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Abstract

The corticospinal (CS) tract is the anatomical support of the exquisite motor ability to skillfully manipulate small objects, a prerogative mainly
of primates1. In case of lesion affecting the CS projection system at its origin (lesion of motor cortical areas) or along its trajectory (cervical
cord lesion), there is a dramatic loss of manual dexterity (hand paralysis), as seen in some tetraplegic or hemiplegic patients. Although there
is some spontaneous functional recovery after such lesion, it remains very limited in the adult. Various therapeutic strategies are presently
proposed (e.g. cell therapy, neutralization of inhibitory axonal growth molecules, application of growth factors, etc), which are mostly developed in
rodents. However, before clinical application, it is often recommended to test the feasibility, efficacy, and security of the treatment in non-human
primates. This is especially true when the goal is to restore manual dexterity after a lesion of the central nervous system, as the organization of
the motor system of rodents is different from that of primates1,2. Macaque monkeys are illustrated here as a suitable behavioral model to quantify
manual dexterity in primates, to reflect the deficits resulting from lesion of the motor cortex or cervical cord for instance, measure the extent of
spontaneous functional recovery and, when a treatment is applied, evaluate how much it can enhance the functional recovery.

The behavioral assessment of manual dexterity is based on four distinct, complementary, reach and grasp manual tasks (use of precision grip to
grasp pellets), requiring an initial training of adult macaque monkeys. The preparation of the animals is demonstrated, as well as the positioning
with respect to the behavioral set-up. The performance of a typical monkey is illustrated for each task. The collection and analysis of relevant
parameters reflecting precise hand manipulation, as well as the control of force, are explained and demonstrated with representative results.
These data are placed then in a broader context, showing how the behavioral data can be exploited to investigate the impact of a spinal cord
lesion or of a lesion of the motor cortex and to what extent a treatment may enhance the spontaneous functional recovery, by comparing different
groups of monkeys (treated versus sham treated for instance). Advantages and limitations of the behavioral tests are discussed. The present
behavioral approach is in line with previous reports emphasizing the pertinence of the non-human primate model in the context of nervous
system diseases2,3.

Video Link

The video component of this article can be found at http://www.jove.com/video/3258/

Protocol

The overall scheme of the experiment is depicted in Figure 1.

1. Animal preparation and transfer to the behavioral laboratory

1. In the laboratory, prepare the behavioral set-up: fill the wells of the different test boards (tests 1 to 3 below) with the pellets, which serve as
reward during the behavioral tests.

2. Transfer the monkey from the group housing room into a transfer cage. The monkey is trained to enter a tunnel giving access to the primate
chair, with subsequent positioning of the head. The monkey's weight is measured, before transfer in the primate chair to the laboratory.

2. Test 1: Modified Brinkman board

1. This test, modified and adapted from previous reports4,5, is the basic behavioral task of reference, to be conducted on every behavioral
session. Initiate the video recording with the digital camera above the set-up (possibility also to place 2 additional cameras, one on each side
of the board) and place the monkey in front of the Brinkman board.

2. Open for instance the right window on the primate chair to give access to the right hand. Using the right hand, the monkey retrieves the food
pellets from the 50 slots (25 vertical and 25 horizontal).

3. After completion of the test, close the right window and refill the board with pellets.
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4. Open the left window and repeat the test for the left hand.
5. Reward the animal at the end of the test with a few dried raisins or an almond, a procedure to be repeated at the end of each test to maintain

the motivation during the whole daily session.

Additional information: Three digital video cameras are used to record the sequence for off-line processing, placed one above the board and
one on each side of the board (to precisely assess the position of the fingers while performing the grasping). Within the same daily session, the
monkey can perform another task (either task 2, and/or task 3 and/or task 4; to be distributed among the different days of the week). For the test
1, if the monkey started with the right hand on day 1, start with the left hand on day 2 and so on.

6. Optional: While the test performed above with one or the other hand separately allows comparing the performance of the left hand to the right
hand (to identify the "dominant hand"), it is also possible at an early stage of the training to let the monkey perform the task with both hands
simultaneously. If one hand is used more often than the other to grasp pellets, then it may be considered as the "preferred hand".

3. Test 2: Brinkman box (with and without visual control)

1. The Brinkman box comprises 20 wells (10 vertical and 10 horizontal). As compared to test 1, the monkey has to control the hand in a limited
space, with reduced degrees of freedom to perform the precision grip movement. Fill the board with pellets and close the upper facet of the
box, in order to conduct first the test in absence of visual control (relying on tactile exploration).

2. Place the monkey in front of the Brinkman box. Open the left window of the primate chair to test the left hand in absence of visual control. The
monkey tries to retrieve the 20 pellets, while the sequence is recorded from a digital camera placed below the box.

3. Close the left window of the primate chair. Refill the board with pellets. Open the right window of the primate chair. The monkey repeats the
test with the right hand in absence of visual control. Close the right window of the primate chair.

4. To test the ability to grasp pellets in the Brinkman box under visual control,open the top facet of the box.
5. Refill the box with pellets and the monkey performs the test using the right hand.
6. Close the right window of the primate chair. Refill the box with pellets.
7. Open the left window of the primate chair. The monkey performs the test using the left hand.Repeat step 2.5.

4. Test 3: Rotating Brinkman board

1. This test is comparable to the Brinkman board task (test 1), except that the board is rotating, forcing the monkey to anticipate the
displacement of the board in one (clockwise) or the other (counter-clockwise) direction. Fill the board with pellets. The sequence is recorded
with a digital camera placed above the set-up (possibility also to place 2 additional cameras, one on each side).

2. Open the right window of the primate chair. The monkey retrieves the pellets from the 32 wells, distributed on four concentric rows, while the
board is turning clockwise.

3. Close the right window. Refill the board with pellets.
4. Open the left window of the primate chair. The monkey performs the test as in 4.2 with the left hand.
5. Repeat points 4.2 to 4.4, while the board is turning counterclockwise (one hand after the other). Repeat step 2.5.

5. Test 4: Reach and grasp drawer task

1. To combine prehension ability with the capacity to generate force, this test (derived from previous versions6-11) was designed so that the
monkey has to open a drawer by exerting first a grip force on the knob of the drawer, followed by a load force to open the drawer, giving
access to a pellet placed inside the drawer. The pellet is retrieved with the same hand while the drawer remains open, again using the
precision grip. A digital camera is placed on top of the drawer, to record the trials for off-line control of the data (e.g. detection of erroneous
trials).

2. Open the right window of the primate chair. The monkey performs 10 trials at each of the 5 different levels of resistance, using the right hand
(to have at least 5 correct trials for each resistance level).

3. Repeat the test (50 trials) with the left hand. Repeat step 2.5.

Additional information: On the next behavioral daily session, alternate the hand with which the animal did the test first on the previous session.

6. End of behavioral session

1. After completion of the tests foreseen on that day, feed and reward the monkey with food in addition to the pellets received during the tests.
Typically, the monkey receives cereals and fruits.

2. The monkey is returned to the group housing room with the mates.

The precise temporal sequence of the various tests performed is written on the protocol form.

7. Representative Results

The four behavioral tests illustrated above (Figure 1) have been used extensively in our laboratory in the context of studies aimed at
investigating the functional recovery from lesion of the cervical spinal cord (Figure 2A) or of the motor cortex (Figure 2B), in absence or in
presence of a treatment applied to enhance the spontaneous recovery12-19.

For test 1 (modified Brinkman board), the analysis is focused on two parameters (Figures 3 and 4A): i) the score, given by the number of
pellets retrieved by the monkey in the first 30 seconds, counted separately for the vertical slots and the horizontal slots (by replaying off-line the
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recorded video sequence); ii) the contact time (CT), defined as the time (duration) of contact between the fingers and the pellet (see also Figure
6, bottom series of pictures). It is the time interval between the insertion of the first finger (usually the index finger) into the slot to touch the pellet
and the onset of retrieval of the pellet out of the well. The time interval is measured by replaying frame by frame the video sequence. The CT is
measured for the first five vertical slots and the first five horizontal slots aimed by the monkey16-18. The graphs of the score illustrate the initial
training phase, the pre-lesion plateau, the dramatic drop of score (usually to zero) immediately after the lesion, the progressive (spontaneous)
functional recovery towards the post-lesion plateau. The functional recovery is expressed in % by the ratio of the median post-lesion score at
plateau divided by the median pre-lesion score (plateau) *100 (Figures 3 and 4A). For the CT, as an increase reflects a deficit, the functional
recovery expressed in % is the ratio of the median pre-lesion CT (plateau) divided by the median post-lesion CT at plateau *100. The effect of
treatments post-lesion, demonstrated based on the test 1, are illustrated in detail in previous reports from this laboratory14,15,17. A further analysis
may address the issue of the strategy, namely the temporal sequence of slots visited by the monkey (Figure 4B).

For test 2 (Brinkman box), although the score can also be established as in test 1, a more meaningful parameter is the "total time", defined as the
time interval between the picking of the pellet in the first slot and the picking of the pellet in the last (20th) slot (Figure 5). A functional recovery
can be computed and expressed in %. It is calculated using the median total time pre-lesion (plateau after training phase) divided by the median
total time post-lesion at plateau *100.

For test 3 (rotating Brinkman board), although the score can also be established as above (test 1), a sensitive parameter is the contact time (CT,
defined as above in test 1), measured for the first ten slots (Figure 6).

For test 4 (.reach and grasp drawer task), the set-up comprises several detectors, recording discrete events such as trial initiation (the hand
interrupts a light beam placed in front of the panel), hand touching the knob, onset of drawer pulling, end of drawer opening, hand entering the
slot (pick-in time), hand withdrawal from the slot (pick-out time). Force transducers on the knob allow measuring the grip force (exerted by the
thumb and index finger pressing on the knob) and the load force (exerted to pull the drawer, to counteract different levels of resistance imposed
on the drawer opening). The different levels of resistance opposing the opening of the drawer were obtained by changing the intensity of current
applied to a rotative electromagnetic motor attached to the back of the drawer. The set-up is designed to apply a resistive force in parallel to the
orientation of the opening of the drawer. Detailed scheme of the drawer set-up is available on request to the corresponding author. All these data
are collected with the interface and software Spike 2 and displayed as illustrated in Figure 7.

As previously reported14,15, these tasks represent the behavioral basis to investigate whether the spontaneous recovery from a lesion of the
cervical cord may be enhanced with a specific treatment aimed at promoting axonal regeneration (Figure 8).

The retrieval score and the contact time parameters reflect different components of the manual dexterity: the first one includes the entire
motor sequence (reaching, grasping, withdrawal of the hand, transport of the pellet to the mouth), whereas the second one is focused on the
grasping phase only. These two parameters are particularly accurate and complementary for the modified and the rotating Brinkman board
tasks. Whereas the score represents largely redundant information in these two tasks, the contact time in contrast provides more task-specific
information due to the variability of the slots' positions in the rotating Brinkman board task, as compared to their static position in the modified
Brinkman board task. The Brinkman box task differs from the two above mentioned tasks, as the degrees of freedom of movements with the
hand are limited by the closed space. As a consequence, the positions of the different slots on the board within the Brinkman box play an
important role in terms of difficulty to perform the manual prehension, due to the exiguity of the box. For instance, the grasping with the hand
from the slots located on the right side of the box interferes with right lateral wall.

Consequently, the assessment of retrieval score limited to 30 seconds as in the modified Brinkman board would be biased depending on the
position of the slots actually visited by the monkey during this restricted time period, generating a substantial variability from one session to
another. For this reason, it is more appropriate to involve all slots (n=20) and therefore the parameter total time was chosen. In the modified
Brinkman board, the total time was not considered, as the monkey may in some case loose motivation (for instance post-lesion) due to the large
number of slots to be performed (n=50). Along the same line, the analysis of the contact time would implicate to take all the slots of the Brinkman
box into consideration (whereas only the first five slots in the modified Brinkman board were considered as the position of the selected slots
has little, if no impact on this parameter). Therefore, for the Brinkman box, we recommend in a first approach to determine the total time, as it
was observed to be a highly pertinent and informational parameter, at least in our studies with monkeys subjected to a motor cortex lesion (no
data available for spinal cord lesioned monkeys). Nevertheless, the contact time may be considered for the Brinkman box, but in a second step
including all twenty slots, separately however for the horizontal and vertical slots (not shown).
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Figure 1. Overall scheme of the experiment. The animal is transferred from the animal facility into the primate chair, transported then to the
behavioral laboratory. On each daily session, the monkey performs the test 1. On alternate days, the monkey then performs test 2, and/or test 3,
and/or test 4. Some monkeys (especially motivated) may perform all tests on the same daily session. Food pellets (used as reward) were made
of dried banana or glucose powder that is compressed in a round shape of about 4 mm in diameter. In all our behavioral tests, we use dustless
precision pellets (45 mg) provided by BioServ, One 8th street, Suite One, Frenchtown, NJ 08825, USA.

The dimension of the modified Brinkman board is 240mm long and 140 mm wide, whereas the dimension of the slots is 15 mm long, 8 mm wide
and 6 mm deep. The diameter of the board in the rotative Brinkman board is 114 mm.

http://www.jove.com
http://www.jove.com
http://www.jove.com


Journal of Visualized Experiments www.jove.com

Copyright © 2011  Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

November 2011 |  57  | e3258 | Page 5 of 11

 

Figure 2. Representative (surgical) lesion of the cervical cord (panel A; modified from15) and (chemical) lesion of the motor cortex (panel B;
modified from16), derived from corresponding histological sections, processed for SMI-32 staining. The maximal extent of the cervical cord lesion
has been reconstructed from consecutive sagittal sections of the spinal cord (panel A), whereas the extent and position of the motor cortex lesion
has been reconstructed from consecutive frontal sections of the brain and re-positioned on a lateral view of the corresponding brain hemisphere
(red spot in panel B). The cervical cord lesion resulted from a transection with a surgery blade at the level C7-C8, resulting in a sub-hemisection
interrupting unilaterally the main CS tract component in the dorsolateral funiculus, above the motoneurons controlling hand muscles14,15,20. The
permanent cortical lesion was produced by infusion of ibotenic acid13,16,17, at sites covering the hand representation previously established using
intracortical microstimulation (ICMS, see16,21,22). The cortical lesion territory appears as an abrupt interruption of the SMI-32 staining of neurons
in layers III and V in the rostral bank of the central sulcus (area delineated with the dashed line in panel B).

 

Figure 3. Representative data derived from the modified Brinkman board task (test 1) performed by a monkey subjected to a lesion of the spinal
cord (as illustrated in Figure 2A). The graph shows the score (ordinate), separately for the vertical slots (blue symbols) and the horizontal slots
(red symbols). The yellow symbols are for the sum of vertical and horizontal scores on a given daily session. In the abscissa, the time is for the
consecutive days of the behavioral sessions. The vertical dashed redline (day 0) is the day at which the lesion was performed. Three different
periods are highlighted: the first one (black dashed line) corresponds to the training period, the second one (blue dashed line) to the plateau of
performance before the lesion, and the third one (green dashed line) to the plateau of recovered performance. Data modified from15.

 

Figure 4A. Same as in Figure 3 (test 1), but in a monkey subjected to a lesion of the motor cortex (as illustrated in Figure 2B). The graphs show
the score (panel A; same conventions as in Figure 3) and the contact time (CT; panel B) data. In the abscissa, the time is for the consecutive
days of the behavioral sessions. The vertical dashed redline (day 0) is the day at which the lesion was performed. In panel B, each dot
corresponds to the time of contact between the finger and the pellet in one slot (5 trials per orientation for each session; the grey bar represents
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the median value). Note that for the trials in which the animal could not perform the task (immediately after the lesion), the CT appears as a
saturated value at 5 seconds. Data modified from16,17.

Figure 4B. Analysis of strategy adopted in the modified Brinkman board task performed with the contralesional hand, before lesion of the motor
cortex (Pre), during the recovery phase (Recovery) and post-lesion at plateau (Post). The color of each slot indicates the sequential order of the
slots visited by the monkey in one session (the first slot visited is depicted by the darkest blue and the last slot visited by the darkest red). Note
that pre-lesion, the monkey started on the left side of the board and scanned systematically towards right. During the recovery, the sequential
order was changed. At plateau post-lesion, the strategy adopted pre-lesion re-appeared (systematic scan from left to right).

 

Figure 5. Representative data derived from the Brinkman box (test 2), for a monkey performing the task under visual control. The ordinate is
the total time needed to empty the 20 wells along the daily sessions (abscissa), conducted before and after a lesion of the motor cortex (vertical
dashed line). The dimensions of the accessible volume within the box are 1360 cm3 (120mm*110mm*103mm). Note an initial phase of training,
characterized by a larger variability of the total time from one session to the next. Immediately after the cortical lesion, the monkey was not able
to perform the task (data points saturated at 200 seconds). The p value is statistically significant for the difference between the median total time
pre-lesion (middle of the horizontal gray rectangle at the left) and the median total time post-lesion in the last sessions (middle of the horizontal
gray rectangle at the right). The percentage of functional recovery is 89.6% whereas the volume of the motor cortex lesion was 41.8 mm3. Data
modified from19.
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Figure 6. Representative results (top two graphs) derived from the rotative Brinkman board task (test 3), with illustration of the contact time
measured pre-lesion and post-lesion, with the same conventions as in Figure 4A (panel B), for a monkey subjected to a lesion of the motor
cortex (data modified from17). The top graph is for a clockwise ("Cl") rotation of the board, whereas the bottom graph is for a counterclockwise
("C-Cl") rotation of the board. The two vertical gray arrows indicate that the contact time was infinitely long in few sessions immediately after the
lesion, as the monkey was unable to perform the task with the contralesional hand. The series of pictures at the bottom of the figure illustrate the
method to measure the contact time (valid for both the modified Brinkman board and the rotating Brinkman board). The leftmost picture shows
the hand approaching the slot containing the pellet (100 ms before contact between the index finger and the pellet). The next frame on the right
corresponds to the time point of contact (0 ms). Then the contact time is defined as the time interval (in ms) running until reaching the frame
(rightmost one) corresponding to the time point at which the pellet is taken out of the slot. The contact time here is 240 ms.
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Figure 7. Representative data derived from a session performed by one monkey on the reach and grasp drawer task (test 4).

Panel A: Raw data corresponding to three parameters acquired online during a single trial: load force in red, grip force in blue and displacement
of the drawer in green. Several markers were also acquired during the task: picking time corresponds to the time of the reward grasping, full
open to the full opening of the drawer and knob touch (tch) to the time point when the animal first touches the knob. For the analysis, seven
cursors were placed at critical time points in the unfolding task (e.g. 3 gray cursors on the bottom three horizontal lines): 1) time locked to the
touch of the knob by the animal; 2) onset of grip force; 3) maximal grip force; 4) onset of load force; 5) maximal load force; 6) time locked when
the drawer is fully open; 7) time locked to the picking time.

Panel B: Representation of the quantitative results for two parameters recorded during the task: the grip force (force used to grasp the knob
between the index finger and the thumb) and the load force (force used to open the drawer) in two diagrams: the maximal value (left graph) and
the slope value (from the onset to the max.; right graph).

Four out of the five different relative levels of resistance have been illustrated here: R0 (0 Newton), R3 (1.4 N), R5 (2.75 N) to R7 (5 N). The
knob of the drawer has a triangular and flat shape. The base of the triangle attached to the drawer measures 20mm and the top (15 mm from
the base) consists in a circular contour of 7 mm of diameter. The drawer itself has the following dimensions: length=50 mm; width=27 mm and
height= 45mm.
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Figure 8. Reminder (modified from15) of the use of the behavioral test 1 to investigate the possible effect of a treatment (anti-Nogo-A antibody)
on the functional recovery from cervical cord lesion. For both scores and contact time, as well as for both slot orientations, the group of control
antibody treated monkeys (blue symbols; n=6) recovers manual dexterity less well than the group of anti-Nogo-A antibody treated monkeys (red
symbols; n=7), especially for large volumes of lesion. The 2 groups differ significantly with p=0.035 (panel A), p=0.022 (panel B), p=0.035 (panel
C) and p=0.008 (panel D).

Discussion

Although the present behavioral tasks have been considered so far in our laboratory in the context of studies related to lesion of the cervical cord
or to lesion of the motor cortex with the aim to test various treatments (see14,15,17 and http://www.unifr.ch/neuro/rouiller >select "research" in the
top bar menu, then > "motor system" > "recovery after lesion"), they may also have a broader application, as manual dexterity is also an aspect
to consider in other pathologies, such as Parkinson disease (MPTP monkeys) or in case of sensory de-afferentation affecting proprioception and/
or the sense of touch (especially the test 2 in absence of visual control).

The behavioral tests proposed here are suitable to investigate the motor control of distal movements of the forelimb, as involved in manual
dexterity. The specificity of the tests is demonstrated by the absence of deficit (except for a couple of days) in case of a lesion which does
not impair relevant components of the control system: indeed, in case of a lesion placed more caudal than the motoneurons controlling hand
muscles, there was no deficit. The pertinence of the test 1 can be appreciated by comparing on video sequences taken at two time points of the
post-lesion recovery curve, which differ by an enhancement of functional recovery of 25%, possibly in relation to a cell therapy treatment17.

In spite of some initial, relatively short training phase at beginning (lasting generally 2-3 months), the behavioral tests proposed here are
relatively "natural" and straightforward, as compared to complex (e.g. conditional) tasks for which the training of the monkey may take nearly
a year or more. The positive reinforcement is based on solid food, which is less sensitive on the ethical point of view than water deprivation,
usually used in more complex tasks23. There is no need to deprive the monkeys from food to obtain stable and consistent results. The pellets
received during the tasks represent the first access to the food on the day of the behavioral session (assuming that the monkey does not eat
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during the preceding night; however additional food may be given until the end of the afternoon of the preceding day). It is crucial that each
monkey performs the behavioral session at the same time of the day, as well as respecting the same sequential order between the different
monkeys forming a group in the housing room. As the monkeys are sensitive to external disturbing events, the behavioral tasks should be
conducted in presence of background music, masking potential disturbing noise coming from neighboring rooms or laboratories. It is crucial that
during the whole duration of the experiment (from initial training up to the last daily experimental session, a period of several months if not years),
a given monkey is placed daily under the supervision of the same experimenter.

The present behavioral tests, used since several years in our laboratory to quantify manual dexterity, are to some extent comparable to other
tests of manual dexterity recently reported in the literature24-28. There is however a crucial need to standardize tests across different laboratories
(for better comparison), which is a tentative goal of the present report. On demand, the detailed properties of the set-ups illustrated here for
tests 1-4 can be provided by the corresponding author, in order to replicate them. Beyond the issue of regenerative medicine (recovery from
lesion of spinal cord or cerebral cortex), the present palette of tests may be suitable to address in normal non-human primates developmental
issues (e.g. time course of motor development of dexterous movements), to investigate lateralization aspects (hand preference/dominance) and
to decipher evolutionary questions by comparing the motor abilities of different species of primates, including human subjects. Note however
that the dimensions of the apparatuses should be adapted according to the digits' size (thickness and length) of the primate species, as it may
influence the task performance. In the present study, the tests were conducted on macaca fascicularis monkeys, ranging from 2.5 to 8 years
old and weighing between 2.5 and 8 kg. The length of the index finger (used first to manipulate the pellets) ranges from 32 to 35 mm, whereas
the circumference of the distal phalanx (tip) of the index finger was between 22 and 25 mm in the monkeys included in our studies. As tested in
previous experiments, the same grasping tests are suitable for macaca mulatta as well.

All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (1996) and approved by local (Swiss)
veterinary authorities. All experimental procedures on the monkeys, as well as the detention conditions in the animal facility, were described in
detail in recent reports from our laboratory: see references 12-18.
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