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Complex Movement Topography and Extrinsic Space
Representation in the Rat Forelimb Motor Cortex as Defined
by Long-Duration Intracortical Microstimulation

Laura Bonazzi,! Riccardo Viaro,!2 Enrico Lodi,! Rosario Canto,? Claudio Bonifazzi,' and Gianfranco Franchi!
'Department of Biomedical Sciences and Advanced Therapies, Section of Human Physiology, University of Ferrara, 44100 Ferrara, Italy, and 2Department
of Robotics, Brain, and Cognitive Sciences, Italian Institute of Technology, 16163 Genova, Italy

Electrical stimulation of the motor cortex in the rat can evoke complex forelimb multi-joint movements, including movement of limb and
paw. In this study, these movements have been quantified in terms of 3D displacement and kinematic variables of two markers positioned
on the wrist and middle digits (limb and paw movement, respectively). Electrical microstimulation was applied to the motor cortex using
a pulse train of 500 ms duration. Movements were measured using a high-resolution 3D optical system. Five classes of limb movements
(abduction, adduction, extension, retraction, elevation) and four classes of paw movements (opening, closure, opening/closure sequence,
supination) were described according to their kinematics. A consistent topography of these classes of movements was presented across
the motor cortex together with a topography of spatial locations to which the paw was directed. In about one-half of cortical sites, a
specific pattern of limb—paw movement combination did exist. Four categories of limb-paw movements resembling behavioral reper-
toire were identified: reach-shaping, reach-grasp sequence, bring-to-body, and hold-like movement. Overall, the forelimb motor region
included: (1) a large caudal forelimb area dominated by reach-shaping movement representation; (2) a small rostral area containing
reach-grasp sequence and bring-to-body movement representation; and (3) a more lateral portion where hold-like movement was
represented. These results support the view that, in rats, the motor cortex controls forelimb movements at a relatively complex level and
suggest that the orderly representation of complex movements and their dynamics/kinematics emerge from the principles of forelimb

motor cortex organization.

Introduction

Electrical intracortical microstimulation (ICMS), carried out at
low current level (=60 wA) with brief trains of electrical pulses
(=60 ms; short-duration ICMS), has been used to characterize
the topographic map of body in mammal motor cortices
(Asanuma et al., 1976; Donoghue and Wise, 1982). However,
short-duration ICMS has not exhaustively characterized the
complex aspects of cortical motor control on voluntary move-
ment (Schieber, 2001). Indeed, muscle twitches evoked by short-
duration ICMS revealed the strength of the synaptic link between
cortical neurons and spinal motoneurons but shed little light on
the activation of spinal motoneurons during natural movement.
On the contrary, ICMS with longer stimulus trains (500 ms; long-
duration ICMS) evoked complex and coordinated movements,
similar to those of natural behavior (Graziano et al., 2002b).
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Studies employing long-duration ICMS in monkeys (Graziano et
al., 2002a, Graziano et al., 2005, Gharbawie et al., 2011) provided
evidence that the primate motor cortex contains not only the
body map, but also a map of motor repertoire as well as a map of
target locations for the hand in the extrinsic space. These maps
could span the entire surface of the motor cortex, including the
primary motor cortex (M1) and premotor areas, overlapping dif-
ferent regions. However, whether the organizing features of cor-
tical motor control described in primates are consistent across
mammals has not been thoroughly explored (Stepniewska et al.,
2005, Stepniewska et al., 2011). A previous study in rats (Haiss
and Schwarz, 2005) provided evidence that different patterns of
whisker movement are spatially separated and integrated into the
whisker motor map, suggesting that cortical separation was due
to the specific drive of the subcortical motoneurons needed to
generate different patterns of movement. Ramanathan et al.
(2006) have reported that long-duration ICMS in the rat motor
cortex can result in complex multi-joint forelimb movements
organized into a rough topography. However, since this study did
not examine the topography of evoked movements in detail and
did not provide kinematic information on such evoked move-
ment, it would be of interest to define quantitatively the patterns
of forelimb movements evoked by long-duration ICMS. The pur-
pose of the current research was to extend previous study of the
rat motor cortex, focusing on the kinematic relations between the
limb (shoulder and arm) and paw (wrist and digits) components
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in forelimb movements evoked by long-duration ICMS. A com-
prehensive description of the kinematic relations between the
limb and paw components in forelimb movements should pave
the way to understanding the internal organization of the rat
motor cortex (i.e., movement patterns, topography, and spatial
map); indeed, such a description could even provide a founda-
tion for extending analysis to the neurobiological basis of motor
plasticity under physiological (Ramanathan et al., 2006) and
pathological conditions (Whishaw and Coles, 1996; Viaro et al.
2011, Kiiper et al., 2011).

Materials and Methods

Seven male albino Wistar rats, weighing 280-330 g, were used to char-
acterize forelimb movements evoked by long-duration ICMS and per-
form a quantitative analysis of kinematics of these complex movements.
Seven additional rats were used in a pilot study (data not shown). The
experimental plan was designed in compliance with Italian law regarding
the care and use of experimental animals (DL116/92) and approved by
the institutional review board of the University of Ferrara and by the
Italian Ministry of Health. For all experimental procedures rats were
anesthetized initially with ketamine HCI (80 mg/kg, i.p.). For the dura-
tion of the experiment, anesthesia was maintained by supplementary
ketamine injections (4 mg/kg, i.m., given as required, typically every
25-30 min) so as to achieve long latency and sluggish hindlimb with-
drawal upon pinching the hindfoot. Under anesthesia, the body temper-
ature was maintained at 36—38°C with a heat lamp.

Long-duration intracortical microstimulation. ICMS mapping was
aimed at defining the topographic distribution of complex forelimb
movements in M1. The mapping procedure was similar to the one de-
scribed by Ramanathan et al. (2006) in the rat and Graziano et al. (2002a)
and Graziano etal. (2002b) in the monkey. Animals were placed in a Kopf
stereotaxic apparatus. The body of the animal was laid in a prone position
on a table with its forelimbs hanging down and free to move in all direc-
tion against gravity. The position of the trunk was stabilized to the back of
the table to minimize spontaneous trunk movements (head/chest-fixed
coordinates). The resting position for each forelimb was in approxi-
mately half-way extension/adduction, and the wrist rested palm down
with the finger joints in semi-extension (Fig. 1A). To perform the exper-
iment, a large craniotomy was performed to expose the frontal cortex of
one hemisphere. The dura remained intact and was kept moist with
saline solution. Electrode penetrations were regularly spaced out over a
500 wm grid. Alteration in the coordinate grid, up to 50 um, was some-
times necessary to prevent the electrode from penetrating a surface blood
vessel. Glass-insulated tungsten electrodes (0.6—1 M(), impedance at 1
kHz) were used for stimulation. The electrode was lowered vertically to
1.5 mm below the cortical surface, corresponding to layer V of the frontal
agranular cortex (Franchi, 2000). To identify complex movements at
each cortical site studied, stimulation was applied by an S88 stimulator
and two PSIU6 stimulus isolation units (Grass). A 500 ms train of 200 us
duration bipolar pulses was delivered at 333 Hz. Each stimulation pulse
was obtained using biphasic current where a negative phase was followed
by a positive phase to minimize damage that could occur during long-
duration stimulation (Graziano et al., 2002a; Graziano et al., 2002b).
Current was measured by the voltage drop across a 1 kOhm resistor in
series with return of the stimulus isolation units. At each cortical site, the
stimulating current was injected starting from 10 uA and increased grad-
uallyin 5 pA steps until a clear multi-joint movement of the forelimb was
detected. The threshold, i.e., the current at which the movement was
evoked 50% of the time, was determined by two observers. Once a move-
ment threshold was detected (~50 wA, see Results), the current was
raised to 100 wA to optimize movement and facilitate characterization,
and then quantitative testing was begun. If no movement was detected at
100 pA, the site was defined as nonresponsive.

Video recording of complex movements. Movements evoked by long-
duration ICMS were visually identified during mapping sessions and
videotaped at 30 frames/s using a standard camera. The recording video
camera was positioned to obtain a lateral or a frontal view of the animal.
To detect onset of the stimulus, a triggered led was located near the body
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Figure 1.  Experimental setup and coordinates system. A4, Placement of the reflective mark-
ers and forelimbs resting position hanging free. The stationary L-shaped reference structure
(toprightbox) with its four markers defined the origin and orientation of the coordinate system.
B, Reconstruction of the real experimental space showing the cameras and markers position.
The three cameras were positioned to allow each camera to detect the markers (suspended
circles) simultaneously. C, Spherical coordinate system is illustrated for the 3D evaluation of
movement direction. Spherical coordinates of a given point P in the XYZ space were defined as
follows: rho (p) was the distance between P and 0. In the present data p was the movement
vector; all vectors were made to originate from the intersection of axes; phi (¢) was the angle
between the positive X-axis and OP"; counterclockwise was considered the positive direction
(¢p, between 0 and == 180°); theta (6) was the angle between the z-axis and OP (6, between 0
and 180°).
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Kinematic recording of complex movements
and analysis. Movements evoked by long-
duration ICMS were recorded and measured

— with a motion 3D optical analyzer (Qualisys
Motion Capture System). Two adhesive
infrared-reflective spheres (diameter, 0.30 cm;
s weight, 0.04 g) were placed as a markers at two
anatomic landmarks on the forelimb skin, the

dorsal middle of the wrist and the last phalan-

s ® geal joint (tip) of the two middle digits, which
were used, respectively, to detect limb move-

ment and paw movement (Fig. 1A). Markers in

all experiments were placed by the same oper-

ator to minimize the variability in terms of
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their positioning. Three infrared cameras,
placed around the animals (Fig. 1B), were used
to record the position of markers. The cameras
were calibrated according to the Qualisys Mo-

e tion Capture Analysis System proceedings,
¢ o FO placing a stationary L-shaped reference struc-
T g " ture with four markers below the animals (Fig.

%‘gﬂnu of, 9° 1A, box at the top right) to define the origin
it e ° and orientation of the 3D-coordinate system.
g° . ° The direction of coordinate X-, Y-, and Z-axes

e was anterior, lateral, and dorsal, respectively.

fas Movements were recorded for 2 s at a sampling

= ABD rate of 100 Hz, and kinematic features were
= ADD analyzed off-line with Qualisys Track Manager
4 EXT .

+ RIR software and with custom MATLAB programs
X ELV (The MathWorks). The forelimb starting posi-
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Figure 2.

Table 1 for classes of limb movement.

Table 1. Mean scores (SEM) of maximum displacement (in mm) in X-, - and Z-axes
of limb and paw movement

Class X(mm) Y (mm) Z(mm)
Limb
ABD ,, _ o5 553083 21.72 = 0.82 2299 = 1.14
ADD,, _ 45 —2.40 = 1.65 —10.29 = 1.42 7.61 =195
EXT, _ 55 19.33 = 1.45 7.92 £0.96 14.61 = 1.50
RTR, —; —10.13 £ 1.67 7.26 =098 17.01 +3.28
ELV, _ 5 0.76 = 0.34 3.08 £ 0.26 10.17 = 0.50
Paw
OPN, _s, 9.90 = 0.38 475 =031 9.35+0.25
o, _, —12.97 =038 6.90 = 0.91 10.46 = 1.18
0, _ 1,
opening 9.49 *+ 1.01 332 £ 0.65 9.80 = 0.51
closing —6.45 = 0.88 —2.38 £ 0.60 —9.93 + 047
SUP, _ 55 275 +0.82 —2.10 = 1.00 4,06 *+ 0.18

Limb classes of movement: ABD, Abduction; ADD, adduction; EXT, extension; RTR, retraction; ELV, elevation. Paw
classes of movement: OPN, opening; CLO, closure; OCS, opening/closure sequence (divided into opening phase and
closing phase); SUP, supination; n, number of sites for each class.

of the animal within the visual field of the camera. The video recording
served as a backup to clarify the data analysis and provide information on the
occurrence of the forelimb movements. Videotaped movements were ana-
lyzed frame-by-frame using QuickTime and iMovie software (Apple).

—
10 20 30 40 50
Maximal displacement Y (nmm)

Limb movement classification according to video recording and to maximum displacement. 4, Sequences of pictures
taken from video recordings when limb movement was elicited. In each sequence, the picture on the left shows the position of the
limb at the beginning of the movement (0 ms); in others the position of the limb is represented in steps of 180 ms. See Table 1 for
movement classes. B—D, Scatter plots displaying maximal displacement in X-, Y-, and Z-axes for limb movements for all animals.
Individual data were represented by asymbolin 2D space, where axes represent the variables (4, X vs Y; B, Xvs Z; C, Y vs. ). The plot
in Bvisualized the class of movements as a cluster of points highlighted by the confidence ellipsoids (95% confidence limits). See

tion was not modified during any of the stim-
ulation trials performed in the absence of
spontaneous movement. In each animal, sham
stimulations were performed both while the
animal was standing quietly with the forelimb
stationary and while moving it spontaneously.
To avoid interference between spontaneous
and evoked movements, for analysis purposes
=4 mm displacement of the wrist or the digit
marker in at least one of the X-, Y-, or Z-axes
was considered. All measures were achieved by
subtracting the marker’s resting position in
Cartesian coordinates from all points along the
trajectory; thus, all datasets began at (0,0,0). At
first, the analysis sought to define the classes of movement and their
topography across the cortical surface. Since a vertical component (Z-
axis displacement) was found in all evoked limb movements, the maxi-
mal displacement in one of the X- or Y-axes defined the class of limb
movement when the distance exceeded 15% of the displacement in other
axis. The Z-axis displacement defined the type of movement when X- and
Y-axis displacement was <4 mm (i.e., cutoff of movement). We found
that, in all animals, these values were the most reliable for defining the
type of limb movement (see Results). When a paw movement was ob-
served, each paw component was obtained by subtracting the wrist
marker value from the digit marker value at all points throughout the
movement. For each stimulated site, the kinematic variables were ob-
tained by averaging the values obtained in 3—5 microstimulation trials.
Analysis provides information on different and complementary move-
ment patterns. Onset of movement was defined as the time-point (in ms)
at which the tangential velocity exceeded 5% of maximum velocity (Ad-
amovich et al., 2001), and the time range between stimulation and onset
of movement was defined as movement latency (in ms). The end of
movement was defined as the time-point (in ms) at which the marker
reached maximal displacement (in mm) in one of the X-, Y-, or Z-axes.
Displacement toward the resting position and outlasting the stimulus
was not considered. The total time spent during movement was defined
as movement duration (in ms). For each movement we determined the
mean velocity (in mm/s), the peak velocity (in mm/s), and the number of
peaks (in absolute value). A peak velocity was counted when it exceeded

T T T 1



2100 - J. Neurosci., January 30, 2013 - 33(5):2097-2107

A

B

(@)

Bonazzi et al. « Complex Movements in Rat M1

200+ 100~ 40+
[ ABD
80 [ ADD
150+ - 304 = EXT
g = B RTR
£ 60 z N ELV
100 £ £ 20
S 404 3
E 40 2
50 10
20
0- o- 0-

40 700+ 600~

Hk 4 Sk 4
600- 2 500+ -
30+ ] E 2
2 g %07 £ 400 £
= = Ze -~
& < 400 £ A z
& 20- £ 2 300+ 3
3 s 300 S a <
s = 4 = | B
= o. 2 200 £ 2% g
100_- ":‘ 100 =

0- 0 o

Figure 3.

Kinematic variables calculated from the wrist marker during the limb movement. Each histogram shows a kinematic variable (A, Latency; B, duration; C, maximal velocity; D, mean

velocity, E, trajectory; F: vector) versus classes of movement (see Table 1). Data are means == SEM. of n determinations per class; *p << 0.05; **p << 0.01, different from other.
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Figure 4. Three-dimensional representation of trajectories with path indices >1.57 and
different shapes. A, C-shaped; B, S-shaped; €, coil-like-shaped. All trajectories began at 0,0,0.
Note that the scales are not equivalent on each axis; it improves the legibility of the graph but
decreases the curvature impression (Z-axis has been less expanded).

the mean velocity. The number of peaks within the speed profile has been
used to quantify smoothness of movement, and thus each peak velocity
represents a period of acceleration and deceleration during movement.
For the wrist marker we also determined the trajectory (in mm) and
vector (in mm) from initial to final position for each stimulated site.
Limb trajectory straightness was determined by the path index (defined
as trajectory/vector length ratio) according to the definition that a trajectory
following a straight line has an index of 1, while a semicircular one has an
index of 1.57 (Archambault et al., 1999). In any case, a path index >1.57
indicates a trajectory whose curvature exceeds that of the arc of a circle.
Data presentation and statistical analysis. All data are presented as
mean * SEM of n determinations. Multivariate test for difference in
means (MANOVA) was used to compare displacement in X-, Y-, and
Z-axes and kinematic variables. To analyze differences in kinematic
means between classes of movement, one-way ANOVA followed by
Tukey’s test were performed. Pearson correlation (r) was used to assess
the relationship between kinematic variables. Reproducibility of move-
ments (i.e., spatial endpoint coordinates) during different stimulations
at the same site was tested by calculating the coefficient of variation
(defined as standard deviation/mean ratio). Multivariate discriminant
analysis was used to analyze the displacement in X-, Y-, and Z-axes and
kinematic variables to classify movements in predefined classes. This
method for analyzing series biomechanical data enabled us to determine
the class of movement based on a set of variables known as predictors or
input variables. The measure of confidence for the corrected classifica-
tion and the measure of the predicted error rate for each classification

were defined by the following: proportion correct = number of correctly
classified samples/total number of samples; error rate = number of re-
jected samples/total number of samples. Physical 3D space evaluation of
limb movement direction was performed using the spherical coordinate
system (Fig. 1C), a coordinate system for 3D space where the position of
a point is specified by three numbers: (1) rho, the distance (in mm) of a
point P from the origin O (in the present data, rho defined the limb
movement vector length of a value >0); (2) phi, the angle (in degrees)
between the X-axis and OP (i.e., the radius between the projection of P
onto the XY plane and the origin), considering counterclockwise the
positive direction (phi is between 0 and +180°); and (3) theta, the angle
(in degrees) between the z-axis and OP (theta is between 0 and 180°). All
individual displacements in X-, Y-, and Z-axis were also plotted in 2D
space to evaluate their spatial dispersions. To characterize the spatial
distribution of all movements in the motor cortex across animals, a 2D
distribution of movement-responsive sites at coordinate relative to the
bregma was generated. Each movement-related site was taken to repre-
senta 0.25 mm?> square of cortical surface (0.50 X 0.50 mm), and 100%
probability in a given site was achieved when a movement was observed
at that site in all animals. All statistical procedures were performed by
using Minitab 15 (Minitab) and MATLAB (MathWorks) software. Val-
ues of p < 0.05 were considered statistically significant.

Results

General observations

Altogether, 339 sites were stimulated in M1 of one hemisphere of
seven rats. Forty-one percent of these sites were not considered
for analysis because stimulation did not evoke markers displace-
ment or because the X-, Y-, and Z-axis displacement was <4 mm
for both wrist and digit markers (see Materials and Methods).
Usually, these sites were located on the edges of the forelimb
region since nonforelimb movements—namely vibrissa, neck,
hindlimb, or mouth movements—were simultaneously ob-
served. In all animals, forelimb movements contralateral to the
stimulated hemisphere were elicited since bilateral movements
were occasionally evoked and ipsilateral movements were not.
Because the mean threshold current able to evoke movements
was 46.5 £ 2.3 uA, to facilitate movement characterization with-
out altering quality all stimulations were performed at 100 wA.
Elicited movements proved repeatable between trials, and their
features remained nearly constant over the time required to char-
acterize each cortical site. Forelimb movements were character-
ized by movement of one or both markers. Overall, the limb
movement (wrist marker) was evoked in 38.0% of the sites, paw
movement (digit marker) in 11.5%, and the limb-paw movement
combination (wrist and digit markers) in the remaining 50.5% of
the sites. Complex movements were found in the caudal as well as
in the rostral forelimb area (Neafsey et al., 1986).

Limb movement classification
Long-duration ICMS elicited limb movement in 177 of 200 fore-
limb sites. Evoked movements were divided into classes accord-
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A, Representative spatial distribution of the limb endpoints in two animals. Schemes of the lateral (left) and frontal (right) views of the rat are drawn from a video frame with the limb

in starting position. The filled gray circles represent the wrist marker placed at the intersection of the Cartesian axes; other symbols represent the final endpoint positions of the stimulation-evoked
limb movements. EXT and ELV endpoints are visualized in the lateral scheme (maximal displacement in X vs Z), and ABD and ADD endpoints are visualized in the frontal scheme (maximal
displacementin Yvs 2). B, Representative 3D plot of final limb endpoint locations evoked in one animal. Classes of movement were symbol coded while small full dots were the starting points. Final
endpoint locations were different for each class of movement. Note that in this panel, scales are different for each axis to improve legibility.

ing to the direction of limb movement (Fig. 2A). Since a vertical
component (Z-axis value =4 mm; see Materials and Methods)
was found in all evoked movements, movements were classified
according to the maximal displacement on the X- or Y-axis (Ta-
ble 1). The repertoire of limb movements evoked by prolonged
stimulus trains included the following: (1) abduction (ABD),
where the limb was raised and brought outwards from the mid-
line (maximal displacement on Y-axis: positive, 55.4%); (2) ad-
duction (ADD): the limb was raised and brought toward the
midline (maximal displacement on Y-axis: negative, 10.1%); (3)
extension (EXT): the limb was raised and brought forward (max-
imal displacement on x-axis; positive, 19.8%); (4) retraction
(RTR): the limb was raised and brought backward (maximal dis-
placement on x-axis; negative, 1.7%); (5) elevation (ELV): the
limb was raised without shifting in another direction (maximal
displacement on z-axis; positive and X and Y axes <4 mm,
13.0%). Multivariate discriminant analysis demonstrated that we
achieved a high correct classification rate (predictors, X-, Y-, and
Z-axes values vs movement class; 88.1%, 156 of 177 movements,
p < 0.0001) and also revealed that the 11.9% false alarm rate was
largely due to some ABDs (11 of 98) and EXTs (6 of 35) that the
classifier recognized as ELVs. When all individual displacements
were plotted in 2D space, movement classes were highlighted as a
cluster of points in the scatter plot of maximal displacement X vs
Y (Fig. 2B; proportion correct, 0.85). Conversely, clusters of
points were not clearly separated in the scatter plots of maximal
displacement X versus Z (Fig. 2C; proportion correct, 0.60) and Y
versus Z (Fig. 2D; proportion correct, 0.65).

Limb movement kinematics

To assess differences in kinematic features between classes, kine-
matic variables were calculated during the limb movement (Fig.
3A-F). ANOVA, performed on latency (F,,;, = 5.06, p =
0.001) and on duration values (F, 77, = 3.78, p = 0.006), re-
vealed significant differences between classes. Post hoc analysis
demonstrates that ABD had a significantly shorter latency (Fig.
3A) and longer duration (Fig. 3B) when compared to ADD. No
major differences were observed among classes in terms of max-
imal velocity (Fig. 3C; F,,77) = 2.21, p = 0.07). Contrarily,
ANOVA, performed on mean velocity values (F4 77, = 2.66,p =
0.035), revealed significant differences between classes. Post hoc
analysis showed that EXT had a higher mean velocity when com-

pared to ELV (Fig. 3D). Moreover, EXT showed twice the num-
ber of peaks (3.97 = 0.33) than any of the other classes (F 4 ,7) =
11.74, p < 0.0001). ANOVA, performed on trajectory values
(F4,177) = 13.10, p < 0.0001), revealed that different classes have
different trajectory lengths. In particular, ABD and EXT had longer
trajectories than the other classes (Fig. 3E), since the EXT trajectory
was significantly longer than that ABD. Similarly, ANOVA, per-
formed on vector values (F, ;,,y = 26.72, p < 0.0001), revealed that
different classes had different vector lengths. ABD had the greatest
vector length of all the classes (Fig. 3F), with EXT and RTR as well as
ADD and ELV presenting equal length.

The correlation analysis was used to describe the relationship
between different kinematic variables presented in Figure 3. Cor-
relations between duration and trajectory (r = 0.18, p = 0.010)
and vector (r = 0.27, p < 0.0001) were positive. Conversely,
correlations between latency and duration (r = —0.23, p =
0.002) and vector (r = —0.41, p < 0.0001) were negative. In
addition, there was a positive correlation between trajectory and
the kinematic variables of velocity (maximal velocity: r = 0.40,
p < 0.0001; mean velocity: r = 0.57, p < 0.0001) and peak veloc-
ity (r = 0.58, p < 0.0001).

As regards straightness, all trajectories were curved (path in-
dex, >1), and in 67.1% the curvature was greater than that of a
circle (path index, >1.57). These trajectories exhibited a general
C- or S-shape, while less frequently it had a coil shape (Fig. 4).
Notably, the coil-shaped trajectory was found in only 25.7% of
EXTs. In agreement with this finding, EXT has a path index = 3.72,
significantly greater than that of other movements (F, ,,,, = 9.89,
p < 0.0001). Finally, the low coefficient of variation (0.17 = 0.12,
range: 0.01-0.32) indicated that, at each recorded site, trajectory was
consistent between trials.

Map of limb spatial locations

The most consistent feature of stimulation-evoked movements
was limb displacement toward a region of peripersonal space. For
each stimulation site, the degree of spatial convergence between
trials has been expressed by calculating the coefficient of variation
of the endpoint coordinates (see Materials and Methods), which
proved that stimulation at each site caused convergence of the
limb toward a target location (mean, 0.02 = 0.02; range, 0.00—
0.04). To study the endpoint distributions of the limb movement
in peripersonal space, the endpoint of stimulation-evoked move-
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ments was visualized in each animal (Fig.
5A, two examples). These distributions
showed that in each animal there was a
clearly clustered arrangement of end-
points according to the different move-
ment classes. To better characterize the
movement target locations in space, we
defined the 3D distribution of endpoints
in each animal. As shown in the example
(Fig. 5B), stimulation caused the limb to
converge from the initial position versus a
different region of space depending on the
class of movement. To characterize the end-
points’ spatial distribution across animals,
we defined the movement endpointsina 3D
spherical coordinate system. In this system,
each movement vector was made to origin
from the intersection of axes while its length
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(rho, in mm), with the two angles (theta and

phi, in degrees), defined the endpoint’s final

position (Fig. 1C). Since ELVs were carried B
out vertically upward along the Z-axis (i.e.,
maximal displacement in X- and Y-axes, <4
mm), they were not considered for this
computation. Multivariate discriminant
analysis confirmed the convergence for each
class of movement toward a region of space
in three Cartesian dimensions (predictors:
rho, theta, and phi values vs movement
class; 89.0%, 137 of 154 movements; p <
0.0001). This convergence can be evidenced
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in the phi versus theta (Fig. 6A; proportion
correct, 0.68) and phi versus rho (Fig. 65;
proportion correct, 0.75) scatter plots, al-
though it is not clearly represented in the
theta versus rho plot (Fig. 6C; proportion
correct, 0.52). These results showed that
similar spatial endpoint mapping was a
consistent feature of limb movement in all
animals and suggested that the spatial map
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of limb movement was strongly related to
the Y-axis component of the movement in
the three Cartesian dimensions.

-200

Paw movement classification

Long-duration ICMS elicited paw move-
ments in 124 of 200 forelimb sites. As can
be seen from the video sequences (Fig. 7A)
and maximal displacement values (Table
1), paw movements included the follow-
ing: (1) paw opening (OPN; positive X-axis value, 66.13%); (2)
paw closure (CLO; negative X-axis value; 5.64%); (3) paw open-
ing/closure sequence (OCS; positive X-axis followed by negative
X-axis values, 9.68%); (4) paw supination (SUP; positive Z-axis
value, 18.55%). Video camera analysis revealed that OPN, CLO, and
OCS are characterized by simultaneous contraction of the digits,
while SUP showed external rotation of the wrist without movement
of the fingers. Multivariate discriminant analysis demonstrates that a
high correct classification rate was achieved (predictors: X-, Y-, and
Z-axes values vs movement class, 73.8%, 137 of 154 movements; p <
0.0001), showing that false alarms (26.2% of movements) were
largely due to low discrimination between OPN and the OCS open-
ing phase (classification rate: 67.1% and 58.3%, respectively). On the

-150

T

-100 -50 0 50 100 150 200

theta (deg)

Figure 6.  A—C, Two-dimensional scatter plot of spherical coordinates showing the movement endpoint locations across ani-
mals. Since ELV was only vertically upward on the Z-axis (maximal displacement in X- and Y-axes, <<4 mm), it was not displayed
inthese plots. Individual data were represented by a symbol in 2D space, where axes represent the variables (4, phi vs theta; B, phi
vs rho; C, theta vs rho). Plots A and B visualized the movement endpoints as a cluster of points highlighted by the confidence
ellipsoids (95% confidence limits).

other hand, multivariate discriminant analysis demonstrates a 100%
correct classification rate for CLO and the OCS closing phase. As in
the limb analysis, all individual displacements were plotted in 2D
space, evidencing that movement classes were clustered in the max-
imal displacement scatter plots for X versus Y (Fig. 7B) and X versus
Z (Fig. 7C), while movement classes were not clearly separated in the
scatter plot Y versus Z (Fig. 7D). Notably, in all three scatter plots the
points relative to OPN and OCS opening phases overlapped. More-
over, considering a single stimulation, OPN, CLO, and SUP ap-
peared as a single movement, with OCS being characterized by
repetitive sequences (5.03 % 0.50) of the opening and closing phases.
Thus, these values strengthen the hypothesis that OPN, CLO, OCS,
and SUP can be considered different classes of paw movement.
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Figure7.  Paw movement classification according to video recording and to maximum displacement. 4, Sequences of pictures sites (101 of 200 sites). Considering com-

taken from a video recording when paw movement was elicited. In each sequence, the picture on the left shows the position of the
paw at the beginning of the movement (0 ms); in other pictures, the position of the paw is represented in steps of 180 ms. See Table
1 for movement classes. B—D, Scatter plots displaying maximal displacement in X-, Y-, and Z-axes for all of the digit marker
movements for different animals. Individual data were represented by a point in 2D space where axes represent the variables (B,
XvsY; G, Xvs Z; D, Yvs Z). Worthy of note is the overlapping of the OPN and OCS opening phase points in all three plots and the

clustering of CLO and OCS closing phase points in Band C.

Paw movement kinematics

To assess differences in kinematic features between classes, kine-
matic variables were calculated during paw movement (Fig. 8A—
D). No major differences in latency (F; 1,4 = 0.92, p = 0.43)
were observed between the different classes (Fig. 8A4). Contrarily,
ANOVA, performed on the duration values (F(; ,4) = 13.83, p <
0.0001), showed significant differences between classes (Fig. 8B),
with OCS having a longer duration than other classes. ANOVA
on maximal velocity values (F; ;,4) = 12.01, p < 0.0001) revealed
strong differences for a single movement, with SUP having a
smaller maximal velocity than all other classes (Fig. 8C). Simi-
larly, ANOVA on mean velocity values (F(; ;,4) = 2.66, p = 0.035)
revealed significant differences between classes. Both CLO and
OCS were characterized by a higher mean velocity than the other
classes (Fig. 8D), with SUP showing the slowest movement. Fi-
nally, ANOVA performed on the number of peaks (F; 1,4 =
118.99, p < 0.0001) found that OCS had a higher (5.58 * 0.48)
number of peaks than the other movement classes, and its peak
velocity appeared at the opening phase of the movement.

Motor cortex topography of limb and paw movement

To characterize the spatial distribution of movement classes in
M1 across animals, a 2D frequency bregma-relative distribution
of limb and paw sites was generated (Fig. 9) in which cumulative
sites were coded according to their rates. In accordance with this

bined sites, OPN was associated with ABD
(63.4%), EXT (18.3%) or ELV (18.3%),
CLO with ADD (100%), and OCS with
EXT (100%), while SUP was elicited as a
non-combined movement. In the ABD-
OPN combination we found that ABD la-
tency was significantly shorter that in OPN
(24.04 vs 29.62 ms; F(, 13y = 7.75, p = 0.006). In other limb—paw
movement combinations, the latency value was equal in both the
limb and paw components, thus demonstrating that in these move-
ments the motions at the involved joints began simultaneously.

Motor cortex representation of ethological categories

of movement

It has been proposed that long stimulus trains may be more ef-
fective than shorter bursts at producing ethologically relevant
movements (Graziano et al., 2005; Stepniewska et al., 2005).
Stimulation using prolonged stimulus trains evoked movements
involving both forelimb and forepaw that resembled those in-
cluded in the rat’s natural motor behavior. Overall, four catego-
ries of complex movements resembling behavioral repertoire can
beidentified (Fig. 10C-D). The first category is the reach—shaping
movement. At many cortical sites stimulation drove the paw out-
ward to a location in perisomatic space, laterally or in front of the
chest (ABD or EXT and ELV, respectively) and evoked opening of
the paw (OPN). The limb and paw movements occurred simul-
taneously in a smooth coordinated fashion resembling an appar-
ent paw shaping time-synchronized with the reaching, like
reaching to grasp an object. When it was evoked on the most
medially located sites of the forelimb motor cortex, this move-
ment was associated with ipsilateral whisker retraction. The sec-
ond category is reach-grasp sequence. At some sites stimulation
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Kinematic variables calculated from the digit marker during the paw movement. Each histogram shows a kinematic variable (4, Latency; B, duration; C, maximal velocity; D, mean

velocity) versus classes of movement (see Table 1). Data are means == SEM of n determinations per class. *p << 0.05; **p << 0.01, different from other.

drove the paw in front of the chest (EXT), and a repetitive
sequence of opening/closing of the paw (OCS) was time-
synchronized with the acceleration-deceleration phase of the
reaching. These movements resembled reaching to grasp se-
quence. The third category is the bring-to-body movement. For
some cortical sites, stimulation evoked movements that com-
bined the forelimb motion toward the body (ADD) and paw
closure (CLO). Sometimes (28.6%) these movements were ac-
companied by a time-synchronized opening of the mouth. These
movement components occurred in coordinated fashion resem-
bling the rat’s voluntary bringing-to the mouth movements. The
fourth category is the hold-like movement. In other cortical sites
the stimulation turned the wrist and forearm (SUP) to orient the
palm toward the midline or the face. Subjectively, this movement
resembled holding an object with the paw, as though the rat was
eating a piece of food. We found that these different categories of
movement tended to be evoked from different zones of the fore-
limb motor cortex. As shown in Figure 10, the results varied
somewhat across cases, but the same general pattern was always
apparent. The bring-to-body movement and reach—grasp
sequence were consistently evoked when sites in the rostral fore-
limb region were stimulated; conversely, reach-shaping move-
ment was consistently evoked when caudal forelimb region was
stimulated. In five of seven animals, two clusters of reach-shaping
sites could be observed, and these were separated by sites where
limb movement was not associated with paw opening. Finally, the
hold-like movement was clustered in the most lateral part of the
forelimb motor cortex.

Discussion

For the first time, forelimb movements evoked by long-duration
ICMS in the rat’s M1 were described in terms of 3D displacement
and kinematic variables. Data made it possible to define five
classes of limb movements (ABD, ADD, EXT, RTR, ELV) and
four classes of paw movements (OPN, CLO, OCS, SUP). In
~50% of the sites, ICMS evoked coordinated limb-paw move-
ments resembling those that are part of a rat’s natural motor
behavior. We identified four categories of these movements:
reach-shaping, reach-grasp sequence, bring-to-body, and hold-
like movement.

Long-duration ICMS evokes coordinated movement

In the ketamine-anesthetized animals, reflexes and reciprocal in-
hibition between antagonistic muscles were manifest (Capaday et
al., 1998; Schneider et al., 2001). Furthermore, a comparable pat-
tern of cortical stimulation and inhibition was observed during
ICMS in both ketamine-anesthetized and awake rats (Butovas
and Schwarz, 2003). Thus, we characterized how activation of

corticospinal inputs to the spinal cord, activated from separate
motor cortex sites, produced patterns of motor output. In rats,
the C4 and C8 spinal segment contains motor neurons control-
ling proximal and distal musculature, respectively (McKenna et
al., 2000). In M1, both C4- and C8-projecting neurons are dis-
tributed throughout the forelimb region, describing an inter-
spersed network that does not collateralize across the C4 and C8
spinal segments (Wang et al., 2011). This network of C4-C8
neurons in M1 could explain the finding that, in 50% of the sites,
ICMS activated both proximal and distal forelimb musculature
and that these sites were distributed throughout the forelimb
region. As in other similar results (Graziano et al., 2002a;
Stepniewska et al., 2005 and Stepniewska et al., 2009, Harrison et
al., 2012; Ramanathan et al., 2006), long-duration ICMS never
evoked twisted or unnatural patterns of movement. However,
because animals were under anesthesia and restrained in the ste-
reotaxic apparatus, subtle patterns of muscle activity or other
components of movement might have been missed.

Movement classes and their kinematics

According to the direction of limb displacement, we define five
classes of limb movements (ABD, ADD, EXT, RTR, ELV). The
ABD movement was found to be the largest movement repre-
sented and this was followed, in order, by EXT, ELV, ADD, and
RTR. The video recordings and kinematics demonstrated four
classes of paw movements (OPN, CLO, OCS, SUP). We included
SUP under paw movement because the wrist rotation was better
defined by the digit marker kinematics. OPN movement was
found to be the largest movement represented followed by SUP,
CLO, and OCS. The movement started 24—31 ms after the onset
of stimulation and typically continued to the end, or slightly past
or before the end, of 500-ms train of pulses. The displacement
toward the resting position and outlasting the stimulus was not
considered because it was not possible to distinguish the extent to
which the return component was due to a specific activation or a
gravity-induced passive biomechanical movement. The post-
stimulus inhibition (Chung and Ferster, 1998; Butovas and
Schwarz, 2003) could explain the passive forelimb displacement
toward the resting position. Kinematics showed different tempo-
ral and spatial organizations between classes of movement. The
longer duration of ABD was mainly due to a longer effective
trajectory formation, temporally as well as spatially, with a longer
displacement vector than any of the other classes of movement.
Conversely, the shorter duration of ADD was mainly due to a
longer latency and to a less effective trajectory formation. The
trajectory was the longest in the EXT, where it was also more
segmented and less straight than the other movement classes. The
faster velocity of the EXT was mainly due to a greater number of
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Figure 9.  Description of limb and paw movements according to the distribution of sites

across the cortical surface. Surface plots show the frequency distribution of sites at each coor-
dinate relative to the bregma. Interpenetration distances were 500 wm. The microelectrode
was sequentially introduced to a depth of 1500 ..m, and movements were evoked with stim-
ulation intensity of 100 wA. In this M1 mapping scheme, the frontal pole was at the bottom and
0 corresponded to the bregma; numbers indicated rostral or caudal distance from the
bregma or lateral distance from the midline (ML). The frequency movement at eachssite s coded by
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peaks in comparison to the other movement classes. From kine-
matics it can be seen that OPN, CLO, and SUP showed equal
duration. Kinematics showed that the OCS was evoked in a re-
petitive fashion and that each peak velocity corresponded to a
forward reaching of the limb in the paw opening phase. OPN
appeared to be slower than CLO, and SUP proved much slower
than movements involving the fingers.

Topographic organization of forelimb motor cortex

A spatial segregation of different classes of limb and paw move-
ments in the forelimb M1 was found. These classes of movements
formed a map with different classes associated to different re-
gions of cortex (see Results). The parcellation of motor cortex
into functionally distinct zones are likely the product of both
their intracortical circuits (Jacobs and Donoghue, 1991; Rouiller
etal., 1993) and their corticofugal pathways (Haiss and Schwarz,
2005; Brown and Hestrin, 2009; Rathelot and Strick, 2009). Pre-
vious studies (Matyas et al., 2010, Harrison et al., 2012) demon-
strated that distinct cortical movement representations persisted
after the pharmacological disruption of intracortical synaptic
transmission, suggesting that the corticofugal projections play a
key role in shaping movement representations. However, we did
not find a clear topography for ELV movements in all rats. One
possibility was that in ELVs the displacement in X- and Y-axes
was below the cutoff of 4 mm. Another possibility is that the ELV
movements could be the result of cortical output combination
toward opposite directions (Ethier et al., 2006). Overall, these
findings suggest that only a limited number of output patterns to
various sets of limb and paw muscles were represented in M1.

Stimulation of forelimb motor cortex drives limb movements

to distinct positions in space

The most consistent feature of the evoked movement was that the
limb movements were arranged across the forelimb M1 accord-
ing to the location in space to which the movement was directed.
Stimulation in the posterior part of the forelimb region com-
monly drove the limb into the lateral space, as in the case of
limb-to-whiskers or limb-to-ear movements. Stimulation in the
anterior part of the forelimb region commonly drove the limb
into the anterior space, as in the case of limb in front of face or
toward the body. We found that the height of the limb movement
(i.e., the Z-axis component of limb movement) was not relevant
in defining the map across forelimb cortex. To explain this, one
possibility is that the resting position for each forelimb may have
emphasized the vertical component in evoked limb movement.
Otherwise, the topographic arrangement by limb position may
indicate that the vertical component in limb movement is less
important in normal behavior. The mapping of limb location
across forelimb region in rat matched previous results in monkey
motor cortex (Graziano et al., 2002a); however, this result was
unexpected because the use of forelimb in manipulative actions
in rats within its immediate body sphere is much more limited
than that of primates. In manipulative actions within their im-
mediate body sphere, isolated forelimb movements are used to-
gether with head, tongue, or whisker movements. Thus, forelimb
could be used to explore that part of the space around the mouth

<«

different gray levels. One hundred percent probability is achieved when a movement at that site
was observed in all seven animals. Left column, Limb movement classes, animal n = 7, sites
n = 177.Right column, Paw movement classes, animal n = 7, sitesn = 124.
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not covered by explorative movements of
whiskers (Brecht et al., 1997; Hartmann,
2011).
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Ethological interpretation of the
movement patterns

The most consistent feature of limb and
paw movements was their combination in
specific patterns of four ethological cate-
gories of movements. This repertoire of
ethological movements was more re-
stricted than that observed in primates
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(Graziano et al., 2002a; Stepniewska et al., T
2009; Gharbawie et al., 2011), in part re-
flecting the more limited forelimb move-
ment repertoire of the rat. However, the
ICMS-evoked repertoire in the rat seems
to be richer than those found in mice
(Harrison et al., 2012). We can speculate
that the cortical zones—where the four
patterns of forelimb movements were
represented— emphasize particular etho-
logical function. The larger forelimb area
where reach-shaping movement was rep-
resented may play a role in monitoring
objects near the body encoding the pre-
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shaping of the paw as an object is reached T
(Sacrey et al., 2009). This part of the cor-
tex could be involved in grooming and
self-cleaning behavior (Casarrubea et al,,
2010), skilled reaching (Whishaw et al,,
2008; Schwarz et al., 2010), or defensive
reaction (Cooke and Graziano, 2004). In
the present experiments we did not ob-
serve defensive-like or aggressive move-
ments as described in primates (Graziano
et al., 2002a; Graziano et al., 2002b; Gra-
ziano et al., 2005;). However, the facial movement forming part
of the aggressive reactions are not normally evoked in anesthe-
tized rats (Haiss and Schwarz, 2005). The rostral part of the fore-
limb area—where reach-grasp sequence and bring-to-body
movement were represented—may be the equivalent of the ven-
tral premotor area in monkeys (Gentilucci et al., 1988; Rizzolatti
et al, 1988; Graziano et al., 2002a; Graziano et al., 2002b;
Graziano et al., 2005; Gharbawie et al., 2011). Finally, the hold-
like movement may play a role when the rat sustains an object
while grasping and eating it with its mouth. A more precise un-
derstanding on the nature of ICMS-evoked complex forelimb
movement in relation to natural behavior may emerge when the
motor area is stimulated in awake, freely moving rats.

category of movement evoked.
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