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Cathodal trans-spinal direct current (c-tsDC) stimulation is a powerful technique to modulate spinal excitability. However, the manner in
which c-tsDC stimulation modulates cortically evoked simple single-joint and complex multijoint movements is unknown. To address
this issue, anesthetized mice were suspended with the hindlimb allowed to move freely in space. Simple and complex multijoint move-
ments were elicited with short and prolonged trains of electrical stimulation, respectively, delivered to the area of primary motor cortex
representing the hindlimb. In addition, spinal cord burst generators are known to be involved in a variety of motor activities, including
locomotion, postural control, and voluntary movements. Therefore, to shed light into the mechanisms underlying movements modu-
lated by c-tsDC stimulation, spinal circuit activity was induced using GABA and glycine receptor blockers, which produced three rates of
spinal bursting activity: fast, intermediate, and slow. Characteristics of bursting activity were assessed during c-tsDC stimulation. During
c-tsDC stimulation, significant increases were observed in (1) ankle dorsiflexion amplitude and speed; (2) ankle plantarflexion ampli-
tude, speed, and duration; and (3) complex multijoint movement amplitude, speed, and duration. However, complex multijoint move-
ment tracing showed that c-tsDC did not change the form of movements. In addition, spinal bursting activity was significantly modulated
during c-tsDC stimulation: (1) fast bursting activity showed increased rate, amplitude, and duration; (2) intermediate bursting activity
showed increased rate and duration, but decreased amplitude; and (3) slow bursting activity showed increased rate, but decreased
duration and amplitude. These results suggest that c-tsDC stimulation amplifies cortically evoked movements through spinal
mechanisms.

Introduction
Trans-spinal direct current (tsDC) stimulation is a neuromodu-
latory technique that causes immediate and long-term changes in
spinal cord excitability (Aguilar et al., 2011; Ahmed, 2011, 2013;
Cogiamanian et al., 2011; Truini et al., 2011; Ahmed and Wi-
eraszko, 2012; Cogiamanian et al., 2012; Lamy et al., 2012; Lamy
and Boakye, 2013). The overarching goal of tsDC stimulation is
to restore function that has been lost due to spinal cord or brain
injuries. Simple outcome measures, such as motor-evoked po-
tentials, single muscle twitch, and H-reflex, have been used to
evaluate the effects of tsDC stimulation on particular pathways.
However, these measures do not elucidate how tsDC stimulation
affects natural movements. Therefore, the current study inves-
tigated how cathodal tsDC (c-tsDC) stimulation modulates
cortically elicited simple single-joint and complex multijoint
movements.

Spinal interneuronal networks known as central pattern gen-
erators (CPGs) are capable of generating rhythmic motor activity
that activates limb muscles (Delcomyn, 1980; Grillner and
Wallén, 1985). CPGs comprise smaller functional modules that
can be combined in different patterns to produce a variety of
motor activities (Grillner and Wallén, 1985; Kjaerulff and Kiehn,
1996; Grillner, 2006). Moreover, because spinal circuits are in-
volved in transmission of voluntary movements (Prut and Perl-
mutter, 2003; Samara and Currie, 2008; Hart and Giszter, 2010;
Roche et al., 2011; Bui et al., 2013), it seems reasonable to
investigate whether c-tsDC stimulation influences spinal cir-
cuit activity.

When applied on the dorsum of the spinal cord, c-tsDC stim-
ulation significantly enhances spinal excitability (Alanis, 1953;
Eccles et al., 1962; Aguilar et al., 2011; Ahmed, 2011). This spinal
facilitation can be exploited to restore motor or sensory function
after brain or spinal cord injury. Indeed, combining c-tsDC with
paired associative stimulation caused significant improvement in
mice with unilateral spinal cord injury (Ahmed, 2013). There-
fore, understanding how c-tsDC affects movement is of great
clinical interest.

Mouse primary motor cortex (M1) contains maps for simple
single-joint and complex multijoint movements that can be elic-
ited by prolonged electrical microstimulation (Harrison et al.,
2012). Stimulating M1 causes individual actions with kinematic
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features (Raibert, 1977; Gordon and
Ghez, 1987; Hening et al., 1988). In the
present study, it was hypothesized that
c-tsDC stimulation would affect the kine-
matics of M1-elicited movements and the
bursting activity induced by blocking the
spinal inhibitory system.

Epidural short and prolonged electrical
stimulation of the hindlimb representation
of M1 was used to produce simple single-
joint and complex multijoint movements of
the contralateral hindlimb. c-tsDC stimula-
tion changed M1-induced movement kine-
matics by increasing movement size,
duration, and speed. However, the move-
ment form did not change. These findings
indicate that although the brain may con-
strain movement form (Lacquaniti et al.,
1983), the spinal cord plays a role in shaping
movement kinematics. Spinal interneuron
bursting activity was induced by blocking
the inhibitory neurotransmitters glycine
and GABA. Varying the concentration of
the GABA blocker revealed three rates of
synchronized bursting activity (fast, inter-
mediate, slow), which were reliably re-
corded from the sciatic nerve and were
significantly but differentially modulated by
c-tsDC stimulation.

Materials and Methods
Animals. Adult male CD-1 mice (n � 30;
weight, 35– 40 g) were used for this study. Ex-
periments were performed in accordance with
the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals. Pro-
tocols were approved by the Institutional Ani-
mal Care and Use Committee of the College of
Staten Island. Animals were housed under a
12 h light/dark cycle with access to food and
water ad libitum.

Procedure for movement-based measure-
ments. Animals were anesthetized using ket-
amine/xylazine (90/10 mg/kg, i.p.). To elicit
simple or complex multijoint movements, large craniotomies were per-
formed to expose the two primary motor cortices for the hindlimbs (3
mm posterior and 3 mm lateral from bregma; Tennant et al., 2011).
During this procedure, the dura remained intact and was kept moist with
saline solution. The skin covering the thoracolumbar spinal region was
dissected and moved to the side. Each animal was then placed in a sus-
pension system (constructed in our laboratory), which supported the
animal in prone position on a wooden dowel (1 cm thick) that was
attached by Velcro to another wooden dowel at the top of the frame. A
custom-designed holder was used to immobilize the head, and the four
limbs were free to move in all directions.

The cortex was stimulated with a monopolar electrode (150 �m tip)
situated on the dura covering the M1 area. Electrode placements were
regularly spaced over 500 �m increments in a grid pattern, as shown in
Figure 1A (Chakrabarty and Martin, 2000; Young et al., 2011). Sites of
stimulation were located at grid intersections. The reference electrode
was an alligator clip attached to a flap of scalp skin on the frontal aspect of
the skull. Testing protocols started 20 min after injection of anesthetic. If
needed, additional small anesthetic doses (5% of the first injection) were
administered subcutaneously to produce gradual and therefore stable
changes in the depth of anesthesia (Ahmed, 2013). The stimulation pulse
was biphasic to minimize potential damage that could be induced by

prolonged stimulation trains. Simple movements (n � 5) were elicited by
short trains (60 ms) of seven pulses (0.3 ms duration; 100 Hz), and
complex multijoint movements (n � 10) were elicited by prolonged
trains (600 ms) of pulses (0.3 ms duration; 200 Hz). This extended du-
ration of electrical stimulation was approximating the duration of a
mouse stepping (Wooley et al., 2005) or scratching (McQueen et al.,
2007). The selection of relatively higher current intensities was necessary
to elicit movement due to the noninvasiveness of our procedure (i.e.,
electrodes placed on the surface of the dura). Specificity and latency of
the responses strongly indicated that the source of the movement was
confined to the stimulated region (see Results). This method was pre-
ferred to maintain the integrity of the cortical circuits and to minimize
damage that could occur with prolonged trains, since the dura can pro-
tect the neural tissue. Stimulation was performed using a PowerLab stim-
ulator and stimulus isolator unit (FE180, ADInstruments). At each
cortical site, stimulation was gradually increased until multijoint move-
ment was observed (�300 �A). The current was then increased to 600
�A, which induced near full-range multijoint movements. Complex
multijoint movements were only observed in the hindlimb contralateral
to M1, never in the ipsilateral hindlimb. In the procedure to elicit simple
movement, the current was raised (maximal, 500 �A) until a clear twitch
movement occurred either as plantarflexion or dorsiflexion.

Figure 1. c-tsDC increased the amplitude of dorsiflexion movements. Movement traces were derived from an angle sensor. A,
Brain photograph showing sites of motor cortex where movements were elicited (yellow). B, Dorsiflexion was elicited from 12 sites
(lateral � posterior location relative to bregma labeled over traces). Note that c-tsDC stimulation increased dorsiflexion amplitude
in all sites (red) compared with baseline (blue). Cortical stimulation intensity was 400 �A for sites 1.5 � 2.5 and 2 � 2.5 and 500
�A for all other sites. C, Latency of dorsiflexion was significantly reduced during c-tsDC stimulation. D, Movement duration was not
changed during c-tsDC stimulation. E, Dorsiflexion amplitude was significantly increased during c-tsDC stimulation. F, Rising slope
of the first deflection of the dorsiflexion movement was significantly increased during c-tsDC stimulation. *p � 0.01. Data are
means � SEM.
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A stainless steel electrode (50 �m thickness; 5 mm width; 10 mm
length), covered with 2-mm-thick wick fabric, was used to deliver tsDC
stimulation. The fabric side of the electrode was in contact with the body.
This active electrode was placed over the vertebral column covering the
lumbar enlargement area (Köbbert and Thanos, 2000; Watson et al.,
2009). The reference electrode was an alligator clip attached to a flap of
abdominal skin. A Grass S88X stimulator (Grass Technologies) in DC
mode was used to generate tsDC, which was delivered through a
stimulus-isolated unit (Grass Technologies). The present experiments
used c-tsDC with an intensity of �0.8 mA and a duration of 8 s. Based on
the area of the tsDC electrode, the current density at the electrode surface
was 2.29 A/m 2, which is within the range considered safe (Liebetanz et
al., 2009).

At each cortical site, baseline stimulation was first established to one
stimulus with no c-tsDC, followed by one stimulus during c-tsDC, then
another baseline stimulus with no c-tsDC. Site order for stimulation was
randomized, and the cortical stimulation was identical before, during,
and after c-tsDC stimulation. We did not observe any carryover effects of
c-tsDC. Because data collected before and after c-tsDC were nearly iden-
tical, these data were averaged to be used as the baseline. Effects of c-tsDC
were robust and reproducible across all animals and across all sites that
evoked dorsiflexion, plantarflexion, or complex multijoint movements
in the contralateral hindlimb. Thus, repetitive stimulation was not
needed for confirmation. Although 25 sites were assayed, the complete
procedure was conducted only at the sites that evoked simple or complex
contralateral hindlimb movements.

To measure movements, a miniature flexible joint angle sensor (Mea-
surand) was attached to the plantar aspect of the paw by double-sided
adhesive tape. Multijoint complex movements were also videotaped us-
ing a standard camera, which was positioned to obtain a lateral view of
the hindlimb, as shown in Figures 3A and 41. Video recording was per-
formed at 30 frames/s. Videos were exported to motion analysis software
(MotionPro) to trace movement trajectory and to measure speed frame
by frame.

Movement latency was measured as the time from the first pulse in the
train to the time of movement onset, defined as the first deflection of the
movement trace detected by the angle sensor. Movement duration was
measured as the time from the onset of the movement to the end of the
movement, defined as the time at which the trace value returned to
baseline. Slope (°/s) was defined as the slope of a regression (least
squares) line fitted to the data from 1–30% of the peak movement.

Procedure for spinal circuit measurements. Experiments measuring sci-
atic nerve synchrony and periodic bursting and their corresponding
muscle forces were performed on anesthetized adult CD-1 mice (n � 15).
Animals were placed in a mouse stereotaxic apparatus, which was placed
in a custom-made clamping spinal column system. The bone at the base
of the tail was fixed to the base of the system with surgical pins. Large
bilateral laminectomies (T12-L4) were performed, and the sciatic nerve
was cleared from the surrounding tissues. Both triceps surae (TS) and
tibialis anterior (TA) muscles were carefully separated and their tendons
connected to force transducers. Holes were made in the distal parts of the
femur and tibia, and nails were inserted to fix these bones to the base.
Sciatic nerve, TA muscle, and TS muscle were covered with a mixture of
silicone oil and petroleum jelly (Vaseline). Muscle length was adjusted to
allow maximal force.

Burst activity was induced by the injection of 5 �l of picrotoxin and
strychnine mixture to the lumbar enlargement area. Injections were
made using a Hamilton syringe (Neuros 10 �l) coupled with a 33 ga
needle. Injection of the mixture was made at 0.7 mm below dura at four
sites (1.25 �l/site, two on each side of the spinal cord, 2 mm apart). The
injection sites corresponded approximately to the L5–L6 and L3–L4
junctions. All injections were done over a period of 2 min with the syringe
left in place for an additional 1 min. The concentration of strychnine was
kept constant at 0.3 �M. To produce activity with different bursting rates
(Schmitt et al., 2004), picrotoxin was administered at three concentra-
tions: 1, 0.5, and 0.3 mM. Animals started to show sign of bursting activity
at 10 –15 min following the end of injections. Testing of c-tsDC effects on
bursting activity occurred during the first 10 min of stable and continu-
ous bursting activity.

Electrophysiological recordings were made from the sciatic nerve us-
ing a hook electrode (80 �m diameter) that was coiled around the nerve
trunk. A reference electrode was connected to the skin of the paw. The
sciatic nerve was insulated from the underlying tissue with a thin silicone
rubber sheet. Following injection of blockers, a stainless steel c-tsDC
electrode covered with a wick fabric soaked with 0.9% saline was placed
over the laminactomy area. The reference electrode was an alligator clip
that was attached to a flap of abdominal skin. The intensity of c-tsDC
stimulation was 0.8 mA in all experiments. The current was ramped up
over 5 s, maintained for 30 s, and then ramped down over 5 s. Bursting
activity during the constant 30 s stimulation period was compared with
baseline activity during the 30 s before c-tsDC stimulation. Immediately
following cessation of c-tsDC stimulation, bursting activity values re-
turned to baseline values. There were no long-term effects of this proto-
col. Therefore, bursting activity following the cessation of c-tsDC
stimulation was not considered for analysis. Extracellular activity was
passed through a standard head stage, amplified (Neuro Amp EX, AD-
Instruments), filtered (100 Hz–5 kHz bandpass), digitized at 4 kHz, and
stored in the computer for further processing. A power laboratory data
acquisition system and LabChart 7 software (ADInstruments) were used
to acquire and analyze the data. Interburst interval (IBI) was measured as
the time from the onset of one burst to the onset of the next, and onset
was defined as the start of the rising phase of the response. Burst duration
was the time from the onset of the burst to its end, defined at the first
return to baseline values. Burst amplitude was calculated as the vertical
distance measured in microvolts between the negative and positive peaks
of the response.

Statistics. Data are graphed as means � SEM. Paired t tests were used to
compare baseline to c-tsDC for measurements of both movement and
bursting activity. The differences between groups over time were assessed
using repeated-measures ANOVA with a Holm–Sidak post hoc correc-
tion for testing differences between results at different time points (speed
measurements). Statistical analyses were performed using SigmaPlot
(SPSS). Autocorrelations were made using Spike Histogram Module in
Labchart software (ADInstruments).

Results
Simple movements
Short-duration trains (60 ms) elicited simple ankle movements,
such as dorsiflexion and plantarflexion. The location and direc-
tion of the movement was monitored visually and confirmed by
angle sensor recording. Dorsiflexion was the most common
movement observed in the contralateral hindlimb and was elic-
ited from 12 sites of M1 in most animals (Fig. 1). Compared with
baseline, during c-tsDC stimulation, latency of dorsiflexion was
significantly reduced (37.8 � 1.0 ms vs 32.8 � 0.6 ms, p � 0.01,
paired t test), amplitude was significantly increased (6.2 � 1.0° vs
11.5 � 0.9°, p � 0.002, paired t test), and rising slope of the first
deflection of the movement was significantly increased (336.2 �
40.9°/s vs 685.7 � 52.9°/s, p � 0.001, paired t test). However,
movement duration was not significantly changed (103.9 � 3.8
ms vs 122.1 � 5.9 ms, p � 0.05, paired t test).

Plantarflexion was less common and was elicited from only
four sites of M1 (Fig. 2). Compared with baseline, during c-tsDC
stimulation, movement amplitude was significantly increased
(6.3 � 1.1° vs 8.6 � 2.2°, p � 0.05, paired t test), duration was
significantly increased (125.3 � 21.3 ms vs 143.3 � 23.5 ms, p �
0.05, paired t test), and slope was significantly increased (211.6 �
21.6°/s vs 271.5 � 28.7°/s, p � 0.05, paired t test), but no changes
were observed in latency (18.9 � 0.5 ms vs 18.1 � 0.3 ms, p �
0.05, paired t test).

To explore the effect of c-tsDC stimulation on different move-
ment directions, percentage change values relative to baseline
were compared between dorsiflexion and plantarflexion. Com-
pared with plantarflexion, dorsiflexion showed significantly
greater changes in latency (�14.8 � 3.3% vs �4.1 � 2.5%, p �
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0.05, t test), amplitude (median 76.7 vs
22.9%, p � 0.01, Mann–Whitney test),
and slope (median 130.1 vs 27.7%, p �
0.05, Mann–Whitney test), but not dura-
tion (20.2 � 10.6% vs 12.4 � 3.6%, p �
0.05, t test).

Next, the effect of electrode position
was assessed. A significant effect of electrode
position was found on the percentage
change from baseline for the amplitude of
dorsiflexion (F � 5.7; p � 0.001, one-way
ANOVA). Specifically, three cortical sites
showed significantly greater changes dur-
ing c-tsDC: cortical site 1 � 1 showed
greater changes than sites 2.5 � 1, 1 � 1.5,
2.5 � 0.5, and 2 � 2.5 (p � 0.001, Holm–
Sidak method); 0.5 � 2.5 showed greater
changes than 2 � 2.5 (p � 0.01, Holm–
Sidak method); and 1.5 � 2.5 showed
greater changes than 2 � 2.5 (p � 0.01,
Holm–Sidak method). There was no ef-
fect of electrode position on percentage
change from baseline for the amplitude of
plantarflexion (F � 2.5; p � 0.05, one-way
ANOVA).

Complex multijoint movements
Long-duration trains (600 ms) were used
to elicit complex multijoint movements at
the contralateral hindlimb (Fig. 3A). To
compare the effects of c-tsDC stimulation
to baseline, data composites from all sites
were used. Relative to baseline, during
c-tsDC, there were significant increases in
amplitude (18.9 � 2.6° vs 27.8 � 2.7°, p �
0.001, paired t test), duration (median, 0.6
vs 0.7 s, p � 0.01, Wilcoxon signed-rank
test), and slope (306.5 � 56.8°/s vs
497.9 � 54.8°/s, p � 0.001, paired t test),
but no change in latency of movement on-
set (33.6 vs 34.9 ms, p � 0.05, paired t test;
Fig. 3B). The data clearly revealed that
c-tsDC stimulation increased the ampli-
tude of complex multijoint movements
elicited from all cortical sites (Fig. 3D,E),
and electrode position had no significant
effect on complex movements (F � 0.14,
p � 0.05, one-way ANOVA).

The angle sensor did not reveal a com-
plete picture of the changes in complex
multijoint movements of the hindlimb.
Therefore, in four animals, complex mul-
tijoint movements elicited by stimulating
the central region of the hindlimb repre-
sentation were videotaped and traced us-
ing a dot marked on the fifth digit, as
shown in Figure 4. Relative to baseline,
during c-tsDC, movement size and num-
ber of turns were affected, but general fea-
tures, such as direction and final location
in space, were unchanged. Traces from
Animals 1–3 were elicited by stimulating
the right cortex, 2 mm lateral and 1.5 pos-

Figure 3. Effects of c-tsDC stimulation on complex multijoint movements of the hindlimb. Each animal was anesthetized, its
head was restrained, and its body was supported with a system constructed at our laboratory that left the hindlimb free to move in
all directions. Movement traces were derived from an angle sensor. A, Three consecutive video frames: (1) before cortical stimu-
lation, (2) just before holding position, and (3) at holding position. Arrows mark the angle sensor. B, Examples of movement traces
recorded with the angle sensor. The cortical stimulation time is shown at the top of the graph. Note that stimulation time (600 ms)
is much shorter than the movement time, especially during c-tsDC stimulation (red). C, Latency was unchanged, but amplitude,
duration, and slope were increased by c-tsDC stimulation. *p � 0.05 (n � 10). D, E, Complex multijoint movement map based on
amplitude measured by the angle sensor shows the average amplitude of the movements at baseline (D) and during c-tsDC
stimulation (E; n � 10). Bregma is denoted by the 0.0 point, and the shaded region indicates the cortical area where stimulation
evoked the greatest complex multijoint movement. Data are means � SEM.
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Figure 2. c-tsDC stimulation increased the amplitude of plantarflexion movements. Movement traces were derived from an
angle sensor. Cortical stimulation was at 500 �A at all sites. A, Plantarflexion was elicited from four sites (lateral � posterior
location relative to bregma labeled over traces). B, No significant change in movement latency was observed during c-tsDC
stimulation. C, Amplitude was significantly increased during c-tsDC stimulation. D, Duration was significantly increased during
c-tsDC stimulation. E, Movement slope was significantly increased during c-tsDC stimulation. *p � 0.01. Data are means � SEM.
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terior from bregma. In Animal 1, the amplitude and number of
turns were increased during c-tsDC stimulation. However, the
general features of the movement were similar. In Animal 2, the
amplitude was increased, but the number of turns at the peak of
movement was reduced. In Animal 3, the amplitude changed, but
the number of turns did not. In Animal 4, when the right cortex
was stimulated 2 mm lateral and 1.5 mm posterior from bregma
(Trace 4), both amplitude and number of turns were increased.
However, the general pattern was not changed. In this same ani-
mal, when the left cortex was stimulated in two locations (Trace
5: 2 mm lateral and 1.5 posterior from bregma; Trace 6: 1.5 mm
lateral and 1.5 posterior from bregma), right hindlimb move-
ment was increased in size, but movement features did not
change. These findings indicate that the general features of the
movement were determined by the brain, but the size and other
kinematics of the movement were determined locally by spinal
circuits.

Speed profiles of complex multijoint movements were calcu-
lated using motion analysis software. As shown in Figure 5,
c-tsDC stimulation significantly increased the speed of the move-
ments at four time points (F � 8.7, p � 0.001, repeated-measures
ANOVA).

Effects of c-tsDC stimulation on spinal circuits
To test the effects of c-tsDC stimulation on spinal circuits, a
mixture of picrotoxin and strychnine was injected into the lum-
ber spinal cord to generate bursting electrical activity that could
be recorded from the sciatic nerve. To determine the synchron-
icity of the bursts, muscle force was recorded from two antago-
nistic muscles, TA and TS. Depending on the concentration of
the mixture, different firing patterns were produced. Bursting
patterns were classified according to their IBI. Three patterns that
were reproducible across animals were tested: fast, intermediate,
and slow.

Fast bursting activity was defined as IBI of �200 ms (Fig. 6A).
As shown in Figure 6B, relative to baseline, during c-tsDC, sig-
nificant increases were observed in burst rate (decreased IBI;
170.3 � 2.3 ms vs 148.7 � 3.1 ms, p � 0.001, paired t test),
duration (36.1 � 1.1 ms vs 47.2 � 2.9 ms, p � 0.01, paired t test),
and amplitude (783.8 � 45.6 �V vs 1753.9 � 81.5 �V, p � 0.001,
paired t test). TA and TS muscle force changes mirrored the
changes in bursting electrical activity (Fig. 6C), and both muscles
contracted at the same time, indicating that the bursting ac-
tivity was synchronous. The average autocorrelation was cal-
culated (Fig. 6D), revealing periodic patterns that indicate
oscillations of �7 Hz during c-tsDC stimulation, compared
with �5 Hz at baseline.

Intermediate bursting activity was defined as IBI �1 s but �2
s (Fig. 7A). As shown in Figure 7B, relative to baseline, during
c-tsDC, significant increases were observed in burst rate (de-

Figure 4. c-tsDC stimulation changed the amplitude of the movements but not their form.
Movement traces were derived from video tracking (30 frames/s). Complex multijoint move-
ments were elicited in four animals by stimulating the contralateral motor cortex; Traces 1–3
are from different animals, and Traces 4 – 6 are from the same animal. Trace 4 shows left
hindlimb movement elicited by stimulating the right cortex, and Traces 5 and 6 show right
hindlimb movement elicited by stimulating the left cortex at two different sites. Movements
were videotaped, and the fifth digit was marked and traced using motion analysis software.
Trace 1 is overlaid on a photograph of the animal. The vertical lines show the start and end of
each movement.

Figure 5. c-tsDC stimulation increased the speed of complex multijoint movements. Speed
profiles are shown for the first 800 ms of the movements shown in Figure 4. A, Speed was
significantly increased at four points during c-tsDC stimulation. *p � 0.05, Holm–Sidak post
hoc test. B, Change in speed from baseline to c-tsDC stimulation. Data are means � SEM.
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creased IBI; 1.6 � 0.1 s vs 1.2 � 0.1 s, p �
0.001, paired t test) and duration (140.0 �
6.4 ms vs 165.2 � 7.3 ms, p � 0.001,
paired t test), but amplitude was signifi-
cantly reduced (1061.3 � 54.8 �V vs
879.2 � 62.6 �V, p � 0.02, paired t test).
TA and TS muscle forces mirrored burst-
ing electrical activity (Fig. 7C). The aver-
age autocorrelation (Fig. 7D) showed
periodic patterns indicating oscillation
during c-tsDC stimulation at �0.83 Hz,
compared with �0.60 Hz at baseline.
Moreover, during c-tsDC stimulation,
bursting activity appeared more rhythmic
(Fig. 7D).

Slow bursting activity was defined as
IBI �5 s (Fig. 8A). As shown in Figure 8B,
relative to baseline, during c-tsDC stimu-
lation, significant increases were observed
in burst rate (decreased IBI; 6.8 � 0.5 s vs
2.7 � 0.2 s, p � 0.001, paired t test), but
significant reductions were observed
in duration (2.8 � 0.5 s vs 1.2 � 0.1 s,
p � 0.02, paired t test) and amplitude
(603.8 � 62.4 �V vs 323.8 � 42.5 �V, p �
0.02, paired t test). TA and TS muscle
forces mirrored bursting electrical activity
(Fig. 7C). The average autocorrelation
(Fig. 8D) showed periodic patterns indi-
cating oscillation during c-tsDC stimula-
tion at �0.41 Hz, compared �0.14 Hz at
baseline. Collectively, these results indi-
cate that c-tsDC stimulation has strong
modulatory effects on the spinal network.

Discussion
This study demonstrated that c-tsDC
stimulation modified simple single-joint
and complex multijoint movements. Plan-
tarflexion movements were increased in
amplitude, duration, and slope, but not la-
tency. This was most likely due to increased
TS muscle force produced by c-tsDC stim-
ulation (Ahmed, 2011; Ahmed and Wi-
eraszko, 2012). Dorsiflexion movements
showed decreased latency and increased
amplitude and slope, but no change in
duration. There was no change in the
form of the dorsiflexion or plantarflex-
ion movements.

It should be noted that dorsiflexion
movements generally have longer latency
than plantarflexion (�38 vs 18 ms), which
could be due to cortical or spinal differ-
ences in how the two movements are
produced. The shortening of movement
latency during c-tsDC stimulation relates
to faster processing at the level of spinal
cord circuitry, which agrees with the find-
ings that c-tsDC stimulation increases
bursting rate (Figs. 6 – 8). Processing of
movement initiation in the cortex (Iso-
mura et al., 2009) could also be shortened

Figure 6. c-tsDC modulates fast bursting activity (IBI, �200 ms). A, Examples of bursting activity recorded at baseline (green)
and during c-tsDC (red). B, Summary plots showing that c-tsDC significantly increased burst rate (reduced IBI), duration, and
amplitude. C, Muscle twitches from antagonistic TA and TS muscles recorded simultaneously show that the induced activity is
synchronous and motor in nature. D, Average autocorrelations calculated for baseline (green) and during c-tsDC (red). *p � 0.05.
Data are means � SEM.

Figure 7. c-tsDC stimulation modulates intermediate bursting activity (IBI, �1 s but �2 s). A, Examples of bursts recorded at
baseline (green) and during c-tsDC stimulation (red). Note that there were four bursts during c-tsDC stimulation compared with
three during baseline over the same recording period. B, Summary plots showing that c-tsDC stimulation significantly increased
burst rate (reduced IBI) and duration, but reduced amplitude. C, Muscle twitch recorded simultaneously from TA and TS muscles. D,
Average autocorrelations calculated for baseline (green) and during c-tsDC stimulation (red) showed that burst activity became
more rhythmic during c-tsDC stimulation. *p � 0.05. Data are means � SEM.
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during c-tsDC stimulation by potentiated tonic sensory feedback
(Aguilar et al., 2011). Increasing amplitude and slope of move-
ments indicate that c-tsDC stimulation reconfigures spinal cir-
cuitry to recruit larger motor units (Ahmed and Wieraszko,
2012). This also relates to the finding that c-tsDC stimulation
increased the amplitude of bursting activity (Fig. 6). c-tsDC stim-
ulation induced changes in movement kinematics that were ob-
served in movements elicited from all cortical sites. Analysis of
electrode position showed that, in general, c-tsDC stimulation
had similar effects on the majority of sites evoking dorsiflexion
and on all sites evoking plantarflexion and complex multijoint
movements. This suggests that c-tsDC activates a common spinal
circuitry, albeit in different combinations, especially in the case of
complex movement. However, c-tsDC stimulation differentially
affected some sites that induced dorsiflexion, suggesting that dif-
ferent sites in M1 may produce the same movement (dorsiflex-
ion) through different pathways.

Complex multijoint movements showed increased amplitude,
duration, and slope, but not latency during c-tsDC stimulation.
Complex multijoint movements elicited in the current study have
behavioral relevance. For example, some of the evoked move-
ments resembled voluntary scratching or stepping movements.
The duration of the complex multijoint movement significantly
outlasted the stimulus duration, sometimes by as long as 4 s (Fig.
3B), indicating that the stimulus served as a trigger to initiate
movement. Movement duration was significantly prolonged
during c-tsDC stimulation, which could be due to reverberating
processes locally at the spinal cord or between the spinal cord and
brain. Potentiated sensory feedback may be a mediating factor of
this process. Stimulating the sciatic nerve and recording re-

sponses from M1 revealed that sensory
feedback was potentiated during c-tsDC
stimulation (data not shown).

There is direct evidence of func-
tional integration between descending
motor control pathways and spinal
burst-generating circuits (Hart and Gisz-
ter, 2004, 2010; Drew et al., 2008). There is
also evidence of electrophysiological and
anatomical connections between the cor-
ticospinal system and spinal cord in cat
(Futami et al., 1979; Shinoda et al., 1986;
Li and Martin, 2002) and mouse (Steward
et al., 2004; Ahmed, 2013). Fictive loco-
motion studies (Hamm et al., 1999) have
shown that spinal cord circuits can gener-
ate activity patterns that drive single-joint
or multijoint muscle synergies. The gen-
eral idea is that CPGs (Grillner and
Wallén, 1985) or spinal modules (Bizzi et
al., 1991; Giszter et al., 1993) are the build-
ing blocks of motor behavior (Hart and
Giszter, 2010) and can be activated by
descending pathways from the motor cor-
tex during voluntary (Bizzi and Cheung,
2013) or locomotor movements (Chvatal
and Ting, 2012). In addition, Harrison et
al. (2012) found that blocking synaptic
transmission at the motor cortex im-
paired generation of complex movement.
They concluded that complex movement
requires intracortical synaptic transmis-
sion. These studies, together with the

present data, suggest that both cortical and spinal mechanisms
are required for emergence of complex movement phenomena
(Georgopoulos et al., 1986; Wessberg et al., 2000).

The general organization of the motor map in mouse (Ten-
nant et al., 2011) resembles those found in other species, such as
rat (Donoghue and Wise, 1982; Kleim et al., 1998) and monkey
(Nudo et al., 1996). The hindlimb representation in mice is bor-
dered by representations of the trunk and tail (medially and cau-
dally) and the forelimb (laterally and rostrally), and it occupies an
area �1 mm 2 (Tennant et al., 2011). In previous studies, direc-
tions of hindlimb movements were not described. In the present
study, two simple single-joint movements were evoked from the
motor cortex. As seen in Figures 1 and 2, multiple overlapping
sites for plantarflexion and dorsiflexion were identified, and three
times as many sites evoked dorsiflexion as plantarflexion, which
may be related to functional differences. While there was no clear
topography of the two movements relative to each other, there
was a tendency for sites that evoked plantarflexion to be located
rostrally to sites that evoked dorsiflexion. The failure to find clear
movement topography may be due to the spatial resolution of the
stimulation protocol used in the present study. Complex multi-
joint movements were concentrated in the hindlimb representa-
tion (Fig. 4D; Tennant et al., 2011). Parcellation of motor cortex
into functionally distinct zones according to the direction of
evoked movement has been described for the forelimb in mon-
keys (Graziano and Aflalo, 2007), rats (Bonazzi et al., 2013), and
mice (Harrison et al., 2012). The present data are consistent with
these findings: mouse hindlimb motor representation was par-
celed according to direction of movement, as shown in Figure 4
(1–4 vs 5 and 6).

Figure 8. c-tsDC stimulation modulates slow bursting activity (IBI, �5 s). A, Examples of slow burst activity at baseline (green)
and during c-tsDC stimulation (red). These bursts contain sub-bursts, as shown in the expanded illustration. Expanded illustration
corresponds to the shaded area. B, Summary plots showing that c-tsDC stimulation significantly increased burst rate (reduced IBI),
but reduced duration and amplitude. C, Examples of muscle twitches recorded simultaneously from TA and TS muscles. The
expanded area shows muscle twitches corresponding to the sub-bursts. D, Average autocorrelations calculated for baseline (green)
and during c-tsDC stimulation (red) showed clear changes in bursting activity during c-tsDC stimulation. *p � 0.05. Data are
means � SEM.
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One of the most striking findings in the present study was that
movement traces have elements that remain constant regardless
of increases in movement size and speed. This is clearly shown
when the same cortical site can produce different movement
forms in different animals (Fig. 4, Traces 1–3). Moreover, differ-
ent sites in the same animal can produce different movement
forms (Fig. 4, Traces 4 – 6). All movements maintained their trace
signature during c-tsDC stimulation, regardless of increases in
size, speed, and number of rotations. These findings support the
theory that the cortex determines movement signature (Graziano
and Aflalo, 2007), and the spinal cord modifies the size, speed,
and duration. In Figure 4, Trace 4, the baseline and c-tsDC traces
look similar, but the hindpaw remained at the maximal elevation
point longer and completed more turns during c-tsDC stimula-
tion. While it is difficult to pinpoint the exact mechanism under-
lying these changes, the bursting activity suggests that spinal
circuitry is responsible. Bursts maintained their characteristic
numbers of sub-bursts (one, two, and multiple sub-bursts in Figs.
6, 7, and 8, respectively), but increased their rate (decreased IBI).
Bursts also maintained their shape (Fig. 8A). Collectively, differ-
ent configurations of spinal circuits appear to be responsible for
different aspects of movement (Hamm et al., 1999; Hart and
Giszter, 2004; Chvatal and Ting, 2012). For example, only the fast
bursting configuration (Fig. 6) showed increases in both rate and
amplitude, which could mediate increased movement size. Inter-
mediate and slow bursting configurations could mediate other
movement details, such as number of turns.

Activation of the spinal GABAergic system has been shown to
reduce the rate of bursting activity (Tegnér et al., 1993; Tegnér
and Grillner, 2000; Schmitt et al., 2004). Conversely, c-tsDC
stimulation increases the rate of burst activity. This suggests two
possible underlying mechanisms of c-tsDC: (1) direct inhibition
of the spinal GABAergic system, or (2) increased excitability of
postsynaptic neurons, which overpowers the GABAergic system.
Activation of the GABAergic system slows burst rate without
changing burst quality, amplitude, or regularity (Schmitt et al.,
2004). However, c-tsDC stimulation evoked more rhythmic
burst activity and changed its amplitude and duration, suggesting
broader effects on spinal circuits. Excitatory glutamatergic
rhythmic-generating spinal neurons determine the speed of burst
activity (Hägglund et al., 2010; Talpalar and Kiehn, 2010), based
on the level of activation of iontropic glutamate receptors (Tal-
palar and Kiehn, 2010). We previously demonstrated that c-tsDC
stimulation increases glutamate release at the spinal cord
(Ahmed and Wieraszko, 2012). This increased glutamate release
may mediate the increased burst activity rate.

This study has clinical as well as theoretical implications. Clin-
ically, because spinal cord injury can cause significant changes in
spinal circuits (Lu et al., 2008; Martinez et al., 2012), c-tsDC
stimulation could be used to enhance spinal excitability to pro-
mote function. Because c-tsDC stimulation can amplify spinal
responses to descending inputs to magnify natural movements, it
enhances the capacity of the nervous system to produce purpose-
ful movements, which is especially critical after injury. For exam-
ple, after injury, a weak input that would be insufficient to
produce movement could be enhanced by c-tsDC stimulation to
permit movement, akin to using magnifying glasses to restore
poor vision. Furthermore, the preservation of movement form
during c-tsDC stimulation should facilitate its functional appli-
cation by promoting purposeful movements without evoking
unintended movements. However, the present study was con-
ducted on healthy animals, and whether c-tsDC stimulation has
similar functional effects in injured animals is unknown.

Although these experiments did not directly test motor con-
trol or motor learning theory, the theoretical implication of the
current study is that the spinal cord has a significant role in shap-
ing cortically elicited movement, which is revealed by c-tsDC
stimulation. The results suggest that certain aspects of movement
can be determined at the level of the spinal cord, including size,
duration, and speed. For example, a tennis player could increase
the arc and speed of his arm swing at the level of spinal cord
circuitry without changing the motor commands at the level of
motor cortex. That is, certain aspects of movement kinematics
may be learned and stored within spinal cord circuitry. Future
studies are needed to reveal the physiological changes underlying
spinal cord excitability and whether these changes could be po-
tentiated over time.
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