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ABSTRACT

Voluntary movements, such manual dexterity with independent use of
fingers, strongly depend on the corticomotoneuronal projection system in
primates. Furthermore, the cortico-basal ganglia-thalamo-cortical and
cortico-cerebello-thalamo-cortical loops contribute to shape motor
commands for manual dexterity. The thalamocortical projections to
multiple motor cortical areas represent a crucial terminal projection step
underlying these two subcortical influences. The present study aimed at
investigating whether the thalamocortical projection terminating in the
premotor cortex is affected following a lesion restricted to the
homolateral primary motor cortex in adult macaque monkeys. The
thalamocortical projections to the premotor cortex were compared
between intact monkeys (n=3) and monkeys subjected to a unilateral
lesion of the homolateral primary motor cortex hand area (n=7), using
the biotinylated dextran amine retrograde tract-tracing method. The
group of 7 lesioned monkeys was subdivided into a subgroup of 4
untreated subjects, while a subgroup of 3 subjects was treated with an
anti-Nogo-A antibody. The biotinylated dextran amine retrogradely
labelled thalamocortical neurons projecting to the premotor cortex were
charted and quantified across different thalamic nuclei. The absolute
total numbers of thalamocortical stained neurons were considered for
further analysis and inter-subgroups’ comparison. As compared to intact
monkeys, the thalamocortical projections’ density in lesioned untreated
monkeys was strongly reduced (about 6x less). In the anti-Nogo-A
antibody treated subgroup (also lesioned), the density of thalamocortical
projection was less reduced (about 3x), as compared to intact monkeys.
To minimize interindividual variability related to the tracer injection sites’
properties, the numbers of thalamocortical stained neurons were
normalized in each monkey based on the numbers of biotinylated
dextran amine labelled corticospinal axons. The normalization yielded
comparable results as the absolute thalamocortical numbers, with
however a more pronounced, actually complete separation between the
3 respective ranges of data points corresponding to the 3 monkeys’
subgroups. In conclusion, the lesion of the primary motor cortex induced a
sharp downregulation of thalamocortical projections to the homolesional
premotor cortex, which was moderately minimized by the anti-Nogo-A
antibody treatment.

Keywords: thalamocortical projection, thalamus, cortical lesion, anti-
Nogo-A antibody, neuroplasticity, tract-tracing, motor control, non-human
primates
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Abbreviations

AD anterior dorsal nucleus

AV anterior ventral nucleus
BDA biotinylated dextran amine
CL central lateral nucleus

CeM centromedial nucleus

CM centromedian nucleus

CS corticospinal

ICMS intracortical microstimulation
LD lateral dorsal nucleus

LP lateral posterior nucleus
MD mediodorsal nucleus

M1 primary motor cortical area
PC paracentral nucleus

PU pulvinar nucleus

PM premotor cortex

PMd dorsal premotor cortex
PMd-c caudal part of PMd

PMd-r rostral part of PMd

PMv ventral premotor cortex
PMv-c caudal part of PMv

PMv-r rostral part of PMv

R reticular nucleus

SMA supplementary motor cortical area
TC thalamocortical

VA ventroanterior nucleus

VM ventromedial nucleus

VL ventrolateral nucleus

VP ventroposterior nucleus

ZI zona inserta
Introduction

In non-human primates, the multiplicity of motor cortical
areas 7 and the corticomotoneuronal projection system
610-15 gre key structures underlying the exquisite ability
of primates to finely and independently control their
fingers’ movements, corresponding to manual dexterity
but see also 16,17 Following a unilateral lesion of the hand
area in the primary motor cortex (M1) in adult
macaques, an acute phase of dramatic loss of manual
dexterity of the contralesional hand follows, lasting a
few weeks e¢ 1834, A spontaneous, progressive
functional recovery of manual dexterity then takes
place, reaching a plateau of usually incomplete
recovery. The intact ipsilesional premotor cortex (PM)
plays an important role in the functional recovery from
lesion of the primary motor cortex, in particular with a

remodeling of its efferent and afferent projections
20,22,28,31,32,35-48

Although the corticospinal projection is essential for
manual dexterity, other motor pathways play a role in
shaping the voluntary movements, in particular the
cortico-basal ganglia-cortical and cortico-cerebellum-
cortical loops ©9¢-4349-58, The basal ganglia and the
cerebellum receive efferent copies of the motor
commands issued by the motor cortical areas, which are
processed locally and then re-injected to the motor
cortical areas of origin via the thalamus. The final step
of these two loops thus includes a thalamocortical (TC)
projection, in the form of pallido-thalamocortical and
cerebello-thalamocortical projection systems 505971, As
outlined above, after lesion of the primary motor
cortex, the adjacent premotor cortex is strongly

reorganized with respect to its efferent (cortico-
supraspinal, corticospinal) and afferent (corticocortical)
projections. What about its motor afferent inputs from
the thalamus, i.e. the thalamocortical projections to the
premotor cortex? As compared to intact monkeys, and
following a unilateral lesion of the primary motor
cortex, is the thalamocortical projection to the
ipsilesional premotor cortex modified? If yes, is it
downregulated or upregulated, reflecting a functional
adaptation, possibly related to the incomplete
functional recovery taking place a few months after the
lesion of the primary motor cortex? Finally, what is the
impact of an anti-Nogo-A antibody treatment on this
thalamocortical projection to the premotor cortex,
considering that this therapy enhanced the functional
recovery of manual dexterity from the primary motor
cortex lesion 2728332 To address these questions, using
the retrograde Biotinylated Dextran Amine (BDA) tract-
tracing method, the origin and strength of the
thalamocortical projections to the premotor cortex were
established in 3 subgroups of monkeys: (i) 3 intact
monkeys; (ii) 4 untreated monkeys subjected to a lesion
of the primary motor cortex; (iii) 3 monkeys treated with
the anti-Nogo-A antibody and also subjected to a lesion
of the primary motor cortex.

Material and Methods

The present retrograde tracing data are derived from
experiments conducted on 10 adult monkeys (Macaca
fascicularis; Table 1), with ages ranging between 4 and
10 years (median=5 years old) and weights between
2.6 and 10 kg (median=4 Kg). All monkeys (MKs) were
included in one or the other of our previous tract-tracing
and/or primary motor cortex lesional investigations
20,27,28,33,39,47,4872:77, Surgical procedures and animal
care (including housing in the animal facility: see
www.unifr.ch/spccr/about /housing) were conducted in
accordance with the Guide for the Care and Use of
Laboratory Animals (ISBN 0-309-05377-3; 1996) and
were approved by local (canton of Fribourg:
“commission de I'expérimentation animale” et “vétérinaire
cantonal”’) and federal (Swiss: “office vétérinaire
fédéral”) veterinary authorities (official authorizations FR
24/95/1; FR 44/92/3; FR 157/01, FR 157/03, FR
166-03, FR-166-05, FR 157/04, FR 156/04, FR
156/06, FR 157e/06; FR 206/08, FR 185-08, FR
192/07, FR 192/07E, 19017, 22010, 2014-FR-42E, FR
17-09, FR 18-10). In the animal facility specifically
designed for non-human primates, groups of 2-5
monkeys were housed in a 45 m3 room for each group.
In addition, for each room, monkeys had access to an
additional outdoor space (12-15 m3). The monkeys had
permanently free access to water in the animal facility
and furthermore they were not food restricted.

The surgical procedures for unilateral permanent
lesioning of the hand area in the primary motor cortex
with infusion of ibotenic acid (including intracortical
micro-stimulation procedures) and for the injections of
the tracer Biotinylated Dextran Amine (BDA) in the
premotor cortex were described in great detail earlier
and are therefore not repeated here 2026-28,34,39,78-87,
Biotinylated Dextran Amine is typically an anterograde
tracer, but it can also be used as retrograde tracer, as
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previously reported 39787982, The anti-Nogo-A antibody
treatment 84-86,88.89 was administered in 3 of the primary
motor cortex lesioned monkeys (Table 1) as previously
reported 2728, At the end of the experiment, the
monkeys were euthanized and the brain tissue was
prepared for histology as described earlier 78. Frontal
sections (50 um thick) of the brain were then cut in the
frontal plane and collected in five series. Biotinylated
Dextran Amine staining was revealed in one series of
sections 78. A second series of sections was Niss| stained
with cresyl violet, whereas a third series of sections was
processed to visualize the marker SMI-32, as previously
described 839092, Two remaining series of sections were
kept in reserve. The Nissl and SMI-32 consecutive
stained histological sections were used to reconstruct the
position and extent of the permanent lesion in the
primary motor cortex as previously reported 27.3439.93,
as well as to establish the parcellation of the thalamus,
according to available cytoarchitectonic criteria and
nomenclature 9499, The position and extent of the
Biotinylated Dextran Amine injection sites in the dorsal
premotor cortex (PMd) and/or in the ventral premotor
cortex (PMv) were derived from the reconstruction of
Biotinylated Dextran Amine stained sections (Table 1; see
alse 39,7274) The same series of Biotinylated Dextran
Amine stained sections allowed to establish the
distributions of retrogradely BDA-labelled
thalamocortical neurons in the ipsilateral thalamus,
plotted with the aid of Neurolucida ™ (MicroBrighField,

Inc, Colchester, VT, USA). The plotting of the Biotinylated
Dextran Amine labelled neurons was done at T mm
intervals (1 every 4 sections in the BDA series along the
rostro-caudal axis), by visualizing and charting every
individual neuron on each analysed section,
corresponding to a quantification method based on
exhaustive plotting, instead of stereology 7274,

Images of plotted sections were processed using Corel
Draw 14.0 software and labelled neurons were then
superimposed on photomicrographs obtained from the
corresponding Nissl and/or SMI-32 stained sections
series (Figures 1 and 2). Typical BDA labelled
thalamocortical neurons are illustrated in Figure 1
(panel J), showing also the presence of two gray halos,
in the middle and on the upper right (arrows): they
correspond to zones of dense axonal terminals emitted
by the reciprocal corticothalamic  projection,
anterogradely labelled with BDA.

In addition, the number of BDA labelled corticospinal
(CS) axons was determined, as previously reported 7274,
and used for the normalization procedure (Table 1): for
each monkey, the total absolute number of BDA
labelled thalamocortical neurons was divided by the
number of BDA labelled CS axons * 1000 (Table 1).
The same normalization procedure was applied in

previous ftract-tracing studies from this laboratory
39,47,48,72-77
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Table 1 Intact M1 lesion - untreated M1 lesion - freate.d with anti-Nogo-A
antibody
Monkey ID Mk-CH Mk-R13 Mk-R12 | Mk-CE Mk-GE Mk-RO Mk-BI Mk-VA Mk-MO Mk-LA
Species fasc. fasc. fasc. fasc. fasc. fasc. fasc. fasc. fasc. fasc.
Sex male female female male female male male male male female
M1 Lesion No No No Yes @ Yes @ Yes @ Yes @ Yes @ Yes @ Yes ©
M1 Lesion volume (mm3) - - - 112.8 48.7 14 20.13 20 41.8 3.1
Treatment None None None None None None None Anti-Nogo-A | Anti-Nogo-A | Anti-Nogo-A
Age at lesion (rounded 0.5 year) 10 4.5 5 4.5 5 4 5 5.5 5.5 5
Weight at lesion (Kg) 6# 4# 4# 3.8 2.8 3.2 5 4.9 5.6 2.6
Volume of BDA injected (ulL) 8 8.8 7.2 16 2.1 4.8 7.2 5 10.8 2
Nb. BDA injected sites in PM 10 11 9 16 5 6 11 5 12 5
PM areas injected with BDA PMd/PMve | PMd/PMvb PMd b PMd @ | PMd/PMve | PMd e | PMd/PMv e | PMd/PMy @ PMd/PMve PMd/PMyv ¢
Nb. BDA labelled TC cells 3950 4157 1842 735 716 242 792 1602 1927 618
Nb. of BDA labelled CS axons 1201 1802 1473 1810 885 543 1328 1312 1975 763
Normalized Nb. BDA lab. TC cells & 3289 2307 1251 406 809 446 596 1221 976 810

& Normalization procedure: see methods. See also list of abbreviations.
a the position and extent of the M1 lesion and of the BDA injection site in those monkeys can be seen in Hamadijida et al., 2012 39.
b the position and extent of the BDA injection site can be seen in Fregosi et al., 2017 72,
< the position and extent of the M1 lesion and of the BDA injection site in Mk-LA can be seen in Figure 2J (see also Gindrat et al., 2025 77).

© 2026 European Society of Medicine




Thalamocortical projections to the premotor cortex following unilateral

Figure 1

Panels A to I: Nissl-stained frontal sections of the thalamus, from rostral (A) to caudal (1), 1 mm interval (Mk-R13). Scale bar: 1T mm. The superimposed black dots display the
BDA labelled thalamocortical neurons. See list of abbreviations and Table 2 for the nomenclature of thalamic nuclei.

Panel J: Photomicrograph of BDA retrogradely labelled thalamocortical neurons (dark spots; scale bar: 100 mm). The inset on the bottom left is an enlargement, showing 2
labelled neurons (scale bar=50 mm). See text for the description of halos pointed by the 2 arrows.

© 2026 European Society of Medicine 5



Thalamocortical projections to the premotor cortex following unilateral

---- F

Figure 2
Panels A to I: Nissl-stained frontal sections of the thalamus, from rostral (A) to caudal (1), 1 mm interval (M1 lesioned Mk-MO). Scale bar: T mm. Same conventions as in Figure 1.
Panel J: Lateral view of the left hemisphere of Mk-LA, with position and extent of the M1 lesion (red area) and of the BDA injection site in the premotor cortex (dark green spot
for the core of the injection site and pale green spot for the halo, not published before). Scale bar: 10 mm.

© 2026 European Society of Medicine 6



Results

The BDA tract-tracing experiments were conducted on
10 adult macaques, as listed in Table 1. The latter
(bottom lines) also indicates the precise articles from this
laboratory in which the primary motor cortex lesion
extent and position were displayed for each of the 7
individual monkeys subjected to such lesion. The volume
of the primary motor cortex lesion for each monkey is
reminded in Table 1. Three of the 7 monkeys subjected
to the unilateral primary motor cortex lesion received an
anti-Nogo-A antibody treatment, which enhanced the
functional recovery of manual dexterity, as compared to
untreated monkeys 272833, Table 1 also indicates the
previously published articles in which the BDA injection
sites were reconstructed and displayed for each of the
10 monkeys (including the 3 intact ones), except Mk-LA
whose injection site is shown in Figure 2 (panel J). As a
result of BDA injection in the premotor cortex (in PMd
and PMv, or in PMd alone: see Table 1), retrogradely
labelled neurons were observed and charted in the
ipsilateral thalamus, corresponding to thalamocortical
neurons (Figs. 1 and 2). The numbers of thalamocortical
stained neurons were established in the different
subdivisions of the thalamus, a distribution expressed in
percentages (Table 2). As expected, the vast majority
of BDA labelled thalamocortical neurons were located in

the ventral group (range 69-92% across monkeys),
mostly in the ventrolateral nucleus of the thalamus. The
number of BDA labelled thalamocortical neurons was
significant and fairly consistent across monkeys in the
medial group (range 5-16%), while it was more
variable inter-individually and, in most cases smaller in
the other thalamic groups (anterior, lateral and
intralaminar).

Further quantitative analysis was conducted on the total
numbers of BDA labelled thalamocortical neurons in
each monkey (Table 1). As shown in Figure 3 (left part
of the graph), these absolute total numbers show a
largely segregated distribution of these data points
across the 3 subgroups of monkeys. As a result of the
primary motor cortex lesion, the 4 untreated monkeys
exhibited a dramatic decrease of the numbers of
labelled thalamocortical neurons (range 242 to 792), in
comparison to the 3 intact monkeys (range 1842 to
4157). In 3 other primary motor cortex lesioned
monkeys, but subjected to an anti-Nogo-A antibody
treatment, the strong decrease of the numbers of
thalamocortical labelled neurons due to the lesion was
somewhat attenuated by the treatment (range 618 to
1927).
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Figure 3

For each monkey, distribution of the numbers of BDA labelled thalamocortical neurons, given by their absolute numbers
(left half of the graph) or by normalized numbers (right half of the graph), for the 3 subgroups of monkeys
distinguished by different colors and distinct symbols. For each subgroup, the rectangle indicates the dispersion of the
data points. The corresponding data points are listed in Table 1.
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Table 2: Percentages of BDA thalamocortical labelled cells in the various thalamic groups and nuclei (intact and M1 lesion monkeys)

Thalamic groups / nuclei Intact M1 lesion / Untreated M1 lesion / Anti-Nogo-A Treated
Mk-CH Mk-R13 | Mk-R12 | Mk-CE | Mk-GE | Mk-RO Mk-BI Mk-VA Mk-MO Mk-LA
Anterior group AM 1.11 0.1 0 0 0 0 0 0.37 0.67 0
AV 1.42 0.31 0 0.14 0 0 0 0.12 1.45 0
AD 0.23 0 0 0.68 0 0 0 0 0 0
LD 0.58 0.72 0.05 0.14 0 0.83 0.25 0.44 0 0.16
Sub-Total 3.34 1.13 0.05 0.96 0 0.83 0.25 0.93 2.12 0.16
Ventral group VA 24.53 16.91 6.73 10.75 2.93 1.24 4.04 3.68 15.2 3.4
VL 36.28 52.66 64.93 52.11 73.04 78.51 79.42 58.55 60.98 76.86
VM 6.99 5.92 0.16 2.58 3.35 0 5.81 5.12 5.35 1.78
VP 1.44 0.43 2.5 6.39 6.15 0 2.27 9.11 0 2.75
Sub-Total 69.24 75.92 74.32 71.83 85.47 79.75 91.54 76.46 81.53 84.79
LP 3.27 2.98 9.5 2.04 0.28 0 0 3.37 2.7 0
Lateral group PU 4.78 1.23 2.33 10.48 0 0 0 2.75 0 0
Sub-Total 8.05 4.21 11.83 12.52 0.28 0 0 6.12 2.7 0
Medial group MD 13.19 14.05 10.8 5.71 10.2 16.11 8.21 4.68 10.43 11.65
Sub-Total 13.19 14.05 10.8 5.71 10.2 16.11 8.21 4.68 10.43 11.65
Intralaminar group PC 0.51 0.46 0 0 1.12 0 0 0.19 0.93 0
CL 4.33 2.74 2.08 6.94 0.56 2.48 0 3.37 1.5 1.94
CM 1.34 1.49 0.92 2.04 2.37 0.83 0 8.24 0.78 1.46
Sub-Total 6.18 4.69 3 8.98 4.05 3.31 0 11.8 3.21 3.4
Total percentages 100 100 100 100 100 100 100 100 100 100
Total absolute mumbers 3950 4157 1842 735 716 242 792 1602 1927 618

AD: anterior dorsal nucleus; AM: anteromedial nucleus; AV: anterior ventral nucleus; CL: central lateral nucleus; CM: centromedian nucleus; LD: lateral dorsal
nucleus; LP: lateral posterior nucleus; MD: mediodorsal nucleus; PC: paracentral nucleus; PU: pulvinar nucleus; VA: ventroanterior nucleus;
VL: ventrolateral nucleus; VM: ventromedial nucleus; VP: ventroposterior nucleus

© 2026 European Society of Medicine




The absolute numbers of BDA-labelled thalamocortical
neurons may be biased to some extent by the
variability of several parameters related to the multiple
injection sites, in particular the volume of BDA injected
or the number of infusion sites (Table 1). To tentatively
minorize the impact of this variability, a normalization
procedure was introduced in earlier tract-tracing studies
from this laboratory 47487276 hased on the number of
BDA-labelled corticospinal (CS) axons observed above
the pyramidal decussation, and originating from layer V
in the injected motor cortex. This normalization based on
labelled corticospinal axons is relevant considering that
the cortico-cerebellar-thalamo-cortical loop also takes
its origin in layer V, via the efferent projections directed
to pre-cerebellar nuclei (e.g. pontine nuclei). This may
also apply to the cortico-striatal-pallido-thalamo-
cortical loop, believed to originate from layer V as
well.’0 However, more recent data showed that the
origin of the corticostriatal projections from motor
cortical areas is more complex, spread across layers Il
to VI 101 Nevertheless, the layer V may still be
representative, at least to some extent, of the output of
the adjacent layers lll and VI, directed to the striatum.
The numbers of BDA-labelled corticospinal axons used
for normalization are listed for each monkey in Table 1.
For normalization, in each monkey the total number of
thalamocortical labelled neurons was divided by the
number of corticospinal axons, multiplied by 1000

(Table T1). The normalized numbers of BDA-labelled
thalamocortical neurons were plotted in the right part of
Figure 3. Although the effect of the normalization was
not massive, it still enhanced the segregation between
the 3 subgroups of monkeys, with an absence of overlap
between the three corresponding ranges of data points.
In addition, within each subgroup of monkeys, the
normalization reduced the dispersion of the 3-4 data
points (Fig. 3). To summarize the results of the present
study, both the absolute and normalized data support
the conclusion that, after a primary motor cortex lesion,
the thalamocortical projection to the ipsilesional
premotor cortex is strongly downregulated, as
compared to intact monkeys, a reduction moderately
minimized by the anti-Nogo-A antibody freatment. As
shown in Figure 4, for the primary motor cortex lesioned
monkeys (n=7), there was no obvious relationship
between the absolute or normalized numbers of BDA-
stained thalamocortical neurons after BDA injection in
the ipsilesional premotor cortex and the primary motor
cortex lesion volume. At least the possibly expected
hypothesis that, the larger the primary motor cortex
lesion volume the bigger its impact on thalamocortical
cells’ reduction, was not verified. Indeed, there was no
progressive decrease of thalamocortical labelled
neurons’ numbers for increasing lesion volumes (Fig. 4).
This observation is however based on a limited number
of cases (n=7).

© 2026 European Society of Medicine 9
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For the 7 monkeys subjected to the primary motor cortex lesion, the absolute (left graph) and the normalized (right graph) numbers of BDA-stained thalamocortical neurons
(ordinate) were plotted as a function of the corresponding lesion volume (abscissa). The red symbols are for the 4 untreated monkeys while the green symbols are for the 3
anti-Nogo-A antibody treated monkeys. For comparison, the numbers of BDA-stained thalamocortical neurons observed in the 3 intact monkeys were plotted with blue symbols

(lesion volume = 0). All corresponding individual data are listed in Table 1.
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Discussion

The main result of the present study is the strong
decrease of the thalamocortical projection terminating in
the premotor cortex following homolateral lesion of the
primary motor cortex in adult macaque monkeys. This
original observation, as far as thalamocortical
projection is concerned, adds a new element in the long
list of changes affecting the efferent 4347487475 and
afferent 3639 connections of the premotor cortex,
following primary motor cortex lesion. The present
decrease of thalamocortical projections to the premotor
cortex in presence of primary motor cortex lesion is
indeed accompanied by a strong decrease of the
corticoreticular and corticorubral efferent projections
from the premotor cortex, in nearly the same pool of
monkeys 474874, Functionally, this effect would support
the notion that after primary motor cortex lesion, the
corresponding reticulospinal and rubrospinal projection
systems may work more independently from the intact
ipsilesional premotor cortex, an adaptation possibly
involved in the incomplete spontaneous functional
recovery of manual dexterity. In contrast, the rewiring
of premotor cortex connections after primary motor
cortex lesion involves an increase of sprouting and
redirection of axons originating from the premotor
cortex in the vicinity of the primary motor cortex lesion
36, In addition, the premotor cortex was also reported to
establish new connections (afferent and efferent) with
the ipsilesional areas 1 and 2 of the primary
somatosensory cortex 3¢, Callosal afferent projections to
the ipsilesional premotor cortex were on the other hand
dowregulated 77. On the functional point of view, the
reduction of thalamocortical projections to the
ipsilesional premotor cortex after primary motor cortex
lesion reported here (Fig. 3) is consistent with a reduced
influence on cortical motor control of the cortico-basal
ganglia-thalamus-cortical and cortico-cerebellar-
thalamus-cortical loops, considering that the final step of
these loops, the thalamocortical projection, is believed
to be excitatory. Overall, the parallel downregulations
of the efferent supraspinal projections from the
premotor cortex as well as of the influence of the basal
ganglia and cerebellar loops suggest that post primary
motor cortex lesion, the direct corticospinal projections
from preserved ipsilesional or contralesional motor
cortical areas (M1, PM, SMA) may be privileged in the
form of an upregulation 102103, jn the context of
spontaneous functional recovery of manual dexterity.
With the present material (monkeys listed in Table 1),
the next step in future investigations is to determine
whether the corticospinal projection from the ipsilesional
premotor cortex is indeed upregulated at terminal level
in the cervical spinal cord in primary motor cortex lesion
monkeys, in comparison to intact monkeys, with even a
possible further enhancement resulting from anti-Nogo-A
antibody treatment.

The anti-Nogo-A antibody treatment minimized the
decrease of the thalamocortical projection to the
premotor cortex after primary motor cortex lesion,
contributing to a reversal to some extent toward the
thalamocortical density projection prevailing in intact
monkeys (Fig. 3). Behaviorally, the treatment enhanced
the functional recovery of manual dexterity, by about

20-40% score improvement, as compared to untreated
primary motor cortex lesion monkeys 27.2833, |n
particular, post-treatment the monkeys exhibited an
improved recovery of original dexterity movements, i.e.
the precision grip, especially for the challenging
horizontal slots in the modified Brinkman board task 33,
This therapy induced behavioral improvement, reflected
by refinement of motor control, may be in part related
to the presently observed minimization of the loss of the
cortico-basal ganglia and cortico-cerebellar loops in
treated monkeys as compared to untreated monkeys
(Fig. 3), although other mechanisms may be involved.
Besides the enhancement of functional motor recovery
due to anti-Nogo-A antibody treatment after primary
motor cortex lesion 272833  other treatments were
reported to promote recovery in various models of

motor  cortex lesion in  non-human  primates
26,34,41,42,44,46,104-109

Considering interindividual variability, differences in
sizes and positions of tracers’ injections, differences in
thalamus nomenclatures, etc, the distributions of
thalamocortical neurons projecting to the premotor
cortex in the large sense across the various thalamic
nuclei (Table 2) are largely consistent with previous
studies, at least for intact monkeys 5979.82110-117_|n the
primary motor cortex lesioned monkeys, the general
distribution of BDA-labelled thalamocortical neurons
across the thalamic nuclei was not dramatically
modified, except a trend toward an increase of
thalamocortical neurons in the ventrolateral nucleus (VL),
to the detriment of other thalamic nuclei, such as the
ventroanterior nucleus (VA), as compared to intact
monkeys. The BDA injections in the premotor cortex were
targeted to the dorsal and ventral divisions (PMd and
PMv), except in 3 monkeys with BDA injections restricted
to the dorsal division (PMd; see Table 1). More
precisely, in each of the dorsal and ventral divisions of
the premotor cortex, the BDA injections spread more on
their caudal portions (PMd-c and PMv-c) than on their
rostral counterparts (PMd-r and PMv-r). This bias
towards the caudal parts of the premotor cortex is
consistent with the percentages of thalamocortical
neurons observed in the thalamic nucleus MD (ranging
mostly around 10-15%; see Table 2), in line with a
previous report for PMd-c and PMv-c 82, while the
percentages in MD were clearly higher (20-40%) when
the tracers injections were targeted to the rostral parts
of PMd and PMv (PMd-r and PMv-r) 82,

Although the total number of monkeys (n=10) involved
in the present study is reasonable considering the ethical
restrictions to use non-human primates for biomedical
research, an obvious limitation is of course the small
number of animals in each of the 3 subgroups to be
compared (n=3, n=4 and n=3, respectively; see Table
1 and Fig. 3). These small numbers of subjects after
stratification in 3 subgroups prevent the application of
meaningful statistical approaches to support the
observation of visually perceived large segregation
between the 3 subgroups (Fig. 3). The question remains
whether larger subgroups of subjects would still result in
the absence of overlap between the 3 subgroups after
normalization of the labelled thalamocortical neurons’
numbers (Fig. 3). Another limitation of the present study
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is the lack of obvious scenario explaining the loss of
thalamocortical neurons projecting to the intact
ipsilesional premotor cortex after primary motor cortex
lesion. One possibility, considering the partial overlap in
the thalamus of the territories projecting to the primary
and premotor cortices in intact animals 82, is that some
thalamocortical neurons individually send axonal
diverging projections simultaneously to the primary
motor cortex and to the premotor cortex. A lesion of the
primary motor cortex may generate a retrograde
degeneration, eliminating the cell body of origin, which
would result in a loss of the associated thalamocortical
input to the premotor cortex as well (by loss of the axon
collateral to the premotor cortex). This mechanism is
however not quantitatively supported by the data
presented in Figure 4. The more extensive the lesion of
the primary motor cortex, the larger the loss of
thalamocortical neurons by retrograde degeneration
would be expected, based on such scenario. On the
contrary, as illustrated in Figure 4, the loss of
thalamocortical neurons projecting to the premotor
cortex was largely independent from the primary motor
cortex lesion size. Other mechanisms, mostly indirect
may also come into play, although largely unknown. The
minimizing effect on the decrease of thalamocortical
projections by the anti-Nogo-A antibody treatment is
most likely due to its action on connections’ rewiring, via
regenerative sprouting cmd/or compensatory sprouting
39.80.81, The connectivity changes as a result of a brain
lesion are most probably widespread and complex. A
comparison between distinct studies must be done with
great care, as small variability in the experimental
parameters (e.g. size and precise position of the lesion,
extent and location of tracers’ injection sites, time
interval between lesion and tracers’ injection, ipsilesional
versus contralesional hemisphere) may strongly affect
the scenario of rewiring. For instance, after lesion
restricted to the primary motor cortex, the corticobulbar
projection from the homolesional intact premotor cortex
was downregulated 74 while, after a large lesion
including the primary motor cortex, the premotor cortex
and part of the parietal cortex, the corticobulbar
projection from the supplementary motor cortex (SMA)
was upregulated as compared to controls and to
monkeys with a lesion restricted to the primary and
premotor cortices 118,

The present study emphasizes the notion that, following
a lesion of the primary motor cortex, functional
reorganization and rewiring of connectivity are not
restricced to cortical level, but also take place
subcortically, including the thalamus. Indeed, the anti-
Nogo-A antibody treatment applied here had an effect
opposing to some extent the massive loss of
thalamocortical neurons projecting to the premotor
cortex observed in untreated monkeys, following lesion
of the primary motor cortex. In other words, the motor
thalamus may also play a role in the functional
recovery, especially when a treatment enhanced the
functional recovery 33. Besides the thalamus, other
subcortical motor centers may be involved in the
functional recovery of manual dexterity following motor
cortex lesion, such as the reticular formation and the red
nucleus 119-123,

Conclusions

Several tract-tracing studies in non-human primates
have investigated the changes of connectivity of the
intact premotor cortex after lesion of the adjacent
primary motor cortex, as far as corticocortical
connections and efferent projections are concerned (see
above). For the first time, the present study reports on
changes affecting the afferent thalamocortical
projection to the premotor cortex after primary motor
cortex lesion. The thalamocortical projection to the
premotor cortex was strongly reduced, as compared to
intact monkeys. This strong reduction was moderately
attenuated by an anti-Nogo-A antibody treatment. As
other connectional changes, the present effect of the
primary motor cortex lesion on the long term on the
thalamocortical projection to the premotor cortex may
contribute to the behavioral adaptation in the form of
an incomplete functional recovery of manual dexterity.
Future work, using selective inactivation techniques, is
needed to confirm the notion that the decrease of the
thalamocortical projection to the premotor cortex may
support part of the functional recovery. Moreover, more
advanced tract-tracing methods based on viruses may
have the potential to reveal and quantify at once all the
connectivity changes following a specific brain or spinal
cord lesion, by visualizing distinct axons trajectories and
neuronal subpopulations in transparency of the brain,
without sectioning the central nervous system 124-126,
when this technology will become available for non-
human primates. In particular, such global tract-tracing
approaches will be highly valuable to quantify the
connectivity changes affecting the massive corticofugal
projections from the premotor cortex to the striatum
(corticostriate  projection) and to the thalamus
(corticothalamic projection), following a lesion of the
primary motor cortex.
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