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Abstract
The motor cortex plays a critical role in accurate visually guided movements such as reaching and
target stepping. However, the manner in which vision influences the movement-related activity of
neurons in the motor cortex is not well understood. In this study we have investigated how the
locomotion-related activity of neurons in the motor cortex is modified when subjects switch
between walking in the darkness and in light.

Three adult cats were trained to walk through corridors of an experimental chamber for a food
reward. On randomly selected trials, lights were extinguished for approximately four seconds
when the cat was in a straight portion of the chamber's corridor. Discharges of 146 neurons from
layer V of the motor cortex, including 51 pyramidal tract cells (PTNs), were recorded and
compared between light and dark conditions. It was found that while cats’ movements during
locomotion in light and darkness were similar (as judged from the analysis of three-dimensional
limb kinematics and the activity of limb muscles), the firing behavior of 49% (71/146) of neurons
was different between the two walking conditions. This included differences in the mean
discharge rate (19%, 28/146 of neurons), depth of stride-related frequency modulation (24%,
32/131), duration of the period of elevated firing ([PEF], 19%, 25/131), and number of PEFs
among stride-related neurons (26%, 34/131). 20% of responding neurons exhibited more than one
type of change.

We conclude that visual input plays a very significant role in determining neuronal activity in the
motor cortex during locomotion by altering one, or occasionally multiple, parameters of
locomotion-related discharges of its neurons.
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1. INTRODUCTION
The role of the motor cortex in accurate visually guided movements such as reaching and
target stepping is known to be important. It was shown that neuronal discharges in the motor
cortex are timed to phases of reaching and target stepping [1-9], and that lesions or
inactivation of the motor cortex impair these movements [6, 10-15]. The focus of nearly all
of previous studies, however, has been on determining the motor parameter(s) of reaching
and target stepping that are controlled by the motor cortex. The inflow of visual information
about the location of the target and the manner by which this information influences the
movement-related activity of neurons in the motor cortex has received much less attention.

Anatomical studies show that the motor cortex receives input from several higher order
visual areas. In the cortex, parietal area 5 intensely projects to the motor cortex [16-18].
Area 5 receives inputs from a host of cortical and subcortical visual centers, including the
pulvinar and a number of visual cortical areas such as 18, 19, 20, 21, lateral suprasylvian
and splenial visual areas [e.g., 19-23]. Rostral subdivisions of cortical parietal area 7 also
project to the motor cortex [16-18]. Area 7 receives inputs from visual cortical areas 19, 20,
21, 22, lateral suprasylvian areas as well as from the pulvinar and rostral intralaminar
complex [e.g., 20, 24-27]. The main thalamic input to the motor cortex arrives from the
ventrolateral thalamus. Although the ventrolateral thalamus contains very few visually
responsive neurons, it receives intensive afferentation from the lateral cerebellum, which is
known to have a substantial visual input [rev. in 28, 29]. In our recent publication, we
argued that the stream of visual information that travels via the cerebellum and ventrolateral
thalamus significantly contributes to the transmission of vision-based signals to the motor
cortex during motor behavior [30].

In agreement with anatomical data, physiological experiments show that, in both
anesthetized and awake animals, neurons in the motor cortex respond to visual stimuli
[31-33]. In the study by Weyand and colleagues [32], when receptive fields in paralyzed cats
were tested using stationary or moving spots or bars of light, 40% of sites within the motor
cortex area 4γ gave moderately reliable visual responses, with most other sites showing
some responsiveness, albeit weaker. Receptive fields were found to be large, occasionally
encompassing most of the contralateral hemifield, and always included the area centralis.
Sites with good responses were intermingled with nearly non-responsive areas. In
chronically implanted behaving cats, Martin & Ghez [33] found that in many motor cortical
neurons the onset of the forearm flexion/extension-related activity, although well-timed to
the movement, was even better time-locked to the visual stimulus. For 56% of these cells,
however, the specificity of the visual stimulus was unimportant as they were well tuned to
any stimulus signaling a certain movement (e.g., elbow flexion), and their visual responses
were contingent upon the movement.

In our previous studies we found that when visual information is required for accurate target
stepping, the activity of the cat motor cortex differs dramatically from the activity observed
during simple locomotion [6, 7]. Taking into account that inactivation of the motor cortex
impairs visually guided stepping, we interpreted this altered activity as a control signal for
accurate feet placement. However, the manner by which visual information contributes to
the formation of a control signal in the motor cortex remained unclear. In this study we have
investigated the effect of light on locomotion-related activity of neurons in the motor cortex.
We trained cats to walk along a straight path with a flat surface under normal laboratory
illumination, and when the lights were turned off for approximately 3-4 seconds. The
analysis of three-dimensional kinematics and EMGs of limb muscles showed that cats
walked very similarly in the light and darkness. The locomotion-related discharges of 49%
(71/146) of neurons, however, were different between the two conditions. We conclude that
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the motor cortex responds to visual stimulation during locomotion, and describe how the
light, and thus the ability to see, shapes its locomotion-related activity.

A brief account of this study was published in abstract form [34].

2. METHODS
Recordings were obtained from three adult cats prepared for chronic experiments, of which
two were female and one was male. Methods of surgical preparation and recording
techniques have been previously described in detail and will be briefly reported here [6, 35].
All experiments were conducted in accordance with NIH guidelines and with the approval of
the Barrow Neurological Institute Animal Care and Use Committee.

2.1. Locomotion tasks
Positive reinforcement (food) was used to habituate cats to the experimental situation and
engage them in locomotion behavior [36, 37]. Cats walked in a rectangular chamber that had
two corridors, each 2.5 m long and 0.3 m wide (Fig. 1 A). The cat's passage through the
beginning and the end of each corridor was monitored using infrared photodiodes (emission
wavelengths of 850-900 nm, which is outside of the visible spectral range of the cat [38]).

Cats walked in two experimental conditions: under normal laboratory illumination of
approximately 500 lux (the spectral sensitivity of cats is very similar to that of humans [38])
and in full darkness. The experimental room had no windows, its door was light-proofed,
and all lights from electronics were masked. Computer monitors were located in a
neighboring room. The darkness condition was randomly presented in approximately 50%
of the rounds. It started upon the cat entering a straight portion of the walkway and ended
when it reached a photodiode at the end of the corridor. Typically, it took cats between 2.5
and 4 seconds to walk through a corridor. Cats were trained to walk around the chamber in
this experimental setting daily for about 2-3 weeks until they were confident in doing so.

Cats were accustomed to wearing a cotton jacket, a light backpack with connectors, and a
sock with a small metal plate on the sole of the foot for recording foot contact with the floor.
The floor in the chamber was covered with an electrically conductive rubberized material.
During locomotion, the durations of the swing and stance phases of the right forelimb
(contralateral to the side of recording in the motor cortex) were monitored by measuring the
electrical resistance between the plate and the floor (Steps trace in Fig. 3A,D). On selected
trials, cat movements were recorded using the Visualeyez System (3D Real Time Motion
Capture and Analysis System, Phoenix Technologies Inc., Canada). This system detects
positions of light-emitting photodiodes (LEDs) in three-dimentional space and calculates
various kinematical parameters. Wide-angle, six-chip infrared LEDs with wavelengths of
755-785 nm, which are invisible to cats [38], were attached to the skin projections of the
base of the fifth metacarpal on the right paw and the vertebral border of the right scapula.
The frequency of sampling was 200 Hz. Position, velocity, and acceleration were
determined and averaged across all selected strides.

2.2. Surgical procedures
After each cat was trained, surgery was performed under aseptic conditions using isoflurane
anesthesia. In two cats, bipolar EMG electrodes (flexible Teflon-insulated stainless-steel
wires) were implanted bilaterally into three forelimb muscles: m. triceps brahii (Tri, elbow
extensor), m. extensor digitorum communis (EDC, wrist and phalanges dorsal flexor), and
m. extensor carpi ulnaris (ECU- wrist dorsal flexor); and into three hindlimb muscles: m.
gastrocnemius lateralis (GL, ankle extensor), m. soleus (SO, ankle extensor), m. vastus
lateralis (VL, knee extensor). The electrode placements were verified by stimulation through
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the implanted wires before closure of the incision. The wires were led subcutaneously and
connected to sockets on the head base.

For the head implant, the skin and fascia were retracted from the dorsal surface of the skull.
At 10 points around the circumference of the head, stainless steel screws were implanted.
The heads of the screws were then inserted into a plastic cast to form a circular base. This
base later allowed the head to be fixed in a head-restraining device so that neurons could be
isolated before recording their activity during locomotion. The base was also used to affix
connectors, a miniature microdrive, preamplifiers, and a protective and electrically shielding
cap. To access the left motor cortex, a portion of the os frontale, os ethmoidale, and dura
above the left motor cortex over an area of approximately 1 cm2 were removed. The motor
cortex was visually identified by surface features and photographed (Fig. 2 A). The aperture
was then covered by a 1 mm thick acrylic plate, in which approximately 200 holes, 0.36 mm
in diameter, had been drilled and filled with a mixture of bone wax and petroleum jelly.
Recording microelectrodes were later inserted into the motor cortex of the awake animal
through the holes in the plate.

Two 26 gauge hypodermic guide tubes were implanted vertically above the medullary
pyramids with tips approximately at the Horsley-Clarke coordinates (P7.5, L0.5) and (P7.5,
L1.5), and the depth of H0. They were later used for physiologically guided insertion of
stimulating electrodes into the pyramidal tract [35]. These electrodes were used to identify
pyramidal tract neurons (PTNs) in the awake animal. All exposed surfaces of the skull were
covered with a thin layer of orthodontic resin (Densply Caulk). The space between the skull,
the retracted skin and the bottom of the base was filled with silicone elastomer (Factor II,
Lakeside, AZ) to form a soft barrier between the inside and outside of the base.

2.3. Sampling of neuronal and EMG activity
After recovering from surgery over a period of five or six days, the cat was placed on a table
and encouraged to take a “sphinx” position on a comforting pad. After resting in this
position for a few minutes, the base attached to the skull during surgery was fastened to an
external frame, thereby approximating the natural resting position of the cat's head. After a
few sessions of an increased duration, all cats would calmly rest in the sphinx position with
their head restrained. The cats did not seem to be in any discomfort and would often fall
asleep.

While the animal was at rest on the table, the motor cortex was searched for well-isolated
neurons. Neuronal activity was recorded extracellularly using either platinum-tungsten
quartz-insulated microelectrodes (40 μm outer diameter) pulled to a fine tip and
mechanically sharpened [39], or commercially available tungsten varnish-insulated
electrodes (Frederick Haer & Co; Bowdoin, ME). The impedance of both types of electrodes
was 2–4 MΩ at 1000 Hz. A custom made light-weight (2.5g) manual single-axis micro-
manipulator chronically mounted to animal's skull was used to advance the microelectrode.
Signals from the microelectrode were pre-amplified with a custom-made miniature
preamplifier positioned on the cat's head, and then further amplified with CyberAmp 380
(Axon Instruments). After amplification, signals were filtered (0.3-10 kHz band pass),
digitized with a sampling frequency of 30 kHz, displayed on a screen, fed to an audio
monitor, and recorded to the hard disk of a computer by means of a data acquisition
hardware and software package (Power-1401/Spike-2 System, Cambridge Electronic
Design, Cambridge, UK). An example of a recording is shown in Figure 3 A,D.

Signals from EMG pre-amplifiers were amplified and filtered (30-1,500 Hz) using a
CyberAmp 380 amplifier, digitized with a sampling frequency of 3 kHz, displayed on the
screen, and recorded to the disc of a computer using the same data-acquisition software as
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for neurons. After digitization, the EMG signals were rectified and smoothed by filters with
a time constant of 50 ms. An example of an untreated data recording is shown in Figure 3
A,D.

2.4. Identification of neurons
A waveform analysis was employed to identify and isolate the spikes of a single neuron
using the Power-1401/Spike-2 system waveform-matching algorithm. In addition, all
encountered neurons were tested for antidromic activation using pulses of graded intensity
(0.2 ms duration, up to 0.5 mA) delivered through the bipolar stimulating electrodes to the
medullary pyramidal tract. The identification of antidromic responses was determined by the
test for the collision of spikes [40, 41], which is illustrated in Figure 2B. For the purpose of
conduction velocity calculation, the distance between electrodes in the medullary pyramidal
tract and at recording sites in the peri-cruciate cortex was estimated at 51 mm. Neurons were
classified as fast- or slow-conducting PTNs based on the criteria of Takahashi [42]: PTNs
with conduction velocity of 21 m/s or higher were considered to be fast-conducting, while
those with conduction velocities below this threshold were considered to be slow-
conducting. Neurons were tested for antidromic activation before, during, and after
locomotion.

Recordings were obtained from the rostral and lateral sigmoid gyrus (forelimb
representation area) as well as from the postcruciate cortex within the fold of the cruciate
sulcus (forelimb and hindlimb representations) (Fig. 2 A,C, and D). These areas are
considered to be the motor cortex based on a considerable body of data obtained by means
of inactivation, stimulation, and recording techniques [6, 8, 10, 33, 43-48]. A parasagittal
section through the frontal cortex with a reference electrolytic lesion next to giant pyramidal
cells in cortical layer V, which are characteristic of motor cortex area 4γ, is shown in Figure
2C (pre-cruciate cortex) and Figure 2D (post-cruciate cortex). To determine the locations of
the fore- and hindlimb representations within the motor cortex, somatic receptive fields were
mapped while the animals were resting on a pad with their head restrained. Somatosensory
stimulation was produced by palpation of muscles and tendons and by passive movements of
joints. Neurons responsive to passive movements of joints were further assessed for
directional preference.

Responses to visual stimulation were tested by presenting moving stimuli: circles 2.5 cm in
diameter, stripes 5 cm wide and 100 cm long, fields 50 × 50 cm, and complex three-
dimensional stimuli such as toys, laboratory objects, and hands. Two-dimensional stimuli
were black. All stimuli were presented against the natural laboratory background and were
moved in different directions in the frontal plane at the distance of approximately 50 cm in
front of the animal and also toward the animal and away from it with the speed of 0.5–1.0
m/s.

2.5. Analysis of neural activity
To compare the activity of neurons during locomotion in the light and darkness we used
only the strides in which average durations in the two conditions differed by less than 10%.
These strides were selected from three strides made in the middle of walkway. Earlier we
showed that in the middle of the corridor cats walk with nearly constant speed [7]. For
forelimb-related cells, the onset of the swing phase of the right forelimb was taken as the
beginning of the step cycle. The duration of each cycle was divided into twenty equal bins.
For hindlimb-related neurons, the beginning of the 16th bin of the forelimb cycle, which
corresponds to the beginning of the swing phase of the right hind limb, was taken as the
onset of the hind limb step cycle. A phase histogram of the discharge rate of each neuron in
the step cycle was then generated and averaged over all selected cycles (Fig. 3B, C, E, and
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F). Phase histograms were smoothed by recalculating the values of the bins according to the
equation Fn’=0.25*Fn-1 + 0.5*Fn + 0.25*Fn+1, when Fn is the bin's original value. The first
bin was considered to follow the last bin, and the last bin was considered to precede the first
bin. The “depth” of modulation, dM, was calculated as dM = (Nmax - Nmin)/N * 100%,
where Nmax and Nmin are the number of spikes in the maximal and the minimal histogram
bin, and N is the total number of spikes in the histogram. Neurons with dM>4% were judged
to be stride-related. This was based on an analysis of fluctuations in the activity of neurons
in the resting animal. For this analysis, the activities of 100 neurons recorded while the cat
was sitting with its head restrained were processed as if the cat was walking [30]. The timing
of steps made by the same cat during the preceding walking test was used to construct the
histogram. In stride-related neurons, the period of elevated firing (PEF) was defined as the
portion of the cycle in which the activity level exceeds the minimal activity by 25% of the
difference between the maximal and minimal frequencies in the neuronal discharge
histogram (Fig. 3C,F). PEFs were smoothed by renouncing all one-bin peaks and troughs (a
total of 1% of bins were altered throughout the database). The “preferred phase” of
discharge of each neuron with a single PEF was assessed using circular statistics [49-51; see
also 52, 53].

For comparisons of the discharge rate of individual neurons in different conditions and
between groups of neurons, the two-tailed Student's t-test was used to determine statistical
significance. When comparing dM, preferred phase, and duration of PEF, differences equal
to or greater than 20%, 10%, and 20%, respectively, were considered significant. These
criteria were established based on the results of a bootstrapping analysis [54, 55], which
compared differences in discharges between various reshufflings of strides of the same
locomotion task. It showed that natural PTN activity fluctuations remain within these limits
with 95% confidence. Unless noted otherwise, for all mean values, the standard error of the
mean (SEM) is given. When data were categorical, a nonparametric Fisher's two-tailed test
was used.

2.6. Histological procedures
At the termination of experiments, cats were deeply anaesthetized with pentobarbital
sodium. Several reference lesions were made in the regions of the motor cortex from which
neurons were sampled. Cats were then perfused with isotonic saline followed by a 3%
paraformaldehyde solution. Frozen brain sections of 50 μm thickness were cut in the regions
of recording and stimulating electrodes. The tissue was stained for Nissl substance with
cresyl violet. Zoning of the cortex was performed according to established criteria [32, 56,
57]. The positions of recording tracks in the motor cortex were estimated in relation to the
reference lesions (Fig. 2 C,D). The positions of stimulation electrodes in the medullar
pyramids were verified.

3. RESULTS
3.1. Kinematics of walking in the light and darkness are similar

During the recording of each individual neuron, cats walked between 10 and 80 (typically
20-50) times down each of the chamber's corridors. From these runs, 20–200 strides (72±34
in the light and 73±37 in the darkness, mean ± SD) made in the middle of the corridor (with
average durations in the light and dark differing by less than 10%) were selected for
analysis. One of the cats walked relatively quickly (cat 1) and the other two walked more
slowly (cats 2 and 3). The average durations of strides selected were around 600 ms and
740-780 ms, respectively (Fig. 4A). This corresponded to a walking speed of 0.83 m/s and
0.65-0.68 m/s, respectively. Although different cats walked with a slightly different speed
overall, each of them had approximately the same speed during walking under the two
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illumination conditions. Only cat 2 had a statistically significantly different average duration
of strides during locomotion under normal illumination and in the dark, and the difference
was 20 ms or 2.7% of the stride cycle. The ratio of the stance duration to the cycle duration
(the stride duty factor) varied only slightly between cats (Fig. 4B), and was 60-65% on
average. There was a slight difference of 1.5% for the average stride duty factor in cat 3.

Movements of the right paw and scapula were recorded in cats 2 and 3 while they walked
around the chamber under illumination protocol similar to that used during neuronal
recordings. Representative examples of vertical paw and scapula positions, and horizontal
and vertical velocities during locomotion in the two conditions are shown in Figures 4C,D.
For both cats, movements of the paw were similar in all parameters tested (Fig. 4C).
Position of the scapula was 2.3±1.3 mm higher throughout most of the step cycle during
walking in the illuminated room as compared to walking in the darkness; however, in the
middle of the stance phase scapula position was always similar between the conditions (Fig.
4 D, top panel). Vertical velocities of the scapula were also similar (Fig. 4 D, middle panel).
In approximately one third of the trials, horizontal velocities were slightly higher (by
7-10%) during walking in the illuminated room as compared to walking in the darkness (Fig.
4 D, lower panel).

3.2. Activities of muscles during walking in the light and darkness
In cats 1 and 2, the activity of three forelimb and three hindlimb muscles was recorded on
each side of the body. Muscles showed only very minor differences in the activity during
locomotion under different lightening conditions (Fig. 5). Elbow extensor m. triceps brachii
was typically active slightly longer during walking in the light (Student's unpaired t test,
p<0.05), by 5-10% of the cycle. Wrist and phalanges dorsal flexor m. extensor digitorum
communis often began later in the cycle during walking in the light (Student's unpaired t
test, p<0.05), by 5-10%, but finished at the same time as during walking in the darkness.
Ankle extensor m. soleus occasionally showed differences analogous to those seen in the m.
extensor digitorum communis, however in other trials was active uniformly between
conditions. Wrist dorsal flexor m. extensor carpi ulnaris during walking in the light was
more active at the peak (Student's unpaired t test, p<0.05) generating 3.8±1.5% more output
(mean±SD). At the same time, the activity of the ankle extensor and knee flexor m. lateral
gastrocnemius and that of the knee extensor m. vastus lateralis were typically
indistinguishable during locomotion in the darkness and light.

3.3. Characteristics of neurons
Neuronal data was collected from a total of 29 tracks through the motor cortex of three cats
(7 tracks in cat 1, 13 in cat 2, and 9 in cat 3; Fig. 2A). This data was considered together to
analyze the activity of 146 neurons (19 from cat 1, 77 from cat 2, and 50 from cat 3). Based
on cytoarchitectural features, it was determined that all neurons were located in layer V of
the motor cortex area 4γ. Fifty-one cells responded to stimulation of the pyramidal tract (17
from cat 1, 22 from cat 2, and 12 from cat 3). The latencies of responses ranged from 0.8 to
4.6 ms. Estimated conduction velocities were between 11 and 64 m/s. Among responding
neurons 63% (32/51) responded at 2.0 ms or faster, conducting at 25 m/s or faster, and thus
were “fast-conducting” PTNs, while 37% (19/51) were “slow-conducting” [42].

Responses of 114 neurons to somatosensory stimulation were tested. A somatosensory
receptive field was found in 87% (99/114) of neurons. All receptive fields were located on
the contralateral (right) side of the body and all but one were excitatory. Most neurons
(77/99) had a receptive field on the forelimb, while 22 neurons responded to stimulation of
the hindlimb. From neurons responding to stimulation of the forelimb, 23 were activated by
passive movements of the shoulder or palpation of back or neck muscles, 31 responded to
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movements in the elbow joint or palpation of arm muscles, and 23 were activated by
movements of the wrist or palpation of muscles on the forearm or paw. Several neurons
responded to movement in two joints or the entire forelimb. Neurons activated by a passive
movement in a joint often had a preferred direction. One third (n=8) of shoulder-related cells
responded to adduction of the shoulder, while others responded to either abduction (n=4),
flexion (n=4), or extension (n=2) of the joint. From elbow-related cells, 7 neurons responded
to flexion and 3 were activated by extension. From wrist-related neurons, 7 responded to
wrist ventral flexion while 4 responded to dorsal flexion.

One half of neurons activated by stimulation of the hindlimb responded to movement or
palpation of the ankle. They often were also directionally specific with 5 neurons responding
only to ankle flexion and 3 only to ankle extension. From the other hindlimb-related cells, 4
responded to movements in the knee, 2 to the hip, and 2 to the paw.

From the group of 15 unresponsive somatosensory neurons, nine responded to visual
stimuli. Four of these cells were activated by an object moving across the field of view from
the periphery to the central field of vision and three were activated by approach of an object.
Example responses of a neuron to a movement of an object in front of the cat is shown in
Figure 3G. All visually responsive cells were located within the forelimb representation of
the area 4γ, and eight of the nine were found in the post-cruciate fold of the sigmoid gyrus.

A typical example of activity of a neuron during walking in the light and dark is shown in
Figure 3A-F. The neuron was recorded from the forelimb representation region but it was
not responsive to either somatosensory or visual stimulation. During locomotion in the dark,
the neuron's activity was modulated in the rhythm of strides: it was high at the end of stance
and during most of the swing phases, while low in the beginning and middle of the stance
phase. When the lights were turned on, the neuron's activity increased throughout all of the
step cycle. The raster plots in Figure 3 B,E show the activity of the neuron across 120
individual strides during locomotion in the dark (B) and light (E). The pattern of activity
was very consistent across strides of each locomotion task, but during walking in the light
there was more activity during the middle of the stance phase compared to walking in the
dark. The activity is summed in Figures 3 C,F showing histograms of neuron firing rates
across the step cycle during locomotion in the dark (C) and light (F). The period of elevated
firing (PEF, see definition in Methods) is indicated by a black horizontal bar; it was
contained within the swing and late stance phase of the step during both locomotion tasks.
The preferred phase (indicated by a circle in Figures 3C and 3E) was in the beginning of the
swing phase during both locomotion tasks.

3.4. Activity of neurons during locomotion in the darkness
The mean activity of the population during walking in the darkness was 10.7±0.6 spikes/s.
The discharge rate of 90% (131/146) of cells was modulated in the rhythm of strides: it was
higher in one phase of the stride and lower in another phase. The great majority of neurons
(79%, 104/131) exhibited a single PEF, while 21% (27/131) had two PEFs. The average
depth of modulation in one- and two-PEF populations was similar: 10.6±0.6 and 9.7±0.7,
respectively. In both populations, PEFs and preferred phases were fairly evenly distributed
across the step cycle (Figs. 6 A1,B1). The average duration of the PEF was 60±1.5% and
58±2.5% of the cycle in one- and two-PEF groups, respectively. In 70% (19/27) of neurons
with two PEFs, the PEFs differed in their duration by 10-35% of the cycle, and in eight of
the neurons the longest PEF had also the highest discharge rate, on average by 12±8 spikes/s
(mean ± SD). Neurons with two PEFs of a similar duration typically were also more active
during one of their PEFs.
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Because of a largely even distribution of PEFs and their relatively long duration in both one-
and two-PEF populations, PEFs of different neurons overlapped and approximately 60% of
neurons were simultaneously active at any time of the cycle in either of the groups (Fig. 6
A3, B3). However, in the one-PEF group, there were slightly more neurons with preferred
phases during swing (Fig. 6 A1,3) and they were more active than those with preferred
phases during stance (Fig. 6 A2); as a result, the whole population of one-PEF cells was
slightly, but statistically significantly, more active during the swing phase as compared to
stance (Student's unpaired t test, p<0.05; Fig. 6 A4). The activity of two-PEF neurons as a
group was steady over the cycle (Fig. 6 B2,4).

Neurons with different receptive fields differed in their step-related activity. Forelimb-
related cells as a group had a steady activity over the cycle that measured 11-13 spikes/s.
Within the forelimb-related population, wrist-related neurons were most active and
modulated (Student's unpaired t test, p<0.05), but as a group they engaged later in the cycle
as compared to both elbow and shoulder-related cells, firing right before the foot made
contact with the floor (Fig. 7 A2,4 and B2,4 vs. C2,4). In stark contrast, most hindlimb-
related neurons discharged during the swing or beginning of the stance phase (Fig. 7 D1,
D3). Thus, their population's activity was sharply modulated with a peak during swing that
reached approximately 20 spike/s (Fig. 7 D4). Visually responsive neurons (n=9) were as
active as the rest of population, however only five displayed activity that was step cycle
related. This was a significantly smaller proportion of step-related cells as compared to the
entire population (Fisher's two-tailed test, p=0.0001).

3.5. Effect of light on the activity of neurons during locomotion
The activity of 49% (71/146) of neurons was different during locomotion in the light as
compared to the darkness. The mean discharge rate was different in 19% (28/146) of
neurons: it was higher in 15 cells by 30±3% and lower in 13 cells by an approximately
similar amount (Student's unpaired t test, p<0.05; Fig. 8A). The depth of frequency
modulation was different in 24% (32/131) of neurons. In the light, it was higher in 11 cells
by 32±4%, and lower in 21 cells by 50±7% (Fig. 8B). The duration of the PEF was different
in 19% (25/131) of neurons. In the light, it was shorter in 13 and longer in 12 cells by
20-40% of the cycle (Fig. 8C).

The number of PEFs was different in 26% (34/131) of cells. A fifth of neurons with one-
PEF in the dark (21%, 22/104) had two PEFs in the light. This typically occurred via an
appearance of a second trough within the PEF (n=7; Fig. 9A,B), an appearance of a new
PEF within the trough (n=6; Fig. 9C,D), or an increase of activity within a part of the PEF
(n=5; Fig. 9E,F). On the other hand, 31% (8/26) of neurons with two-PEFs in the dark had
just one PEF in the light. This typically occurred by an increase of activity within one of the
troughs so that two of the PEFs became fused together (n=4), or by reduction in the activity
within one of the PEFs (n=3; Fig. 9G,H). As a result of these differences in the number of
PEFs in individual neurons, during walking in the light, there were less one-PEF and more
two-PEF neurons than during walking in the darkness (Fig. 6A1,2 and B1,2 vs. C1,2 and
D1,2). In addition to neurons having a different number of PEFs in different lighting
conditions, the activity of two cells was step cycle-modulated only in the light, whereas the
activity of two others was only modulated in the darkness. In the population of neurons that
had one PEF during both conditions (n=86), the preferred phase was very stable with only
three neurons having a different preferred phase in the light.

The great majority of neurons (80%, 57/71) had only one or two parameters of their activity
different between lighting conditions: most often the average discharge rate and the duration
of the PEF, or the duration of the PEF and the number of PEFs, or the average discharge rate
and the depth of modulation. Some neurons (20%, 14/71), however, differed in three, four,
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or even all five parameters measured. Figure 8D shows distribution of neurons with a
statistically significant difference in at least one parameter of the activity between dark and
light conditions across the three-dimensional space of (i) change in the average discharge
rate vs. (ii) change in the duration of the PEF vs. (iii) change in the depth of modulation.
One can see that the light substantially affected the activity of motor cortical neurons.
Moreover, there was a relationship between changes in the average discharge rate, depth of
modulation, and width of the PEF: as the discharge rate or the width of the PEF increased,
the depth of modulation tended to decrease (Fig. 8E, F). There were some differences,
however, in how different neurons responded to the light during locomotion.

NEURONS WITH DIFFERENT NUMBER OF PEFs—Two-PEF neurons responded
stronger to light as compared to both unmodulated and one-PEF cells. In the light, a much
larger portion of two-PEFs neurons (25%, 6/26) had a lower average discharge rate than in
the darkness as compared to one-PEF and unmodulated neurons, of which only 5% and 7%
had a lower rate in the light (6/105 and 1/14, respectively; Fisher's two-tailed test, p=0.01).
In addition, a larger portion of two-PEF cells (21%, 5/26) had a greater depth of locomotion-
related frequency modulation in the light than in the darkness as compared to one-PEF
neurons, from which only 6% (6/105) had a greater modulation depth in the light (Fisher's
two-tailed test, p=0.042).

NEURONS WITH DIFFERENT RECEPTIVE FIELDS—A larger portion of hindlimb-
related cells (36%, 8/22) had different discharge rates during walking in the darkness and
light as compared to forelimb-related cells (14%, 11/76; Fisher's two-tailed test, p=0.032). In
addition, all but two of the hindlimb-related neurons discharged at a lower frequency in the
light than in the dark, unlike forelimb-related cells, which most often were more active in
the light (Fisher's two-tailed test, p=0.015).

Of the nine visually responsive cells, two had a higher discharge rate and one had a lower
rate in the light than in the darkness. Of five cells with a discharge rate that was step-phase
related in the darkness, two had a lower depth of modulation in the light. Differences in the
number of PEFs were inconsistent: the number of PEFs was smaller in two and greater in
one cell, and there was no difference in two other cells. There was no difference to the
duration of the PEF in any of visually responsive cells between light and dark conditions.

FAST- and SLOW-CONDUCTING PTNs—The discharge rate of 45% (23/51) of PTNs
was different during locomotion in the light and darkness. Nearly a quarter of fast-
conducting PTNs, 22% (7/32), had a lower activity in the light. This was different from the
behavior of slow-conducting PTNs, which never had a lower discharge rate in the light
(Fisher's two-tailed test, p=0.037). Overall, considering fast and slow-conducting cells
together, PTNs had a tendency to discharge at different rates during locomotion in the light
and darkness more often than unidentified neurons. In contrast to the unidentified neurons,
which often had a shorter PEF in the light than in the darkness, the PEF of PTNs almost
never was shorter in the light (Fisher's two-tailed test, p=0.01). PTNs tended to have two or
more parameters of the activity different between light and dark conditions, while in
unidentified neurons, most often only one parameter was different.

Despite significant differences in the locomotion-related activity between light and dark
conditions displayed by nearly half of the neurons considered in this study, the average
discharge rate, depth of modulation, and duration of PEF for the entire motor cortex
population remained similar (Fig. 6). This was because, between the conditions, a roughly
similar number of neurons changed their activities in opposing ways.
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3.6. Effect of light wears off gradually
The activity of 46 neurons was analyzed separately for the first, second, and third steps
made after the lights were turned off, and for the first step made after the lights were turned
on. After the removal of the light, approximately half of neurons (54%, 25/46) changed their
average discharge rate and/or depth of locomotion-related frequency modulation not
abruptly but in a gradual manner. A representative example is shown in Figure 10A. In the
light, PTN 5046 discharged intensely during the second half of the swing phase and was
much less active throughout remainder of the step cycle (Fig. 10 Aa,b). The activity of the
neuron during the first step made without the light was very similar (Fig. 10 Ac,d). During
the second step taken in the dark, however, the activity of the PTN during the end of the
swing phase increased by approximately 10 spikes/s, while the activity during the rest of the
stride remained unchanged (Fig. 10 Ae,f). During the third step in the darkness, the activity
of the neuron during the stance phase decreased, forming a clear gap in the activity
immediately after the peak at the end of the swing phase (Fig. 10 Ag,h). The activity of the
neuron during the first step taken after lights were turned on was very similar to its activity
averaged over all steps in the light (Fig. 10 Ai,j).

Out of 25 neurons that changed their activity gradually after removal of the light, 15
changed their average discharge rate, typically increasing it by 3.7±0.8 spikes/s, either
between the 1st and the 2nd or between the 2nd and the 3rd step in the darkness. Fourteen
cells changed the depth of modulation by increasing or decreasing it by 3.8±0.4 %. This too
could occur either between the 1st and the 2nd or between the 2nd and the 3rd step in the
darkness. Among those there were four neurons that changed both the discharge rate and the
depth of modulation as did PTN 5046 shown in Figure 10A. In contrast, 21 neurons out of
46 tested had already changed their activity during the first step in the dark and did not alter
it more during the period of the darkness maintaining the change until after the lights came
back on (Fig. 10B).

4. DISCUSSION
Characteristics of neuronal discharges in the motor cortex during locomotion found in this
study are consistent with earlier reports [4-6, 8, 35, 55, 58, 59]. In accordance with previous
findings, the activity of nearly all neurons in layer V was modulated in the rhythm of strides,
with the great majority exhibiting one PEF per cycle. PEFs of forelimb-related neurons were
distributed almost evenly throughout the stride, while those of hindlimb-related neurons
were concentrated in the swing phase, so the group of hindlimb-related cells was
substantially more active during swing (Fig. 7).

This is the first investigation of the activity of the motor cortex during locomotion with and
without light and thus the ability of subjects to see. Comparison of motor cortex population
activity during locomotion in the darkness and light, both within this study (Figs. 6,7) and
with data on locomotion in the light that were previously published [4, 6, 8, 35, 43, 55, 58]
showed that they are largely similar. However, a comparison of activities of individual
neurons during locomotion in the darkness and light revealed that the light has a significant
effect on discharges of cells in the motor cortex. In 49% of neurons the mean discharge rate,
depth of locomotion-related frequency modulation, width of PEF, and/or the number of
PEFs were affected by the light (Figs. 8-10).

We believe that the differences in firing behavior of motor cortical neurons between the two
lighting conditions are due to the differences in available visual information, not to a
difference in the stride kinematics. We are confident in this assessment in part because
during data analysis, we specifically selected and compared strides in the darkness and light
that closely matched in duration and duty factor (Fig. 4A,B). In addition, the three-
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dimensional kinematics analysis showed that during these selected steps, the movements of
the forepaw were similar (Fig. 4C) between the two conditions and only very minor
differences existed in the movements of the scapula (Fig. 4D). Moreover, from six muscles
tested, including three from the hindlimb, two did not show any appreciable differences in
EMG timing or amplitude between the two lighting conditions, and four had only minor
differences (Fig. 5). One may suggest that observed differences in neuronal discharges in the
motor cortex during locomotion in the darkness and light reflect different levels of attention
to the task by the animal in different conditions. While this cannot be completely ruled out
within our experimental paradigm, we wish to note that during our testing, the main focus of
subjects’ attention remained unchanged regardless of the illumination condition: cats’
behavior was driven solely by their desire to complete a round of walking around the
chamber to receive a food reward.

The conclusion that the light and thus the ability to see, affects the activity of neurons in the
motor cortex during locomotion is consistent with both anatomical data and previous reports
on widespread distribution of visual responsiveness in frontal cortex in anesthetized or
awake but paralyzed cats [31, 32, 60]. In particular, Weyand and colleagues [32], working
with awake paralyzed cats, showed that in area 4γ, the area we recorded from, cells are
reliably responsive to visual stimuli, and respond best to the light on/off stimulus. The motor
cortex receives visual information via two groups of routes: cortical and subcortical. The
input from the parietal cortex, areas 5 and 7, is typically viewed as the main avenue. Indeed,
both of these areas respond strongly to visual stimuli and, especially area 5, project
intensively to the motor cortex [16-18]. In our recent study, however, we found that neurons
of layer III in area 5b, which are the only neurons projecting to the motor cortex from this
area, have rather low activity during locomotion, both in terms of proportion of neurons
involved (58%) as well as their average discharge rates (2.5 spikes/s) and have relatively
similar activity during vision-independent locomotion on a flat surface and vision-involved
locomotion along a horizontal ladder [61]. Therefore it appears unlikely that the rather
sparse activity of visually unresponsive parietal-to-motor cortex projection is actually fit to
assure quite pronounced visual responses in the motor cortex during locomotion. On the
other hand, when we investigated locomotion-related activity of the ventrolateral thalamus,
which links the motor cortex with the lateral cerebellum, we found that upon transition from
a visually-independent to a visually-demanding locomotion task, the activity of 79% of
neurons in the ventrolateral thalamus change [30]. The most typical changes were: an
increase in the magnitude of the stride-related frequency modulation, a more precise
focusing of the discharge in a particular phase of the stride, and a change in the number of
PEFs per cycle. In addition, the average discharge rate of neurons in the ventrolateral
thalamus is roughly twice as high as that of neurons in the motor cortex. Taking into account
the rich visual inputs of the lateral cerebellum, from which the ventrolateral thalamus
receives one of its main inputs [rev. in 29, 62], we concluded that the ventrolateral thalamus
must play an important role in transmitting processed visual signals to the motor cortex.

Our finding that the mean discharge rate in 19% of motor cortical neurons, the depth of
stride-related frequency modulation in 24%, the duration of the PEF in 19%, and/or the
number of PEFs in 26% of them was different between walking in the darkness and light
points to three mechanisms by which visual information can affect discharges in the motor
cortex: a “tonic” mechanism of changing the average activity rate (19% of neurons), an “in-
phase” mechanism of altering the magnitude of already existing activity modulation (24% of
neurons), and an “out-of-phase” mechanism that alters the pattern of stride-related activity
modulation by changing the duration of the PEF or even the number of PEFs (19% and 26%
of neurons, respectively). The tonic mechanism was seen more often in the hindlimb-related
neurons and typically reduced their discharge rate in the light. A reduction of cortical
influence on the spinal hindlimb-related networks might render them more susceptible to
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other influences, including propriospinal inputs from forelimb-related circuits. This will
make the hindlimbs “listen” more to what the forelimbs are doing when the cat walks in the
light. The fact that the “out-of-phase” mechanism is so common suggests that the visual
information received in the motor cortex during locomotion often fundamentally structures
locomotion-related discharges of its neurons. For example, the activity of two-PEF neurons,
which presumably discharged their second PEF in the darkness in response to an input from
a second limb controller [63], was often depressed, their depth of frequency modulation
enhanced, and their discharge pattern often re-written to a one-PEF pattern in the light (Figs
9G,H). In parallel, discharges of PTNs, with a one-PEF or two-PEF pattern alike, were
shaped to become more locomotion-phase specific.

It was demonstrated in several studies that simple locomotion on a flat surface does not
require participation of the motor cortex to be successful while locomotion over complex
terrains strictly does [6, 14, 15, 64, 65, 66, 67]. We have previously suggested that the
locomotion-related modulation of the activity of motor cortical neurons during simple
locomotion has an informational character [6]. This modulation sets, for each individual
neuron, the allowable phase of the cycle when, should a need arise, a descending influence
is permissible. It thus allows the motor cortex to affect subcortical and spinal locomotor
mechanisms during corrections of movements in complex situations without interruption of
the on-going locomotor rhythm. Results of the current study show that these permissible
time windows are adjusted based on the availability of visual information.

It has been previously shown that during some motor tasks the activity of selected
subpopulations of the motor cortex does not correlate with the activity of muscles or
movement mechanics and appears to have other control targets [e.g., 58, 68, 69, 70]. In
addition to determining the allowable phase of the response during voluntary gait
modifications as suggested above, another possible function of these neurons may be to
contribute to the activation and reconfiguration of the brain stem–spinal locomotor
networks. Such a function seems to be necessary when one considers the enormous variety
of modifications to locomotion available to animals and humans. Among other possible
functions, not related directly to the production of motor output, the motor cortical neurons
could participate in the modulation of afferent signals’ transmission to different motor
centers.

In addition to these possible roles of the activity of the motor cortex during locomotion, the
fact that it took a step or two for the activity of about half of neurons to wear off the effect of
the light when the lights were extinguished suggests that during locomotion the activity of
neurons in the motor cortex may encode memories of the visual scene. It is interesting,
however, that the activity of few cells that responded to visual stimuli at rest, during
locomotion in the darkness was often step cycle-unrelated, and that these cells reacted
inconsistently and rather weakly to introduction of the light. These observations suggest that
these motor cortical neurons are members of a separate network, which is perhaps devoted
to detection of particular visual features of the environment.

In conclusion, in this study we extend previous observations of visual responsiveness of
cells in the motor cortex obtained in anesthetized and awake but paralyzed cats to freely
walking cats, and demonstrate that during locomotion the responsiveness to light in the
motor cortex is very common, typically stride phase-depended, and often significantly
modifies the locomotion-related pattern of the activity observed during walking in the
darkness.
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• How vision influences locomotion-related activity of motor cortex is unclear.

• Activity of motor cortex neurons was compared between light & dark in
walking cat.

• The activity of 49% of neurons (n=146) was different between the two
conditions.

• Visual input plays a significant role in determining discharges in motor cortex.
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Figure 1.
Locomotion tasks. The cat walked continuously in a rectangular chamber with two paths. On
randomly chosen rounds, lights were turned off upon the cat entering a straight portion of
the walkway; they were kept off for approximately four seconds, and were turned back on
shortly before the cat reached the turn.
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Figure 2.
Location and identification of neurons. A: Areas of recording in the left motor cortex.
Microelectrode entry points into the cortex were combined from all cats and are shown as
circles on the photograph of cat 2 cortex: cat 1, 2, and 3 entry points are depicted by grey,
white, and black circles, respectively. Positions of parasagittal sections, whose
photomicrographs are shown in C and D are indicated by dotted lines c and d, respectively.
B: A collision test determines whether a neuron's response to pyramidal tract stimulation is
antidromic. Top: the neuron spontaneously discharges (arrowhead 1) and the pyramidal tract
is stimulated approximately 3 ms later (arrowhead 2). The neuron responds with a latency of
approximately 1 ms (arrowhead 3). Bottom: the neuron spontaneously discharges
(arrowhead 1) and the pyramidal tract is stimulated about 0.5 ms later (arrowhead 2). The
neuron does not respond (arrowhead 3) because at 0.5 ms the spontaneous spike was still en
route to pyramidal tract, therefore causing the collision, or nullification, of the response. The
test confirms that the neurons's response was antidromic, and therefore the neuron proves to
be a pyramidal tract projecting neuron (PTN). C: Photomicrograph of a parasagittal section
through the lateral pre-cruciate motor cortex (section c). An arrow points to a reference
electrolytic lesion in the forelimb representation of the motor cortex. D: Photomicrograph of
a parasagittal section through the medial motor cortex (section d). An arrow points to a
reference electrolytic lesion in the hindlimb representation of the motor cortex. In C and D:
Layers of the cortex are numbered. Groups of giant cells in layer V, which are characteristic
for area 4γ and are visible throughout both the pre- and post-cruciate cortex, are encircled.
Cresyl violet stain.
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Figure 3.
A typical example of the activity of a neuron (PTN 5055) and selected right fore- and
hindlimb muscles during locomotion in the darkness and light. A: Activity of the neuron and
muscles during locomotion in the darkness. Tri, m. triceps brahii (elbow extensor); Edc, m.
extensor digitorum communis (wrist and phalanges dorsal flexor); ECU, m. extensor carpi
ulnaris (wrist dorsal flexor); GL, m. gastrocnemius lateralis (ankle extensor), VL, m. vastus
lateralis (knee extensor). The bottom trace shows the stance (St) and swing (Sw) phases of
the step cycle of the right forelimb that is contralateral to the recording site in the cortex. B,
C: The activity of the same neuron during locomotion in the darkness is presented as a raster
of 120 step cycles (B) and as histograms (C). The duration of step cycles is normalized to
100%. In the raster, the end of swing and the beginning of the stance in each cycle is
indicated by an open triangle. In the histogram, the horizontal black bar shows the period of
elevated firing (PEF) and the circle indicates the preferred phase as defined in the
“Methods” section. The value of dM is stated. D-F: Activities of the same neuron and
muscles during locomotion in illuminated room. G: Responses of a neuron to movements of
an object in front of the cat (PTN 3676, located in the rostral cruciate sulcus). Arrows
pointed up indicate movements from cat's right to left, arrows pointed down indicate
movements from cat's left to right.
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Figure 4.
Kinematics of locomotion in the darkness and light. A: The average duration of the stride of
each cat in the two light conditions. B: The average stride duty factor (the percent of the
total cycle in which the right forelimb is in the stance phase). C,D: Vertical position (top
panel), and vertical (middle panel) and horizontal (bottom panel) velocity of the right paw
(C) and scapula (D). Error bars are SDs. Stars denote significant differences in parameters
between the conditions (Student's unpaired t test, p<0.05).
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Figure 5.
Typical examples of EMG activity of selected limb muscles during locomotion in the
darkness and light. Each panel shows a representative activity of a muscle, which was
averaged over 20-45 strides of each locomotion task, all recorded during one session (see
Methods for stride selection). Error bars are SDs. Stars denote significant differences
between the conditions (Student's unpaired t test, p<0.05).
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Figure 6.
Population characteristics of one- and two-PEF neurons during locomotion in the darkness
and light. A1, C1: Phase distribution of PEFs of all one-PEF neurons during locomotion in
the dark (A1) and under normal illumination (C1). Each row represents the PEF of one cell.
A circular mark on each PEF denotes the cell's preferred phase. Neurons are rank-ordered so
that those with a preferred phase earlier in the cycle are plotted on the top of the graph.
Vertical interrupted lines indicate the end of swing and beginning of stance phase. A2, C2:
Corresponding phase distributions of discharge frequencies. The average discharge
frequency in each 1/20th portion of the cycle is color-coded according to the scale shown at
the bottom of the figure. A3, C3: Proportion of active one-PEF neurons (neurons in their
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PEF) in different phases of the step cycle during walking in the darkness (A3) and light
(C3). A4, C4: The mean discharge rate of one-PEF neurons during walking in the darkness
(A4) and under normal illumination (C4). Thin lines show SEM. B1-4 and D1-4 show
characteristics of two-PEF neurons locomotion in the darkness (B1-4) and light (D1-4).
Designations are similar to those in A,C.
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Figure 7.
Population characteristics of neurons with different somatosensory receptive fields during
locomotion in the darkness and light. A, E: Activity of neurons responsive to movements in
the shoulder joint, and/or palpation of back or neck muscles during locomotion in the
darkness (A) and under normal illumination (E). A1, E1: Phase distribution of PEFs. A2,
E2: Corresponding phase distribution of discharge frequencies. The average discharge
frequency in each 1/20th portion of the cycle is color-coded according to the scale shown at
the bottom of the figure. A3, E3: Proportion of active neurons (neurons in their PEFs) in
different phases of the step cycle. A4, E4: The mean discharge rate. Thin lines show SEM.
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Vertical interrupted lines denote end of swing and beginning of stance phase. B, F: Activity
of neurons responsive to passive movement of the elbow joint or palpation of arm muscles.
C, G: Activity of neurons responsive to passive movement in the wrist joint or palpation of
muscles on the forearm or paw. D, H: Activity of neurons responsive to stimulation of the
hindlimb.
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Figure 8.
Comparison of activity characteristics of individual neurons between locomotion in the
darkness and light. A: Mean discharge frequency averaged over the stride. B: Depth of
frequency modulation, dM. C: Duration of PEF, for two-PEF neurons, the combined
duration of two PEFs is given. A-C: The abscissa and ordinate of each point show the values
of a characteristic of a neuron during locomotion in the darkness and light, respectively.
Neurons whose characteristics were statistically significantly different during the two tasks
(see Methods) are shown as filled circles; others are shown as open circles. D: Neurons with
a statistically significant difference in at least one of the above parameters of the activity
between two conditions. The abscissa, ordinate, and applicate of each point show the
difference in a discharge characteristic of a neuron between dark and light conditions. The
difference is positive if the value of the parameter was larger during locomotion in the light.
The star in the middle of the cube denotes the zero point. E: Negative correlation between
the relative change in the depth of modulation, dM, and activity, Act. F: Negative
correlation between the change in the depth of modulation and duration (width) of PEF,
PEFw. In E and F: The abscissa and ordinate of each point show the difference in a
discharge characteristic of a neuron between two illumination conditions. The difference is
positive if the value of the parameter was larger during locomotion in the light. Only
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neurons with statistically significant difference in the dM between two walking conditions
are shown. The coefficient of correlation (r) is indicated.
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Figure 9.
Differences in discharge patterns of neurons during locomotion in the darkness and light. A:
A schematic presentation of the most frequently observed types of difference in the
discharge pattern. In the light, a subtle trough within the one PEF seen during walking in the
darkness deepens and divides the PEF into two. The black line shows activity during
walking in the darkness, and orange line shows the activity during walking in the light. The
vertical dotted line shows end of swing and beginning of stance phase. B: An example
activity of a neuron exhibiting this behavior. The dark gray area histogram shows the
activity of the neuron during locomotion in the darkness. The orange bar histogram shows
the activity during locomotion in the light. To promote visualization of the difference in
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activities between two tasks, the stride cycle is shown twice. C, D: Same as A, B but
showing the second most frequent type of discharge pattern difference. The transition from
one- to two-PRF discharge pattern occurred because in the light a new PEF appeared within
the former trough. E, F: Same as above but showing the third most frequent type of
discharge pattern change in the light from one to two PEFs per cycle: by an increase in
activity within a part of the PEF. G, H: same as above but showing the discharge pattern
change from two- to one-PEFs per cycle.
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Figure 10.
Changes in the activity and modulation over the period of darkness. A: An example of a
neuron (PTN 5046) that changed the discharge rate and modulation depth during the period
of the darkness. Aa,b: The activity of the neuron during locomotion in the light is presented
as a raster of 40 step cycles (a) and as a histogram (b). The duration of step cycles is
normalized to 100%. In the raster, the end of swing and the beginning of the stance in each
cycle is indicated by an open triangle. Ac,d: The activity of the same neuron during the first
step made after lights were turned off (Step 1) is shown as a raster of 40 step cycles (c) and
as a histogram (d). Ae,f: The activity of the same neuron during the second step after lights
were turned off (Step 2) is shown as a raster of 40 step cycles (e) and as a histogram (f).
Ag,h: The activity of the neuron during the third step in the darkness (Step 3) is presented as
a raster of 40 step cycles (g) and as a histogram (h). Ai,j: The activity of the neuron during
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the first step made after lights were turned back on is shown as a raster of 30 step cycles (i)
and as a histogram (j). B: Histograms of the activity of another neuron (PTN 5055) that had
different activities between light and dark conditions but did not change the activity during
the period of the darkness.
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