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Consensus is rapidly building to support a role for the cerebellum beyond
motor function, but its contributions to non-motor learning remain poorly
understood. Here, we provide behavioral, anatomical and computational evi-
dence to demonstrate a causal role for the primate posterior lateral cere-
bellum in learning new visuomotor associations. Reversible inactivation of the
posterior lateral cerebellum of male monkeys impeded the learning of new
visuomotor associations, but had no effect on movement parameters, or on
well-practiced performance of the same task. Using retrograde transneuronal
transport of rabies virus, we identified a distinct cerebro-cerebellar network
linking Purkinje cells in the posterior lateral cerebellum with a region of the
prefrontal cortex that is critical in learning visuomotor associations. Together,
these results demonstrate a causal role for the primate posterior lateral cer-

ebellum in non-motor, reinforcement learning.

Cerebellar circuits with the cerebral cortex in human and non-
human primates are remarkably expansive'” and yet, for decades,
the behavioral contributions of the cerebellum have been con-
ceptualized almost exclusively within the realm of motor control*.
The focus on cerebellar contributions to movement is unsur-
prising, given the well-established neuroanatomical circuits that
allow the cerebellum to influence the motor cortex™®, as well as
converging evidence for cerebellar involvement in motor func-
tion from patient, imaging, electrophysiological, behavioral, and
computational modeling studies’™".

Spurred by the Leiners’ original observation'® that the evo-
lutionary expansion of the cerebellar hemispheres parallels that
of the prefrontal cortex, consensus has been gathering to support
a cerebellar role beyond motor control. Anatomical tracing stu-
dies have shown that the cerebellum sends outputs not only to
motor, but also to non-motor areas in the cerebral cortex" .
Clinical evaluation of patients with cerebellar pathology and
neuroimaging studies provide further evidence for cerebellar

involvement in a variety of non-motor processes, including
executive function, working memory, timing, language, and
emotion'®?%*7* However, given that the cerebellar cortex
receives both motor and non-motor information®~® crucial
aspects of cerebellar contributions to non-motor functions
remain unknown, including: (1) the cerebellum’s causal necessity
for non-motor learning, (2) the computations that the cerebellum
contributes to non-motor functions and whether they are inde-
pendent from motor information, (3) the cerebral cortical regions
that engage the cerebellum for non-motor learning, and (4) the
cerebellar cortical regions that can affect non-motor learning at
the level of the prefrontal cortex.

We previously showed that when a monkey learns a new visuo-
motor association, the simple spikes (SS) of Purkinje cells in Crus I and
Crus Il become responsive to the outcome of the prior trial, with
roughly half of the neurons signaling that the monkey received a
reward on the prior trial (correct-preferring cells, cP cells), and half
signaling that the monkey failed to receive a reward (wrong-preferring
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cells, wP cells)®. The difference in the activity of these two types of
neurons provides an error signal, which approaches zero as the mon-
key learns the association. When the monkey performs an overtrained
visuomotor association task, the neurons are not sensitive to reward or
errors. The complex spikes of the same neurons encode a signal pre-
dicting the start of a new trial, probability of failure in the current trial,
but not the trial-by-trial error, signals which we interpreted as arousal
or motivational signals®.

Here, we show that reversible inactivation of Crus I and Il impaired
learning new visuomotor associations, but not performance of the
overtrained visuomotor association. Finally, using retrograde trans-
neuronal transport of rabies virus, we determined that the same region
of cerebellar cortex is interconnected with an area of the prefrontal
cortex, the PrePMd, that has an established role in learning visuomotor
associations®. This combination of behavioral, anatomical, and com-
putational analyses establishes that the posterior-lateral cerebellum is
critical for non-motor, reinforcement-based learning in nonhuman
primates.

Results

Lateral-posterior cerebellar inactivation interfered with learn-
ing of novel visuomotor associations

We trained two monkeys to associate arbitrary visual symbols with left
and right-hand bar release to earn an immediate liquid reward
(Fig. 1a, b, “Methods”). We created a library of 16 pairs of novel fractal
symbols with varying levels of fractal image complexity and varying
levels of similarity between the symbols in each pair (Fig S1a). On each
recording session, after the monkeys performed -30 trials with famil-
iar, overtrained symbols (OT), we presented them with one of the
novel symbol pairs randomly chosen from the library and tracked their
learning. Since different symbol pairs in the library had different levels
of complexities and similarities (Fig S1b-d), the number of trials each
monkey took to learn the association differed among the different
symbol pairs. To get a robust estimate of the difficulty of each symbol
pair, we recorded the monkeys’ performance for each symbol pair
(Monkey B- 16 pairs, Monkey S- 9 pairs) at least three times, spread
over several weeks, repeatedly presented in random order (Fig. 1c;
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Fig. 1| Lateral-posterior cerebellar inactivation caused an impairment in
visuomotor association learning. a Schematic of the experimental setup.

b Schematic of the two-alternative forced-choice discrimination task showing a
representative session with ~30 trials of overtrained task (left) and -100 trials of
learning task (right). c Trial session organization. On a given experimental day,
monkeys performed 3-10 sessions; Each session began with ~30 trials of over-
trained symbols (green and pink squares) followed by a randomly chosen symbol
pair from the library (Fig. Sla) presented until they learned them (-100 trails).
Sessions marked with blue rectangles indicate repeated presentations of the same
symbol pairs with same visuomotor associations as the last time the symbols were
presented. Sessions marked with orange rectangles indicate repeated presenta-
tions of the same symbol pairs but with inverted visuomotor association (see
“Methods”). We never repeated the same symbol pair with the same association on
a given day. d For each monkey (B, left and S, right), the left panel shows a T1-
weighted MRI image of the cerebellar hemisphere with muscimol infusion location
(red outline) in the coronal plane. Lobules of interest are outlined in different
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colors. The right panel shows a flattened map reconstruction of the cerebellar
cortex surface, with the infusion location marked in red. Scale bar 5 mm. Cr crus, D
dorsal, M medial. e Continuous voltage traces from example saline (top) and
muscimol infusion days (bottom) from the lateral-posterior cerebellum.

f Behavioral performance for both monkeys for each session during novel learning
task during control-saline condition. g Same as f but for lateral-posterior cerebellar
inactivation condition. h Probability of learning in lateral-posterior cerebellar
inactivation condition given the probability of learning in the control condition,
Pr(L,,|Ls = p), plotted againts the probability of learning in the control condition
Pr(L, = p). Each marker is a session. The marker colors correspond to the colored
values in the abscissa. m, muscimol and s, saline. i Quantitation from h. Data are
shown as mean + SEM. j Percent correct for each symbol pair during overtrained
task in saline (S; gray) and muscimol (M; red) conditions. P=0.32, n=25,
Mann-Whitney U test. Data are shown as mean + SEM. Source data are provided asa
Source Data file.
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"Methods”). The acquisition-difficulty levels (the trial when they
reached 90% correct for each repetition of each symbol pair) were not
significantly different among the repeated presentations of the same
symbol pair (Fig S1b; monkey B: P=0.46; monkey S: P=0.63, ANOVA)
suggesting that the monkeys forgot their prior experience with a given
symbol pair during each additional re-learning.

To determine the effect of inactivation of Crus I and II on visuo-
motor association learning, we infused 4-10 pl of a 10 mg/ml solution
of muscimol, a GABA, agonist that hyperpolarizes cell bodies without
affecting fibers of passage, into Crus I and Il of the lateral-posterior
cerebellum of two monkeys, in the same locations where we recorded
task-dependent P cells* (“Methods”, Fig. 1d). Muscimol infusions into
the cerebellar cortex result in depression of excitability of granule and
P cells, consequent disinhibition of deep cerebellar nuclei activity and
a depression of olivary excitability*. As a control, we infused saline on
the days in between muscimol injections, in the same location as the
muscimol injections. On a given day, we injected either saline or
muscimol (never both) at the start of the experimental day, waited for
30-40 min after the injection, and recorded 3-10 sessions (where each
session is ~30 trials of overtrained task followed by ~100 trials of novel
condition; Fig. 1e).

During saline-control sessions, the monkeys typically learned the
novel association in 50-70 trials (Fig. 1f). Cerebellar inactivation sig-
nificantly impaired the learning for the same pairs of symbols used for
the saline-control session (Figs. 1g and Slc). Since different symbol
pairs had different acquisition-difficulty levels (Fig. Sib, d-e), we
compared the learning behavior between the same pairs of symbols in
saline and muscimol conditions (Methods). When the monkeys per-
formed at 50% correct during control sessions, their performance was
also close to 50% during inactivation sessions (Fig. 1h, i). However, as
the performance of the monkeys improved during control sessions,
the performance of the monkeys improved during inactivation ses-
sions at a much slower rate. In particular, when the monkeys’ perfor-
mance was about 100% during control sessions, their performance was
only -65% during inactivation session (Fig. 1h, i). Since this perfor-
mance was significantly lower than that of the control condition but at
the same time, above chance level this suggests that the inactivation of
lateral-posterior cerebellum significantly impaired learning novel
visuomotor associations but did not eliminate it entirely.

When the posterior-lateral cerebellum was inactivated, the mon-
keys had difficulty learning even the association that had the least
acquisition difficulty (Fig. S1d-g). However, this was not because they
developed a choice bias (Fig. S2a). Instead, it may have been the case
that their learning strategy was affected (Fig. S2b, c). In the saline-
control sessions, the monkeys adopted a win-stay lose-switch strategy
near the beginning of learning and the percentage of trials in which
they used this strategy increased throughout the session, but in the
muscimol sessions they adopted this strategy much later (Fig. S2b). We
previously modeled the learning process using a drift-diffusion rein-
forcement learning model. This model used a drift-diffusion process to
capture the decision process that resulted in which choice of the hand
to release, and it used the reinforcement learning model to capture the
error signal from P-cell simple spike activity*’. Here we modeled the
muscimol effect by replacing the reinforcement learning error signal
with Gaussian white noise (Fig S3, “Methods”, Supplementary Note 1).

On a few additional experimental sessions, we used an error-
correction strategy: repeating the same symbol on the next trial when
the monkey made an error until the monkey got it right (“Methods”).
This significantly improved the monkeys’ rate of learning under saline-
control session as expected (P=0.0029, paired ¢t-test) but not during
cerebellar inactivation (P= 0.11; paired ¢t-test) for the same number of
trials, for the same symbol pairs (Fig. S4).

Although inactivation of the posterior-lateral cerebellar cortex
impaired learning new associations, the monkeys continued to per-
form the overtrained task at close to 100% accuracy, not different from

their performance during the saline-control condition (Monkey B:
P=0.21; Monkey S: P=0.50; Mann-Whitney U test; Fig. 1j). This implies
that although the posterior-lateral cerebellar cortex is critical for
learning, consolidation resides elsewhere (Supplementary Note 2). We
verified that the performance modulations across sessions, within a
day, did not confound our observation (Fig. S5). More importantly, the
monkeys performed the overtrained task with an accuracy close to
100%, between the different learning task sessions within an experi-
mental day. Thus, the learning deficiency could not be due to any
effect of the muscimol on the monkey’s ability to perform the com-
ponents of the task that did not require learning.

Lateral-posterior cerebellar inactivation did not affect gross
motor kinematics

Although inactivation of the posterior-lateral cerebellum prevented the
monkeys from learning new visuomotor associations, it did not affect
the gross motor kinematics of hand movement: In both control and
inactivation conditions, the monkeys performed the task with well-
stereotyped hand movements in the overtrained task (Figs. 2a, S6a;
Monkey B: P=0.73; Mann-Whitney U test; Monkey S: P=0.53; paired t-
test) and during learning (Figs. 2b, S6b; Monkey B: P= 0.87; paired t-test;
Monkey S: P=0.32; paired t-test). It should be noted that in any case, the
exact kinematics of the hand movement made by the monkeys did not
affect reward probability and was task irrelevant (“Methods”). The lick-
ing behavior was also not different between the control and inactivation
conditions for the overtrained tasks (Figs. 2¢, S6¢; Monkey B: P=0.76;
paired t-test; Monkey S: P=0.99; paired t-test) or during learning
(Figs. 2d, Sé6d; Monkey B: P=0.44; paired ttest; Monkey S: P=0.42;
paired t-test). Although monkeys generally tended to look around the
screen more during learning than during the overtrained tasks, there
were no systematic differences in their eye movements between the
control and inactivation conditions during the overtrained tasks
(Figs. 2e, S6g; Monkey B: P=0.23; Mann-Whitney U test; Monkey S:
P=0.73; paired t-test) or during learning (Figs. 2f, S6h; Monkey B:
P=0.11; Mann-Whitney U test; Monkey S: P=0.66; Mann-Whitney U
test). Because the symbol only appeared for 100 ms, half the usual
saccadic reaction time of monkeys* the cerebellar deficit in learning
could not have been due to a failure in saccade-driven visual search as
the monkeys sought to find features which distinguished between the
two symbols (Fig S6i-k). Additionally, under cerebellar inactivation, the
motor kinematics for correct and wrong trials were not different (Fig.
S7). In a few additional experiments, we switched the manipulanda from
bars to dowels, which required the monkeys to make entirely different
hand movement to report the same choices (“Methods”). Posterior-
lateral cerebellar inactivation had no effect on the kinematics of the
changed movement (Fig. S8).

However, under inactivation of the posterior-lateral cerebellum,
the reaction time did not decrease during learning, in keeping with the
monkey’s failure to learn the symbol associations (Monkey B: P= 0.001
paired t-test; Monkey S: P=0.01 paired t-test; Fig. 2g, h). This effect
could be explained by the computational model described earlier (Fig.
S3, Supplementary Note 1). Given that there were no changes in any
aspect of the movements with which the monkeys signaled their
decision, we inferred that inactivating the lateral-posterior cerebellum
interfered with the monkeys’ ability to make a decision about the
association, rather than their ability to report it.

Anterior cerebellar inactivation did not interfere with learning
of novel visuomotor associations

To test if the effect of muscimol inactivation were specific to the
posterior-lateral cerebellum, we made similar muscimol injections into
more anterior parts of the cerebellum in both monkeys (lobule V, an
area that is interconnected with the primary motor cortex” and likely
involved in motor control** (Figs. S9a and S10)). We again recorded the
monkeys’ performance for a few randomly selected symbol pairs from
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Fig. 2 | Lateral-posterior cerebellar inactivation did not cause any deficit in
motor kinematics during visuomotor association learning. a Left: Mean hor-
izontal (H) and vertical (V) hand positions across sessions for monkey B, during
overtrained for control-saline (gray) and muscimol-inactivation (red) conditions.
Right: Quantitation of the amplitude of hand movement for monkey B (left; circle
markers; P=0.73, n=16, Mann-Whitney U test) and monkey S (right, square mar-
kers; P=0.53; n=9, paired t-test). S: saline, M: muscimol. b Same as a; but during
learning. Right panel, monkey B (left; circle markers; P=0.87, n=16, paired t-test)
and monkey S (right, square markers; P=0.32; n=9, paired t-test). ¢ Left: Mean
licking activity across sessions and monkeys during overtrained for control-saline
(gray) and muscimol-inactivation (red) conditions. Right: Quantitation for monkey
B (left; circle markers; P=0.76, n=16, paired t-test) and monkey S (right, square
markers; P=0.99; n=9, paired t-test). d Same as ¢; but during learning. Right panel,
monkey B (left; circle markers; P=0.44, n=16, paired t-test) and monkey S (right,
square markers; P=0.42; n=9, paired t-test). e Left: X and Y raw eye-movement
positions, from a representative session during overtrained for control-saline (gray)

% correct in control

and muscimol-inactivation (red) conditions. Right: Quantitation of radius of visual
exploration from all sessions (rexp; see “Methods”; Fig S6e-h) for monkey B (left;
circle markers; P=0.23, n=16, Mann-Whitney U test) and monkey S (right, square
markers; P=0.73; n =9, paired t-test). f Same as e; but during learning. Right panel,
monkey B (left; circle markers; P=0.11, n = 16, Mann-Whitney U test) and monkey S
(right, square markers; P=0.66; n =9, Mann-Whitney U test). g Mean reaction time
(RT) profile during overtrained and learning across sessions and monkeys for
control-saline (gray) and inactivation (red) conditions. h Quantitation from G for
two monkeys separately. Lyeg: beginning of learning and Leng: end of learning. Left:
Monkey B, OT: P=0.48; paired t-test; Lpeg: P=0.10; paired t-test; Leng: ***
P=3.1909¢-04 paired t-test; n=16. Right: Monkey S, OT: P=0.30; paired t-test; Lyeg:
P=0.28; paired t-test; **Lenq: P=0.0021 paired t-test, n=9. i Reaction time during
control (gray) and inactivation (red) conditions for different performances during
control condition. Data are shown as mean + SEM. Source data are provided as a
Source Data file.

the library (Fig. S1a; Monkey B- 5 pairs, Monkey S- 4 pairs). Inactivation
of the anterior cerebellum had no effect on the monkey’s ability to
learn new visuomotor associations (Monkey B: P=0.71, paired t-test;
Monkey S: P=0.42, paired t-test; Fig. S9b, c) or to perform the over-
trained task (Monkey B: P=0.39, paired t-test; Monkey S: P=0.38,
paired t-test) suggesting that the anterior cerebellar inactivation did
not significantly affect visuomotor association learning (Fig. S9d-h).
One of the monkeys developed transient ataxia of the ipsilateral leg;
the other developed nystagmus, showing that although anterior
muscimol injection did not impair visuomotor learning, it impaired
other behavioral functions.

Identifying the cerebro-cerebellar network for learning new
visuomotor associations

To identify the network with which the neurons in the posterior-lateral
cerebellum are connected, we injected the N2c strain of rabies virus
into posterior portions of Crus Il in cebus monkeys (N =2) (Figs. 3 and
S11). The injection site spanned the medio-lateral extent of Crus llp,
extending into the fissure between Crus Ilp and Crus Ila. We set the

survival time to allow the virus to infect first-order neurons, including
neurons in the pontine nuclei** and the inferior olive (Fig. S12), and
then second-order neurons that project to the first-order neurons,
including neurons in Layer V of the cerebral cortex (Figs. 3 and S13) and
in the subthalamic nucleus®. The first-order inputs from the inferior
olive to our injection sites originated almost exclusively from the lat-
eral and ventral lamella of the principal olive (PO) (Fig. S12). These data
indicate that our injections primarily involved cerebellar longitudinal
zone D2* that receives inputs from the ventral lamella of the PO*. To
quantify the second-order inputs from the cerebral cortex, we exam-
ined coronal sections, spaced every 200 um, and charted cortical
neurons infected with rabies virus (n=4889 in AB1, 10088 in AB2). No
infected neurons were located outside of Layer V, confirming that the
virus transport was restricted to the second-order neurons that are the
origin of the cerebro-ponto-cerebellar pathway. A majority (63%) of
the infected neurons in the two animals were located in regions of the
prefrontal cortex (Fig. 3b). Additional populations of labeled neurons
were found in the posterior parietal, posterior cingulate and retro-
splenial areas (24%), and in regions of the insula and temporal cortex
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Left). Colored squares indicate the number of infected neurons in successive 200-
um x 200-um bins (color key). Estimate cytoarchitectonic boundaries are shown in
light gray dotted lines. Tick marks (top) indicate level of sections depicted in Fig.
S13. ¢ Dark blue outlines indicate the extent of the cerebellar cortex injection sites
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diagram. Tick marks (bottom) indicate level of sections depicted in Fig. S11. A
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lateral, LSd dorsal lip of the lateral sulcus, M medial, M1 primary motor cortex, PMd
dorsal premotor cortex, PMv ventral premotor cortex, PS principal sulcus, S1 pri-
mary sensory cortex.

(10%). In contrast, limited numbers of infected neurons were present
on the orbital surface (1%) and in cortical areas involved in motor
control, including the primary motor cortex, premotor areas, and the
frontal eye field (2%).

Approximately half of the neurons labeled in the prefrontal cortex
were found in a single cortical area, termed the pre-dorsal premotor
area (PrePMd), also referred to as F7°%. Although immediately rostral to
the dorsal premotor cortex (PMd), the PrePMd is not considered to be
one of the cortical motor areas because it does not project directly
either to the primary motor cortex (M1)*, or to the spinal cord. The
PrePMd is interconnected with the PMd, but it receives its strongest
cortical inputs from other areas of the prefrontal cortex*’5, Other
prefrontal areas that contained infected neurons included areas 8
(11%), 91 (3%), 101 (3%), 46 (3%), and 12/45 (6%), as well as prefrontal
areas on the medial wall of the hemisphere (8%) To determine density
of labeling, we counted infected neurons in successive 200-um x 200-
um bins. The densest bins in this sample (upper 90th percentile)
contained 5 or more infected neurons (dark blue squares in Fig. 3b).
This analysis indicated that 96% of the densest bins were located in the
PrePMd. Thus, the highest density of inputs to the posterior-lateral
cerebellum originated from the PrePMd.

Next, we injected the N2c strain of rabies virus into the center of
the PrePMd in another set of cebus monkeys (N =2) (Figs. 4 and S14).
We adjusted the survival time to allow the virus to infect first-order
neurons that project to the injection sites, including neurons in the

thalamus, second-order neurons in the deep cerebellar nuclei, and
third-order neurons (P cells) in the cerebellar cortex (Figs. 4 and S15).
We examined sagittal sections through the cerebellum, spaced every
200 um, and charted the infected P cells (n=6962 in ABII, 6812 in
ABI13). The overwhelming majority (91.7%) of the infected P cells in
both monkeys were located in portions of Crus I and Il. Some common
sites in Crus I and Il of both animals contained dense patches of labeled
P cells. These patches of labeled neurons were interspersed with areas
that contained no labeled neurons. For example, the surface of Crus |,
the posterior bank of the fissure between Crus I and Ila, and the surface
of Crus lla contained dense patches of labeled P cells in both animals.

In prior experiments we examined the distribution of P cells
labeled following retrograde transneuronal transport of rabies virus
from injections into prefrontal area 46 and M1°. We were able to
compare our current results with those from the prior experiments.
This comparison indicated that P cells projecting to area 46 are
located at cerebellar sites that are largely separate from those pro-
jecting to the PrePMd. Even at a site of potential overlap on the
surface of Crus Ila, the densest patches of P cells that project to area
46 are located largely lateral to those that project to the PrePMd.
Similarly, P cells that project to M1 are located in more anterior
regions of the cerebellar cortex that are clearly separate from those
that project to the PrePMd. Thus, our neuroanatomical tracing
results indicate that the cerebellar site where inactivation interferes
with learning new visuomotor associations is not interconnected
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outlines indicate the extent of the cerebral cortex injection sites in two cases (AB13
- Right; AB11 - Left) on flattened maps of the lateral wall. Estimate cytoarchitec-
tonic boundaries are shown in light gray dotted lines. Tick marks (top) indicate
level of sections depicted in Fig. S14. ¢ The distribution of virus infected P cells
following rabies virus injections into the PrePMd is illustrated on flattened surface
maps of the cerebellar cortex in two cases (AB13 - Right; ABI1 - Left). Colored
squares on the flattened cerebellar cortical indicate the number of infected P cells
in successive 200-um x 100-um bins (color key). Tick marks (bottom) indicate level
of sections depicted in Fig. S15. Abbreviations as in Fig. 3.

with any of the cortical motor areas, but forms closed-loop circuits
with the prefrontal cortex.

Discussion

We previously showed that the SS of Purkinje cells in Crus I and Crus Il
produce an error signal driven by the presence or absence of reward
on the prior trial when monkeys learn a new visuomotor association.
This reward-driven error signal approaches zero as the monkeys learn
the task. When the monkeys perform an overtrained visuomotor
association task which does not require learning, the same neurons are
not responsive to reward or error. Here, we show that reversible
inactivation of specific regions of the primate posterior-lateral cere-
bellar cortex (Crus I and II), which form closed-loop circuits with the
prefrontal cortex, interferes with learning new visuomotor associa-
tions. Inactivation of this non-motor area of the cerebellum affects
neither performance of the task with well-practiced associations, nor
movement parameters. Thus, our results indicate that non-motor
regions of the primate cerebellar hemisphere may use reward
signals**° to shape the neural activity in interconnected regions of the
prefrontal cortex, promoting conditional associative learning.

The ability to learn and perform arbitrary visuomotor associations
flexibly engages a brain-wide network, including areas of the premotor
and prefrontal cortex, as well as interconnected regions of the basal
ganglia and the hippocampus*°. Multiple studies provide support for
anatomical and functional distinctions between the dorsal premotor

cortex (PMd) and the PrePMd, a cortical areaimmediately rostral to the
PMd. The PrePMd does not project directly to the primary motor
cortex (M1)*® or to the spinal cord®. Thus, it can be argued that the
PrePMd is anatomically more similar to areas of the prefrontal cortex’®,
with which it is closely interconnected*’*%, Neurophysiology studies in
nonhuman primates and neuroimaging studies in humans also support
a functional distinction between the PrePMd and the PMd: activity in
the PrePMd is more closely related to higher-order cognitive functions,
including learning of conditional visuomotor associations®>*,
Indeed, lesions that primarily involve the PrePMd cause severe deficits
in the acquisition of visuomotor associations™.

Patients with cerebellar pathology also show impairments in
associative learning, including learning of arbitrary visuomotor
associations™®, However, the cerebellum has not been considered
essential for the function of the brain-wide network for learning
visuomotor associations’>**®., To the contrary, previous causal
experimental studies have not found convincing evidence for cere-
bellar  contributions to learning  arbitrary  visuomotor
associations****®*, The prior attempts to identify a causal role for the
cerebellum in learning visuomotor associations have used broad and
irreversible lesions that included the deep cerebellar nuclei and over-
laying cerebellar cortex®**. This broad approach involves permanent
lesions of both motor and non-motor regions of the cerebellum®, thus
complicating the behavioral effects and the interpretation of results. In
contrast, in the present experiments we targeted reversible
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inactivation to the specific regions of the cerebellar cortex (Crus I and
1) that are interconnected with the PrePMd and where we previously
recorded reinforcement error signals during learning of new visuo-
motor associations®.

Recent studies in rodents highlight the involvement of Crus I and
Il in various functions including preparatory motor activity, sensor-
imotor integration, accumulation of sensorimotor evidence, eye-blink
conditioning, social behavior, and decision making based on sensory
discrimination®*”". In rodents, Crus I and II are interconnected with
both sensorimotor and non-motor regions of the cerebral cortex?***72,
In nonhuman primates'**° and humans*”*”¢, Crus 1 and Il appear to be
predominantly interconnected with regions of the prefrontal cortex.
There is considerable evidence for evolutionary expansion of cere-
bellar regions that are interconnected with the prefrontal cortex in
primates’ and the brain-wide circuits in which these regions participate
may have limited homologs in rodents”’. Further studies are needed to
help reveal the equivalent brain-wide circuits for associative learning in
rodents.

To understand the role of the cerebellum in the brain-wide circuit
that uses reward information to guide associative learning, we must
consider the sources of its reward-related inputs. We have previously
shown that the same region of cerebellar cortex that is involved in
learning visuomotor associations® and is interconnected with the
PrePMd (Figs. 3 and 4), also receives di-synaptic inputs from associa-
tive regions of the subthalamic nucleus (STN) in the basal ganglia*
(Fig. S16). Neurons in both the prefrontal cortex and the basal ganglia
are selective for reward or failure on the prior trial”® although these
signals do not change during learning. Thus, signals from both the
prefrontal cortex, including the PrePMd (Fig. 3), and the basal
ganglia®, could convey reward-related signals to the posterior-lateral
cerebellum through mossy fiber inputs to the pontine nuclei’®, or
through the meso-diencephalic junction (MDJ) inputs to the inferior
olive**°, the two primary input routes to the P cells of the cerebellar
cortex (Fig. S16). Granule cells have been recently shown to carry
reward information while performing an overlearned task®, but it is
unknown how they process reward during reinforcement learning.
During reinforcement learning, complex spikes do not sculpt con-
current simple spike responses®, as posited in theories of cerebellar
contributions to cognition based on the classical Marr-Albus error-
based motor learning framework™", nor do they provide trial-by-trial
information about reward, although they do signal the probability of
success on the current trial. Instead, complex spikes may provide a
motivational signal”’ through cerebellar projections to the dopami-
nergic midbrain that have been demonstrated in mice. In mice, com-
plex spike activity could signal reward prediction errors®*** and
temporal difference prediction errors®**®, The reinforcement learning
error signal encoded in the posterior-lateral cerebellar P cell simple
spikes is present when the monkeys start to learn a new visuomotor
association and decreases as they learn the task. This signal could
provide the bulk of the neural substrate for reinforcement learning at
the level of the cerebellar cortex. The climbing fiber and about 50 P
cells synapse onto a single deep cerebellar (DCN) neuron®®. Both
motor and non-motor regions of the cerebellum send di-synaptic
outputs to the basal ganglia®. Therefore, the phasic reinforcement
error signal carried by the P cells could be relayed by downstream DCN
neurons (Fig. S16) to regions of the prefrontal cortex, including the
prePMd, as well as to regions of the basal ganglia, and provide tonic
informative signals regarding the outcome of prior decisions.
Although neurons in both the prefrontal cortex and the associative
striatum are selective for reward or failure on the prior trial’®, these
cells do not change their activity with learning, unlike P cells in the
lateral-posterior cerebellum. In the lateral-posterior cerebellum, the
difference in activity between reward- and error-selective P cells
approach zero as the monkey learns the task. Thus, the synergy
between the contributions from the cerebellum to prefrontal circuits

with the basal ganglia may provide the flexibility necessary for learning
complex cognitive functions and optimizing cognitive rules.

One powerful way to test this is through reversibly inactivating
specific nodes of the brain-wide circuit to study that node’s contribu-
tion to reinforcement learning. Lesions in prefrontal cortex of the
monkeys eliminates their ability to learn a new visuomotor association
and impairs their ability to retain associations learned preoperatively®,
Furthermore, dopamine receptors in the prefrontal cortex are neces-
sary for learning new visuomotor associations®’. Combined lesions of
basal ganglia and prefrontal cortex prevent monkeys from retaining
associations learned preoperatively, but does not affect their ability to
learn new associations®’. Here, we provide conclusive evidence for a
causal cerebellar contribution to learning arbitrary visuomotor asso-
ciations, by reversibly inactivating the specific region of cerebellar
cortex where we recorded reinforcement learning error signals®.
These results provide support for the notion that interfering with any
node in the cerebro-cerebellar-basal ganglia network has important
consequences for its function®® and help solidify a causal role for the
non-motor cerebellum in reinforcement learning.

Contemporary research has led to the discovery of new ways in
which cerebellum may enable different types of learning and suggest
that we need to reconsider whether the cerebellum implements uni-
form computations across different functional domains®™. The
remarkably uniform organization of cerebellar microcircuitry has
inspired the “universal cerebellar transform” hypothesis®. Although
the cerebellum appears to have a generally uniform microcircuitry,
heterogeneity can be found at various levels”, including protein
expression’ % and local microcircuitry®”*%, At the level of P cells, we
have shown differences in functional properties: some P cells that
report previous correct trials and others report previous wrong trials®.
During motor learning, others have shown that P cells can be bursters
or pausers”. At the level of learning mechanism, the complex spikes
encode motor errors and can teach the simple spikes to correct the
behavior'®'?, but that is not always the case'®%. Simple spikes can also
directly encode motor'®'* and non-motor®® errors, or may receive
teaching signals from other components of the cerebellar
microcircuits'®. Our results suggest that motor and non-motor regions
of the cerebellum may differentially process reward information. In the
eye-movement related cerebellar floccular complex, information
about reward is already transformed into motor commands*. Here, we
have shown that reward information in the non-motor cerebellum
plays an active role in shaping the learning of arbitrary visuomotor
associations. These findings provide evidence supporting “multiple
functionality” in the cerebellum® and suggest that cerebellar circuits
may implement functionally distinct computations to enable flexible
cognitive learning and behavior.

Methods

Experimental modeland subject details

We performed all behavioral and inactivation experiments on two adult
male monkeys (Macaca mulatta), B and S, weighing 10-11 kg each. All
physiological, behavioral and inactivation experimental protocols were
approved by the Animal Care and Use Committees at Columbia Uni-
versity and the New York State Psychiatric Institute and complied with
the guidelines established by the Public Health Service Guide for the
Care and Use of Laboratory Animals. All monkeys were lab bred.

The anatomical results are based on observations from four adult
cebus monkeys (Cebus apella, 3 female, 1 male, 1.74-3.4 kg, 3-16 years
old). We used cebus monkeys because, unlike Old World primates, this
species is susceptible to infection with the herpes simplex virus type 1
(HSV1), an anterograde transsynaptic tracer that we have previously
used to reveal the closed-loop architecture of cerebro-cerebellar
circuits”. In our experience, we have observed no differences in the
macroarchitecture of cerebro-cerebellar circuits between cebus and
macaque monkeys.
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In each monkey, we injected a mixture of the N2c strain of rabies
virus (CVS-N2c 4.5 x 10° pfu/mL) and 0.02% of a conventional tracer
(beta-subunit of cholera toxin, CTb) into the cerebellar (N=2) or cer-
ebral (N = 2) cortex. All anatomical tracing procedures were conducted
in accordance with the Association for Assessment and Accreditation
of Laboratory Animal Care and the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. The experimental proto-
col was approved by the Institutional Animal Care and Use Committee
and the Biosafety Committee at the University of Pittsburgh. Biosafety
practices conformed to the Biosafety Level 2 regulations outlined in
Biosafety in Microbiological and Biomedical Laboratories (Department
of Health and Human Services publication no. 93-8595). Details of our
procedures for handling rabies virus and virus infected animals have
been previously published'.

Method details

Behavioral task. We used the NIH REX-VEX system for behavioral
control'™ and stimulus presentation. The monkey sat inside a dimly lit
recording booth, with its head firmly fixed, in front of a Samsung video
monitor.

The task began with the monkeys grasping two bars, one with
each hand, after which a white 1° x 1° square appeared as a trial cue for
800 ms. Then one of a pair of symbols (6° x 6° square) appeared at the
center of gaze for 100 ms. One symbol signaled the monkey to release
the left bar and the other to release the right bar. We rewarded the
monkeys with a drop of juice for releasing the hand associated with
that symbol. The liquid reward and a beep paired with opening of the
solenoid were delivered immediately (with a delay of 1 ms) after the
initiation of the correct hand movement. The kinematics or the
dynamics of the actual hand movement made by the monkeys there-
after were irrelevant and did not affect the reward delivery (although
the subjects made well-learned stereotypic hand movements).

We trained the monkeys to associate a specific pair of symbols
(green square and pink square) with specific actions (left and right-
hand release, respectively) for about 4-6 months until their perfor-
mance was above 95% correct; we refer to this as the overtrained task.

In the visuomotor associative learning version of the task, we
began every recording session by presenting the monkeys with the
same overtrained symbol pair (overtrained task), and after anumber of
trials, switched the symbol pair to two fractal symbols, which the
monkey had never seen before (novel condition, see Fig. Sla for the
library; we used 16 pairs for monkey B and 9 pairs for monkey S from
the same library).

Our main aim was to test the effect of muscimol on learning new
visuomotor associations and use saline infusions as a control. There-
fore, using different symbols for saline vs muscimol infusions could
add yet another confounding variable: difficulty of the association. It is
well known that monkeys take a relatively longer time (more trials) to
learn more difficult association. Therefore, we wanted to study the
effect of saline and muscimol treatments on the same symbol pairs.
This required us to come up with a new task design.

First, we wanted to get a robust estimate of the difficulty of each
symbol pair for each monkey. Since different symbol pairs in the
library had different levels of complexities and similarities, the time
(number of trials) each monkey took to learn the association differed
among the different symbol pairs. Therefore, we recorded each
monkeys’ performance for each symbol pair (Monkey B- 16 pairs,
Monkey S- 9 pairs) at least three times, spread over several weeks,
presented in random order (Fig. 1c). To prevent the monkeys from
relying on their previous experience with the same symbol pair to re-
learn their associations when we presented the same symbol pairs
again, we either presented a given symbol pair again only several days
after its prior presentation, with intervening presentations of other
symbol pairs or random pairs not from the library (Fig. 1c; symbol pair
highlighted in blue), or we reversed the symbol-hand association the

next time we presented the same pair (Fig. 1c; symbol pair highlighted
in orange).

The acquisition-difficulty levels (the trial when they reached 90%
correct for each repetition of each symbol pair) were not significantly
different among the repeated presentations of the symbol pair (Fig.
S1b; monkey B: P=0.46; monkey S: P=0.63, ANOVA), suggesting that
the monkeys forgot their prior experience with a given symbol pair
during each additional re-learning.

Furthermore, the area between two randomly chosen learning
curves for the same symbol was significantly lower than the area
between two randomly chosen learning curves across two different
symbols (normalized by the length of the shortest learning curve; Fig.
Sif, g). That is, when the same symbol was presented again, the
learning behavior was similar, even though they relearned the asso-
ciation without interference from the memory of previous learning.

We used two versions of the visuomotor associative learning
task. In the more difficult version (N =16 for monkey B and N=9 for
monkey S), the symbols appeared with equal probability regardless
of the monkey’s prior decision (Fig. 1). In the easier version, we used
an error-correction strategy, showing the same symbol repeatedly in
the next trial until the monkey made a correct decision (Fig. S4a-c;
N=3 for monkey B and N=5 for monkey S). Monkeys learned the
symbol-hand association faster during this paradigm, under control
conditions (Fig. S4-g). However, this task did not have any effect on
the performance of overtrained task (Fig. S4k). The manipulanda
remained the same throughout the task. We did not use data from
error-correction experiments in any of our other analyses. In total,
both the monkeys performed ~7500 trials on an average (25 pairs x 3
repetitions per pair x ~100 trials per learning).

In the manipulanda change task (Fig. S8; N=3 for monkey B and
N =3 for monkey S), we began every recording session by presenting
the monkeys with the same overtrained symbol pair and bar manip-
ulanda, and after a number of trials, switched the bar manipulanda to
dowel manipulanda. The visuomotor association remained the same.

In all these paradigms, a correct trial was defined as the trial in
which the monkey released the correct hand associated with the
symbol. Note that since we initiated the reward 1ms after the
monkeys broke contact with the correct bar with the responding
hand and continued to not have any contact for 50 ms while they
maintained contact with the incorrect bar (with the non-responding
hand) for the same interval, the kinematics or the dynamics of the
actual hand movement made by the monkeys thereafter were irre-
levant and did not affect the reward delivery. The monkeys received
reward only for correct trials. We defined a wrong trial as the trial in
which the monkey released the hand not associated with the sym-
bol. Trials where the monkeys released both hands anytime during
the trial or released the hand(s) before the symbol onset or released
the hand(s) after 2800 ms from symbol onset were considered
abort trials and were neither rewarded nor analyzed. The aborted
trials contributed to <7% of all saline trials and <9% of all muscimol
trials across all sessions.

Analysis of the learning behavior. We constructed the learning curve
for every session by calculating the percent correct trials in a sliding
window of 10 trials as the bin width moved by 5 trials. Then, we aver-
aged the learning curves across repeated sessions for each symbol pair
and separately for each monkey (16 for monkey B and 9 for monkey S)
to obtain a total of 25 learning curves. We estimated when the per-
formance first reached above 90% and referred to it as the acquisition-
difficulty level for each session. We repeated this for both saline-
control condition and the muscimol-inactivation condition. If the
monkeys reached >90% correct through the above method and
remained above 80% for at least the next 20 trials, the associations
were considered ‘learned’. Monkeys usually performed about 100-125
trials in total. They often tended to lose motivation or succumbed to
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fatigue after this and started to make errors (Fig. S2c). Therefore, in
this study, we only report the first 100 trials of learning novel symbols.

Drift-diffusion reinforcement learning model. We developed a
computational model combining a drift-diffusion framework for
choice discrimination and reinforcement learning to predict the
monkey’s behavioral performance given the cerebellar neural
activity®’. Briefly, we model the action selection (of action choices, a;
and ay corresponding to left and right-hand bar-release hand move-
ments respectively) through a race to threshold model where there is a
race in the evidence accumulation between the action values @; and a,
modeled by Wiener first-passage time (WFPT) distribution:

Vi(x)~WFPT [Ui(t)} @

where u(t) denotes the rate of accumulation process for the trial ¢. The
rate of accumulation in the overtrained (OT) condition, v®T is assumed
to be a constant. Then, we model the evolution of v(t), with learning
as:

ot + D=0+ () AP O 1O 110 @)

where:
AP@ =r [V)T — 0O ] 1O 1) + U, +.(O [, ©) AP 1) (3)

here, m is the rate of learning, r is the scale factor, /(¢) is the indicator
function describing the chosen action (a;,) on trial ¢ defined as follows:
lifay(H)=q;
o={ gpan *)

Oif a6 #a;

We previously showed the rate of change of the accumulation rate
v;(t), given by A,»CB(t) is represented in the delta epoch, the period of
time for each neuron in which the reinforcement learning error signal
occurs, of the P-cell population that fired at the time of interest®. We
estimated the accumulator’s initial and final rates by fitting a drift-
diffusion model to the observed RT values. Then, we minimized the
error between the generated and the empirical RT distributions for the
OT and initial learning tasks to get estimates of the parameters. We
then simulated the learning process with these values. For cerebellar
inactivation condition, we modeled the firing rate of P cells in the delta
epoch, A,.CB(t) to be a random Gaussian noise and repeated all the
above steps otherwise identically (Fig. S3b, c).

Magnetic resonance imaging and identification of cerebellar areas.
We first performed MRI in 3 T Siemens MRI scanner using a Kopf MRI
compatible stereotaxic apparatus with fiducial markers secured to the
head post of the monkeys. Then, using Brainsight (Rogue Research),
we mapped the MR images to the fiducials offline and then localized
the different cerebellar lobules in both monkeys. We adapted proce-
dures for unfolding the cerebellar cortex from histological sections®
to construct unfolded maps of muscimol injection sites, using MRI
images, custom laboratory software, and cerebellar nomenclature
according to Larsell'®® (Figs. 1d, S9a, and S10).

Single unit recording. Briefly, we used two recording cylinders, on the
left hemisphere of each monkey. To insure that we were injecting
muscimol into an appropriate region, and that the muscimol sup-
pressed the neural activity, we introduced an injectrode which had a
glass-coated tungsten electrode with an impedance of 0.8-1.2 MOhms
(FHC) and a Hamilton syringe for infusion (see below), into the lateral-
posterior cerebellum of monkeys (monkey B: only the left side; mon-
key S: some sessions in the left and some sessions in the right sides but

not simultaneously) every day that we recorded using a Hitachi
microdrive. We passed the raw voltage signal recorded from the
electrode through a FHC Neurocraft head stage, and amplifier, and
filtered through a Krohn-Hite filter (bandpass: lowpass 300 Hz to
highpass 10 kHz Butterworth), then through a Micro 1401 system, CED
electronics. We used the NEI REX-VEX system coupled with Spike2
(CED electronics) for event and neural data acquisition. We verified all
recordings offline to ensure that we had isolated P cells and that the
spike waveforms had not changed throughout the course of each
experimental session®’.

Muscimol infusion protocol. At the beginning of each day, we low-
ered a cannula filled with 10 pL of either saline or 10 pg/pL muscimol
(diluted in 1x phosphate buffered saline solution), in a track selec-
ted on the basis of single unit electrophysiological recordings of
task related P cells near Crus I and II of the lateral-posterior cere-
bellum. We slowly infused the solution using a syringe pump (Har-
vard Apparatus) through a direct line to the cannula at a constant
rate (0.2-0.5 pL/min for 20-30 min). We delivered a total mass of
4-10 pg of muscimol in each session. Previous studies have repor-
ted that muscimol diffuses and hence functionally inactivates the
neurons in an estimated span of 2-3 mm of spherical radius'**".
Muscimol infusions (10 for Monkey B and 4 for Monkey S in lateral-
posterior cerebellum and 1 for Monkey B and 3 for Monkey S in the
lateral anterior cerebellum) were typically made at different depths
within a single track (total span of ~5 mm) to increase the diffusion
radius of the chemical. The same tracks were used to saline injec-
tions. After infusion, the cannula was left for at least 20-30 min
in situ. We started behavior recordings for the day only after
30-40 min after the injection (Fig. 1e). We only injected either saline
or muscimol on a given day and never both on the same day. Fur-
thermore, after each muscimol injection, we waited at least 24-36 h
before another injection (of saline or muscimol) so that muscimol is
completely cleared off from the body.

Verification of the infusion sites. We mapped the injections sites on to
a flattened map and confirmed our target locations (Figs. 1d and S9a).
Lateral-posterior cerebellar inactivation often presented with slower
reaction times and lateral anterior cerebellar inactivation presented
with nystagmus in addition to modestly slower reaction times (Fig.
S9g, h). Saline injections did not silence the neurons (Fig. 1le), nor
produced perceivable changes in gross behavior.

One potential concern with our injections was that our
treatment could have affected the visual cortex right above the
cerebellum leading to visual deficits, resulting in monkeys’ poor
performance. However, this could not be the case. First, the
multiple penetrations into the cerebellum resulted in hemor-
rhages through the overlying visual cortex (as seen from the MRIs
in Figs. 1d and S9a). This part of the cortex represents the inferior
2-20 degrees of the contralateral visual field. Although the
hemorrhages occurred well before we began the anterior injec-
tions, inactivation of anterior cerebellum, which occasionally
caused nystagmus and leg ataxia did not affect the monkeys’
ability to learn new visuomotor associations. The ipsilateral visual
field was intact, and the monkeys were not forced to fixate, so the
deficit (even if it had occurred) would not have been a problem
for the monkeys to see the symbols. Although diffusion above the
needle track is always possible, it was highly unlikely that the
muscimol would have diffused into the brain above the tentorium
cerebelli, because the guide-tube track went through the cistern
overlying the cerebellum, and would have diffused into cisterns,
which has less barrier to diffusion than brain tissue. Finally, if
muscimol had diffused into the hemorrhage sites it was highly
unlikely that it would have further diffused into active visual
cortex.
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Effect of different treatments on behavior. Since different symbol
pairs had different acquisition-difficulty levels (Fig. S1b-d), we com-
pared the learning behavior for the same pair of symbols in both saline
and muscimol conditions. To do this, for each presentation of a symbol
pair, we computed the learning curves for saline and muscimol injec-
tions. and identified three trials which bracketed 50%, 60%, 70 %, 80 %,
90 % and 100% correct level in the saline condition, and then measured
the percent correct in the muscimol-inactivation sessions for the same
symbol pairs on these same trials identified from the saline sessions.
Clearly, for each symbol pair, we identified the first 3 trials whose
average the probability of learning was p where p~-0.5, 0.6, 0.7, 0.8,
0.9 and 1.0. We denote this as Pr(L, =p), where L; is the random vari-
able associated with learning under saline condition. We then mea-
sured the probability of learning in the inactivation sessions for the
same symbol pairs on these same set of trials identified from the
control sessions. That is, we calculated the conditional probability of
learning in the inactivation sessions, given the probability of learning
in the control sessions (Pr(L,|L,=p). Therefore, for each given
quantile of performance during control condition, this measure tells us
the performance during inactivation condition on the same trials for
the same pairs (Fig. 1h, i).

For lateral-posterior cerebellar inactivation, as the performance
of the monkeys improved during control sessions, the
performance of the monkeys also improved during inactivation ses-
sions, but with a much slower rate (Fig. 1h, i). That is,
(Pr(L,| Ly=p)<Pr(L;=p)V¥p €[0.5,1.0]. However, for the lateral
anterior cerebellar inactivation, the conditional probability of learning
in the inactivation session given the probability of learning in the saline
condition was comparable to the probability of learning in the control
session (Fig. $9d, e). That is, (Pr(L,,| L,=p) =Pr(L;=p)V¥p €[0.5,1.0].

The learning performance during cerebellar inactivation was
independent of the rate of learning of a symbol pair in the control
session for both monkeys. That is, when the lateral-posterior cere-
bellum was inactivated, the monkeys had difficulty learning even the
association that had the least acquisition difficulty (Fig. Sle). In stating
this result, it is critical to rule out the possibility that the image com-
plexity of the symbols affected learning during inactivation. The
symbol library (Fig. S1a) contained symbols with varying image com-
plexities. The monkeys did not perform more than 80% even on
symbol pairs with very low fractal image complexities (for example,
one or two hues dominating the entire image).

Finally, we did not observe any systematic relationship between
the concentration of the infused muscimol or saline and the deficit in
learning behavior. However, relatively higher concentrations of mus-
cimol impaired the learning slightly more (Fig. S2d).

Hand tracking. We painted a spot on the monkeys’ right hand with a
UV-blacklight reactive paint (Neon Glow Blacklight Body Paint) prior to
every session (Fig. S8a, ¢). We used a 5W DC converted UV blacklight
illuminator to shine light on the spot. Then we used a high speed (250
fps) camera (Edmund Optics), mechanically fixed to the primate chair,
to capture a video sequence of the hand movement while the monkeys
performed the tasks. We used the track mate Image J"? and custom
written software in MATLAB to semi-manually track the fluorescent
paint spot painted on the monkey’s hand. Since the P cells in the
lateral-posterior cerebellum had comparable activities for ipsi and
contra hand movements*'* we only recorded one hand’s movement.
Any effect a manipulation might have on hand movement behavior
must be seen in both hand movements similarly.

Licking. We recorded licking at a sampling rate of 1000 Hz using a
capacitive touch sensor coupled to the metal water spout which
delivered liquid water reward near the monkey’s mouth. Raw binary
lick traces were used to generate instantaneous lick rate by trial aver-
aging and smoothing it with a Gaussian kernel of sigma = 20.

Eye movements. We tracked the monkey’s left eye positions at 240 Hz
sampling rate with an infrared pupil tracker (ISCAN, Woburn, MA USA)
interfaced with Spike 2 (CED electronics) where it was upsampled to
1000 Hz and synced with the event markers from NEI REX-VEX
system'*', The monkeys were free to move their eyes and were not
restricted in any way. They made various non-task related eye move-
ments were not controlled for, although they tended to look at the
symbols when they appeared. Therefore, the eye movements for
consecutive trials for the same symbols were highly variable"*"” (Fig.
Sée). Therefore, we indexed the eye movements, through radius of
visual exploration (reyp). To calculate this, we first created a 2D spatial
density histogram from all the overlaid eye movements (see Fig. S6f for
a single trial example and Fig. Sé6g, h for population). We then fit a 2D
Gaussian distribution to this data to measure the extent of spread from
the center and calculated the full-width-at-half-maximum. We did not
see any consistent pattern of microsaccades, although the 0.5° accu-
racy of our eye tracking system made it difficult to monitor smaller
microsaccades.

Statistics. To check if two independent distributions were significantly
different from each other, we first performed a two-sided goodness of
fit Lilliefors test, to test for the normality, then used an appropriate t-
test; or else a non-parametric Wilcoxon Mann-Whitney U test. All
paired tests were two-tailed. All values in this study (including the
shadings and the error bars in the figures), unless stated otherwise, are
mean + s.e.m.

Rabies virus tracing. All surgical procedures for rabies virus injections
were performed under aseptic conditions. The night before virus
injection surgery, monkeys were administered dexamethasone
(0.5 mg/kg IM). The morning of surgery the monkeys were fasted for
2-6 h and sedated with ketamine (15 mg/kg IM), intubated and main-
tained on gas anesthesia (isoflurane 1-3% vol/vol). Dexamethasone
(0.5mg/kg IM), glycopyrrolate (0.01mg/kg IM) and an antibiotic
(ceftriaxone 75 mg/kg IM) were administered at the time of surgery.
Respiratory rate, blood oxygen level, body temperature, and sensitiv-
ity to noxious stimuli were monitored at regular intervals during the
procedure. Each monkey had its head restrained in a Kopf stereotaxic
frame (Kopf Instruments). We performed a craniotomy to expose
either (1) the ventral portion of the occipital cortex and the lateral
aspects of the posterior cerebellum or (2) the lateral prefrontal cortex.
We resected the dura and used a Hamiton syringe (30-gauge needle) to
place multiple injection tracks into either the cerebellar hemisphere
(Crus llp) or the PrePMd. We injected small amounts (0.2ul) of a
mixture of rabies virus (CVS-N2c 4.5 x 10° pfu/mL; provided by M.
Schnell) and 0.02% CTb (List Biological Laboratories) at depths at least
0.5 mm apart along the injection tracks. Craniotomies and depths of
injection tracks were based on structural magnetic resonance images
previously acquired in each monkey. After completion of virus injec-
tions, the craniotomies were covered with artificial dura and the inci-
sions were closed in anatomical layers. The monkeys were place in an
isolation chamber and administered an analgesic (buprenorphine
0.01 mg/kg IM) and desamethasone (0.25 mg/kg IM) every 8-12 h for
the duration of the survival time, or 48 h. Based on our experience with
the N2c strain of rabies virus, we set the survival time to 42 h following
cerebellar cortex injections to allow for second-order transport (Fig. 3)
and to 60 h following the cerebral cortex injections to allow for third-
order transport (Fig. 4).

At the end of the survival time, monkeys were deeply anesthetized
using ketamine (25mg/kg IM) and an overdose of pentobarbital
sodium (40 mg/kg IV or IP). Monkeys were perfused transcardially with
0.1 M phosphate buffer (pH 7.4), followed by a series of fixatives (10%
buffered formalin, followed by 10% buffered formalin with 10% gly-
cerol at 4 °C). The brain was extracted and stored overnight in 10%
buffered formalin with 10% glycerol at 4°C, and then switched to 10%

Nature Communications | (2024)15:2519

10



Article

https://doi.org/10.1038/s41467-024-46281-0

buffered formalin with 20% glycerol at 4 °C for 1-2 weeks. Blocks of
tissue (cerebral cortex, brainstem, and cerebellum) were individually
frozen and sectioned at 50 um on a cryostat. The cerebral cortex was
blocked anterior to the parietal-occipital sulcus and cut in the coronal
plane. The cerebellar cortex was blocked through the paravermis and
cut in the sagittal plane. Every 10th section was stained with cresyl
violet for cytoarchitecture analysis. Brain sections were immunohis-
tochemically stained according to the avidi-biotin peroxidase method
(Vectastain; Vector Laboratories). We used a mouse monoclonal anti-
body (clone M957) that targets the rabies virus phosphoprotein'®
(Rabies Centre of Expertise, Canadian Food Inspection Agency,
Canada; dilution 1:300) to detect rabies virus. We use the goat anti-
Cholera Toxin B Subunit (List Biological Laboratories, Campbell CA;
Cat #703, RRID:AB_10013220; dilution 1:10,000) antibody to detect
CTb. Stained tissue sections were mounted on glass slides, air dried,
and coverslipped with Cytoseal.

Every fourth section through the cerebral cortex and the cere-
bellum were examined for immunostaining for rabies virus using
bright field and polarized illumination. Every fourth sections through
the cerebellar cortex and cerebral cortex were examined for CTb
labeling to identify the extent of injection sites for our injections in the
cerebellar and cerebral cortex, respectively. We plotted section out-
lines, injection site outlines or rabies labeled neurons, gray-white
matter boundaries, cytoarchitectonic borders, and other anatomic
features using a computer-based charting system (MD2 or MD3;
Accustage). We created unfolded maps of the cerebral and cerebellar
cortex that displayed the injection sites or the distribution of labeled
neurons, as well as cortical sulci or cerebellar fissures on 2D surface
maps of the cerebral and cerebellar cortex”. Reconstructions were
performed using ReconWin 2020 (Great Island Software, Chatham
MA). Cerebellar nomenclature is according to Larsell'®®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Supporting data and code for this study are available at https://github.
com/naveen-7/Cerebellum-reward. A reporting summary for this arti-
cle is available as a Supplementary Information file. Source data are
provided with this paper.

Code availability
The codes used for the analyses that support the findings of this study
are available from https://github.com/naveen-7/Cerebellum_reward.
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