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Abstract Although the arrangement of the corticospinal
projection in primates is consistent with a more prominent
role of the ipsilateral motor cortex on proximal muscles,
rather than on distal muscles involved in manual dexterity,
the role played by the primary motor cortex on the control
of manual dexterity for the ipsilateral hand remains a
matter a debate, either in the normal function or after a
lesion. We, therefore, tested the impact of permanent uni-
lateral motor cortex lesion on the manual dexterity of the
ipsilateral hand in 11 macaque monkeys, within a time
window of 60 days post-lesion. For comparison, unilateral
reversible pharmacological inactivation of the motor cortex
was produced in an additional monkey. Manual dexterity
was assessed quantitatively based on three motor parame-
ters derived from two reach and grasp manual tasks. In
contrast to the expected dramatic, complete deficit of
manual dexterity of the contralesional hand that persists for
several weeks, the impact on the manual dexterity of the
ipsilesional hand was generally moderate (but statistically
significant) and, when present, lasted less than 20 days.
Out of the 11 monkeys, only 3 showed a deficit of the
ipsilesional hand for 2 of the 3 motor parameters, and 4
animals had a deficit for only one motor parameter. Four
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monkeys did not show any deficit. The reversible inacti-
vation experiment yielded results consistent with the per-
manent lesion data. In conclusion, the primary motor
cortex exerts a modest role on ipsilateral manual dexterity,
most likely in the form of indirect hand postural control.

Keywords Permanent lesion - Reversible lesion - Primate

Introduction

In primates, the corticospinal projection system plays a
major role in the control of skilled movements performed
with the contralateral hand (see Lemon 2008, for review),
consistent with the notion that most corticospinal axons
addressing motoneurons that control distal forelimb mus-
cles decussate (about 85-98% of all corticospinal axons;
Rouiller et al. 1996; Lacroix et al. 2004; Rosenzweig et al.
2009; Yoshino-Saito et al. 2010). In contrast, the small
contingent of uncrossed corticospinal axons (about 2—15%)
terminates mainly in zones of the cervical cord comprised
of the motoneurons of proximal and axial muscles. As a
consequence, it is generally assumed that the motor cortex
limits its control on the ipsilateral forelimb to movements
executed by proximal muscles (see Ganguly et al. 2009;
Bradnam et al. 2010, for recent functional data). Never-
theless, a possible contribution of the motor cortex to the
control of ipsilateral skilled hand movements remains a
matter of debate, as an activation of the motor cortex
associated with skilled movements performed with the
ipsilateral hand was found in normal human subjects (e.g.
Kim et al. 1993; Sadato et al. 1996; Catalan et al. 1998;
Kawashima et al. 1998; Cramer et al. 1999; Ehrsson et al.
2000; Porro et al. 2000; Hummel et al. 2003; Rau et al.
2003; Verstynen et al. 2005). The activity in the ipsilateral
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motor cortex was related to the complexity of the task (e.g.
Catalan et al. 1998; Hummel et al. 2003; Verstynen et al.
2005), and compared to the site of activation in the con-
tralateral hemisphere, it was shifted ventrally, laterally and
anteriorly (Cramer et al. 1999; Verstynen et al. 2005).

In response to unilateral transcranial magnetic stimula-
tion (TMS) of the motor cortex, motor-evoked potentials
(MEPs) can be recorded from ipsilateral distal muscles
(Wassermann et al. 1991; Alagona et al. 2001; Chen et al.
2003; Ziemann et al. 1999), although pre-contraction of the
target muscles was required. In other studies, however, no
such ipsilateral MEP activity was observed in hand mus-
cles (Carr et al. 1994; Netz et al. 1997; Bawa et al. 2004).
Ipsilateral MEPs are related to the degree of handedness
(Bernard et al. 2011). When TMS was used to generate a
transient inactivation of the motor cortex while the subject
was performing hand motor tasks with the ipsilateral hand,
deficits were observed in a sequential finger task (Chen
et al. 1997), and in grip-lift and in step-tracking tasks
(Davare et al. 2007). This effect may be mediated by
indirect corticoreticulospinal fibers (Chen et al. 1997) or
through the opposite motor cortex via transcallosal fibers,
although the hand representations of the two motor cortices
are less strongly connected via the corpus callosum than
other body territories (Jenny 1979; Rouiller et al. 1994).
Finally, a study by Foltys et al. (2001) demonstrated that a
perturbation of the ipsilateral motor cortex with TMS
affects the reaction time to generate simple unimanual or
bimanual movements.

The possible role of the ipsilateral motor cortex in the
control of hand movements is indirectly supported by
motor deficits of the ipsilesional hand observed after
unilateral stroke (Hermsdorfer and Goldenberg 2002;
Hermsdorfer et al. 2003; Sunderland et al. 1999;
Sunderland 2000; Yarosh et al. 2004; Wetter et al. 2005;
Nowak et al. 2007; Chestnut and Haaland 2008; Noskin
et al. 2008). A clear limitation of lesional data in human
subjects is the highly variable extent of the lesion as well as
its location, rarely if ever restricted to the primary motor
cortex. Furthermore, depending on the time separating the
lesion from the observation, often several weeks, months or
years post-lesion, a re-organization of the motor system
may have significantly modified or adapted the perfor-
mance of the ipsilesional hand, as compared to the pre-
lesion performance (e.g. Kaeser et al. 2010). Finally, the
lesion studies in patients are based on comparison with a
group of normal subjects, a procedure inherently con-
founded by large inter-individual variability.

Given the above-outlined limitations, the necessity of
using a non-human primate model becomes evident,
especially considering the fact that manual dexterity is
considered to be a prerogative of primates (see Lemon
2008, for review), and monkeys such as macaques exhibit
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considerable manual dexterity. In macaques, using the
technique of intracortical microstimulation (ICMS), in a
restricted sub-region of the primary motor cortex (M1),
located at the limit between the standard hand and face
representations of the contralateral body side, ICMS elic-
ited EMG responses in distal muscles not only on the
contralateral forelimb as expected, but also in distal mus-
cles on the ipsilateral side (Aizawa et al. 1990). Moreover,
in various tasks executed with one or the other hand, sev-
eral studies demonstrated the presence of neuronal activity
in M1 correlated with movements of the ipsilateral hand
(Matsunami and Hamada 1981; Aizawa et al. 1990; Chen
et al. 1991; Donchin et al. 1998, 2002; Kermadi et al. 1998,
2000; Kazennikov et al. 1999; Cisek et al. 2003). However,
it cannot be completely ruled out that such ipsilaterally
related neuronal activity may be, at least in part, due to
parallel activation of proximal muscles, or that it may
correspond to an inhibition of movements with the opposite
hand in unimanual tasks (for instance to prevent mirror
movements). Due to these limitations of interpretation, the
goal of the present study was to use the non-human primate
model to assess the role of M1 in the control of the ipsi-
lateral hand using an experimental lesional approach. The
advantages of this model are multifold: (1) each trained
animal can be used as its own control (by comparing pre-
lesion vs. post-lesion performance); (2) observations can be
conducted at very early time points post-lesion; and (3) the
lesion can be mainly restricted to M1. In a previous study
that employed small lesions of the hand area of M1, some
paralyses of the ipsilateral hand were cursorily mentioned
(Glees and Cole 1950; Cole and Glees 1952). The present
study aims at extending these initial data using: (1) a larger
population of monkeys; (2) a more quantitative assessment
of manual performance; and (3) lesions whose extent and
location are guided electrophysiologically by ICMS. Fur-
thermore, the effect of M1 lesion was tested on the ipsi-
lateral hand following both permanent and reversible
lesions.

Methods

The present data have been derived from a comprehensive
long-term experiment, conducted on 11 adult macaque
monkeys (Macaca fascicularis) subjected to a unilateral
permanent lesion of M1 (see Table 1; Fig. la) and 1
additional monkey subjected to pharmacological reversible
inactivation of M1 unilaterally. All experiments were
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (ISBN 0-309-05377-3; 1996)
and approved by local (Swiss) veterinary authorities.

In our animal facility, monkeys were housed in rooms of
12 m®, in which usually 2-4 monkeys were free to move
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Table 1 List of monkeys subjected to permanent primary motor cortex lesion and included in the present study with identification code

Mk- Mk- Mk- Mk- Mk- Mk-VA Mk-SL Mk-MO  Mk-AV  Mk-JO Mk-JA
CE JU GE RO BI
Treatment None None None None None Anti- Anti- Anti- Sham- Cell Cell
Nogo-A Nogo-A Nogo-A cell therapy  therapy
antibody  antibody antibody  therapy
Age at time of lesion (rounded 45 5 5 4 5 55 5.5 55 35 35 4
0.5 year)
Weight at time of lesion 38 36 28 32 5 4.9 4.6 5.6 43 34 43
Volume of ibotenic acid injected (pl) 40 40 13 18 29.7 155 18 20 15 15 38"
No. of ICMS sites injected with 21 21 13 12 29 11 12 20 10 10 38
ibotenic acid
Total volume of lesion (mm®), gray ~ 112.8 63.01 48.7 14 20.13 20 78.2 41.8 332 33.6 22.2
matter (motor cortex + post-central
gyrus)
Volume of lesion in post-central gyrus 10.1 0 76 0 0 5.8 1.8 0 0 3.8 2.5
(mm?®)
Lesion spread subcortically to the 86.5 289 0 0 0 0 130.6 0 69.8 23.6 38.4

white matter (mm3)

Mk-LA (involved only in the transient inactivation of M1 with infusion of muscimol) was 5 years old and weighted 2.6 kg. A total volume of
15 pl of muscimol was infused in M1, at 10 sites, previously identified based on ICMS (see text)

? In Mk-JA, nearly the same amount of ibotenic acid was injected as in the first two monkeys (Mk-CE and Mk-JU). However, in contrast to the
other two monkeys, Mk-JA suffered several epileptic attacks immediately after the lesion. The monkey Mk-JA was treated with an anti-epileptic
drug (Luminal), preventing other episodes. The anti-epileptic drug is known to counteract the excitotoxic effect of ibotenic acid, yielding a
smaller volume of lesion as compared to the other two monkeys which received a comparable volume of ibotenic acid

and to interact with each other.' Before daily behavioral
testing in the morning, the animal caretaker moved the
monkeys to temporary cages for subsequent transfer to a
primate chair, in which the monkeys were transported to
the behavioral laboratory. The monkeys had free access to
water and were not food deprived. The rewards (pellets)
obtained during the behavioral tests were the first daily
access to food. After completion of the behavioral tests, the
monkeys received additional food (fruits, cereals). The
body weight of the animals was monitored on each work-
ing day. In case the body weight dropped by 10% or more,
the experiment was interrupted until the monkey regained
the lost weight (this criterion for interruption was not met
during the course of the present experiments).

Treatments

The 11 monkeys subjected to unilateral permanent lesion
of the motor cortex were included in two pilot studies
aimed at assessing the possible effects of two different
treatments: (a) anti-Nogo-A antibody treatment; (b) cell
therapy with injection of autologous adult progenitor cells
collected from the prefrontal cortex (see Brunet et al. 2005;
Kaeser et al. 2011). The anti-Nogo-A antibody treatment

! A new Swiss regulation introduced in September 2010 now requires
that a volume of at least 45 m> be given to a group of up to five
macaque monkeys.

has been found to significantly enhance functional recovery
and sprouting of corticospinal axons after cervical cord
injury in rats (Gonzenbach and Schwab 2008, for review)
and primates (Freund et al. 2006, 2007, 2009). The same
strategy was tested here for a sub-group of three monkeys
(Mk-VA, Mk-SL, Mk-MO) and compared with a subgroup
of five monkeys also subjected to a unilateral lesion of the
motor cortex but without any treatment (Mk-CE, Mk-JU,
Mk-GE, Mk-RO and Mk-BI; see Table 1). As outlined in
Table 1, three monkeys were included in the pilot cell
therapy project, two monkeys (Mk-JO and MKk-JA)
received an implantation of adult progenitor cells in the
vicinity of the cortical lesion, whereas one monkey
(Mk-AV) was a sham control (infusion of vehicle only).
The therapeutic effect of the two treatments on the con-
tralesional hand is reported elsewhere (e.g. Kaeser et al.
2011). The possible impact of the treatments on the
ipsilesional hand will be addressed in “Discussion”.

Behavioral analysis

Monkeys were trained to perform two variations of a
manual skill task consisting of grasping small food pellets
using a precision grip, namely the opposition of the thumb
and index finger. Food pellets were made of dried banana
or glucose powder that is compressed in a round shape of
about 4 mm in diameter. Dried raisins were occasionally
given to increase the motivation of the animals, e.g. to
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Fig. 1 a Location and extent of
the permanent unilateral lesion
of the M1 hand representation
as seen on corresponding lateral
views of the brain for 11
monkeys included in the present
study (see Table 1). The lesion
territory is represented in red, as
derived from the lesioned zone
of cerebral cortex (gray matter)
visible on consecutive frontal
histological sections. Spread of
the lesion to the subcortical
white matter below the gray
matter is not represented here,
except in monkey Mk-SL in
which a subcortical white matter
territory was lesioned (gray
spot), in a region located more
medially than the red territory.
The motor cortex lesion was
performed in all monkeys on the
left hemisphere, except in Mk-
JU in which the lesion was in
the right hemisphere. Six
monkeys (fop panel) were
control animals for two pilot
treatment studies: three
monkeys were treated with anti-
Nogo-A antibody (middle
panel) whereas two monkeys
were subjected to an autologous
cell therapy (see “Methods”
and Table 1). b View of the
Modified Brinkman Board (leff) B
and the Brinkman box (right)
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perform a particularly crucial step during training. A daily
behavioral session typically lasted 60 min. An initial
training period was necessary until the monkeys reached a
stable pre-lesion performance, which was then quantita-
tively determined during a time window ranging from 30 to
128 days before the lesion (Table 1), depending on the
specific experimental protocol for each monkey. Post-
lesion, the behavioral tasks were pursued during several
months (see Kaeser et al. 2010, for long-term effects). In
the present report, as the goal was to investigate the short-
term effects, the post-lesional behavioral data for the ip-
silesional hand were limited to a time window ranging
from the day of the lesion up to 60 days post-lesion.

The first manual skill test corresponds to our “Modified
Brinkman Board” task (Fig. 1b, left panel), previously
described in detail (e.g. Rouiller et al. 1998; Liu and
Rouiller 1999; Schmidlin et al. 2004; Freund et al. 2006,
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2009; Kaeser et al. 2010, 2011): briefly, the tests were
performed on a perspex board (10 cm x 20 cm) contain-
ing 50 randomly distributed slots, each filled with a food
pellet at the beginning of the test. Twenty-five slots were
oriented horizontally and 25 slots vertically. The dimension
of the slots was 15 mm long, 8§ mm wide and 6 mm deep.
This manual prehension task was executed daily, alter-
nately with one or the other hand, 2-5 times per week for
several months before and after the cortical lesion. The
performance of each hand was videotaped. In the present
study, two parameters were assessed: (1) The retrieval
score corresponds to the number of pellets successfully
retrieved from the slots and brought to the mouth during
30 s, established separately for the vertical and the hori-
zontal slots; (2) The contact time, defined as the time of
contact (in seconds) between the fingers and the pellet,
calculated for the first five vertical slots and the first five
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horizontal slots targeted by the monkey in a given daily
session (Kaeser et al. 2010).

In parallel, monkeys were trained to perform the
“Brinkman box” task (Fig. 1b, right panel), in which a box
containing a perspex board of 20 wells was used (10 vertical
slots and 10 horizontal slots). The monkey had visual
control on its grasping movements within the box and
therefore the test is generally comparable to the above
Modified Brinkman Board task, except that the number and
spatial distribution of slots is different and the hand is
constrained to a restricted space, offering fewer degrees of
freedom to reach each slot. The “Brinkman box” task was
quantified by counting the total time in seconds needed by
the monkey to empty the 20 wells. The two manual skill
tasks (Modified Brinkman Board and Brinkman box) can be
seen on the following web page: http://www.unifr.ch/neuro/
rouiller/motorcontcadre.htm.

Surgical procedures

After the monkey reached a stable pre-lesion performance
level, the monkeys were implanted unilaterally with a
chronic, stainless steel or tecapeek chamber giving access
to M1, but leaving the dura mater in place (see Schmidlin
et al. 2004, for detail). The monkeys were first sedated with
im. injection of ketamine (Ketalar, 5 mg/kg) and pre-
medicated with the analgesic carprofen (Rymadil, 4 mg/kg,
s.c.) to reduce pain after surgery, as previously described
(Schmidlin et al. 2005; Wannier et al. 2005; Freund et al.
2006, 2007, 2009). The surgical intervention itself was
conducted under aseptic conditions, and profound anes-
thesia was maintained for several hours by i.v. infusion of
propofol (mixture of 1% propofol and 4% glucose in saline,
1 volume of propofol and 2 volumes of glucose delivered at
the rate of 0.1 ml/min/kg). Ketamine was added to the
perfusion solution, as previously reported (Freund et al.
2007). After surgery, the animals were treated with anti-
biotics (ampicillin 10%, 30 mg/kg, s.c.) and analgesics
(pills of Rymadil mixed with food) for several days.
Implanted chambers were fixed to the skull with titanium
screws and orthopedic cement (Palacos). The inside of the
chronic chamber was cleaned daily with Betadine and an
antibiotic ointment was spread on the dura mater surface to
reduce the risk of infection.

Mapping M1 with intracortical microstimulation
(ICMS)

The surgical goal was to restrict the unilateral lesion
mainly to the hand representation in M1. To do so, ICMS
sessions were performed to map MI1: a tungsten micro-
electrode (0.1-1 MQ impedance, FHC Inc, USA) was used
to micro-stimulate M1, along penetrations at 1 mm from

each other, as previously described in detail (Schmidlin
et al. 2004, 2005; Kaeser et al. 2010). Along each electrode
track, ICMS was applied below the surface of the dura at
intervals of 1 mm, along a trajectory of up to 10 mm (in
the rostral bank of the central sulcus). The effects of ICMS
were assessed by visual inspection of the body part
(articulation) at which a movement was elicited and at
which minimal current (ICMS threshold) it produced the
effect. The ICMS map was finally represented in the form
of an unfolded map of M1, as previously reported (Park
et al. 2001, 2004; Kaeser et al. 2010) and provided the
basis with which to guide injections of ibotenic acid in
order to produce a lesion of M1 centered on the hand area.

Lesion of M1 hand representation with ibotenic acid
(permanent lesion)

The cortical lesion was targeted to the hand representation
in M1 on one hemisphere. Ibotenic acid (10 pg/pl in
phosphate buffer) was infused using a Hamilton micro-
syringe at selected ICMS sites of the hand area in M1
unilaterally, as previously reported in detail (Liu and
Rouiller 1999). The number of ICMS sites injected and the
total volume of ibotenic acid infused in M1 are indicated
for each monkey in Table 1. Several minutes after the
ibotenic acid infusion, the contralateral hand exhibited a
dramatic paralysis (see Liu and Rouiller 1999; Kaeser et al.
2010, 2011).

Reversible inactivation of M1 (transient lesion)

In one additional monkey (Mk-LA), a pharmacological
reversible inactivation of M1 was induced by infusion of
muscimol, as previously reported (Kermadi et al. 1997;
Schmidlin et al. 2004). Mk-LA was initially included in the
present study of permanent lesion, but it turned out that the
injection of ibotenic acid in the left M1 failed and, as
assessed histologically, did not produce an identifiable
permanent lesion in M1 as in the other monkeys. In SMI-32
material from Mk-LA, there was only a very small territory
(about 3 mm?®) in which SMI-32 positive neurons in layer
V appeared somewhat less densely packed (contrasting
with the SMI-32 positive neurons which completely dis-
appeared in the lesion territory in the other 11 monkeys;
see Kaeser et al. 2010). In accordance with such a small
anatomical disruption, the contralesional hand showed only
a small deficit in manual dexterity for a couple of days, and
the animal’s behavioral performance returned to pre-lesion
levels after just 5 days. Thus, for several months following
the ineffective ibotenic acid injection, the manual dexterity
of both hands was stable and corresponded to the pre-lesion
performance. Mk-LA had been implanted with chronic
stainless steel chambers on both hemispheres. The intact
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right M1 hand area was thus used for two reversible
inactivation sessions, in which the GABA agonist musci-
mol was infused at ICMS sites within the M1 hand rep-
resentation area. The Modified Brinkman Board task was
performed by Mk-LA before and after the muscimol
infusion, offering the possibility to assess the immediate
(15 min after infusion) effect on the ipsilesional (right)
hand.

Data analysis

Within the time window of pre- and post-lesion behavioral
analysis for each monkey, the daily retrieval score and
contact time were plotted as a function of time (days). The
pre-lesion period was used to establish the manual perfor-
mance of reference, the average retrieval score and its
standard deviation (SD). On the plots, the average pre-
lesion retrieval score was represented by a thick horizontal
line, together with a dashed line positioned at mean retrieval
score minus 2SDs. A decrease in the post-lesion retrieval
score below the 2SDs was considered as a statistically
significant deficit (see Fig. 2). For contact time, a deficit
would be signaled by an increase. On the plots, a deficit was
considered as statistically significant when contact time was
longer than the average pre-lesion contact time plus 2SDs
(see Fig. 3). Similarly, for the Brinkman box, a deficit was
present when the total time post-lesion exceeded the pre-
lesion average total time + 2SDs (see Fig. 4).

At the end of the experiments, the animals were killed
with an overdose of pentobarbital sodium (90 mg/kg body
weight, i.p.). Transcardiac perfusion with 0.9% saline
(500 ml) was followed by fixative (4000 ml of 4% phos-
phate-buffered paraformaldehyde). The brains were placed
in a 30% solution of sucrose (in phosphate buffer) for
cryoprotection during 3-5 days. Sections (50 um thick) of
the brain were cut in the frontal plane and collected in five
series. One series of sections was Nissl stained with cresyl
violet, whereas a second series of sections was processed to
visualize the marker SMI-32, as previously described
(Wannier et al. 2005; Beaud et al. 2008). The epitope
recognized by the SMI-32 antibody lies on non-phos-
phorylated regions of neurofilament protein and is only
expressed by specific categories of neurons (Campbell and
Morrison 1989; Tsang et al. 2006). The two series of
sections were then used to reconstruct on consecutive
sections the position and extent of the permanent lesion in
ML1. Finally, the lesion was positioned on a lateral view of
the lesioned hemisphere (Fig. 1a). Using an ad hoc func-
tion of the Neurolucida software (based on the Cavalieri
method), the volume of the cortical lesion (in mm®) was
extrapolated from the reconstructions of the lesion on
consecutive histological sections of the brain (see Table 1;
Kaeser et al. 2010).
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Results
Unilateral lesion of the motor cortex

Unilateral lesion of the motor cortex was produced by
infusion of ibotenic acid at multiple sites defined by ICMS
(see Kaeser et al. 2010). The goal was to permanently
inactivate the hand area in M1. The extent and location of
the lesion is shown in Fig. 1a on a lateral view of the
lesioned hemisphere for the 11 monkeys included in the
present study. The lesion extent was variable from one
monkey to the next, but on surface views of the brain
generally corresponded to a zone of 4-5 mm, thus
matching the size of the hand area. In some monkeys, in
one dimension or the other, the lesion extended further, for
the largest lesions reaching an extent of up to 10 mm. In
one monkey (Mk-SL), there was a large zone of subcortical
lesion (in the white matter) spreading more medially than
the gray matter lesion (Fig. 1a). In some of the other
monkeys, subcortical damage was also observed (see
Table 1), but it was located below the gray matter injury
(and therefore it did not appear on the brain surface views
in Fig. la).

Effect of permanent unilateral motor cortex (M1) lesion
on manual dexterity

Modified Brinkman Board test: retrieval score

The possible effects of unilateral motor cortex (M1) lesion
on the ipsilesional hand was assessed during a short-term
time window ranging from 0 to 60 days post-lesion, by
comparing the pre-lesion and post-lesion manual perfor-
mance of each animal in the Modified Brinkman Board
task. A first parameter analyzed here is the retrieval score,
defined as the total number of pellets retrieved in 30 s
(considering both the vertical and horizontal slots). As
illustrated in Fig. 2 for four representative monkeys, the
pre-lesion manual performance was generally stable as
indicated by the distribution of data points around the
average “score” (thick horizontal line). The variability pre-
lesion across daily sessions is represented by the two
dashed horizontal lines placed at average retrieval
score + 2 standard deviations (SDs) and at average
retrieval score — 2SDs, respectively.

A first subgroup of 4 monkeys (Mk-JA, Mk-VA, Mk-
BI and Mk-MO) out of 11 showed a small and transient
deficit of manual performance of the ipsilesional hand
immediately after the lesion of M1 (Table 2). In two
monkeys (Mk-JA and Mk-VA), shortly after the lesion
(day 0; vertical dashed line), there were a few sessions in
which the retrieval score dropped below the dashed line
corresponding to the average pre-lesion retrieval score
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Fig. 2 Behavioral data (manual Modified Brinkman board (retrieval score)
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minus 2SDs, considered as the confidence limit for a
of performance for the
ipsilesional hand (Fig. 2). Although significant, the deficit
remained modest and transitory, as compared to the more
devastating and prolonged effect observed in the same
monkeys for the contralesional hand (small graphs on the
right with retrieval score indicated by triangles in Fig. 2).
In these two monkeys, the letters “H” and “V” represent
sessions in which the deficit was significant only due to

statistically significant loss

the horizontal slots (H) or the vertical slots (V), respec-
tively. In the other sessions where retrieval score was
lower than the average minus 2SDs, the deficit was sig-
nificant for both slot orientations. A deficit comparable to
those of Mk-JA and Mk-VA was
ipsilesional hand of Mk-BI (not shown). In the fourth
monkey of this subgroup (Mk-MO; Fig. 2), the deficit was
even more transient, as it was limited to a single daily
session shortly after the lesion.

observed for the
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Fig. 3 Behavioral data (manual
dexterity) obtained from three
representative monkeys (Mk-
JO, Mk-MO and Mk-RO) for
the Modified Brinkman Board
task. The manual dexterity of
the ipsilesional hand is given by
the contact time, corresponding
to the time of contact (in
seconds) between the fingers
and the first five pellets in
vertical slots (left column) and
the first five pellet in horizontal
slots (right column) targeted by
the monkey. Along the abscissa,
the day of the M1 lesion is at
time zero (vertical dashed line).
The thick horizontal line is the
average contact time, computed
from the pre-lesion daily
sessions only. The horizontal
dashed line is for the average
contact time plus 2SDs. For
comparison, the contact time is
given in the bottom panel for the
contralesional hand in Mk-JO
(note the different scale in the
ordinate). The contact time
values saturated at 10 s indicate
that monkey Mk-JO was totally
unable to perform the grasping
of the pellets on the
corresponding daily sessions
following the lesion, reflecting
the dramatic deficit observed for
the contralesional hand

In the other subgroup comprising 7 lesioned monkeys
out of 11, as illustrated for Mk-GE (bottom graph in
Fig. 2), no significant drop in manual performance was
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observed for the ipsilesional hand (Table 2), in spite of a
massive and long-term deficit in the contralesional hand.
Based on the retrieval score data for the Modified
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Fig. 4 Behavioral data (manual
dexterity) obtained from three
representative monkeys (Mk- ipsilesional hand
MO, Mk-VA and Mk-RO) for 100 4
the Brinkman box task, o
performed with visual feedback. /
The manual dexterity of the
ipsilesional hand is given by the
total time needed by the monkey
to empty the 20 wells. Along the
abscissa, the day of the M1
lesion is at time zero (vertical
dashed line). The thick
horizontal line is the average
total time, computed from the
pre-lesion daily sessions only.
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Brinkman Board task, only four monkeys thus exhibited a
modest and transient deficit for the ipsilesional hand
shortly after the lesion, whereas the majority of monkeys
(n = 7) did not show any significant impairment.

Modified Brinkman Board test: contact time

To focus more specifically on the grasping phase of the
pellet, reflecting specifically manual dexterity (and thus

omitting other components of the task, such as reaching,
transporting to the mouth, etc.; see Freund et al. 2009), the
parameter contact time measures the time in seconds of
contact between the fingers and the pellet within the slot.
The shorter the contact time, the more dexterous the
monkey during the corresponding trial. The contact time
was determined for the first five vertical pellets and the first
five horizontal pellets targeted by the monkey on each daily
session. Contact time data were thus represented separately
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Table 2 Summary of the effects of M1 lesion on the ipsilesional hand manual performance

Mk-  Mk-  Mk- Mk- Mk- Mk- Mk- Mk-  Mk- Mk- Mk-  Mk-

CE Ju GE RO AV BI VA SL MO JA JO LA?
Retrieval score N N N N N Y Y N Y Y N Y
Contact time N N Y Y N N N Y N N N Y
Total time - - N N N N Y Y Y N N -
No. of inj. close to proximal sites” 5 9 3 6 - 9 2 3 10 12 - -
Average distance to proximal sites 1.5 2.6 1.3 1.4 - 1.1 1.3 1.4 1.8 0.5 - -

(mm)*

Effect of unilateral lesion of M1 hand representation on the manual performance with the ipsilesional hand as assessed with three parameters:
retrieval score in the Modified Brinkman Board task, the contact time in the Modified Brinkman Board task and the total time in the Brinkman
box task. Y (“YES”) means that the lesion had an effect, whereas N (“NO”) is for an absence of effect, as observed for each monkey. Note that
the parameter total time was not measured in the two monkeys, Mk-CE and Mk-JU, as the Brinkman box task was not introduced yet when these
monkeys were under study. The Brinkman box task was not tested in the reversible inactivation sessions with muscimol in Mk-LA. In all
monkeys, except Mk-LA, the lesion was permanent (infusion of ibotenic acid)

? In MK-LA, a transient lesion was produced by infusion of muscimol in two separate sessions (see Fig. 5)

° The row gives for each monkey the number of sites where ibotenic acid was infused that were close (<2 mm) to one or several ICMS sites
eliciting proximal muscles activation (shoulder or elbow), as illustrated in Fig. 6 for the monkeys Mk-BI and Mk-SL. These data are plotted in
Fig. 7a. As the ICMS maps were incomplete in Mk-AV and Mk-JO, this parameter could not be determined

¢ For each site where ibotenic acid was infused and located close (<2 mm) to a proximal ICMS site (elbow or shoulder), the actual distance
between the infusion site and the close proximal ICMS sites were measured and averaged (expressed in mm). These data are plotted in Fig. 7b.

As the ICMS maps were incomplete in Mk-AV and Mk-JO, this parameter could not be determined

for the horizontal and vertical slots (Fig. 3, left and right
columns, respectively). During the pre-lesion period, it
happened that a few contact times were above the signifi-
cant level given by the average contact time + 2SDs
(Fig. 3). In two representative monkeys (Mk-JO and Mk-
MO), the post-lesion contact times showed a comparable
distribution as pre-lesion, indicative of an absence of effect
of the lesion on the grasping ability for the ipsilesional
hand. Out of 11 monkeys, 8 monkeys exhibited an absence
of effect on the contact time parameter (Mk-JA, Mk-JO,
Mk-MO, Mk-BI, Mk-JU, Mk-AV, Mk-CE and Mk-VA; see
Table 2). In contrast, there was a transient increase of
contact time post-lesion for the ipsilesional hand in three
monkeys (Mk-SL, Mk-GE and Mk-RO; see Table 2), as
illustrated in Fig. 3 for Mk-RO, exhibiting several contact
times above the pre-lesion average contact time + 2SDs.
In these three monkeys, the effect of the lesion was present
for both slot orientations, though it was somewhat more
pronounced in the horizontal slots for Mk-RO (Fig. 3) and
Mk-SL, whereas for Mk-GE the deficit was more pro-
nounced for the vertical slots. For comparison, the effect of
the M1 lesion on the contralesional hand is shown for
Mk-JO in the bottom panel of Fig. 3, with a persistent
increase in contact time, lasting more than 100 days post-
lesion, reflecting a massive loss of manual dexterity.

Brinkman box test: total time
As explained in “Methods”, the manual performance was

also tested while the monkeys grasped pellets within a
restricted space, corresponding to the Brinkman box

@ Springer

(Fig. 1b, right panel). The total time to empty the 20 slots
was measured and illustrated for three typical monkeys in
Fig. 4. The pre-lesion performance is represented by the
average value (horizontal solid line) and a limit for a sta-
tistically significant deviation given by the average pre-
lesion total time + 2SDs (horizontal dashed line). The
monkeys Mk-MO and Mk-VA both exhibited a significant
increase in total time for the ipsilesional hand for just over
20 days post-lesion. This increase in total time is, however,
clearly less prominent and more transient than the one
observed for the contralesional hand (plots on the right in
Fig. 4). A deficit for the ipsilesional hand was also present
in Mk-SL (not shown). In contrast, Mk-RO (Fig. 4, bot-
tom) does not show an increase in total time for the
ipsilesional hand in the Brinkman box, except the very first
post-lesion daily session. The contralesional hand of
Mk-RO showed a clear and long lasting increase of total
time. As for Mk-RO, no deficit was observed in the
Brinkman box task for five other monkeys (Table 2).

Effect of transient (reversible) unilateral motor cortex
lesion (M1) on manual dexterity

The above data were derived from the assessment of
manual dexterity in the ipsilesional hand after permanent
unilateral lesion of M1 induced by infusion of ibotenic
acid. Although it was possible, with our experimental
protocol, to still observe the impact on manual perfor-
mance already few days after lesion, one cannot exclude a
kind of rapid re-arrangement of the system of control of
ipsilateral manual dexterity, thus masking a possible role
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actually played by the motor cortex on the ipsilateral hand
in the normal state. To circumvent this limitation, one may
use the approach of pharmacological reversible inactiva-
tion, by infusing muscimol unilaterally in the hand rep-
resentation of M1, as performed in Mk-LA in two separate
sessions. On the same daily session, the manual perfor-
mance was first assessed in the Modified Brinkman Board
task immediately before infusion of muscimol (see
Table 1). Then, a few minutes after infusion of muscimol,
the manual skill task was repeated. As expected, con-
firming the efficacy of the inactivation, the retrieval score
for the hand opposite to the inactivated M1 dropped to
zero, indicative of a complete loss of the ability to grasp
pellets (not shown; see however Kermadi et al. 1997). In
contrast, the hand ipsilateral to the transiently inactivated
M1 was still able to grasp pellets, although the retrieval
score dropped to some extent as compared to the pre-
infusion score. Across two distinct reversible inactivation
sessions (Fig. 5a for Mk-LA), the retrieval score for the
hand ipsilateral to the reversibly inactivated M1 decreased
within a range of 30-73% for the vertical slots and of
25-33% for the horizontal slots (Fig. 5a; Table 2). Con-
sistent with this drop in retrieval score, the contact time
increased after the infusion of muscimol as compared to
prior to the infusion (Fig. 5b; Table 2). The increase in
contact time was more prominent for the grasping of the
pellets from the horizontal slots than for the vertical slots
(Fig. 5b), reaching an increase of about 100% for the
horizontal slots (i.e. the time needed for successful
grasping doubled).

Are the effects on manual dexterity with the ipsilesional
hand (partly) mediated indirectly via proximal muscles?

The transient deficits observed above for the manual dex-
terity with the ipsilesional hand after unilateral motor
cortex lesion may be due to a dysfunction of cortical ter-
ritories giving rise to the uncrossed corticospinal projec-
tion, involved mainly in the control of proximal muscles
(e.g. Lemon 2008). Indeed, if some of the injections of
ibotenic acid, aimed at the hand representation, spread to
more proximal territories (elbow, shoulder), a dysfunction
in the reaching phase as well as in the control of forelimb
posture may indirectly impact on the manual dexterity. To
address this issue, on the ICMS maps, the sites of ibotenic
acid infusion close (less than 2 mm) to proximal muscles
territories were identified (purple x symbols in Fig. 6) and
the corresponding real distances (to proximal ICMS sites)
in the original 3D coordinates system were calculated for
each of these sites of injection (Fig. 7; Table 2).

The number of sites of infusion of ibotenic acid close to
proximal territories was plotted in Fig. 7a for the individual
monkeys as a function of the effects observed on the
behavioral tasks described above (no effect = 0; deficit
observed for one manual dexterity task = 1; deficit
observed for two manual dexterity tasks = 2). There is no
correlation between the number of sites infused close to
proximal territories (elbow, shoulder) and the number of
tasks for which an ipsilesional deficit of manual dexterity
was observed. When plotting the average distance between
the infused sites and the closely located proximal territories

A Effect of muscimol inactivation on retrieval score (Modified Brinkman board task)
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Fig. 5 Immediate effect of reversible inactivation of the M1 hand
representation unilaterally in Mk-LA, obtained by infusion of
muscimol, on the dexterity of the ipsilateral hand. Two distinct
sessions are illustrated (sessions 1 and 2). a The plots show the effect
of muscimol infusion on the retrieval score in the Modified Brinkman
Board task. b The plots show the effect of muscimol infusion on the
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contact time in the Modified Brinkman Board task. a, b The black
bars are the pre-infusion data (before inactivation), whereas the gray
bars are for the post-infusion data (after inactivation). Retrieval
scores and contact times are given separately for the vertical and
horizontal slots
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Fig. 6 Representative unfolded ICMS maps (in the left hemisphere)
of the forelimb before lesion, derived from two animals, Mk-BI
(a) and Mk-SL (b), with positions of ICMS sites selected for infusion
of ibotenic acid (x symbols) to produce the lesion of the hand area.
The method to unfold the rostral bank of the central sulcus has been
described previously (Kaeser et al. 2010). As several electrode tracks
running within the same rostrocaudal plane along the rostral bank of
the central sulcus are projected on the same line segment, some ICMS
sites and/or sites of ibotenic acid infusion may be superimposed. On
these surface maps, a few ICMS sites eliciting contralateral finger
movements (yellow circles), where ibotenic acid was infused, appear
to be located close (less than 2 mm) to ICMS sites corresponding to
representation of proximal muscles (elbow and shoulder, green and
blue circles, respectively). Such sites of infusion of ibotenic acid are
depicted by the purple x symbols. The real distance between such sites
of infusion of ibotenic acid and the proximal ICMS sites (identified on
the maps by purple polygons) was calculated from the original 3D
coordinates system. These distance data are presented in Fig. 7 and
Table 2. CE central sulcus, fCE fundus of the central sulcus. As coded
on the bottom right corner, the size of the circles represents the ICMS
threshold at which the just noticeable movement was observed. The
body territory (digit, wrist, elbow or shoulder) activated by the ICMS
is given by the color code (bottom left). For clarity, at the periphery of
the forelimb representation, sites eliciting movements of other
territories (e.g. face) or unresponsive were not represented

with respect to the number of manual dexterity tasks for
which a deficit was observed (Fig. 7b), there is no sys-
tematic relationship either. The data in Fig. 7 thus suggest
that the deficits of manual dexterity with the ipsilesional
hand do not result from a systematic spread of ibotenic acid
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to proximal territories in the monkeys exhibiting more
deficit than the other animals.

Discussion
Interpretation of the behavioral data

To the best of our knowledge, the originality of the present
study lies in a systematic and quantitative assessment of the
manual performance deficit for the ipsilesional hand
resulting from unilateral lesion of M1 in non-human pri-
mates targeting the hand representation. Indeed, most
previous studies on motor cortex lesion in adult monkeys
were focused on the contralesional hand (e.g. Passingham
et al. 1983; Friel and Nudo 1998; Liu and Rouiller 1999;
Frost et al. 2003; Plautz et al. 2003; Pizzimenti et al. 2007;
Eisner-Janowicz et al. 2008; Murata et al. 2008; Darling
et al. 2009).

Based on 3 parameters characterizing manual perfor-
mance in 11 macaque monkeys (Table 2), the present study
provides evidence that a unilateral permanent lesion of the
hand representation in M1 does not induce a systematic and
long lasting deficit of motor control for the ipsilesional
hand, in contrast to the dramatic deficit observed for
the contralesional hand. This conclusion (Figs. 2, 3, 4;
Table 2) is in line with the general notion that the corti-
cospinal (CS) projection responsible for fine manual con-
trol is largely crossed (about 90% of CS axons decussate)
and terminates on distal motoneurons, whereas the
uncrossed CS projection exerts its control mostly on
proximal and axial muscles (e.g. Brinkman and Kuypers
1973). For each of the three parameters we assessed, there
was, however, a minority of monkeys exhibiting a modest
(but statistically significant) deficit of manual performance
for the ipsilesional hand, limited to a few days immediately
following the lesion. How serious are these deficits? For
the retrieval score data, significant deficits were found in 4
monkeys (out of 11), limited however to 1-3 daily sessions
immediately after the lesion. The extent of the deficit (i.e.
the decrease in retrieval score) ranged from 30 to 50%,
with the exception of 80% in one monkey on one single
daily session. Considering the contact time data, the defi-
cits were also moderate (though significant) but, again, in
few monkeys (3 out of 11). Out of the five contact times
recorded for each slot orientation in each daily session,
most often only a single measurement exceeded the upper
confidence limit derived from the pre-lesion period
(Fig. 3). In the three monkeys showing a modest deficit, in
very rare daily sessions two recorded contact times within
the same daily session exceeded the confidence limit
(Fig. 3: Mk-RO). However, such cases were limited to one
to two daily sessions. The contact time data are thus
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Fig. 7 To assess whether transient deficits for manual dexterity
performed with the ipsilesional hand may be due to a spread of
ibotenic acid to proximal territories in M1, the number of infusion
sites closely located to elbow or shoulder ICMS sites were plotted for
individual monkeys as a function of the number of manual dexterity
tasks for which a deficit was observed (a none, one or two; see

indicative of a very modest effect of the motor cortex
lesion on the ipsilesional hand’s manual dexterity per se
(specific precision grip ability). As the majority of contact
times remained normal in each daily session, it can be
concluded that there is no crucial ipsilateral control of the
motor cortex on manual dexterity. The lesion of the motor
cortex thus appeared to affect slightly more the retrieval
score than the contact time. In other words, the effect of the
lesion on the ipsilesional hand was more on components of
the task distinct from the manual dexterity itself.
Following this deduction, the effect of the lesion on the
ipsilesional hand as assessed with the total time to empty
the Brinkman box was more prominent, when present, as
observed in three monkeys (Mk-MO, Mk-VA and Mk-SL;
see Fig. 4). Indeed, in these three monkeys, the effect
lasted at least 20 days and was present in about 50% of
daily sessions during this post-lesion time window. This
observation is consistent with the notion that the Brinkman
box task requires a more precise control of the forelimb
posture, as the space to access the slots is more restricted
than in the Modified Brinkman Board task. As a conse-
quence, more proximal muscles (in part under the control
of the uncrossed CS projection) contribute to performance
in the Brinkman box task, which are likely to be more
affected by an ipsilateral lesion of the motor cortex than
distal muscles specialized for manual dexterity per se.
Nevertheless, it remains that the majority of monkeys (8
out of 11) did not exhibit a deficit in the Brinkman box task
(Table 2), again supporting the notion that the effect of the
lesion on the ipsilesional hand is modest, at least for the
behavioral tasks considered in the present study. This
conclusion is supported by the observation that the deficits
seen for the three parameters (Table 2) are not present
systematically in the same three to four monkeys. No
monkey showed a deficit of the ipsilesional hand for all
three parameters, whereas only three monkeys (Mk-SL,
Mk-MO and Mk-VA) showed a deficit for two of the three
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Table 2). Similarly, in b, the average distance from ibotenic acid
infusion sites to the closely located proximal ICMS sites was plotted
for individual monkeys as a function of the number of manual
dexterity tasks for which a deficit was observed. Mk-AV and Mk-JO
were not considered as their [ICMS map was incomplete (see Table 2)

parameters. Four monkeys exhibited a deficit for only one
parameter (Mk-GE, Mk-RO, Mk-BI and Mk-JA). Finally,
four monkeys showed no deficits at all, although two of
them were not tested for the Brinkman box task (Table 2).
Surprisingly, the three monkeys exhibiting deficits of the
ipsilesional hand for two of the three parameters were those
subjected to anti-Nogo-A antibody treatment. It cannot be
ruled out that the presence of the osmotic pumps delivering
the antibody during 4 weeks may have contributed, at least
in part, and indirectly, to these slight deficits. Considering
the monkeys showing deficits of manual performance with
the ipsilesional hand for either one or two parameters, there
is no obvious correlation with the size and/or the precise
position of the lesion (Fig. 1). Moreover, deficits in the
ipsilesional hand’s manual performance during the days
following the lesion of M1 did not correlate with the
presence or absence of enhancement of manual perfor-
mance of the ipsilesional hand on the long-term, found in
the monkeys which recovered best their manual perfor-
mance for the contralesional hand (Kaeser et al. 2010).
Finally, there was no systematic relationship between the
deficits observed for the ipsilesional hand in some monkeys
for one or two motor parameters (Table 2) and the pres-
ence/absence of subcortical lesion in the white matter
(Table 1). At the other extreme (no deficit), one animal
(Mk-AV) was characterized by a very rostral lesion, loca-
ted mainly in PM, in line with moderate deficits for the
contralesional hand and no deficit for the ipsilesional hand.

The deficits observed in the Brinkman box task (increase
in the total time that lasted 20 days) for three monkeys
after permanent lesion of the motor cortex (Table 2), and
while retrieving the pellets from the horizontal slots for
Mk-LA that received a reversible lesion, suggest that the
impact of the lesion may be indirect via an effect on the
posture of the hand. Indeed, the Brinkman box task
requires precision control of the hand posture (wrist mus-
cles) within a restricted space in order to perform the
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grasping. In Mk-LA, the predominant effect on the hori-
zontal slots is consistent with the notion that grasping is
more difficult from the horizontal slots, requiring an
additional postural adjustment of the hand, as compared to
the vertical slots (see Freund et al. 2009).

Comparison with previous non-human primate studies

Few studies on motor cortex lesions have investigated the
effects on the ipsilesional hand. In a recent study, mar-
mosets trained to catch a food reward in the “Hill-and-
Valley staircase” test exhibited a deficit lasting about
1 week post-lesion (Bihel et al. 2010), comparable to the
transient deficits observed here in a few monkeys. How-
ever, the cortical lesions in the marmosets were clearly
larger than those in the present study (2-5 times), espe-
cially considering the smaller size of the marmoset’s brain.
As a consequence, the deficit observed in the marmoset for
the ipsilesional hand cannot be interpreted as a specific
reduction of manual performance, as the lesion spread to
more proximal territories in M1, as well as other cortical
and subcortical areas. In a previous study, using a similar
behavioral test, it was reported that the ipsilesional hand
exhibited some deficit, but it was suggested that this deficit
was due more to perceptual neglect of the contralesional
hemispace than a true motor deficit (Marshall et al. 2003).

A fine motor test (grasping of food pieces) was per-
formed in macaques subjected to a unilateral middle
cerebral artery occlusion (Roitberg et al. 2003). As
expected, after lesion affecting the motor cortex, the con-
tralesional hand was completely unable to perform the
grasping. In contrast, the task was performed successfully
with the ipsilesional hand, though more slowly as com-
pared to pre-lesion. The difference, however, was not sta-
tistically significant. This result is consistent with a
decrease in the retrieval score observed for the ipsilesional
hand in the present study in 4 out of 11 monkeys. Once
more, the lesion performed by Roitberg et al. (2003) was
less constrained to the hand area than that produced in the
present study with the infusion of ibotenic acid at sites
identified with ICMS.

Possible confounding factors

The deficit observed for the ipsilateral hand already a few
minutes after unilateral infusion of muscimol in M1 in Mk-
LA (Fig. 5), and comparable to the deficits observed in
some of the monkeys subjected to permanent lesion
(Table 1), allows to rule out that the latter deficits are due
to a general degradation of the health condition of the
animal following the infusion of ibotenic acid in M1. In
fact, except the expected flaccid paralysis restricted to the
contralesional hand, the monkeys did not exhibit other
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pathological signs, in line with a permanent lesion
restricted to the hand representation of M1.

Out of 11 monkeys (Table 1), 5 animals were subjected
to a treatment, anti-Nogo-A antibody (n = 3) or cell
therapy (n = 2). What may be the influence of these
treatments on the manual performance of the ipsilesional
hand within the first few weeks post-lesion (up to 60 days)?
As mentioned above, in the case of the anti-Nogo-A anti-
body-treated monkeys, an indirect influence exerted by the
osmotic pumps cannot be ruled out. However, a direct
negative effect of the anti-Nogo-A antibody treatment is
unlikely as one would have expected instead a neuropro-
tective effect (instead we observed a deficit in the ipsile-
sional hand in the three treated monkeys). Furthermore, the
enhancement of functional recovery for the contralesional
hand possibly promoted by the anti-Nogo-A antibody
treatment occurs later than 60 days (unpublished data). The
delay for enhancement resulting from cell therapy is also
longer than 60 days (Kaeser et al. 2011).

Implication of the present study

The variability of the effects of the motor cortex lesion on
the ipsilesional hand’s manual performance across mon-
keys (Table 2) may be consistent with the presence of a
small territory in M1 from which motor commands are
issued toward distal muscles (see Aizawa et al. 1990). Due
to its small size and possibly its variable position across
monkeys, it is plausible that the lesions performed in the
present study involved this “ipsilateral” territory in some
monkeys and not in others. The presence of few ICMS sites
in M1 activating ipsilateral distal muscles was not found in
the present study because, in contrast to the study of Aiz-
awa et al. (1990), only overt movements were investigated
here, an approach less sensitive than recording EMG
activity. Furthermore, at most ICMS sites, we did not
systematically apply high current intensity, to prevent
cortical damage, and therefore the ICMS may have been
sub-threshold to elicit ipsilateral distal movements. Nev-
ertheless, the present data also suggest an indirect effect via
a transient perturbation of the postural hand control,
involving primarily more proximal (wrist) muscles.

The general conclusion of the present study that a uni-
lateral lesion of the motor cortex has only modest effects
on the performance of the ipsilesional hand thus suggests
that the neuronal activities observed in M1 in monkeys
performing ipsilateral hand movements (Matsunami and
Hamada 1981; Aizawa et al. 1990; Chen et al. 1991;
Donchin et al. 1998, 2002; Kermadi et al. 1998, 2000;
Kazennikov et al. 1999; Cisek et al. 2003) are most likely
related to activation of more proximal muscles (for postural
adjustments) and/or activities aimed at preventing simul-
taneous movements of the opposite hand. From the clinical
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point of view, if a patient exhibits a clear deficit of the
ipsilesional hand after cortical lesion, it is likely to be
associated to a lesion that is not limited to M1 but rather
includes adjacent cortical territories (e.g. premotor cortical
areas) more engaged in the control of both hands than M1.
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