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The role of motor cortex in non-primate mammals remains unclear. More than a
century of stimulation, anatomical and electrophysiological studies has implicated
neural activity in this region with all kinds of movement. However, following the
removal of motor cortex, rats retain most of their adaptive behaviors, including
previously learned skilled movements. Here we revisit these two conflicting views
of motor cortex and present a new behavior assay, challenging animals to respond
to unexpected situations while navigating a dynamic obstacle course. Surprisingly,
rats with motor cortical lesions show clear impairments facing an unexpected
collapse of the obstacles, while showing no impairment with repeated trials in many
motor and cognitive metrics of performance. We propose a new role for motor
cortex: extending the robustness of sub-cortical movement systems, specifically to
unexpected situations demanding rapid motor responses adapted to environmental
context. The implications of this idea for current and future research are discussed.

KEYWORDS

teleology, motor cortex, behavior, rodents, electrocorticography (ECoG), brain lesion

1. Historical context

The involvement of the brain and spinal cord in motor control has been recognized since the
earliest known clinical records of head and spinal injuries, dating back to ancient Egypt (Louis,
1994; van Middendorp et al., 2010). However, the mechanism used by the nervous system to
generate movement was not fully appreciated until Galvani first reported his famous experiments
on animal electricity (Galvani, 1791). By isolating the sciatic nerve and gastrocnemius muscle
in the frog, Galvani clearly demonstrated in a series of stimulation experiments that an
electrical process, contained entirely within the biology of the frog’s leg, was responsible for
the spontaneous generation of muscle contractions. This would lead to the discovery and
physiological characterization of the nerve impulse, the action potential, that travels across the
nerve to initiate muscle movement (du Bois-Reymond, 1843; Bernstein, 1868; Schuetze, 1983).
The success of these seminal experiments immediately raised a fundamental question regarding
nerve conduction: if spontaneous muscle contraction is generated by nerve impulses transmitted
throughout the nervous system, how is this transmission coordinated in order to generate the
complex patterns of muscle activity observed in natural behavior?

1.1. Discovery of the motor cortex
In search of answers to this question, researchers next turned to the brain, the seat of

anatomical convergence of the nervous system. Following Galvani’s footsteps, several attempts
were made to stimulate the cerebral cortex electrically, but with little success (Gross, 2007). It
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FIGURE 8

Animals adjust their posture on a trial-by-trial basis to the expected state of the world. (A) Distribution of nose positions on the randomized protocol
when stepping on the first manipulated obstacle, for trials in which the current state was stable (blue) or unstable (orange): average height (stable: 0.04 +
0.59 cm, unstable: —0.02 & 0.58 cm), average progression (stable: —0.01 & 0.59 cm, unstable: 0.01 + 0.64 cm). (B) Distribution of nose positions for trials
in which the previous two trials were stable (blue) or unstable (orange): average height (previous stable: 0.09 + 0.57 cm, previous unstable: —0.05 + 0.57
cm), average progression (stable: 0.11 + 0.56 cm, unstable: —0.10 + 0.62 cm). (C, D) Same data as in (B) split by the control and lesion groups: controls -
average height (previous stable: 0.13 4+ 0.63 cm, previous unstable: -0.05 + 0.60 cm), average progression (stable: 0.12 + 0.59 cm, unstable: -0.06 + 0.65

m), lesions - average height (previous stable: 0.04 & 0.47 cm, previous unstable: —0.06 &+ 0.52 cm), average progression (stable: 0.09 £+ 0.51 cm,
unstable: —0.16 + 0.57 cm). Listed values report mean =+ standard deviation and p values from Student’s unpaired t-test are indicated.

snout. Shortly after this there was a switch to an exploratory behavior
state, in a way similar to Extended Lesion A.

3.7. Neurophysiological response to
unexpected perturbations

In order to investigate the neurophysiological correlates of these
robust responses in the motor cortex, in three animals we implanted
flexible surface electrode grids above the dura in one hemisphere
of the intact brain (Figure 11A, also see Methods). Each step of the
obstacle course was outfitted with a load cell sensor to measure the
precise timing of contact and the amount of weight placed on each
limb during locomotion. The entire electrocorticography (ECoG)
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system was synchronized on a frame-by-frame basis with the high-
speed video acquisition so we could reconstruct the detailed behavior
of the animal at any point of the physiological trace as well as relate
the continuous load profile on individual steps with different phases
in the locomotion cycle. The implanted animals followed the same
training protocol in the behavior assay, but with session durations
extended to 60 min to increase the number of trials recorded (average
of 75 trials per animal per session during the “stable” condition).

We first asked whether there were responses in the ECoG
signal over forelimb motor cortex that were modulated by stepping
behavior. Aligning the ECoG traces to the event of stepping on
a permanently stable step with the contralateral paw revealed the
distinct presence of an evoked potential on the anterior grid channels
that was absent when stepping with the ipsilateral paw (Figure 11B,
top trace). Synaptic activity in the long and thick apical dendrites
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t-test is indicated.
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FIGURE 9

Encountering different states of the randomized obstacles causes the animals to quickly adjust their movement trajectory. (A) Example average speed
profile across the obstacles for stable (blue) and unstable (orange) trials in the randomized sessions of a control animal (see text). The shaded area around
each line represents the 95% confidence interval. (B) Respectively for one of the largest lesions. (C) Summary of the average difference between the
speed profiles for stable and unstable trials across the two groups of animals. Error bars show standard error of the mean. p value from Student’s unpaired
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Responses to an unexpected change in the environment. (A) Ethogram of behavioral responses classified according to the three criteria described in (B)
and aligned (0.0) on first contact with the newly manipulated obstacle. Black dashes indicate when the animal exhibits a pronounced ear flick, possibly
indicating the initial surprise response. White indicates that the animal has crossed the obstacle course. (B) Response types observed across individuals
upon first encountering an unpredicted instability in the state of the center obstacles
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of pyramidal cells are thought to be one of the main contributors
to cortically recorded extracellular field potentials (Buzsdki et al.,
2012). In the cat, a sizeable proportion of pyramidal tract neurons in
the motor cortex have been found to discharge rhythmically during
unimpeded locomotion (Armstrong and Drew, 1984; Drew et al,
1996), a phenomenon that is very likely to be coupled with observable
synaptic activity in the potential traces and could account for the

Frontiersin Neuroscience

step-aligned evoked responses that we observed during locomotion
of rats in the stable obstacle course.

Next, we asked whether there was any modulation of the evoked
response when navigating the unstable obstacle course. In order
to try and maximize the number of trials in which the encounter
with the unstable step is unexpected, we adjusted the behavioral
protocol at the transition between the stable and unstable test periods.

frontiersin.org


https://doi.org/10.3389/fnins.2023.971980
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Lopes et al.

10.3389/fnins.2023.971980

M anteromedial
B anterolateral
B posteromedial
M posterolateral

B Contralateral Paw

400 n =628

300
200
100

—100)
—200
—300
—400
—500

potential (uV)

400
300
200
100f

—100
—200
—300
—400
—500

potential (uV)

n=193

potential (V)

—200 -100 0 100 200 300 400 500

time (ms)

c 0 ms 10 ms

FIGURE 11

Evoked responses to stepping on stable vs. occasionally unstable steps. (A) Schematic depicting the location of implanted ECoG grids. (B) Average
voltage traces aligned on stepping with the contra- or ipsilateral paw on a manipulated step. Top: sessions where the step was permanently stable.
Bottom: sessions where the step was occasionally made unstable. The middle row shows traces for unstable trials and the lower row the traces for the
remaining stable trials. (C) Example frames of the behavior of the animal at different time points of an unstable trial.
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This time, instead of permanently switching the center steps to the
unstable configuration, we decided to immediately revert the steps
back to the stable state after the first exposure to the instability. After
20 subsequent trials in the stable state, the steps were again made
unstable, and this pattern was repeated for several days.

Surprisingly, when we aligned the ECoG traces to contralateral
paw steps on the manipulated obstacle in unstable trials, we observed
a second evoked negativity, delayed in time relative to the previously
observed stable step evoked response, and with a much larger
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amplitude across the channels in the anterior grid (Figure 11B,
middle left trace). Remarkably, even in the presence of such a small
number of trials, the consistency of the response in every trial
provided a sufficient signal-to-noise ratio for the average response to
be clearly visible. Interestingly, this negativity was found to be rapidly
followed by an equally large positive deflection in the potential which
decayed to baseline with a much larger time constant, a response
that was entirely absent from the evoked potential to stepping on
a stable step. In contrast, the response to unstable steps with the
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ipsilateral paw did not reveal such large deflections from the baseline,
although a consistent negativity could still be seen across the grid
around the same time point (Figure 11B, middle right trace). The
amplitude and timing of evoked responses when stepping with the
contralateral paw on the same manipulated step in stable trials was
largely identical to the condition where the step was permanently
stable, and again was found to be absent when stepping with the
ipsilateral paw (Figure 11B, bottom trace).

To investigate whether such a large evoked response correlated
with an equally pronounced change in the overt behavior of the
animal, we extracted successive frames in the high-speed video
corresponding to different time points of the trace (Figure 11C).
Interestingly, there was no obvious motor response from the animal
up to the point where the negativity peaks at around 70 ms. In fact, the
affected paw was seen to mostly follow the inertia of the rotating step
and no further motor response was observed before 100 ms, roughly
consistent with the compensation reaction times observed in the
responses to an unexpected collapse of the steps in control animals
(Figure 10). The basic features of these evoked potential profiles were
recapitulated across all the remaining animals (data not shown).

4. Experiment discussion

In this experiment, we assessed the role of motor cortical
structures by making targeted lesions to areas implicated with
forelimb control in the rat (Kawai et al, 2015; Otchy et al,
2015). Consistent with previous studies, we did not observe any
conspicuous deficits in movement execution for rats with bilateral
motor cortex lesions when negotiating a stable environment. Even
when exposed to a sequence of unstable obstacles, animals were able
to learn an efficient strategy for crossing these more challenging
environments, with or without motor cortex. These movement
strategies also include a preparatory component that might reflect
the state of the world an animal expected to encounter. Surprisingly,
these preparatory responses also did not require the presence of
motor cortex.

It was only when the environment did not conform to
expectation, and demanded a rapid adjustment, that a difference
between the lesion and control groups was obvious. Animals with
extensive damage to the motor cortex did not deploy a change in
strategy. Rather, they halted their progression for several seconds,
unable to robustly respond to the new motor challenge. In a natural
setting, such hesitation could easily prove fatal. Control animals, on
the other hand, were able to rapidly and flexibly reorganize their
motor response to an entirely unexpected change in the environment.
A similar requirement for motor cortex was recently observed in mice
responding to sensory perturbations (Heindorf et al., 2018), further
supporting our proposal of a robust role for motor cortex.

Our preliminary investigations of the neurophysiological basis of
these robust responses with ECoG have revealed the presence of large
amplitude evoked potentials in the motor cortex arising specifically in
response to an unexpected collapse of the steps during locomotion.
This result is consistent with cortical unit recordings in cats using
a similar paradigm (Stout et al, 2015) and a number of primate
studies that measured cortical responses to unexpected perturbations
during saccades (Murthy et al., 2007), reaching (Archambault et al.,
2015; Kaufman et al., 2015), and grasping (Picard and Smith, 1992).
Compared with evoked responses obtained from normal stepping
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under stable conditions (—100 uV peak at 10 ms), these potentials are
both much larger (—300uV) and delayed in time (peak at 70 ms).
Still, they preceded any overt behavior corrections from the animal
following the perturbation, as observed in the high-speed video
recordings. The onset of these evoked potentials is in the range of
the long-latency stretch reflex, which has been suggested to involve a
transcortical loop through the motor cortex (Phillips, 1969; Matthews
etal., 1990; Capaday et al., 1991; Ossowska et al., 1996). However, the
simultaneous complexity and rapidity of adaptive motor responses
we observed in control animals is striking, as they appear to go
beyond simple corrective responses to reach a predetermined goal
and include a fast switch to entirely different investigatory or
compensatory motor strategies adapted to the novel situation, similar
to the behaviorally selective fast responses recently observed in mice
(Miri et al., 2017). What is the nature of these robust responses that
animals without motor cortex seem unable to deploy? What do they
allow an animal to achieve? Why are cortical structures necessary for
their successful and rapid deployment?

5. Extended discussion

Is “robust control” a problem worthy of high level cortical input?
Recovering from a perturbation, to maintain balance or minimize the
impact of a fall, is a role normally assigned to our lower level postural
control systems. The corrective responses embedded in our spinal
cord (Sherrington, 1893, 1910), brainstem (Arshian et al., 2014) and
midbrain (Grillner and Shik, 1973) are clearly important components
of this stabilizing network, but are they sufficient to maintain robust
movement in the dynamic environments that we encounter on a daily
basis? Some insight into the requirements for a robust control system
can be gained from engineering attempts to build robots that navigate
in natural environments.

In the field of robotics, feats of precision and fine movement
control (the most commonly prescribed role for motor cortex), are
not a major source of difficulty. Industrial robots have long since
exceeded human performance in both accuracy and execution speed
(Senoo et al.,, 2009). More recently, using reinforcement learning
methods, they are now able to automatically learn efficient movement
strategies, given a human-defined goal and many repeated trials for
fine-tuning (Coates et al., 2008). What then are the hard problems
in robotic motor control? Why are most robots still confined to
factories, i.e., controlled, predictable environments? The reason is
that as soon as a robot encounters natural terrain, a vast number of
previously unknown situations arise. The resulting “perturbations”
are dealt with poorly by the statistical machine learning models that
are currently used to train robots in controlled settings.

Let’s consider a familiar example: You are up early on a Sunday
morning and head outside to collect the newspaper. It is cold out,
so you put on a robe and some slippers, open the front door, and
descend the steps leading down to the street in front of your house.
Unbeknownst to you, a thin layer of ice has formed overnight and
your foot is now quickly sliding out from underneath you. You are
about to fall. What do you do? Well, this depends. Is there a railing
you can grab to catch yourself? Were you carrying a cup of coffee?
Did you notice the frost on the lawn and step cautiously, anticipating
aslippery surface? Avoiding a dangerous fall, or recovering gracefully,
requires a rich knowledge of the world, knowledge that is not
immediately available to spinal or even brainstem circuits. This rich
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context relevant for robust movement is readily available in cortex,
and cortex alone.

Imagine now that you are tasked with building a robot to collect
your morning newspaper. This robot, in order to avoid a catastrophic
and costly failure, would need to have all of this contextual knowledge
as well. It would need to know about the structure of the local
environment (e.g., hand railings that can support its weight), hot
liquids and their viscosities, and even the correlation of frozen dew
with icy surfaces. To be a truly robust movement machine, a robot
must understand the physical structure of the world.

Reaching to stop a fall while holding a cup of coffee is not
exactly the kind of feat for which we praise our athletes and sports
champions, and this might explain why the difficulty of such “feats
of robustness” is often overlooked. However, it would not be the first
time that we find ourselves humbled by the daunting complexity of a
problem that we naively assumed was trivial. Vision, for example, has
remained an impressively hard task for a machine to solve at human-
level performance, yet it was originally proposed as an undergraduate
summer project (Papert, 1966). Perhaps a similar misestimate has
clouded our designation of the hard motor control problems worthy
of cortical input.

Inspired by the challenges confronting roboticists, as well as our
rodent behavioral results, we are now in a position to posit a new role
for motor cortex.

5.1. A primordial role for motor cortex

We are seeking a role for motor cortex in non-primate mammals,
animals that do not require this structure for overt movement
production. The struggles of roboticists highlight the difficulty
of building movement systems that robustly adapt to unexpected
perturbations, and the results we report in this study suggest that
this is, indeed, the most conspicuous deficit for rats lacking motor
cortex. So let us propose that, in rodents, motor cortex is primarily
responsible for extending the robustness of the subcortical movement
systems. It is not required for control in stable, predictable, non-
perturbing environments, but instead specifically exerts its influence
when unexpected challenges arise. This, we propose, was the original
selective pressure for evolving a motor cortex, and thus, its primordial
role. This role persists in all mammals, mediated via a modulation
of the subcortical motor system (as is emphasized in studies of cat
locomotion), and has evolved in primates to include direct control
of the skeletal musculature. Our proposal of a “robust” teleology for
motor cortex has a number of interesting implications.

5.2. Implications for non-primate mammals

One of the most impressive traits of mammals is the vast range
of environmental niches that they occupy. While most other animals
adapt to change over evolutionary time scales, mammals excel in
their flexibility, quickly evaluating and responding to unexpected
situations, and taking risks even when faced with challenges that have
never been previously encountered (Spinka et al., 2001). This success
requires more than precision, it requires resourcefulness: the ability
to quickly come up with a motor solution for any situation and under
any condition (Bernstein, 1996). The Russian neurophysiologist
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Bernstein referred to this ability with an unconventional definition of
“dexterity,” which he considered to be distinct from a simple harmony
and precision of movements. In his words, dexterity is required only
when there is “a conglomerate of unexpected, unique complications
in the external situations, [such as] in a quick succession of motor
tasks that are all unlike each other” (Bernstein, 1996).

If Bernstein’s “robust dexterity” is the primary role for motor
cortex, then it becomes clear why the effects of lesions have
thus far been so hard to characterize: assays of motor behavior
typically evaluate situations that are repeated over many trials in
a stable environment. Such repeated tasks were useful, as they
offer improved statistical power for quantification and comparison.
However, we propose that these conditions specifically exclude the
scenarios for which motor cortex originally evolved. It is not easy
to repeatedly produce conditions that animals have not previously
encountered, and the challenges in analyzing these unique situations
are considerable.

The assay reported here represents our first attempt at such an
experiment, and it has already revealed that such conditions may
indeed be necessary to isolate the role of motor cortex in rodents.
We thus propose that neuroscience should pursue similar assays,
emphasizing unexpected perturbations and novel challenges, and we
have developed new hardware and software tools to make their design
and implementation much easier (Lopes et al., 2015).

5.3. Implications for primate studies

In contrast to other mammals, primates require motor cortex
for the direct control of movement. However, do they also retain
its role in generating robust responses? The general paresis, or even
paralysis, that results from motor cortical lesions in these species
obscures the involvement of cortex in directing rapid responses to
perturbations. Yet there is evidence that a role in robust control is still
present in primates, including humans. For example, stroke patients
with partial lesions to the distributed motor cortical system will often
recover the ability to move the affected musculature. However, even
after recovering movement, stroke patients are still prone to severe
impairments in robust control: unsupported falls are one of the
leading causes of injury and death in patients surviving motor cortical
stroke (Jacobs, 2014). We thus suggest that stroke therapy, currently
focused on regaining direct movement control, should also consider
strategies for improving robust responses.

Even if we acknowledge that a primordial role of motor cortex
is still apparent in primate movement control, it remains to be
explained why the motor cortex of these species acquired direct
control of basic movements in the first place. This is an open question.

5.4. Some speculation on the role of direct
cortical control

What happens when cortex acquires direct control of movement?
First, it must learn how to use this influence, bypassing or modifying
lower movement controllers. While functional corticospinal tract
connections may be established prenatally (Eyre et al., 2000), the
refinement of corticospinal dependent movements, which must
override the lower motor system, takes much longer and coincides
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with the lengthy maturation period of corticospinal termination
patterns (Lawrence and Hopkins, 1976). Humans require years
of practice to produce and refine basic locomotion and grasping
(Thelen, 1985; von Hofsten, 1989), motor behaviors that are available
to other mammals almost immediately after birth. This may be the
cost of giving cortex direct control of movement—it takes more time
to figure out how to move the body—but what is the benefit?

Giving motor cortex direct control over the detailed dynamics of
movement might simply have extended the range and flexibility of
robust responses. This increased robustness may have been required
for primates to negotiate more difficult unpredictable environments,
such as the forest canopy. Direct cortical control of the musculature
may have evolved because it allowed primates to avoid their less
“dexterous” predators simply by ascending, and robustly negotiating,
the precarious branches of tree tops. However, the consequences of
this cortical “take-over” might be even more profound.

With motor cortex in direct control of overt movements, the
behavior of a primate is a more direct reflection of cortical state:
when you watch a primate move you are directly observing cortical
commands. For species that live in social groups, this would
allow a uniquely efficient means of communicating the state of
cortex between conspecifics, a rather significant advantage for group
coordination and a likely prerequisite for human language. This
novel role for motor cortex—communication—might have exerted
the evolutionary pressure to give cortex increasing control over basic
movements, ultimately obscuring its primordial, and fundamental,
role in robust control.

5.5. Some preliminary conclusions

Clearly our results are insufficient to draw any final conclusion,
but that is not our main goal. We present these experiments
to support and motivate our attempt to distill a long history of
research, and ultimately suggest a new approach to investigating
the role of motor cortex. This approach most directly applies
to studies of non-primate mammals. There is now a host of
techniques to monitor and manipulate cortical activity during
behavior in these species, but we propose that we should
be monitoring and manipulating activity during behaviors that
actually require motor cortex (Omlor et al., 2019; Warren et al,
2021).

This synthesis also has implications for engineers and clinicians.
We suggest that acknowledging a primary role for motor cortex in
robust control, a problem still daunting to robotics engineers, can
guide the development of new approaches for building intelligent
machines, as well as new strategies to assess and treat patients
with motor cortical damage. We concede that our results are
still naive, but propose that the implications are worthy of
further consideration.

6. Methods

6.1. Permanent lesions

Ibotenic acid was injected bilaterally in 11 Long-Evans rats
(ages from 83 to 141 days; 9 females, 2 males), at 3 injection sites
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with 2 depths per site (-1.5 and -0.75 mm from the surface of
the brain). At each depth we injected a total amount of 82.8nL
using a microinjector (Drummond Nanoject II, 9.2 nL per injection,
9 injections per depth). The coordinates for each site, in mm
with respect to Bregma, were: +1.0 AP/2.0 ML; +1.0 AP/4.0 ML;
+3.0 AP/2.0 ML, following the protocol reported by Kawai et al.
(2015) for targeting forelimb motor cortex. Five other animals
were used as sham controls (age-matched controls; 3 females,
2 males), subject to the same intervention, but where ibotenic
acid was replaced with physiological saline. Six additional animals
were used as wildtype, no-surgery, controls (age-matched controls;
6 females).

For the frontal cortex aspiration lesions, the margins of the
craniotomy were extended to cover from -2.0 to +5.0 mm AP relative
to Bregma and laterally from 0.5 mm up to the temporal ridge of
the skull. After removal of the skull, the exposed dura was cut and
removed, and the underlying tissue aspirated to a depth of 2 to 3 mm
with a fine pipette (Whishaw, 2000). For the frontoparietal cortical
lesions, the craniotomy extended from —6.0 to +4.0 mm AP relative
to Bregma and laterally from 0.5 mm up to the temporal ridge. Two
of these animals underwent aspiration lesions as described above. In
the remaining animal, the lesion was induced by pial stripping in
order to further restrict the damage to cortical areas. After removal of
the dura, the underlying pia, arachnoid and vasculature were wiped
with a sterile cotton swab until no vasculature was visible (Farr and
Whishaw, 2002).

6.2. Recovery period

After the surgeries, animals were given a minimum of 1
week (up to 2 weeks) recovery period in isolation. After this
period, animals were handled every day for a week, after
which they were paired again with their age-matched control
to allow for social interaction during the remainder of the
recovery period. In total, all animals were allowed at least one
full month of recovery before they were first exposed to the
behavior assay.

The three largest frontoparietal lesioned animals were originally
prepared for a study of behavior in a dynamic visual foraging task,
which they were exposed to for 1 month in addition to the recovery
period described above. This task did not, however, require any
challenging motor behaviors besides locomotion over a completely
flat surface. This period was also used to monitor the overall health
condition of the animals and to facilitate sensorimotor recovery
as much as possible. The animal with the largest lesion (Extended
Lesion F) was prevented from completing the behavior protocol
due to deteriorating health conditions following the first 2 days
of testing.

6.3. Histology

All animals were perfused intracardially with 4% paraformal-
dehyde in phosphate buffer saline (PBS) and brains were post-fixed
for at least 24 h in the same fixative. Serial coronal sections (100 um)
were Nissl-stained and imaged for identification of lesion boundaries.
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In two of the largest frontoparietal lesions (Extended Lesions D and
E), serial sections were taken sagittally.

In order to reconstruct lesion volumes, the images of coronal
sections were aligned and the outlines of both brain and lesions
were manually traced in Fiji (Schindelin et al., 2012) and stored as
two-dimensional regions of interest. Lesion volumes were calculated
by summing the area of each region of interest multiplied by
the thickness of each slice. The stored regions were also used to
reconstruct a 3D polygon mesh for visualization of lesion boundaries.

6.4. Electrocorticography

Recording of electrophysiological signals from the intact rodent
cortex was performed using two high-density 64-channel micro-
electrocorticography (micro-ECoG) grids using the method reported
by Dimitriadis et al. for freely moving animals (Dimitriadis
et al., 2014). The particular grids used in these experiments were
fabricated at the International Iberian Nanotechnology Laboratory by
depositing microelectrode gold contacts through a custom designed
layout mask on a flexible thin-film polyimide substrate (Figure 11A).
The soft connectors at the end of each grid are inserted during
the implantation surgery into a custom made breakout board
in the recording chamber, which exposes groups of 32-channels
via Omnetics connectors to the recording amplifier (see data
acquisition section).

The microelectrode grids were implanted epidurally into the right
hemisphere of three male Long-Evans rats at almost 2 years of age.
The margins of the craniotomy for implantation extended from -
3.3 to +5.0 mm AP relative to Bregma and laterally from 1.5 to 4.0
mm. The anterior grid was first placed carefully on top of the brain,
and then slowly inserted below the anterior and medial margins of
the craniotomy until the first rows of electrodes were fully covered.
The second grid was placed posterior to the first one and inserted
below the medial margin of the craniotomy, taking care that the
first rows of electrodes were kept equidistant from the last row of
electrodes in the anterior grid. Two zirconium hooks were inserted
in the anterior and posterior margins of the craniotomy and fixed to
the recording chamber in order to hold it firmly in place relative to the
skull. With the aid of a micromanipulator and video feedback system,
the coordinates of different electrodes in each quadrant of both grids
were measured relative to Bregma, and later used to reconstruct the
precise placement of all grid electrodes in the brain. At the end of the
surgery, a titanium screw was inserted posteriorly to the craniotomy
in contact with the brain in order to be used as reference for the
recording system. The stability of the implant depends critically on
the absence of movement in the bony plates of the skull during
development, which can compromise the mechanical fixation of the
recording chamber to the head (Dimitriadis et al.,, 2014). For this
reason, it is recommended that rats undergoing this procedure should
be older than 7 months (Dimitriadis et al., 2014).

6.5. Behavior assay
During each session the animal was placed inside a behavior box

for 30 min, where it could collect water rewards by shuttling back and
forth between two nose pokes (Island Motion Corporation, USA). To
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do this, animals had to cross a 48 cm obstacle course composed of
eight 2 cm aluminum steps spaced by 4 cm (Figure 2A). The structure
of the assay and each step in the obstacle course was built out of
aluminum structural framing (Bosch Rexroth, DE, 20 mm series).
The walls of the arena were fabricated with a laser-cutter from 5 mm
thick opaque black acrylic and fixed to the structural framing. A
transparent acrylic window partition was positioned in front of the
obstacle course in order to provide a clear view of the animal. All
experiments were run in the dark by having the behavioral apparatus
enclosed in a light tight box.

A motorized brake allowed us to lock or release each step in the
obstacle course (Figure 2B). The shaft of each of the obstacles was
coupled to an acrylic piece used to control the rotational stability of
each step. In order to lock a step in a fixed position, two servo motors
are actuated to press against the acrylic piece and hold it in place. Two
other acrylic pieces were used as stops to ensure a maximum rotation
angle of approximately & 100°. Two small nuts were attached to
the bottom of each step to work as a counterweight that gives the
obstacles a tendency to return to their original flat configuration. In
order to ensure that noise from servo motor actuation could not be
used as a cue to tell the animal about the state of each step, the motors
were always set to press against an acrylic piece, either the piece that
keeps the step stabilized, or the acrylic stops. At the beginning of
each trial, the motors were run through a randomized sequence of
positions in order to mask information about state transitions and
also to ensure the steps were reset to their original configuration.
Control of the motors was done using a Motoruino board (Artica,
PT) along with a custom workflow written in the Bonsai visual
programming language (Lopes et al., 2015).

Prior to the micro-ECoG recordings, each step in the obstacle
course was outfitted with a micro load cell (CZL616C, Phidgets, CA)
secured between the step front holder and the base (Figure 2B). This
allowed us to record a varying voltage signal proportional to the load
applied by the animal on each step. This load signal was acquired
simultaneously on all eight steps and digitized synchronously with
the ECoG data acquisition system.

6.6. Data acquisition

The behavior of the animals was recorded with a high-speed and
high-resolution videography system (1280x680 @ 120 Hz) using an
infrared camera (Flea3, PointGrey, CA), super-bright infrared LED
front lights (SMD5050, 850 nm) and a vari-focal lens (Fujinon, JP)
positioned in front of the transparent window partition. A top view
of the assay was simultaneously recorded with the same system at a
lower frame-rate (30 Hz) for monitoring purposes. All video data was
encoded with MPEG-4 compression for subsequent offline analysis.
Behavior data acquisition for the nose poke beam breaks was done
using an Arduino board (Uno, Arduino, USA) and streamed to
the computer via USB. All video and sensor data acquisition was
recorded in parallel using the same Bonsai workflow used to control
the behavior assay.

For the micro-ECoG recordings, all electrophysiological signals
were amplified, digitized and multiplexed using two 64-channel
amplifier boards (RHD2164, Intan Technologies, US) connected to
the electrode interface board (EIB) on the recording chamber. The
amplifier boards were then connected through a dual headstage
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adapter (C3440, Intan Technologies, US) to the main data acquisition
USB interface board (RHD2000-Eval, Intan Technologies, US). In
order to facilitate the free movement of the animal in the behavior
box, the single cable connecting the head of the animal to the USB
interface board was passed through a slip ring (MMC235, Moflon,
CN) and hooked into a nylon string crossing the top of the assay.
In this way, movement and rotation of the tethered animal were
compensated to avoid unwanted strain and twisting on the cables
during the entire recording period.

In order to synchronize the videography and ECoG recording
systems, we connected the strobe output of the camera to a digital
input in the Intan USB interface board using a GPIO cable (ACC-
01-3000, PointGrey, CA). The camera strobe output is electronically
coupled to individual frame exposures (i.e., shutter opening and
closing events), and can be used for sub-millisecond readout of
individual frame acquisition times. The strobe signal was acquired
and digitized synchronously with ECoG data acquisition, and used
for post-hoc reconstruction of precise frame timing. Data acquisition
from the USB interface board was recorded using a Bonsai workflow
and care was taken that it was always started first and terminated last
in order to ensure that no external synchronization events were lost.

6.7. Behavior protocol

The animals were kept in a state of water deprivation for 20h
prior to each daily session. For every trial, rats were delivered a 20 pL
drop of water. At the end of each day, they were given free access
to water for 10 min before initiating the next deprivation period.
Sessions lasted for 6 days of the week from Monday to Saturday,
with a day of free access to water on Sunday. Before the start of the
water deprivation protocol, animals were run on a single habituation
session where they were placed in the box for a period of 15 min.

The following sequence of conditions were presented to the
animals over the course of a month (see also Figure 2A): day 0,
habituation to the box; day 1-4, all the steps were fixed in a stable
configuration; day 5, 20 trials of the stable configuration, after which
the two center steps were made unstable (i.e., free to rotate); day
6-10, the center two steps remained unstable; day 11, 20 trials of
the unstable configuration, after which the two center steps were
again fixed in a stable state; day 12, all the steps were fixed in a
stable configuration; day 13-16, the state of the center two steps was
randomized on a trial-by-trial basis to be either stable or unstable.
Following the end of the random protocol, animals continued to
be tested in the assay for a variable number of days (up to 1
week) in different conditions. At the end of the testing period,
all animals were exposed to a final session where all steps were
made free to rotate in order to assay locomotion performance under
challenging conditions.

For the micro-ECoG recordings, the basic behavior protocol
was adjusted to allow for extra recording time during conditions of
interest. First, all session times were doubled for the recordings (e.g.,
30 min for the habituation session, and 60 min for all other sessions).
Second, the number of days on each condition was also extended to
allow extracting more trials from each animal for analysis. Finally,
the condition where the center two steps were reliably unstable was
replaced with a condition of rare instability. In this condition, after
the animal is exposed to an unstable configuration, the steps are
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reverted back to being stable for another 20 trials, after which they
become again unstable for one trial, and so on.

6.8. Data analysis

All scripts and custom code used for data analysis are available
online'. The raw video data was first pre-processed using a custom
Bonsai workflow in order to extract features of interest (Figure 2C).
Tracking of the nose was achieved by background subtraction and
connected component labeling of segmented image elements. First
we compute the ellipse best-fit to the largest object in the image.
We then mark the tip of the nose as the furthermost point, in the
segmented shape of the animal, along the major axis of the ellipse.
In order to analyze stepping performance, regions of interest were
defined around the surface of each step and in the gaps between the
steps. Background subtracted activity over these regions was recorded
for every frame for subsequent detection and classification of steps
and slips.

Analysis routines were run using the NumPy scientific computing
package (van der Walt et al., 2011) and the Pandas data analysis
library (McKinney, 2010) for the Python programming language.
Crossings were automatically extracted from the nose trajectory
data by first detecting consecutive time points where the nose was
positively identified in the video. In order for these periods to be
successfully marked as crossings, the starting position of the nose
must be located on the opposite side of the ending position. Inside
each crossing, the moment of stepping with the forelimb on the center
steps was extracted by looking at the first peak above a threshold
in the first derivative of the activation signal in the corresponding
region of interest. False positive classifications due to hindlimb or
tail activations were eliminated by enforcing the constraint that
the position of the head must be located before the next step.
Visual confirmation of the classified timepoints showed that spurious
activations were all but eliminated by this procedure as stepping
with the hindlimb or tail requires the head to be further ahead in
space unless the animal turned around (in which case the trajectory
would not be marked as a crossing anyway). The position of the
nose at the moment of each step was extracted and found to be
normally distributed, so statistical analysis of the step posture in the
random condition used an unpaired ¢-test to check for independence
of different measurement groups.

In order to evaluate the dynamics of crossing in the random
condition, we first measured for every trial the speed at which
the animals were moving on each spatial segment of the assay.
To minimize overall trial-by-trial variation in individual animal
performance, we used the average speed at which the animal
approached the manipulated step as a baseline and subtracted it from
the speed at each individual segment. To summarize differences in
performance between stable and unstable trials, we then computed
the average speed profile for each condition, and then subtracted the
average speed profile for unstable trials from the average speed profile
for stable trials. Finally, we computed the sum of all these speed
differences at every segment in order to obtain the speedup index for
each animal, i.e., an index of whether the animal tends to accelerate
or decelerate across the assay on stable vs. unstable trials.

1 https://github.com/kampff-lab/shuttling-analysis/
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For the micro-ECoG experiments, evoked potentials were
analyzed by splitting the raw physiological voltage traces into 750 ms
windows, where time zero was aligned to the moment of stepping
with the forelimb on one of the obstacles in the course (see below).
Each individual time series was low-pass filtered at 50 Hz (4th order
Butterworth filter, two-pass) and baselined by subtracting the average
of the first 250 ms before event onset in order to compensate for
constant voltage shifts between the two grids. Some of the channels in
each grid were entirely excluded from the analysis due to potentially
damaged surface contacts, as evidenced by wide amplitude, random
oscillatory behavior, which was often matched by the presence of
high impedance measurements extracted from the electrode site in
vivo. In one of the sessions, the cable connecting the headstage to
the interface board was accidentally removed by the animal, and all
the trials falling during this period had to be excluded from analysis.
Correspondence between individual ECoG samples and video frames
was computed by matching the individual hardware frame counter
with the sequence of falling edges detected in the shutter strobe signal
acquired from the infrared camera.

6.9. Video classification

Classification of paw placement faults (i.e., slips) was performed
in semi-automated fashion. First, possible slip timepoints were
detected automatically using the peak detection method outlined
above. All constraints on head position were relaxed for this analysis
in order to exclude the possibility of false negatives. A human
classifier then proceeded to manually go through each of the slip
candidates and inspect the video around that timepoint in order to
assess whether the activation peak was a genuine paw placement fault.
Examples of false positives include tail and head activations as well
as paw activations that occur while the animal is actively engaged in
exploration, rearing, or other activities that are unrelated to crossing
the obstacles.

A similar technique was used to detect and classify the event
onsets for the analysis of evoked potentials in the micro-ECoG
experiments. In this case, a preliminary classification of each video
frame into left and right forelimb was achieved by first computing
the brightness histogram of each frame, which was used to encode the
image as a lower-dimensional vector. The vectors for all step frames
were subsequently clustered using K-means and then manually
inspected for label correction.

Classification of behavior responses following first exposure to
the unstable condition was done on a frame-by-frame analysis of the
high-speed video aligned to first contact with the manipulated step.
The frame of first contact was defined as the first frame in which there
is noticeable movement of the step caused by animal contact. Three
main categories of behavior were observed to follow the first contact:
compensation, investigation, and halting. Behavior sequences were
first classified as belonging to one of these categories and their onsets
and offsets determined by the following criteria. Compensation
behavior is defined by a rapid and adaptive postural correction to
the locomotion pattern in response to the perturbation. Onset of
this behavior is defined by the first frame in which there is visible
rapid contraction of the body musculature following first contact,
and offset is defined by the transition to either investigation, halting,
or the resumption of normal movement progression. Investigation
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behavior consists of periods of targeted interaction with the steps,
often involving manipulation of the freely moving obstacle with the
forepaws. Onset of this behavior is defined by the animal orienting its
head down to one of the manipulated steps, followed by subsequent
interaction involving the head or forepaws, and offset is defined by the
transition to either halting or the resumption of normal movement
progression. Halting behavior is characterized by a period in which
the animal stops its ongoing motor program, and maintains the
same body posture for an extended period, without switching to
a new behavior or orienting specifically to the manipulated steps.
This behavior is distinct from a freezing response, as occasional
movements of the head are observed. Onset of this behavior is defined
by the moment where locomotion and other motor activities besides
movement of the head come to a stop, and offset is defined by the
transition to investigation or the resumption of normal movement
progression. A human classifier blind to the lesion condition was
given descriptions of each of these three main categories of behavior
and asked to note onsets and offsets of each behavior throughout
the videos. These classifications provide a visual summary of the first
response videos; the complete dataset used for this classification is
included as Supplementary material.
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