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Abstract

Neurophysiological recordings in the cerebellar cortex of awake-behaving animals are
revolutionizing the way we think about the role of Purkinje cells in sensori-motor calibration.
Early theorists suggested that if a movement became miscalibrated, Purkinje cell output would be
changed to adjust the motor command and restore good performance. The finding that Purkinje
cell activity changed in many sensori-motor calibration tasks was taken as strong support for this
hypothesis. Based on more recent data, however, it has been suggested that changes in Purkinje
cell activity do not contribute to the motor command directly; instead, they are used either as a
teaching signal, or to predict the altered kinematics of the movement after calibration has taken
place. | will argue that these roles are not mutually exclusive, and that Purkinje cells may
contribute to command generation, teaching, and prediction at different times during sensori-
motor calibration.

Introduction

Whether the goal is to adjust our golf swing based on the prevailing wind conditions, or to
compensate for muscle weakness as we grow older, the brain must constantly monitor our
movements and make adjustments when corrections are needed. Previous work indicates
that the cerebellum is an essential component of the neural machinery necessary for keeping
our movements finely tuned, but its specific contribution to sensori-motor calibration
remains controversial. Purkinje cells, whose axons carry the entire output of the cerebellar
cortex to other brain areas, are at the center of this controversy. Here, | review current
hypotheses about the role of the cerebellum in light of recording studies which have
examined Purkinje cell activity in a variety of sensori-motor learning tasks.

Inverse and forward models

Many ideas about the function of the cerebellum are derived from one simple observation:
more often than not, Purkinje cell activity and movement kinematics are intimately linked.
In many cases, including the tracking of moving objects with the hand or the eyes, the firing
rate of individual Purkinje cells can be predicted with remarkable accuracy by taking into
account specific parameters of the movement, like its direction, speed, acceleration and
duration [1-8]. This tight relationship between neural activity and motor output implies that
if the kinematics of a particular movement change during sensori-motor calibration, that is
swing the golf club faster to compensate for a strong headwind, the firing rate of Purkinje
cells would have to change accordingly. In support of this hypothesis, there is now
overwhelming evidence clearly demonstrating parallel changes in Purkinje cell activity and
motor output in many sensori-motor learning tasks [9,10,11e,12¢ 13¢¢,14-18].
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Although there is general agreement that Purkinje cell activity is often related to movement
kinematics both before and after sensori-motor calibration, there is still debate about what
this relationship really means. Much of this debate is fueled by arguments about the neural
implementation of internal models in the cerebellum [19ee 20e¢,21,22¢¢ 23 24 25¢¢]. One
view is that some component of Purkinje cell activity represents the output of an inverse
model, defined computationally as an element whose output signal is fed to downstream
mechanical actuators to produce a desired movement. According to this view, the firing rate
of Purkinje cells contributes directly to the motor command; changes in Purkinje cell
activity during sensori-motor calibration are directly responsible for modulating motoneuron
signals and modifying the kinematics of the movement in a way that improves performance.
An alternative view is that some component of Purkinje cell activity represents the output of
a forward model, defined computationally as an element whose output signal provides a
prediction about the kinematic properties of the upcoming movement (or its sensory
consequences). This type of signal is thought to be essential for state estimation in motor
control; when compared to the actual movement that is produced (or the actual sensory
consequences), it provides an estimate of how the motor command has affected the state of
our body and the world around us [21]. The feedback controllers that implement the inverse
model then use information about the current state to optimize subsequent motor commands.
Under the forward model scenario, changes in Purkinje cell activity after sensori-motor
calibration simply reflect a prediction about the altered kinematic properties of the
movement itself; these changes do not contribute directly to the motor command, and affect
movement only indirectly via state estimation. In the following sections, | review recording
studies looking at the activity of Purkinje cell during sensori-motor calibration, and assess
whether the current neurophysiological evidence is more in line with what would be
expected of an inverse or a forward model.

Purkinje cell activity in tasks with sensory disturbances

We first consider Purkinje cell activity in sensori-motor calibration tasks that feature a
predictable sensory disturbance of the external environment. In Figure 1, for example, the
task is to reach for the target, something that is accomplished with accuracy during the
‘baseline’ phase because the reach that is produced in response to the target stimulus is well-
calibrated. In the ‘miscalibrated’ phase, the target is suddenly displaced to a hew position
just as the hand is about to reach it. If the target is always moved to the same new position,
the reach will be recalibrated over the course of many trials. Eventually the hand will go
straight to the place where the target is expected to move, ignoring the initial target location
(Figure 1; ‘calibrated’ phase).

The reaching task described in Figure 1 is analogous to many other sensori-motor calibration
tasks commonly used to examine cerebellar function. I will refer to these as ‘sensory
disturbance’ (SD) tasks. All SD tasks have two key features in common: first, the need to
calibrate the motor command arises because a predictable change in the sensory stimulus
alters the movement that is necessary to achieve the particular goal of the task. Second, this
type of sensori-motor calibration entails making adjustments to the motor command in a
way that ultimately changes the kinematics of the movement relative to the baseline period.

Purkinje cell activity has been recorded in a variety of SD tasks, including classic examples
in sensori-motor calibration known to be cerebellar-dependent. Many of these are based on
target shifts, for example the reaching example in Figure 1 [26], saccade adaptation to
double-steps [27,28], and learning in smooth pursuit eye movements [29], and the
vestibular-ocular reflex using predictable displacement of the target relative to the head.
Eyeblink conditioning [30], another staple in the field of cerebellar-dependent learning, can
also be construed as an SD task [31]; here, the sensory disturbance is an air-puff to the
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cornea, and sensori-motor calibration can be thought of as a process that gradually adjusts
the motor command in a way that ultimately leads to the protective closing of the eyelid in
response to a conditioned stimulus. In every single one of these cerebellar-dependent SD
tasks, the modification of movement kinematics is accompanied by obvious alterations in
the activity of Purkinje cells in the relevant parts of cerebellar cortex [10,11¢,12¢,13¢e,
14-16].

What is the significance of the changes in Purkinje cell firing rate observed during sensori-
motor calibration in SD tasks? One interpretation is that Purkinje cell activity is the output
of an inverse model (i’ in Figure 1), responsible for correcting the kinematics of the
movement by contributing directly to the motor command. In favor of this hypothesis,
Purkinje cells are connected to motor neurons by just a few synapses in many cerebellar-
dependent SD tasks (via the deep cerebellar or vestibular nuclei), and could therefore exert a
strong influence in the generation of movement [32-34]. Further support for the inverse
model hypothesis comes from previous work in saccade adaptation [11¢], and in learning of
smooth pursuit [35¢], and vestibular-ocular reflex [18]. In these studies, it is possible to
demonstrate quantitatively that the specific changes observed in Purkinje cells during
sensori-motor calibration are well-suited to provide a motor command to downstream areas
responsible for driving movement.

An alternative to the inverse model interpretation is that Purkinje cell activity is the output
of a forward model (‘f” in Figure 1). Under this scenario, the firing rate of Purkinje cells
provides an estimate of the upcoming movement (i.e. motor forward model), or an estimate
of the upcoming sensory stimulus (i.e. sensory forward model). Thus, in the ‘initial
calibration’ phase of Figure 1, the change in Purkinje cell activity (cyan rectangle next to
‘PKJ’) would indicate that the upcoming reach has different kinematics than during baseline
(orange rectangle next to ‘reach’), or that the target is expected to move from its initial
position (orange rectangle next to “target’). Because in SD tasks, both the motor command
and the movement differ in the calibration phase relative to baseline, it is impossible to
determine whether Purkinje cell activity is indicative of an inverse model, a forward model,
or both [19ee]. Or could its function be something else altogether?

Purkinje cell activity as a teaching signal

In addition to its potential role as the output of a forward and/or inverse model, recent work
suggests that Purkinje cell activity during sensori-motor calibration could also serve an
ancillary function as a ‘teacher’. A series of in vitro studies have revealed that signals
typically present in Purkinje cells during sensori-motor calibration [36e¢,37,38] can be used
to induce synaptic plasticity in target cells of the deep cerebellar and the vestibular nucleus
[39e¢,40¢°,41,42+,43,44. These findings lend support to the trigger-and-storage hypothesis of
sensori-motor calibration [45], whose roots can be traced back to the original Miles and
Lisberger model of vestibularocular adaptation [46]. According to this proposal, cerebellar-
dependent learning is a two-step process in which the change in Purkinje cell activity during
the early stages of sensori-motor calibration is relatively labile, and is used as a teaching
signal to drive more stable and permanent plasticity in downstream neurons (Figure 1; final
calibration).

Pharmacological inactivation studies in prototypal cerebellar-dependent learning tasks have
shed some light on the trigger-and-storage hypothesis [45,47-49,50¢,51]. In eyeblink
conditioning, the data suggest that Purkinje cell activity serves as a teaching signal to
transfer plasticity from cerebellar cortex to downstream areas in the deep nuclei. However,
the transfer is only partial; even after long-term conditioning (Figure 1; final calibration),
both sites of plasticity, one in the cortex and one in the nuclei, are necessary and contribute
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to different aspects of the conditioned eyelid movement (i.e. Purkinje cells controlling the
timing, and deep cerebellar neurons controlling the amplitude of the blink) [45,47]. In
contrast, there seems to be an almost complete transfer of plasticity in adaptation of the
vestibular-ocular reflex using miniaturizing spectacles in cats [48,49] and monkeys [50¢],
and the optokinetic response in mice [51]. As discussed below, the extent to which plasticity
is transferred from cortex to nucleus has important implications for interpreting the role of
Purkinje cell signals during sensori-motor calibration.

Purkinje cell activity in tasks with motor disturbances

Figure 2 shows an example of sensori-motor calibration in a ‘motor disturbance’ (MD) task.
In the ‘miscalibrated’ phase, the reach falls short of the target because we have turned on an
external force that opposes the movement of the hand. As long the force stays the same and
can be predicted, the movement will be adjusted gradually until eventually the hand reaches
the target once again (Figure 2; “calibrated’ phase).

MD tasks, many of which have been used extensively to study cerebellar-dependent learning
and adaptation, share the same two basic features: first, calibration is needed to compensate
for a change in the relationship between the motor command and the movement (or the
perception of movement). Second, this type of sensori-motor calibration entails making
adjustments to the motor command in a way that ultimately produces a movement (or the
perception of a movement) with kinematics that are similar to those in the baseline period
(Figure 2). Examples of cerebellar-dependent MD tasks include sensori-motor calibration of
arm movements within externally applied force fields [17,52], blink adaptation under lid
restraint [53], and saccade and vestibular-ocular adaptation after surgically weakening of the
extraocular muscles [54]. Other tasks in which the perception of movement (rather than
movement itself) is distorted by altering visual feedback could be included in this category
as well [55,56].

Electrophysiological recordings during sensori-motor calibration of arm movements in MD
tasks have been particularly useful for disentangling hypotheses about the link between
Purkinje cells and internal models. A number of studies have demonstrated that the firing
rate of many Purkinje cells changes in a manner that is consistent with the adjustments being
made to the motor command (measured as changes in EMG). Although these findings have
been interpreted as strong evidence for an inverse model [9,57¢], the kinematics of the
movements were not controlled, and may have differed significantly between the baseline
and the recalibrated stages [19+¢]. Thus, a forward model in which Purkinje cells change
their firing during the calibration process to provide an accurate estimate of the altered
kinematics could not be ruled out entirely.

An ingenious study of arm movements has provided the most rigorous test to date of
whether Purkinje cell activity in MD tasks may provide a signal to modify the motor
command directly (i.e. inverse model), or to estimate movement kinematics (i.e. forward
model) [58]. The task required tracking a small moving target with the hand under two very
different conditions: in some trials, a viscous force was applied to the hand; in others the
force was elastic. Although the motor commands required to track the target differed greatly
depending on the type of force applied, after extensive training the movement kinematics
were essentially the same in both conditions. Purkinje cell activity after extensive training
was linked to different kinematic aspects of the movement, like the position or velocity of
the hand, but it did not differ between the two force field conditions. This finding indicates
that at least for this particular task, and after extensive training, Purkinje cells in the areas
recorded (lobules 1V-V1) do not contribute directly to the adjustments made to the motor

Curr Opin Neurobiol. Author manuscript; available in PMC 2014 March 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Medina

Page 5

command; instead, Purkinje cell activity appears to represent the output of a forward model
that codes for the kinematics of the upcoming movement.

Based on the results of the double-force field experiment described above [58], it is tempting
to rule out the notion that Purkinje cell activity represents the output of an inverse model, at
least for this particular MD task. Certainly, that conclusion seems appropriate for Purkinje
cells within the recorded areas, primarily lateral and intermediate zones in lobules IV-VI.
However, it remains possible that Purkinje cells in other areas of cerebellar cortex might
have more direct connections to motoneurons and directly influence the motor command.
Furthermore, the recordings in the double-force field experiment were done in highly trained
monkeys after they had mastered the task, raising the possibility that the same Purkinje cells
whose activity was consistent with the output of a forward model after extensive training
may have contributed to the output of an inverse model earlier on in training. As discussed
in the next section, the idea that the role of Purkinje cells in sensori-motor calibration may
vary over time is indeed consistent with the trigger-and-storage model presented above (see
‘Purkinje cell activity as a teaching signal’).

Hypothesis — the role of Purkinje cells varies during training

Figure 2 describes the contribution of Purkinje cell activity to the output of forward and
inverse models in a task for which there is full transfer of plasticity from cerebellar cortex to
deep cerebellar nuclei. According to the trigger-and-storage model, during the early stages
of sensori-motor calibration in MD tasks, Purkinje cell signals contain an ‘sf” component
used to estimate the strength of the external force, and also an ‘i’ component used for
directly modifying the motor command (Figure 2; early calibration). In the final phase of the
calibration process, however, plasticity has been transferred completely from the cerebellar
cortex to the deep nuclei. At this stage, Purkinje cell activity has returned to the same level it
was during baseline, and thus provides a good estimate of the movement kinematics, which
are also the same as in the baseline phase. This is consistent with the results of the double-
force field experiment, which suggest that after extensive training in this particular MD task,
Purkinje cell activity in certain areas of cerebellar cortex represents the output of a motor
forward model (‘mf” in Figure 2), but not a sensory forward model (‘sf’), or an inverse
model (“i”). A less than perfect transfer of plasticity would result in Purkinje cell activity
that is also related to the motor command and muscle EMG, as reported recently in similar
MD tasks [57¢,59].

An imaging study investigating the long-term adaptation of arm movements to force fields
provides some support for the hypothesis presented in Figure 2 regarding the role of
Purkinje cells at different stages of training. After good performance was achieved, activity
in the cerebellar cortex started decreasing gradually over many days if training was
extended, and was followed by an increase of activity in the deep nuclei [60]. This work,
and related studies supporting the transfer of plasticity from cortex to nuclei in other
cerebellar-dependent tasks [45,47-49,50¢,51], suggest the tantalizing hypothesis that
depending on the stage and the type of learning, Purkinje cells may accomplish their
function by wearing different hats: forecaster, teacher and commander.

Conclusions and perspectives

Careful analysis of Purkinje cell activity in awake-behaving animals provides hints about the
role of the cerebellar cortex in sensori-motor calibration. It is clear that many Purkinje cells
change their activity in tasks that require making motor adjustments to maintain good
performance. However, the functional significance of these neural changes is much less
clear. | advance a new proposal in which Purkinje cell activity is used in three different ways
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in the early stages of sensori-motor calibration: first as the output of a forward model that
generates sensory and motor predictions for state estimation, second as a teaching signal that
‘transfers’ plasticity from the cerebellar cortex to neurons of the vestibular and deep
cerebellar nuclei, and third as the output of an inverse model that contributes directly to the
motor command. The role of Purkinje cells switches later on, depending on the amount of
‘transfer’ that takes place. In sensori-motor tasks driven by a disturbance of the sensory
stimulus, transfer is often partial and as a result, Purkinje cell activity continues to act as the
output of both forward and inverse models. In sensori-motor tasks driven by a motor
disturbance, transfer is much more complete. In this case, Purkinje cells stop making
adjustments to the motor command; instead their activity is used as the output of a forward
model that predicts the kinematic properties of future movement. Testing these predictions
will require sampling the activity of Purkinje cells at different stages of the sensori-motor
calibration process, and developing new tasks in which changes to the motor command
(inverse model) can be dissociated from the kinematics of the movement (forward model).
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Figure 1.

A hypothesis about sensori-motor calibration after a sensory disturbance. In the baseline
phase (a), the hand starts at the position indicated by the cross and the reach takes it to the
target location. The activity of Purkinje cells (PKJ), deep cerebellar nucleus (DCN), and
motor neurons (MN) is indicated schematically as either increases or decreases in firing rate
throughout the entire reach. In (b), the target is shifted to the right (indicated in orange) and
as a result the reach falls short. During the early stages of calibration (c), the kinematics of
the reach have been altered (indicated in orange) and the hand is moved to the new target
location. Note that Purkinje cell activity has changed (cyan) and that it is collaborating with
signals from motor cortex (ctx) to improve the motor command generated by the MN
(inverse model: ‘i”). Consistent with a forward model (‘f’), the change in Purkinje cell
activity is also a prediction of sensory input (i.e. the target will move), and future movement
(i.e. the reach will go further). The output of the forward model could be sent out by the
DCN to cortex for further processing and state estimation. After extensive training in this
task (d), there is a transfer of plasticity from cerebellar cortex to DCN (orange triangle).
However in this task, the amount of transfer is small, and Purkinje cell output remains
largely unaffected relative to (c).
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Figure2.

A hypothesis about sensori-motor calibration after a motor disturbance. In the baseline phase
(a), the hand starts at the position indicated by the cross and the reach takes it to the target
location. In (b), an opposing force is applied during the movement, and as a result the reach
falls short (cyan). During the early stages of calibration (c), the motor command generated
by the MN has been altered (orange), and the hand is able to reach the target once again.
Note that Purkinje cell activity has changed (cyan) and is contributing to the improved
motor command (inverse model: ‘i’). The change in Purkinje cell activity is also a good
prediction of sensory input (i.e. there will be an opposing force, sensory forward model:
‘sf”), but not of future movement (i.e. the reach kinematics are the same as in the baseline
phase). After extensive training in this task (d), there is a full transfer of plasticity from
cerebellar cortex to DCN (orange triangle), and Purkinje cell modulation returns to its
baseline state. At this point, Purkinje cells are not contributing directly to the improvements
made to the motor command; instead their output can be used to predict the kinematics of
the reaching movement, which are essentially the same as during the baseline period (motor
forward model: ‘mf’).
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