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As we age, our bodies change, for better or
for worse. In response, our nervous system
must adapt to its new physical relationship
with the world. One way to handle the ever-
changing interaction between our bodies
and our environment is to create and update
internal models that relate neural activity to
movement (Shadmehr et al., 2010). In other
words, these models represent how the body
is expected to respond when a specific mo-
tor command is issued. By keeping track of
this relationship, the nervous system can
counter environmental change by altering
motor commands on subsequent trials to
produce the desired movement. This pro-
cess is termed adaptation.

While brain structures, such as the cere-
bellum, have been implicated in the learning
and storage of adapted motor responses
(Wolpert and Miall, 1996), motor com-
mand structures, such as motor cortex, are
thought to be responsible for implementa-
tion of the updated motor plan (Guo et al.,
2015). Thus, conventional wisdom suggests
that internal model information should be
present in motor cortex during movement
preparation and execution (Mandelblat-
Cerf et al., 2011). In a recent paper, Stavisky

et al. (2017) examined neural activity before
a motor plan was selected (“baseline activ-
ity”) and asked whether representations of a
recently adapted internal model existed in
motor cortex.

The authors trained 2 monkeys to per-
form a visuomotor forelimb adaptation task
while they recorded neural activity in motor
cortex (primary motor and premotor cor-
tex). The animals performed arm move-
ments that were tracked in real time and
translated into cursor movement on a screen.
Animals were rewarded after successful
movement to a central starting location,
and again after they moved the cursor to
one of eight radial target locations that
appeared on the screen. This two-part in-
struction allowed the researchers to ana-
lyze neural activity before the radial target
appeared, which they refer to as “baseline”
or “pretarget” activity. To induce adapta-
tion, the gain scaling between arm velocity
and cursor velocity was modified: 0.5
gain, in which cursor velocity was relatively
slow, resulted in faster arm movements to ob-
tain reward more quickly, whereas 2.0 gain, in
which cursor velocity was relatively fast, re-
sulted in slower adapted movements to avoid
target overshoot. Finally, the researchers
chronically implanted multielectrode arrays
into motor cortex to measure neural activity.

Stavisky et al. (2017) first sought to de-
termine whether motor cortex activity con-
tains a representation of the visuomotor
adaptation. To do this, they measured dif-
ferences in the population firing patterns
measured under different adaptation gain

conditions. Unsurprisingly, the differences
between behavioral conditions were large
during movement, consistent with the known
contribution of motor cortex to kinematic
control. However, when analyzing baseline
activity (before the target appeared), there
were significant differences in neural ac-
tivity patterns between the two gain con-
ditions. Population firing rate distances
initially decreased during the center-hold
epoch, and then increased before presenta-
tion of the radial target. The significant dif-
ferences observed during baseline neural
activity implies that motor cortex contains
unique information related to the current
visuomotor gain, separate from the specific
motor plan about to be executed. However,
further experiments and analyses were
needed to confirm that these neural activity
differences meaningfully represented prop-
erties of adaptation.

The authors followed up on these results
by asking how the neural correlates of adap-
tation changed trial-by-trial. Instead of
presenting a single, consistent level of adap-
tation (e.g., 0.5 gain) during a block, they
randomly varied the gain on each trial, ana-
lyzing the data on the subsequent trials for
effects on movement or neural activity.
Random gain blocks resulted in intermedi-
ate effects: after 0.5 gain trials, the limb
moved faster than normal, but not as fast as
in the fully adapted constant gain 0.5 block.
Thus, the authors created a range of “adap-
tation levels,” with random gain trials re-
sulting in intermediate levels of adaptation
compared with constant gain trials. Stavisky
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et al. (2017) reasoned that, if the differences
in motor cortex activity identified above
represent visuomotor gain, then intermedi-
ate adaptation levels (observed in random
gain trials) should correlate with firing rate
patterns that are “intermediate” to the two
constant gain conditions. To test this idea
directly, they calculated a “cursor gain axis”
in neural state space, defined by the vector
connecting the neural population activity
centroids of the constant gain 0.5 and con-
stant gain 2.0 conditions. They then pro-
jected single-trial neural activity onto the
cursor gain axis and found an ordered, col-
linear arrangement of the average projec-
tion magnitude for each condition. In other
words, movement in neural state space
along the cursor gain axis was correlated
with the current state of visuomotor gain; if
the animal recently experienced 0.5 gain, it
was more likely to move fast on the next
trial, and also more likely to display neural
activity similar to a constant gain 0.5 trial.
The ordered arrangement of motor cortex
activity patterns during different levels of
visuomotor adaptation strongly implies
that baseline activity contains some repre-
sentation of an internal model of visuo-
motor gain.

Finally, the authors sought to determine
whether the identified neural activity pat-
terns were important for movement, and
whether their analysis method could be ap-
plied to improve brain-machine interfaces
(BMI). First, they tested whether baseline
activity during a specific trial could predict
the arm’s upcoming velocity. They found
that projection of baseline neural activity
onto the cursor gain axis explained �25%
of the variance in reach velocity, supporting
the hypothesis that the cursor gain axis is a
meaningful measure of the current level
of visuomotor adaptation. Next, they fur-
thered this result by testing the relevance of
their discovery to BMI. By collecting neural
data and projecting onto a defined cursor
gain axis, BMI devices could detect an incor-
rect estimate of movement gain and correct
it in real time. The authors conducted an
offline proof-of-concept experiment in which
they modified cursor gain based on baseline
neural activity. This procedure reduced po-
sitional overshoot of the target that oc-
curred on random gain 2.0 trials, when the
monkey underestimated the speed of the
cursor. In the future, this algorithm could be
used for individuals with BMI to detect an
underestimation of artificial limb gain and
correct it in real time.

These results raise two questions: where
is the internal model learned, and where is it
stored? Because electrical recording experi-

ments are correlational by nature, this study
cannot offer any mechanistic insight into
the generation, maintenance, or alteration
of the internal model itself. One possibility
mentioned by the authors is that the cere-
bellum learns the internal model and sends
it to motor cortex (via thalamus) during
baseline activity to “ready” the system for
generationof thespecificmotorplan(Stavisky
et al., 2017). An alternative possibility is that
the cerebellum continuously updates motor
cortex with an internal model of body
movement; that way, the information relat-
ing motor commands to body position is
always available for movement generation.
Future experiments using rodent models
could directly test via circuit manipulations
whether cerebellar input to motor cortex is
necessary for motor adaptation. Further-
more, electrophysiological recordings in
motor cortex could reveal how manipula-
tion of cerebellar input to motor cortex af-
fects the generation of adaptation-relevant
neural activity patterns (e.g., projection onto
the cursor gain axis in this study).

The results and insightful interpreta-
tions garnered by this work are tempered by
several inherent limitations in revealing the
nature of the internal model under study.
Internal models, defined by the authors as
“the information. . . that movement-related
areas use to generate motor commands ap-
propriate to the current physical relation-
ship between the nervous system and the
effector,” can take on unique functional
roles (Stavisky et al., 2017). For example,
forward models calculate a prediction of fu-
ture movement from a motor command,
whereas inverse models calculate the neces-
sary motor commands to create a desired
kinematic effect (Wolpert et al., 1998). Be-
cause the results from Stavisky et al. (2017)
are consistent with both forward and in-
verse models, future work could attempt to
determine the functional relationship be-
tween internal model activity and ongoing
movement, which is expected to depend di-
rectly on the internal model implementation.

In addition, it remains unknown whether
internal models, including the one identi-
fied by Stavisky et al. (2017), operate on a
specific movement-related parameter. In
the current study, adaptation-related changes
in baseline motor cortex activity predicted
upcoming reach velocity, suggesting that
arm velocity was an important neural con-
trol parameter during the task and may be
important for arm movements in general
(Yttri and Dudman, 2016). Interestingly,
population encoding of a forward model of
movement velocity was recently demon-
strated in the cerebellum (Herzfeld et al.,

2015). An alternative to parameter control is
presented by the authors in the present
study, who argue for a dynamical systems
perspective of motor cortex activity, in
which encoding of movement parameters is
deemphasized for analysis of how neural ac-
tivity patterns produce temporal sequences
required for movement (Shenoy et al.,
2013). Finally, as the current study was
limited to examining the effects of motor
adaptation, it remains unknown what other
aspects of the internal model may be en-
coded by baseline motor cortex activity.

Overall, Stavisky et al. (2017) demon-
strate that baseline motor cortex activity
patterns (i.e., before a specific motor plan is
generated) represent some aspect of an in-
ternal model relating motor commands to
movement. Moreover, adaptation of the in-
ternal model occurs on a trial-by-trial basis,
demonstrating the incredible responsive-
ness of the nervous system to environmental
change. As we continue to learn about the
basic neural strategies underlying motor
control, we can begin to ascribe functional
relevance to the circuits under study, paving
the way for technological cures of neurolog-
ical disease.
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