a brain area previously im-
plicated in timing [26]. This post-mortem con�r-
mation of the probes' placement shows that the
temperature manipulations should be a�ecting the
dorsal-central striatum, despite not having a de-
�ned function describing a quantitative measure-
ment of the decay of temperature with the distance
to the tip of the probe.

Overall, these results describing animals behav-
ior during all training stages and implant develop-
ment and placement constitute the main technical
requirements that we needed to develop to reach
the main purpose of this project: to analyse an-
imals' behavior in the context of our timing task
while manipulating the temperature of striatal tis-
sue.

Our �ndings show strong evidence of a causal
and dose dependent and bidirectional relation be-
tween the speed of striatal population dynamics and
the animals' judgment of elapsed time. Agreeing
with our hypothesis that cooling down striatal tis-
sue would lead to slower dynamics, which would
in turn lead to a lower proneness to report long
judgments, all animals exhibited a dose-dependent
decrease in the proportion of long choices for cold
manipulation temperatures and an increase in this
same proportion for the warm dose. These propor-
tion di�erences from manipulation to control tem-
peratures were especially noticed for the two near-
boundary stimuli, which were the most di�cult
to correctly categorize. The systematic stimulus-
dependent but category-independent biases towards
the short (long) choice port were captured by a
rightwards (leftwards) shift in the psychometric
curve, corresponding to a change in the animals'
discrimination threshold. However, given the cu-
mulative nature of the decision variable in our task
and the posited e�ect of our manipulation on the
speed of striatal dynamics, an asymmetric impact
on reports regarding stimuli on both sides of the
boundary was also to be expected and observed.
This stimulus-proportional bias can be interpreted
as a decrease in timing sensitivity and modelled as
an increase in width (decrease in slope) in the cho-
sen psychometric function to �t the data.

However, the bidirectonality of the manipulation
e�ect only became evident and consistent for all an-
imals after considering the in�uence of several un-
dercover mechanisms that could be masking the ef-
fect of temperature manipulations. Nevertheless,
this project does not allow us to �nd a de�nite ex-
planation for the gradual decrease in the magnitude
of the manipulation e�ect across sessions and over
the duration of a block.

Only when taking into consideration time win-

dows in our data with compensatory mechanisms
interfering with the e�ect, both within manipula-
tion and control blocks and across sessions, the
dose-dependency and bidirectionality of the e�ect
becomes remarkably evident. The di�erences be-
tween doses captured by the psychophysical pa-
rameters of our �ts (threshold and width) show
compelling evidence supporting that temperature
changes in the striatal tissue, hence in its circuit
dynamics, induce changes in the animals judgment
of time in the context of the behavioral task.

Despite several lines of evidence showing its in-
volvement in timing [45, 46, 47, 26], the basal gan-
glia is a crucial structure in the control of movement
[48]. Therefore, temperature manipulations within
this brain region could have been inducing changes
in the animals' motor responses, with cooling slow-
ing down movement, and warming, which should
speed up movements. However, both reaction and
movement times show no substantial changes be-
tween di�erent temperatures and for all animals
tested.

Intriguingly, it seems that there is a tendency for
longer movement times for intervals longer than the
categorical boundary. In this work, as in many
decision-making paradigms, categorical judgments
(e.g., long/short) are reported through lateralized
movements (left/right), being this rule �xed. To be
able to distinguish these variables, the choice sides
could have been switched so that long choices would
be reported on the right port and short choices on
the left one. However, previous experiments from
the lab have shown that it is not trivial to train
contingency reversal in this task.

In conclusion, our study shows that although ma-
nipulations of striatal temperature were inducing
bidirectional dose-dependent changes in the ani-
mals' time judgments, they were not a�ecting any
motor responses. Our data provide strong support
for the hypothesis that the brain derives estimates
of elapsed time from population dynamics. More-
over, we showed compelling evidence that the BG
are not only implicated in the control of movement,
being also a crucial structure for encoding cognitive
variables such as elapsed time.

Future Work

This study has been able to corroborate previous
studies done in the laboratory, showing a causality
between the speed of striatal dynamics and animals'
judgment of the elapsed time. Nevertheless, several
improvements to our study as well as future exper-
iments are needed to gain further insights into this
relation.

From a more technical point of view, additional
work could be useful in both modelling and exper-
imentally quantifying the thermal propagation in
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the brain. Knowing the decaying relationship be-
tween the temperature and the radial distance from
the tip of the probe would allow us to have more in-
formation about the volume of tissue being a�ected
by the manipulations. Moreover, quantifying this
decay along the probe axis (from the lower plate to
the tip) would allow us to analyse the e�ciency of
our insulation strategy and to verify that cortical
areas crossed by the probe were not being strongly
a�ected by the temperature manipulations.

Regarding complementary experimental work,
there are several additional experiments that could
be done with the purpose of explaining some ques-
tions that this project rose. Firstly, we plan to
run more animals in this exact same experimen-
tal paradigm to collect more data, hence gaining
more con�dence and statistical power in our results.
Furthermore, more data could allow us to take a
closer look to the adaptation mechanisms develop-
ing during manipulation and control blocks. In this
work, we hypothesised that the manipulation's ef-
fect would be maximal on the �rst and latter por-
tions of manipulation and control blocks, respec-
tively. However, by analysing thresholds' variation
that de�ne the psychometric curves within a block,
we would have a more principled way of selecting
data. Moreover, the selection and exclusion of out-
lier trials could have been more strictly de�ned, for
example in a data-driven way instead of manually
coded.

To address the question of animals adapting their
behavior across sessions as a function of the feed-
back they receive, non-implanted animals could be
tested in the same timing task where the cate-
gorical boundary is changing in blocks with the
same duration as in the temperature manipulation
blocks. Consequently, control blocks, in which the
categorical boundary is set at 1.5 s, would be in-
terleaved with two di�erent types of manipulation
blocks: blocks in which the categorical boundary is
shifted towards longer or shorter than 1.5 s dura-
tion times. Under the longer than 1.5 s boundary
scenario a near-boundary stimulus (1.62 s) should
be reported as short, while in shorter than 1.5 s
boundary blocks near-boundary stimulus (1.38 s) is
only correctly categorized if animals report a long
choice. If animals can correct their behavior to this
paradigm over sessions, these experiments would
provide strong evidence for the development of an
adaptation strategy that can justify the decreased
e�ect of the temperature manipulations observed in
our results.

Ultimately, the ideal experiment would be to si-
multaneously perform temperature manipulations
and recordings of neural activity in behaving ani-
mals, con�rming that indeed cooling and warming
of the striatal tissue is slowing down and speeding

up the circuit dynamics in the context of our task,
respectively. However, the combination of temper-
ature and activity measurements are not easy to
perform [32] and would have been really di�cult to
achieve within a six-months project, as is the case
of the work presented in this dissertation.
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