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Many anatomical and physiological features of cortical circuits, ranging from the
biophysical properties of synapses to the connectivity patterns among different
neuron types, exhibit consistent variation along the hierarchical axis from sensory
to association areas. Notably, the temporal correlation of neural activity at rest,
known as the intrinsic timescale, increases systematically along this hierarchy in
both primates and rodents, analogous to the increasing scale and complexity of
spatial receptive fields. However, how the timescales for task-related activity vary
across brain regions and whether their hierarchical organization appears consistently
across different mammalian species remain unexplored. Here, we show that both
the intrinsic timescale and those of task-related activity follow a similar hierarchical
gradient in the cortices of monkeys, rats, and mice. We also found that these times-
cales covary similarly in both the cortex and basal ganglia, whereas the timescales
of thalamic activity are shorter than cortical timescales and do not conform to the
hierarchical order predicted by their cortical projections. These results suggest that
the hierarchical gradient of cortical timescales might represent a universal feature
of intracortical circuits in the mammalian brain.

cortical hierarchy | thalamus | cortical layer | decision-making

Compared to the peripheral sensory receptors, neurons in the cerebral cortex are tuned to
more complex spatial and temporal features of the animal’s environment (1-3). In addition,
the window for spatial and temporal integration systematically increases along the anatomical
hierarchy of the cortex. Consequently, compared to the neurons in the primary sensory
cortices, neurons in the association cortical areas tend to have larger receptive fields and their
activity is affected by sensory stimuli over a longer temporal window (4-10). Many other
anatomical and physiological properties of cortical circuits also display coordinated changes
along this cortical hierarchy (11-14). Notably, both electrophysiological recordings and
neuroimaging studies based on the blood-oxygen-level-dependent (BOLD) signals have
identified a similar hierarchical gradient in the intrinsic timescale—the timescale of spon-
taneous or resting-state activity—across different cortical areas in humans, monkeys, and
rodents (10, 13-22).

Although previous studies have mostly focused on the variation in intrinsic timescales,
neurons in higher-order cortical areas, such as the prefrontal cortex, often modulate their
activity according to multiple task variables (23). This raises the possibility that a single
neuron may display multiple timescales for intrinsic and other task-related activities. Indeed,
in the primate cortex, the timescales of task-related signals, such as the animal’s choice and
reward, are decoupled from the intrinsic timescales of the same neurons within a given
cortical area but still systematically increase along the cortical hierarchy (19, 24). In the
present study, we tested whether cortical neurons in rats and mice also display a hierarchical
gradient in multiple timescales, as previously shown in non-human primates, and whether
the relationship among these distinct timescales generalizes to the subcortical structures such
as the thalamus and basal ganglia. We found that the timescales of task-related activity as
well as the intrinsic timescales follow the same cortical hierarchy in all three species. In mice,
we also found that timescales of cortical activity did not vary across layers. In addition, the
timescales of thalamic activity were shorter and did not follow the hierarchical pattern
expected from their cortical projections. These findings suggest that the hierarchical
organization of cortical timescales reflects a universal feature of intracortical connections in
mammalian species.
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Significance

A gradual increase in the intrinsic
timescales of cortical activity
along the anatomical hierarchy
is considered to reflect the
functional specialization of
cortical circuits. However, it
remains unknown whether

this gradient of timescales is

a common feature across
mammalian species for both
intrinsic and task-related
timescales and whether it is also
observed in subcortical areas.
This study reveals that the
hierarchical gradient of multiple
cortical timescales is conserved
across multiple mammalian
species. However, thalamic
timescales were shorter than
cortical timescales and did not
follow the hierarchical order
inferred from their cortical
projections. These findings imply
a crucial role of intracortical
connections in structuring
distinct temporal dynamics
observed across the cortex.
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Results

Multiple Timescales in the Cortex Follow Anatomical Hierarchy.
We estimated four distinct types of timescales using a previously
described autoregressive time-series model [(19); Materials and
Methods for details]. Two of these timescales, intrinsic and seasonal
timescales, quantify how quickly the strength of temporally
correlated neural activity decays within a trial and across trials,
respectively (Fig. 14, 7op). The other two, choice- and reward-
memory timescales, describe how rapidly neural signals related
to an animal’s choice and reward decay (Fig. 14, Middle and
Bottom). We analyzed data from monkeys [866 neurons; (25-28)],
rats [4,972 neurons; (29-34)], and mice [11,139 neurons; (35)]
performing different behavioral tasks, namely a matching pennies
task, dynamic foraging, and visual discrimination, respectively
(Fig. 1 B-D; Materials and Methods for details, and SI Appendix,
Table S1 for information about the regions analyzed and
corresponding abbreviations). In all three tasks, the animal’s choices
and rewards varied sufficiently across trials so that the time course
of neural signals related to those behavioral variables could be
independently assessed. We then examined how these timescales—
intrinsic, seasonal, choice-memory, and reward-memory—vary
with the anatomical hierarchy, which was previously estimated in
monkeys (36-38) and mice (39) using the ratio of feedforward
and feedback connections [hierarchy score; (38, 39)]. Given that
mice and rats belong to the same subfamily, Murinae (40), we
used the hierarchy scores from mice as a proxy for the rats’ scores.

We found that multiple timescales in cortical activity increased
with the anatomical hierarchy score in all three species. As previ-
ously reported (19), intrinsic, seasonal, choice-memory, and
reward-memory timescales all increased with the anatomical hier-
archy score in the monkey cortex (Fig. 1E). Similarly, each of these
timescales also increased significantly along the cortical hierarchy
in both rats (Fig. 1F, black dots) and mice (Fig. 1G, black dots).
This suggests that the hierarchical ordering of timescales is a com-
mon feature of cortical organization across mammalian species.
We also tested whether timescales of neural activity may vary
across cortical layers (8, 42) in mice and found that none of the
timescales analyzed in our study significantly varied across differ-
ent layers and consistently followed the same anatomical hierarchy
(Fig. 2 and SI Appendix, Table S2). This finding further under-
scores the contribution of intracortical circuits to the hierarchical
organization of timescales in cortical activity.

Although the data from rats included neurons recorded in the CAl
and CA3 regions of the hippocampus and the subiculum, precise
hierarchical scores for these regions are not available. However, it is
reasonable to assume that the hippocampus and subiculum are at the
top of the cortical hierarchy, as they receive neocortical inputs through
the superficial layer of the entorhinal cortex and project to its deep
layer in both monkeys and rodents (36, 43, 44). We found that the
timescales of the hippocampus and subiculum were significantly
longer than those of the neocortex (Fig. 1F, pink dots, Wilcoxon
rank-sum test; |z| > 6.35 and P< 107 for all timescales). This suggests
that the hierarchical gradients of multiple timescales in the cortex
might extend to the hippocampal formation.

Thalamic Timescales are Short and Homogeneous. The
hierarchical gradient of cortical timescales may stem from the local
recurrent connections within each cortical area (45) or might rely
on subcortical structures strongly connected to the cortex, such
as the thalamus (46, 47). To distinguish between these possible
scenarios, we analyzed the activity recorded from the mouse
thalamus and tested whether timescales in various thalamic nuclei
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mirror the hierarchical gradient of their cortical counterparts (39).
For each of the four timescales analyzed, we found that the median
timescale in the thalamus was significantly shorter than that in the
cortex (Fig. 1G, red dots, Wilcoxon rank-sum test; |z| > 2.35 and
P < 0.05 for all timescales) and was not significantly correlated
with the hierarchy scores of their cortical counterparts (Pearson
correlation coefficient, Intrinsic, » = 0.343, P = 0.452; Seasonal,
r = 0.635, P = 0.126; Choice, r = 0.172, P = 0.713; Reward,
r=0.55, P=0.201; SI Appendix, Table S3 for information about
differences in the correlations between the cortex and thalamus).
These results suggest that thalamic afferents may not be a major
contributor to the hierarchical gradient of cortical timescales.

Multiple Timescales Covary Globally, but not Locally, Throughout
the Brain. We next examined whether various task-related
timescales correlate with intrinsic timescales. As previously shown
in monkeys (Fig. 34), seasonal, choice-memory, and reward-
memory timescales were all significantly correlated with intrinsic
timescales across different neocortical areas in rats (Fig. 3B, black
dashed line; Pearson correlation coefficient, 7 > 0.95 and P < 0.01
for all timescales) and mice (Fig. 3C, black dashed line; Pearson
correlation coefficient, 7 > 0.95 and P < 107 for all timescales).
All these correlations were still statistically significant when the
timescales in the rat hippocampus and striatum and the mouse
thalamus were also included (Fig. 3 Band C). We also analyzed the
data from the striatum and hippocampus in rats (Fig. 3B, green and
pink dots) and the thalamus in mice (Fig. 3C, red dots) separately
and found significant correlations in rats (Fig. 3B, orange dashed
line; 7> 0.93 and P < 0.01 for all timescales; ST Appendix, Table S4,
Region x Intrinsic), but not in mice (Fig. 3C, red dashed line;
Pearson correlation coefficient, Seasonal, = 0.44, P = 0.32; Choice,
r=0.49, P = 0.263; Reward, » = -0.056, P = 0.91; SI Appendix,
Table S4, Region x Intrinsic). The lack of correlation among
multiple timescales in the thalamus might be due to the lack of
sufficient variability across different nuclei.

The above results suggest that multiple timescales in the mam-
malian cortex might be governed by a single mechanism, such as
the systematic variation in the strength of recurrent connectivity
across different brain areas (45, 48), or by multiple mechanisms
that covary (49, 50). If so, different timescales of individual neu-
rons would be correlated with one another, even within a given
brain region. However, we found that different timescales of indi-
vidual neurons were not significantly correlated with one another
within any brain area in rats or mice (> 0.05, after Bonferroni
correction for multiple comparisons; SI Appendix, Fig. S1A), con-
sistent with a previous finding in the primate cortex (19). To
examine this further, we pooled the timescales of individual neu-
rons from all brain areas in each species after subtracting the
median of the timescale in each area. We found that different
timescales were still not significantly correlated in any species,
regardless of whether the results from the neocortex, striatum,
hippocampus, and thalamus were analyzed together or separately
(P > 0.05, after Bonferroni correction for multiple comparisons;
SI Appendix, Fig. S1B). These results suggest that the hierarchical
gradient of multiple timescales is shaped by multiple factors that
vary consistently across brain areas but independently within the
population of neurons in each brain area.

Discussion

Previous studies have demonstrated a hierarchical gradient of
intrinsic timescales in resting or spontaneous cortical activity in

humans (13, 14, 20), monkeys (15-19, 21, 22), and rodents (10)
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Fig. 1. Multiple timescales in the neocortex follow the same hierarchical gradient. (A) Estimation of multiple timescales using an autoregressive model is
illustrated with hypothetical neural data. Intrinsic and seasonal timescales estimate the rate of change in correlated neural activity within and across trials,
respectively, whereas choice- and reward-memory timescales quantify the decay of neural signals related to the animal’s choice and its outcome, respectively.
(B-D) Behavioral task for each species. Matching pennies task for monkeys (B), dynamic foraging task for rats (C), and visual discrimination task for mice (D). (E-G)
Correlation between the timescales of neural activity and anatomical hierarchy score in monkeys (E), rats (F), and mice (G). Each dot and error bar, respectively,
indicate the median and SE of the timescale within each area. In (F), black and pink dots represent data from the neocortex and hippocampus, respectively. Note
that the data from the hippocampus (CA3, CA1, and SUB) do not have a precise hierarchy score. In (G), black and red dots represent data from the neocortex
and thalamus, respectively. Blue, green, and yellow shading indicate the regions in the visual, somatomotor, and prefrontal areas, respectively. Dashed lines
denote linear regression. The Pearson correlation coefficients (r) and P values are shown for the data pooled from all areas in each species. (H) Cortical areas
and thalamic nuclei in the visual (Left), somatomotor (Middle), and prefrontal (Right) regions are rendered as in ref. 41. (/) Anatomical hierarchy of the same
areas within each region is shown.
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Fig. 2. Cortical timescales are consistent across cortical layers. The intrinsic, seasonal, choice-memory, and reward-memory timescales are shown for each
cortical layer in mice. To ensure the reliability of the analysis, only layers with more than 10 neurons and areas containing both superficial (layers 2/3 and 4)
and deep layer (layers 5 and 6) neurons were analyzed. Note that layer 4 was not included in accordance with the Allen Brain Reference Atlas in the frontal
cortex (MOp, MOs, ORB, PL, ILA, and ACA). Colored circles and shaded areas indicate the median and the SE of timescales within each cortical layer, respectively.

using electrophysiological recordings and neuroimaging data. In
the present study, we characterized the timescales of task-relevant
and task-irrelevant spiking activity across diverse brain areas in
monkeys, rats, and mice using the same analysis framework. Our
analyses revealed that the parallel, independent progression of
multiple timescales along the cortical hierarchy is preserved in all
three species and, at least in mice, did not vary across different
cortical layers. Although precise hierarchical scores were not avail-
able for the rat hippocampus and basal ganglia, we found that the
multiple timescales in these brain areas follow a relationship sim-
ilar to that observed among multiple cortical timescales.

Hierarchical Organization of Timescales in Cortex. Most studies
on the timescales of cortical activity have focused on the “intrinsic”
timescale, which refers to the rate at which the autocorrelation in
spontaneous neural activity decays over time (15, 16). Intrinsic
timescales measured from spiking activity, field potentials, and
BOLD signals consistently show a gradual increase from primary
sensory cortical areas to higher-order association cortical areas, such
as the anterior cingulate cortex (13, 14, 16, 20-22). This pattern
is often interpreted as reflecting the different computational needs
of sensory versus association cortical regions (6, 7). Neurons in
sensory cortical areas need to process incoming signals rapidly to
represent dynamics in the sensory environment with high temporal
resolution. In contrast, neurons in higher-order cortical areas may
specialize in extracting more stable features of the environment.
Estimates of intrinsic timescales might depend on the nature
of the neural signals analyzed. Indeed, the values of intrinsic times-
cales reported in previous studies vary substantially with the type
of neural signals, ranging from tens of milliseconds in electroen-
cephalography (EEG) and electrocorticography (ECoG) record-
ings (14, 22), to hundreds of milliseconds in spiking activity (10,
15-19) and up to several seconds in BOLD signals (13, 20, 21).
Differences between intrinsic timescales estimated from EEG/
ECoG and spiking activity might be reconciled by computational
studies showing that small differences in the dynamic properties
of the excitatory synapses underlying local recurrent connections
across different regions can lead to large variations in the intrinsic
timescales reflected in spiking activity (48, 51, 52). Similarly, the
larger estimates of intrinsic timescales in fMRI studies might be
partly due to the filtering properties of the hemodynamic response
that links underlying neural activity with BOLD signals (53).
Our results also suggest that it is crucial to consider the pres-
ence of multiple timescales, including those specifically related
to tasks and animal’s behavior, to fully understand the relation-
ship between timescales estimated under various conditions
across different studies. For example, we observed that timescales

https://doi.org/10.1073/pnas.2415695121

spanning multiple trials (seasonal timescale) and timescales asso-
ciated with the animal’s choice and reward (choice- and
reward-memory timescales) are much longer than intrinsic
timescales. The consistency of these relationships across three
different species indicates their robustness, despite variations in
the specific behavioral tasks used. However, this does not imply
that different timescales are a fixed property of any given cortical
area. While intrinsic timescales may reflect anatomical connec-
tivity conserved across species, task-related timescales are likely
to adapt according to task demands. For example, timescales of
neural activity related to choice- and reward-memory are posi-
tively correlated with their corresponding behavioral timescales
(19, 54). The observed flexibility in timescales also explains why
the task-related timescales in rats were substantially longer than
those in monkeys and mice. This difference likely arises because
individual trials in the rat experiments were much longer (25-30,
32, 33, 35). Therefore, task-related timescales could potentially
confound estimates of intrinsic timescales if not properly
accounted for with appropriate models. Indeed, previous studies
have demonstrated that intrinsic timescales can vary depending
on task engagement during movement or working memory tasks
(14, 22). Similarly, the relatively long intrinsic timescales
reported in fMRI studies may reflect long-range temporal cor-
relations that are more akin to seasonal timescales than the
intrinsic timescale observed in spiking activity.

The presence of diverse timescales within and across brain areas
likely enhances the adaptability of cortical circuits, allowing them
to respond to fluctuations in environmental stability during
decision-making and reinforcement learning (9). For example, the
timescale of evidence accumulation during perceptual
decision-making is influenced by the likelihood of changes in
sensory stimuli (55). During reinforcement learning, learning rates
may adjust based on the stability of reward probabilities (56-58),
and multiple discount factors may operate concurrently to esti-
mate the values of immediate versus delayed rewards (59).
Understanding how the brain flexibly controls and deploys mul-
tiple timescales could not only advance machine learning algo-
rithms but also deepen our understanding of how diverse temporal
dynamics contribute to complex cognitive functions.

Timescales Beyond the Cortex. Although previous studies on the
intrinsic timescales of neural activity have mostly focused on the
cortex, some have extended these analyses to subcortical structures
and the hippocampus. For example, the intrinsic timescale of
activity in the first-order sensory nuclei of the thalamus, such
as the lateral geniculate nucleus (LGN) and ventral posterior
lateral nucleus (VPL), is similar to those observed in the primary
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Fig. 3. Multiple timescales are correlated across brain areas. (A-C) Correlation between the intrinsic timescale and the seasonal, choice-memory, and reward-
memory timescales in monkeys (A), rats (B), and mice (C). Median timescales are shown for the neocortex (black), striatum (green), hippocampus (pink), and
thalamus (red). Dashed lines show the regression outcomes for the neocortical (black) and nonneocortical (orange in (B) and red in (C)) areas. In (C), blue, green,
and yellow shading indicate regions in the visual, somatomotor, and prefrontal areas, respectively. The Pearson correlation coefficients (r) and the P values for

the data pooled from all areas are shown in each panel.

sensory cortical areas (10, 60). However, since these studies did not
examine timescales for higher-order thalamic nuclei, it was unclear
whether the timescales of neural activity in the thalamus followed
a hierarchical gradient similar to their cortical counterparts. Our
results indicate that thalamic timescales are consistently shorter and
do not exhibit a hierarchical pattern. In addition, the observation
that stimulus-driven or persistent activity in the cortex can be
rapidly interrupted by inhibiting thalamic inputs (61, 62) suggests
that the contribution of thalamic inputs to driving cortical activity
may be multiplicative, functioning to gate rather than generate
cortical signals with specific timescales (63-65). These results
imply that the sources of hierarchical gradients in the cortex may
reside within the cortex itself.

The hippocampus is commonly assumed to be at the top of the
anatomical hierarchy (36, 43, 44), although its precise hierarchy
score was not available for quantitative analyses in rats. A previous
study of human EEG recordings reported that intrinsic timescales
increased from the parietal cortex to the prefrontal cortex, reaching
their maximum in the medial temporal lobe (14). Similarly, we
found that multiple timescales in the hippocampus and subiculum
were longer than those in other neocortical areas, suggesting that

PNAS 2024 Vol.121 No.51 2415695121

the hierarchical gradient of cortical timescales extends to the
hippocampal formation.

Similar to thalamic and hippocampal timescales, only a few
studies have reported intrinsic timescales in the basal ganglia.
Some fMRI studies have suggested that timescales in the striatum
may reflect those of the connected cortical areas (20, 21).
However, the anatomical distribution of timescales reported in
these studies has been inconsistent. For instance, Raut et al. (20)
found longer timescales in the ventral striatum compared to the
putamen, whereas Manea et al. (21) reported the shortest times-
cales in the ventral striatum. In our study, all types of timescales
were consistently shorter in the ventral striatum than in the
dorsal striatum, which aligns with the findings of Manea et al.
(21). However, significant differences in the anatomical organ-
ization of the striatum between primates and rodents may exist
(66). Additionally, differences between cortical and subcortical
hemodynamic responses could influence the relationship
between timescales estimated from neural activity and those
derived from BOLD signals. Therefore, direct comparisons of
subcortical timescales across studies should be approached
with caution.
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Factors Contributing to Diverse Timescales. The observation that
multiple timescales identified in both intrinsic and task-related
neural activity increase similarly along the anatomical hierarchy in
the cortex across different species suggests a universal organizational
principle. Previous studies have identified hierarchical gradients
in various network, cellular, and molecular properties along the
sensory-to-association or unimodal-to-transmodal axis of the
neocortex (11-14, 49, 50). Understanding how these factors
interact to produce consistent gradients in multiple timescales
without correlation within a population of neurons in each cortical
area might be challenging. While previous modeling works have
provided insights into this issue, they have typically focused on a
single gradient of intrinsic timescales along the cortical hierarchy.
Wang and his colleagues have suggested that neuronal timescales
are primarily determined by local connectivity, particularly the
dense recurrent connections in cortical circuits (48, 52, 67, 68).
Their work demonstrates how synaptic properties and connectivity
patterns can shape neural timescales by modulating the balance
between excitatory and inhibitory inputs. On the other hand, other
modeling studies suggest that variations in timescales may arise
from multiple factors, whose contributions can differ across brain
areas. For example, neural circuits with heterogeneous assemblies
can generate timescales that span several orders of magnitude,
depending on assembly size (69). This offers a plausible explanation
for the wide variation in timescales observed in cortical activity,
which can be decorrelated among neurons within each cortical
area. In addition, neuromodulators may play a key role in the
flexibility of timescales by influencing the biophysical and network
properties of cortical neurons (14, 70-72). These modeling results
suggest that multiple factors contribute to the organization and
modulation of neuronal timescales, emphasizing the need for
considering these factors collectively in future models.

In conclusion, our findings highlight the hierarchical gradients
of multiple timescales as a fundamental aspect of cortical dynam-
ics. We propose that intracortical connections primarily modulate
cortical timescales, while additional mechanisms may influence
subcortical timescales. Further investigations into multiple times-
cales across different brain regions and species could elucidate the
complex relationship between brain connectivity and neuronal
temporal dynamics.

Materials and Methods

The Neural Data. We analyzed single-neural activity collected previously from
multiple brain regions of monkeys, rats, and mice. Specifically, we analyzed activ-
ity from four cortical areas in monkeys (25-28) and from five cortical areas, three
striatal subregions, and three hippocampal regions in rats (29-34).

Inaddition, we used the dataset for mice publicly available at https://figshare.
com/articles/dataset/Dataset_from_Steinmetz_et_al_2019/9598406  (35),
which includes neural activity recorded from eleven cortical areas and seven
thalamic nuclei. The numbers of neurons in each area from the three species are

listed in S/ Appendix, Table S1.

Behavioral task. Monkeys performed a matching pennies task (25-28). The trial
started with a yellow square presented at the center of the computer screen. After
adelay of 0.5 s, two green disks were presented horizontally. The animal shifted
its gaze toward one of the targets within one second and maintained its fixation
for 0.5 s. Subsequently, a red ring appeared around the target selected by the
computer opponent, and the animal was rewarded only when it chose the same
target as the computer. The computer opponent was programmed to predict the
animal's choice based on the animal’s previous choices and reward outcomes
and to choose the opposite target.

Rats performed dynamic foraging tasks (29-34).The rat was presented with two
goal locations and allowed freely to choose one of them to receive a reward. One
of the four reward probability pairs for left and right goals (left:right = 0.72:0.12,
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0.63:0.21,0.12:0.72, or 0.21:0.63) was used in each block with the number of
trials in each block randomly determined.

Mice performed a visual discrimination task (35). The trial began with visual
stimuli presented on the leftand right sides of the computer screen. Aftera delay
of 0.5t0 1.2 s followed by an auditory cue, the animal moved a stimulus located
ateither side to the center of the screen by turning the wheel. If the animal chose
the stimulus with higher contrast, it was rewarded. If the two stimuli were of equal
contrast, the animal was rewarded with 50% probability for a left or right choice.
If no stimuli were presented on the screen, the animal was rewarded only when
it did not turn the wheel for 1.5 s following the auditory tone cue.

Hierarchy Scores. The anatomical hierarchy scores for monkeys and mice used
in this study were obtained from two prior studies (38, 39), and they are pub-
licly available at https://balsa.wustl.edu/ and https://github.com/AllenInstitute/
MouseBrainHierarchy, respectively. For the mice data, we used the hierarchy score
calculated from the feedforward and feedback connections across the neocortical
and thalamic areas, which are indicated as the "CC+TC+CT" iterate scores in the
resultfile "hiearchy_summary_CreConf.xlsx," to compare the timescales from the
areas in the neocortex and thalamic nuclei. For the rat data, the hierarchy scores
from the mice were used.

Classification of Cortical Layers in Mice. Since the neural data from mice
were recorded with Neuropixels probes (73), we mapped cortical neurons to each
cortical layer according to their channel position detected at peak amplitude in
the Allen Mouse Brain Common Coordinate Framework (74).

Autoregressive Model. Neural activity recorded from animals during the
behavioral tasks displays ongoing fluctuations within and across trials in addi-
tion to changes related to the animal's choices and their outcomes. In the present
study, the timescales of intrinsic changes in the neural activity within a single trial
and across multiple trials, referred to as "intrinsic” and "seasonal” timescales,
respectively, were estimated using two separate groups of terms in a third-order
autoregressive (AR) model (19). In addition, we estimated the timescales of neural
signals related to the animal’s choice and its outcome by modeling them with
the sum of the exponential functions with different time constants (Fig. 14). To
calculate these two timescales simultaneously, we used the same autoregressive
model as employed in a previous study (19), where the timescales were estimated
with a fitting algorithm to predict the current spike count of a neuron using the
previous neural response and the history of the animal's choices and their out-
comes in three previous trials. In this model, the spike counts in each time bin
are predicted using the following model:

3 3
y(n k) =ym + Za;my(n—i, k) + Zageay(n,k—i)
i i

’ o (N k=i
+ (1) X Ao X Zexp(—M> x cho(n, k—1)

i=1 Tcho

’ tew(n k=i
+YM XA X Y exp( - M) xrew(n, k —i)

i=1 T rew
+Ayx[1, ], [1]

where y (n, k )is the spike count n the nith bin (with a resolution of 50 ms) of the kth
trial and y(n)is a constant term for each bin and a/  and a/  are the corresponding
coefficients for the intrinsic and seasonal AR components. These results represent the
intrinsicand seasonal fluctuationsin the neural activity.t ;. (n, k)andt,,,(n, k)denote
the time difference between the currenttime and the time when the choice was made
and the reward was given in prior trials, respectively (with a resolution of 50 ms).The
free parameters of the model are the autoregressive coefficients for the intrinsic (a/ )
and seasonal (a!,.) timescales. The amplitudes of the choice-memory and reward-
memory components are denoted, respectively, by A, and A,,,,, and the timescales
of the choice and reward signals are likewise indicated by 74, and z,,,,. u and 4,
represent the vectors of behavioral terms (current choice, reward, and their interaction
(choice x reward))and their coefficients, respectively. The construction of the regressor

vector, u, is tailored to the specific behavioral paradigms employed. For monkeys,
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u is composed of three choice-related regressors capturing the intervals [0, 500]
milliseconds postonset of choice targets, target fixation, and reward feedback, along
with a single reward regressor and an interaction regressor delineating the [0, 500]
milliseconds following reward feedback. In mice, u was defined similarly, including
three choice-related regressors for the periods following the onset of a visual stimulus,
an auditory tone cue, and reward feedback, complemented by one reward regressor
and an interaction regressor for the interval immediately after reward feedback. For
rats, the regressor vector included two choice-related regressors, covering the time
[0, 500] milliseconds after initiating an approach toward the reward and the receipt
of reward feedback, in addition to a single reward and an interaction regressor for the
postreward feedback phase. We estimated the time constants of choice- and reward-
memory effects from the corresponding exponential functions.

The timescale of the intrinsic and seasonal fluctuations was calculated from
the eigenvalues of three AR coefficients, as follows:

7=max<_i),
log(|A])

a' @ &
1700 (2]
010

[F-=All=0,F=

where At is the size of the time bin for each component (At = 50 ms for the
intrinsic timescale and the average trial length for the seasonal timescale).

To assess the statistical significance of each timescale, we compared log likeli-
hood values from the full ARX model (Eq. 1) and from the model without a term
that corresponds to the timescale in question. The difference in log likelihood
values between these two models provided a measure of the contribution of the
tested timescale on the ARX model. The statistical significance of this difference
was tested using a Chi-square test. We found that distributions of timescales
from all neurons were not significantly different from those only including the
neurons with statistically significant terms (Kolmogorov-Smirnov test, P > 0.05,
after Bonferroni correction for multiple comparisons), and therefore all neurons
with mean firing rate > 0.1 spikes/s are included in the analyses.

Multiple-Regression Models. To examine the difference between the hierar-
chical gradient of each timescale in superficial and deep layers, we used the
following regression model (S/ Appendix, Table S2):

T(n) = ay + a;L(n) + a,H(n) + a;L(n) x H(n), [3]

whereT(n)is the median of timescale in the superficial or deep layer of nth brain
area, L(n)isa dummyvariable to indicate whether each layer belongs to the super-
ficial or deep layer (thatis, 0 and 1 for the superficial and deep layer, respectively),
H(n)is the hierarchy score,and L(n) x H(n)is the interaction term.Thus, the null
hypothesis that a; = 0 implies that the strength of the correlation between the
timescale and the hierarchy score is not different for the two layers.
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Similarly, to examine the difference between the hierarchical gradient of each
timescale in the cortex and thalamus, we used the following regression model
(SI Appendix, Table S3):

T(n) = ay + a,C(n) + a,H(n) + a;C(n) X H(n), (4]

whereT(n)is the median of timescale in the nth brain area and C(n) is a dummy
variable to indicate whether or not each area belongs to the cortex (that is, 0 and
1 for the cortex and thalamus, respectively).

Additionally, to test whether the correlation among multiple types of times-
cales differs for the neocortical and nonneocortical areas, we used the following
regression model (S/ Appendix, Table S4):

T(n) = ay + a,C(n) + a,7,,,(n) + a3C(n) X 7;,(n), [5]

whereT(n)is the median of timescale in the nth brain area and C(n) is a dummy
variable to indicate whether or not each area belongs to the cortex (that is, 0 and
1 for the neocortical and nonneocortical area, respectively).

Quantification and Statistical Analysis. Pearson’s correlation coefficient was
used to determine the correlation between the hierarchical score and multiple
timescales (Fig. 1 £-G) and between the intrinsic timescale and other timescales
(Fig. 3 and S/ Appendix, Fig. S1). The Wilcoxon rank-sum test (Mann-Whitney U
test) was used to determine the difference in the timescale values between the
neocortex and hippocampus in rats and the thalamus in mice.

Data, Materials, and Software Availability. Previously published data were
used for this work (25-35).
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