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ABSTRACT: The highly interconnected somatosensory and motor systems are subjected to connectivity changes at close or remote locations
following a central nervous system injury. What is the impact of unilateral injury of the primary motor cortex (hand area; MCI) or of the cervical
cord (hemisection at C7-C8 level; SCI) on the primary somatosensory (cutaneous) inputs to the dorsal column nuclei (DCN) in adult macaque
monkeys? The effects of treatments promoting axonal growth were assessed. In the SCI group (n=4), 1 monkey received a control antibody and
3 monkeys a combination treatment of anti-Nogo-A antibody and brain-derived neurotrophic factor (BDNF). In the MCI group (n=4), 2 monkeys
were untreated and 2 were treated with the anti-Nogo-A antibody. Using trans-ganglionic transport of cholera toxin B subunit injected in the first
2 fingers and toes on both sides, the areas of axonal terminal fields in the cuneate and gracile nuclei were bilaterally compared. Unilateral SCI at
C7-C8 level, encroaching partially on the dorsal funiculus, resulted in an ipsilesional lower extent of the inputs from the toes in the gracile nuclei,
not modified by the combined treatment. SCI at C7-C8 level did not affect the bilateral balance of primary inputs to the cuneate nuclei, neither in
absence nor in presence of the combined treatment. MCI targeted to the hand area did not impact on the primary inputs to the cuneate nuclei in
2 untreated monkeys. After MCI, the administration of anti-Nogo-A antibody resulted in a slight bilateral asymmetrical extent of cutaneous inputs
to the cuneate nuclei, with a larger extent ipsilesionally. Overall, remote effects following MCI or SCI have not been observed at the DCN level,
except possibly after MCI and anti-Nogo-A antibody treatment.
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Significance Statement

e Primary cutaneous inputs from toes to the gracile nuclei
were reduced ipsilaterally after C7-C8 hemisection.

e No effect on the primary cutaneous inputs from fingers
to the cuneate nuclei after C7-C8 hemisection or unilat-
eral motor cortex lesions.

e Treatment combining BDNF and anti-Nogo-A anti-
body did not interfere with the primary cutaneous inputs
after C7-C8 hemisection.

e Slightly larger extent of ipsilesional cutaneous inputs
to the cuneate nuclei after motor cortex lesion and
anti-Nogo-A antibody treatment.

Introduction

Anatomical reorganizations of the somatosensory pathways
resulting from motor system injury remain largely unexplored.
Rare studies have reported the possible effects of motor system
lesion on the somatosensory system.b? As the first relay of the
ascending sensory inputs, the dorsal column nuclei (DCN)
might be sensitive to remote effects following injury affecting
the motor system at the cortical or at the spinal cord level. Due

to the extent of the cortical and subcortical interconnections,
remote effects in other distant areas can be observed following
restricted cortical injury,® possibly in line with the concept of
connectional diaschisis.*> Although the cortico-nuclear projec-
tions to DCN originate predominantly from the somatosensory
cortex,® anatomical and electrophysiological studies have evi-
denced the existence of projections from the motor cortex and
particularly from the primary motor cortex (M1).610
Considering not only the cortical contingent, injury of the
motor system at the cortical or at the spinal cord level might
result in connectional changes at a distance from the incoming
cutaneous inputs to the cuneate nucleus originating from the
hand behaviorally affected by the lesion.

Following injury of the central nervous system, 2 main
approaches have been proposed to promote axonal regrowth
and/or sprouting, either by making the environment permissive
to axonal growth or by increasing the level of neurotrophic
molecules promoting intrinsic axonal growth. First, based on
the characterization of the highly inhibitory properties of the
Nogo-A protein in the spinal cord myelin sheath,'! numerous
studies showed the beneficial potentials of blocking this

@ @@ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial
4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without
further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://uk.sagepub.com/en-gb/journals-permissions
www.unifr.ch/spccr
mailto:savidan.julie@gmail.com

Neuroscience Insights

A. CB injection sites B. Neurolucida

Hands

QO\/\_/ .
Brainstem level

C. Analyses steps with ImageJ Software

2)- Determination
of threshold

1)- Determination of ROI
(Region Of Interest)

~_CB labelling in DCN

3)- Measure of area expressed in number of
pixels with gray value comprised between
threshold and dark.

Figure 1. Method for analysis of CB. Schematic representations of the Cholera toxin B subunit (CB) transganglionic tracing method, used to visualize the
primary somatosensory afferents to the DCN in monkeys subjected to spinal cord injury or to motor cortex injury. For reference, the same tracing protocol
was applied to 2 intact monkeys. These schematic representations illustrate: (A) the injection sites (blue dots) of Cholera toxin B subunit (CB) in the 2
distal phalanges of the 2 first fingers/toes of both forelimbs and hindlimbs; (B) Neurolucida images captured with a light microscope of transverse sections
of brainstem stained for CB. These sections illustrate the levels of the analyses of primary somatosensory projections to the DCN (CB labeling). (C)

Representation of the dorsal column fasciculi and the consecutive steps for image analyses using imaged software.
Abbreviations: Cu.N., cuneate nucleus; DCN, dorsal column nuclei; Gr.N., gracile nucleus; T.Cu., tractus cuneatus; T.Gr., tractus gracilis.

molecule and its signaling pathways to promote functional
recovery and neural repair in case of spinal cord injury or
stroke,'?18 Treatment with an antibody against Nogo-A pro-
motes functional recovery from spinal cord or motor cortex
injuries, enhancing sprouting of corticospinal'® and lesioned
sensory axons?) promoting reorganization of territories close
and distant to the lesion site in rodent,?'** in non-human pri-
mate!®2032 and potentially in human.3® This anti-Nogo-A
antibody treatment has also induced more remote effects, such
as the regeneration of lesioned pyramidal projections to the
sensory DCN in the brainstem after pyramidotomy in rodent.??

Secondly, there has been a large interest in the regeneration
promoting role of neurotrophic factors, such as brain derived
neurotrophic factor (BDNF),3* in case of central nervous sys-
tem injury. BDNF exhibits a promoting role in the survival of
axotomized axons, regeneration of injured fibers, plasticity,
myelination, and functional recovery.3>3% It has been high-
lighted that BDNF can potentiate axonal regrowth alone3” and
also in combination with different molecules.’® It currently
appears that optimal regeneration may well require the applica-
tion of combined therapies involving several complementary
molecules.?? In the context of SCI, BDNF appeared as a prom-
ising therapeutic candidate to be used in combination with the
anti-Nogo-A antibody treatment in order to boost functional
recovery and axonal regrowth following SCI. Beaud and col-
laborators* have laid out the comprehensive rationale for com-
bining these 2 molecules. The effects of the combined treatment
on axonal pathways at the anatomical level remain unknown,
especially on the somatosensory pathways. Indeed, in the case
of SCI, there is evidence for a re-growth and survival of axoto-
mized ascending somatosensory axons and descending motor
axons. 34145 As a consequence, it is pertinent to test the
hypothesis that a treatment combining anti-Nogo-A antibody

with BDNF may induce changes in the somatosensory path-
way at the brainstem level, remote from the SCIL.

The present study aimed at assessing the impacts of 2 differ-
ent types of lesion, targeting mainly the motor system, on cuta-
neous inputs from the hand (thumb and index finger) and from
the foot (first 2 toes) to the dorsal column nuclei (DCN),
namely to the cuneate nucleus and the gracile nucleus, respec-
tively. The first type of lesion is a unilateral spinal (cervical) cord
injury (SCI) targeted at C7-C8 level, with the main goal to
interrupt the corticospinal tract in the dorsolateral funiculus.
However, the injury spread into the dorsal funiculus as well,
thus interrupting also some ascending primary sensory inputs.
While the median nerve fibers innervating the dermatome
including the thumb and the index fingers reach the spinal cord
at segments ranging from C5 to T'1, a more detailed somato-
topic organization can be observed. Darian-Smith*® have shown
in monkeys that the cutaneous inputs from the thumb enter the
spinal cord at C6 level and those from the index finger at C7
level. As a result, the cutaneous inputs from the thumb and
index finger are most likely spared by a hemi-section located
below at C7-C8 level. The second type of lesion is a motor cor-
tex injury (MCI), targeted to the hand area in the primary
motor cortex (M1). Moreover, it was our goal to investigate
whether a treatment promoting axonal regrowth following
injury may intervene in a subsequent step onto these primary
cutaneous inputs to the DCN. In a first attempt, the aim was to
verify the hypothesis that a C7-C8 spinal cord hemi-section
directly impacts the gracile nucleus, reflected by a lower density
of the incoming primary sensory axon terminals in the gracile
nucleus originating from the ipsilesional first 2 toes (Figure 1).
In this context, we aimed to investigate if a treatment combin-
ing an antibody against Nogo-A and BDNF* may attenuate a
bilateral asymmetric CB labeling extent in the gracile nucleus.
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Secondly, the aim was to verify that the same C7-C8 spinal
cord hemi-section does not affect the primary sensory axons
terminating in the cuneate nucleus, originating from the ipsile-
sional thumb and index finger (Figure 1). Moreover, we aimed
to investigate whether the treatment combining an antibody
against Nogo-A and BDNF impacts on these unlesioned axon
terminals in the cuneate nucleus.

In a third attempt, we investigated the hypothesis whether a
unilateral lesion of the hand area in M1 (MCI) might affect at
distance the primary sensory (cutaneous) axon terminals in the
cuneate nucleus, originating from the ipsilesional thumb and
index fingers (Figure 1). As a consequence of the MCI, and in
relation to the concept of connectional diaschisis,’ the terminal
field projections of the primary sensory axons in the cuneate
nucleus might be affected. This may be triggered by connec-
tional changes of the corticocuneate projections from M1, and
or of the incoming cutaneous inputs to the cuneate nucleus
originating from the hand behaviorally affected. A subsequent
goal was to investigate whether treatment with the anti-Nogo-
A antibody alone following M1 lesion may induce plasticity of

the afferent primary projections to the cuneate nucleus.

Methods

Some methods used in the present study were previously
described in detail in previous studies from this laboratory and,
therefore, are accessible in the relevant earlier reports cited
accordingly below in the corresponding summarized versions.
The present analysis represents a side project derived from ear-
lier main studies, specifically designed to investigate the impact
of SCI or MCI, as well as the mechanisms of functional recov-
ery in the presence or absence of treatments.1%27-30:40,47-51

Animals

The present study was conducted on 10 adult monkeys (Macaca
Jascicularis; 8 males and 2 females, 3.0 to 5.6kg; see Table 1),
aged 4 to 6years at the time of the euthanasia. All experiments
were carried out in accordance with the Guide for Care and Use
of Laboratory Animals (ISBN 0-309-05377-3; 1996) and
approved by local veterinary authorities, including the ethical
assessment by the local (cantonal) Survey Committee on
Animal Experimentation. Final acceptance was delivered by the
cantonal and federal Veterinary Offices (Veterinary authoriza-
tion numbers: FR-175-04, FR-188-06, FR-193-07, FR-157-
01, FR-157-03, FR-157-04, and FR-157¢-04). The monkeys
were obtained either from our colony in our animal facility
(before 2010) or were purchased from 2 certified suppliers
(BioPrim, 31450 Baziége; France or Harlan Buckshire; Italy).
Monkeys included (Table 1) were originally enrolled in 2
main lesional projects. The monkeys Mk-AB-B, Mk-AB-S,
Mk-AB-P, and Mk-C-Bo were subjected to hemi-cervical cord
section at C7-C8 level.1927:28:4047-4 The monkeys Mk-A-SL,
Mk-A-MO, Mk-C-BI, and Mk-C-RO were subjected to an

M1 permanent lesion targeting the hand representation.??3050,51

These previous studies dealt with motor behavior and reorgani-
zation of motor pathways, in the presence or absence of specific

treatments. Finally, 2 intact monkeys (Mk-I-R12 and Mk-1-R13)
were used as references for comparison with the injured animals.

Surgery

All surgical procedures were described in detail in previous
reports from this laboratory.1-2,28,30,52-55 To summarize, surgi-
cal procedures were conducted under deep anesthesia. Sedation
was induced with an injection of ketamine (Ketalar®; Parke-
Davis, 5 mg/kg; i.m.) and deep anesthesia was maintained with
perfusion of 1% propofol (Fresenius®) mixed with a 5% glucose
saline solution (1 volume propofol and 2 volumes of gluco-
saline, delivered at a dose of 0.1 mg/kg/min; i.v.). The medica-
tion given following sedation induction and during the
postoperative period has been detailed in the previous reports
from this laboratory cited at the beginning of the surgery sec-
tion. The surgical facility, under sterile conditions, was approved
by the cantonal veterinary office.

Motor system lesions

Spinal cord injury (SCI). Hemilaminectomy procedure to perform
a selective hemi-cervical cord lesion was described in detail in pre-
vious reports.12728:4052,53,55 Briefly, the dorsal root entry zone at
the C7 border, covered by the sixth cervical vertebra, was exposed
and identified as an anatomical landmark for placing a surgical
blade used to perform hemi-section of the cervical cord. The sur-
gical blade was inserted 4mm in depth orthogonally to the spinal
cord and the section was prolonged laterally to completely cut the
dorsolateral funiculus. The lesion was located at C7-C8 level, cau-
dal to the main pool of biceps motoneurons but rostral to the pools
of triceps, forearm, and hand muscle motoneurons.>

Primary motor cortex injury (MCI) targeting the hand representa-
tion. Cortical lesion required access to M1 with a chronic
chamber implant to map the hand representation, allowing tar-
geted lesion of M1 hand area by microinfusion of excitotoxic
neurotoxin. Procedures were described in detail in previous
reports.3%5%57 Briefly, under anesthesia, a stainless steel cham-
ber was surgically implanted over the M1 forelimb area, cen-
tered at the stereotaxic coordinates 15 mm anterior and 15 mm
lateral, and at an angle of 30° with respect to the mid-sagittal
plane, allowing perpendicular electrode penetrations with
respect to the cortical surface, in order to map M1 with intra-
cortical microstimulation (ICMS) in the awake monkey.30:57%8
Lesion of M1 was induced by ibotenic acid (Sigma; 10 pg/ul in
phosphate buffer) infusion at cortical ICMS sites eliciting fin-
gers movements at low intensity of stimulation. Using a Ham-
ilton microsyringe, a volume of 1 ul to 1.5 pl of the ibotenic acid
solution was injected at each site (for more detail see Liu and
Rouiller and Savidan et al578). The total volume and numbers
of ICMS sites infused with ibotenic acid are listed in Table 1.
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Treatment

Concerning monkeys subjected to spinal cord injury (SCI),
as previously reported (for anti-Nogo-A antibody treat-
ment!%27.28,4047,53; for combined treatment with anti-Nogo-A
antibody and BDNF#048), the tested treatment was adminis-
tered at the day of the lesion with osmotic minipumps con-
nected to a catheter inserted intrathecally in the vicinity of the
cervical lesion site. As indicated in Table 1, 1 SCI animal
received a control antibody (Mk-C-Bo), a purified IgG of a
mouse mAb (monoclonal antibody) directed against wheat
auxin (AMS Biotechnology, Oxon, United Kingdom; 14.8 mg
over 4weeks). Three SCI animals (Mk-AB-B, Mk-AB-S, and
Mk-AB-P) were treated via 2 minipumps: a first one delivering
a monoclonal anti-Nogo-A antibody (14.8 mg in 4weeks), and
a second one delivering the neurotrophic factor BDNF (1.4 mg
in 4weeks). The minipumps were removed after 4weeks. The
rationale for combining these 2 treatments were reported in
detail in a recent report.* Concerning monkeys subjected to
motor cortex injury (MCI), as previously reported,?’3%°1 the
tested anti-Nogo-A antibody (11C7, 3 mg/ml) treatment was
administered at the time of the lesion via 2 osmotic minipumps
implanted in the neck region (Alzet”, model 2ML2, 5 pl/h) in
2 MCI animals (Mk-A-SL and Mk-A-MO). The first pump
was connected to a catheter inserted intrathecally at C7-C8
cervical spinal cord level (as described above for spinal cord
injury minipump implant). The second pump was connected to
a catheter tunneled under the skin up to the head and the tip
pushed under the dura through a small opening in the skull in
close proximity to the motor cortex to infuse the lesion terri-
tory vicinity. The minipumps were removed after 4weeks. The
2 animals in the control group did not receive any treatment
(Mk-C-BI and MK-C-RO, untreated) and thus were not
implanted with minipumps.

Two monoclonal antibodies were used in this study, charac-
terized in detail by Freund et al,?® both identifying in a mono-
specific manner the primate-Nogo-A protein*?>%%: the mAB
hNogo-A and the 11C7 (Table 1).

Tracer injections

The transganglionic method of tracing of the primary soma-
tosensory afferents to the dorsal column nuclei (DCN) is simi-
lar to that used by Darian-Smith,%! except that it was not
restricted to hand (thumb and index finger) but extended here
to the foot (first 2 toes) and that we used unconjugated Cholera
toxin B subunit (CB: 0.5% in distilled water, Sigma-C9903).
This method of transganglionic tracing following subcutane-
ous injections in the forelimb and hindlimb has been reported
in earlier reports as well.0>7 Briefly, CB has been used as
transganglionic tracer to selectively label ascending primary
somatosensory axons and their terminal fields in the DCN in
the brainstem (Figure 1). CB was injected sub-dermally under

anesthesia (a mixture of ketamine and medetomidine, s.c.),

with a Hamilton microsyringe, in the 2 distal phalanges of the
first (thumb/first toe) and second (index/second toe) fingers of
the 4 limbs (Figure 1A). For each injected finger or toe, there
was 1 syringe penetration in each of the 2 distal phalanges (DP:
distal phalange and MP: medial phalange) and, along with
each syringe penetration, the volume of tracer injected was
delivered at 3 injection sites per phalange. The sites and the
volumes of injections are detailed in Table 1. A survival period
of at least 1week (more detail in Table 1) was observed to allow
CB transport to the brainstem.

Histology

Anatomical reconstruction. At the end of the experiments,
monkeys were deeply anaesthetized with ketamine and
received a lethal dose of sodium pentobarbital (90 mg/kg; i.p.)
before a transcardiac perfusion with paraformaldehyde (4%)
in 0.1 M of phosphate buffer (pH =7.6) in order to fixate tis-
sue, followed by solutions of increasing concentration of
sucrose*%:47%,55 (10%, 20%, and 30%). Brain, brainstem, and spi-
nal cord were extracted and immerged into a sucrose solution
(30% in phosphate buffer, pH=7.6). For the anatomical
reconstruction of spinal cord lesion (Figure 2), the spinal cord
block of the lesion site (C6-13) was sectioned in 3 series of
50 pm thick (0.15 mm interval) parasagittal sections. One of
the 3 series was stained with SMI-32 for anatomical recon-
struction of the lesion. Method for SMI-32 staining was
already described in previous reports*’*8 as well as the ana-
tomical reconstruction of the lesion.1%4%47:5255 Drawings of
the borders of the lesion sites and contours of the different
part of the spinal cord were aligned to allow the reconstruc-
tion showing the location and the extent of the lesion in the
spinal cord on a transverse view and to calculate the volume
of the lesion in mm3.

For the anatomical reconstruction of the motor cortical
lesion (Figure 2), the brain was sectioned into 50 um thick cor-
onal sections. Out of 5 series of sections, 1 series was stained
for anatomical reconstruction of the lesion with the SMI-32
marker. Under a light microscope and using Neurolucida soft-
ware, consecutive sections labeled for SMI-32 marker (0.25 mm
interval) were used to draw borders and contours of the lesion
site in M1, delimited based on cortical layer V interruptions.3°
The lesion site corresponds to the cumulated volume in mm? of
regions where the cortical layer V was deprived of SMI-32
positive pyramidal neurons (Table 1), calculated by extrapola-
tion with a specific tool of the Neurolucida software using the
Cavalieri method.8

CB immunobistochemical staining. The brainstem was sec-
tioned in 3 (Mk-A-Sl, Mk-C-Ro, Mk-A-Mo) or 5 (Mk-I-
R12, Mk-I-R13, Mk-ABB, Mk-AB-S, Mk-AB-P, Mk-CBo,
Mk-C-Bi) series of 50 pm thick (respectively 0.15 mm or 0.25
interval) transversal sections and 1 series was used for CB
immunohistochemical staining. The method described by
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Figure 2. Representation of the spinal cord and motor cortical injury. For
each monkey injected with CB, reconstruction of the spinal cord injury (SCI)
on a transverse section at C7-C8 level (panel A) and the unilateral motor
cortex injury (MCI) on a schematic lateral view of the brain (panel B). CS,
central sulcus. Panel A. Monkeys subjected to SCI and to the administration
of either a control-antibody or a combined anti-Nogo-A antibody associated
with BDNF treatment. The striped areas over the transverse sections of the
spinal cord represent the lesioned area. Panel B. Monkeys subjected to MCI
and either not receiving treatment or receiving the anti-Nogo-A antibody
treatment. Color code differentiates cortical injury in the gray matter injury
(red) and subcortical injury in the white matter (blue). Same reconstructions
as shown in previous reports (SCI'9.27:28.40,47-49 and MC|29:30.50.5). The lesion
representation crossing the central sulcus symbolized the perpendicular
lesioned territory located in the rostral wall of the central sulcus in the hand
area of the primary motor cortex (M1).

Rouiller et al®® was used to reveal the transganglionic tracer
CB. Briefly, the sections were rinsed in a solution of Tris buff-
ered saline (TBS-T,0.05M, pH 8.6) with Triton X100 at 0.5%
before overnight incubation at 4°C with primary antibody
against CB (Goat anti-choleragenoid; List Biological

Laboratories-Product numero: 703; 1:10000). Sections were
rinsed with TBS-T and incubated with a secondary antibody
Rb-anti-goat IgG (Sigma, 1:40) diluted in TBS-T for 90 min-
utes at room temperature. An amplification step was per-
formed with the peroxidase anti-peroxidase (PAP) method by
incubation with goat PAP (Nordic, 1:400) diluted in TBS-T
for 90 minutes. Immunohistostaining was revealed with a
0.05% Diaminobenzidine (DAB) solution in Tris-HCL
(0.05M, pH 7.6) buffer in 2 steps: a first preincubation step of
15 to 30 minutes and the second step of 30 minutes incubation
with the addition of 0.01% H,0,,.

Histological analysis

Images were captured using Neurolucida software (Micro-
BrightField, Williston, VT, USA) from light microscope
(Olympus) at 12.5X magnification (Figure 1B). For each mon-
key, images of all sections were captured at once and under the
same light conditions. Images were analyzed using NIH Image]
software (Dr Wayne Rasband, National Institutes of Health,
Bethesda, MD) (Figure 1C). The CB staining was analyzed in
grayscale intensity by processing images in 8 bits gray type.
Regions of interest (ROI) were drawn, surrounding the bilaterally
observed CB staining territory in the DCN. Both the cuneate
and gracile nuclei were analyzed in monkeys subjected to SCI, as
well as in intact monkeys. Only the cuneate nucleus was analyzed
in monkeys subjected to MCI given that the injury was restrained
to the hand motor area. Staining was measured by the number of
pixels in the delimited ROIs. A threshold was determined for
each monkey to select pixels with gray value corresponding to the
CB staining. As for pictures acquisition under the microscope, all
parameters were kept constant for the staining measurement all
along the brainstem sections in the same subject. The extent of
the CB labeling is illustrated with bar graphs representing the
whole labeling observed in each DCN from the first slide pre-
senting CB labeling to the last slide presenting CB labeling along
the caudo-rostral axis, each bar representing the area of labeling
per slide (Figures 3-5B, C and D). For each monkey, CB staining
was compared between the 2 sides of each section as paired values
with the non-parametric Wilcoxon test.

Results

The different groups of monkeys are listed in Table 1, consist-
ing in 2 intact monkeys (Mk-I-R12 and Mk-I-R13) as refer-
ences, 4 monkeys subjected to spinal cord injury (SCI:
hemi-section at cervical level) and 4 monkeys subjected to
motor cortex injury (IMCI: unilateral lesion in M1 hand area).
In the SCI group, 1 monkey received a control antibody treat-
ment whereas in the other 3 monkeys a mixed anti-Nogo-A/
BDNF treatment was administered. In the MCI group, 2
monkeys of the control group were untreated whereas the other
2 received an anti-Nogo-A antibody treatment. The extent and
location of the lesions are shown in Figure 2.
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Figure 3. SCI-Gracile nucleus: CB labeling. Panel A. Distribution of the CB labeled primary somatosensory axonal terminal fields bilaterally in the gracile
nucleus (within the black circles), as seen on histological sections arranged from rostral (top) to caudal (bottom) in Mk-AB-B. Note the presence of CB
labeling in the cuneate nucleus as well, more laterally on both sides. Panels B, C, D. The bar graphs represent the extent of the CB labeled axonal
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each side of the brainstem. These data are shown separately for 2 intact monkeys (panel B), the monkey treated with the control antibody (panel C), and
the monkeys treated with the mixture of anti-Nogo-A antibody + BDNF (panel D). In panels C and D, the data for the ipsilesional gracile nucleus are
depicted in black and for the contralesional gracile nucleus in gray. A distance of 250 um separates 2 consecutive sections along the caudo-rostral axis in
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non-significant difference.

CB labeling in DCN 4 limbs were assessed in the DCN by measuring CB labeling

Primary somatosensory axon terminal projections originating areas in DCN along the caudorostral axis (Figure 1B). The
from the 2 distal phalanges of the first and second digits of the areas of CB labeled axonal terminal fields in the gracile nucleus
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monkey groups, as described in the legend of Figure 3.

(Figure 3) and the cuneate nucleus (Figures 4 and 5) were com-
pared between the 2 sides of the brainstem in the different

groups of monkeys.

Gracile nucleus, effects of SCI. The CB-labeled terminal fields
in the gracile nuclei are illustrated for Mk-AB-B in Figure
3A on individual sections along the caudorostral axis. The
area of CB-labeled terminal fields on each side was plotted as

a function of the caudorostral axis in Figures 3B, C, and D in
the 3 groups of monkeys. In intact monkeys, the CB-labeling
was most extensive in the rostral pole of the gracile nuclei,
without a statistically significant bilateral difference (N.S,;
Figure 3B). In the monkeys subjected to SCI (Figure 3C and
D), the CB labeling was also most extensive in the rostral pole
of the gracile nuclei, though less prominently than in the
intact monkeys. However, as expected, the SCI monkeys
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Conventions as in Figures 3 and 4.

exhibited a bilateral imbalance of CB-labeling area, dimin- fourth monkey (Mk-AB-P), possibly due to a failure of the
ished on the ipsilesional side as compared to the contrale- injections in the hindlimb (but not forelimb, see below). Note
sional (not affected) side. This bilateral area difference was that the largest bilateral imbalance was found in the monkey
statistically significant in 3 SCI monkeys (Figure 3C and D), (Mk-AB-S) subjected to the largest cervical cord lesion (see
whereas there was no CB labeling in the gracile nuclei in the Table 1: 10.4 mm?3).
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Cuneate nucleus, effects of SCI. Typical labeling in the cuneate
nuclei resulting from CB injection in the hand (2 distal pha-
langes of thumb and index finger bilaterally) is illustrated in
Figure 4A for monkey MK-AB-B. As observed for the gracile
nuclei, the extent of CB labeling in the cuneate nuclei was most
prominent rostrally, without bilateral difference in the 2 intact
monkeys (Figure 4B). In the SCI monkeys, the same caudoros-
tral bias was observed (Figure 4C and D). Besides, there was no
bilateral difference in CB labeling in 3 out of the 4 SCI mon-
keys (N.S.). The exception was monkey Mk-AB-P with a
larger statistically significant CB-labeled terminal field on the
unlesioned side (P=.03).

Cuneate nucleus, effects of MCI. Typical CB-labeling in the
cuneate nucleus in a monkey subjected to MCI is illustrated in
Figure 5A on individual sections along the caudorostral axis.
As the same 2 intact monkeys (Figure 5B), the 2 MCI mon-
keys of the control group also showed no significant bilateral
difference (Figure 5C: N.S.) and a CB labeling most extensive
rostrally, though somewhat less than the intact monkeys. In
contrast, the 2 MCI monkeys which received the anti-Nogo-A
antibody treatment exhibited a bilateral asymmetric CB labe-
ling extent in the cuneate nuclei, with a significantly larger
extent in the ipsilesional cuneate nucleus (Figure SD; P=.04
and P=.003). Besides the treatment, the 2 monkeys Mk-A-SL
and Mk-A-MO were subjected to a larger M1 lesion than the
2 MCI monkeys of the control group (Table 1).

Discussion

Summary and limitations of the present CB tracing
data

The main results of this study can be summarized as follows:
(1) Hemi-cervical cord lesion at C7-C8 level gave rise to a
direct massive deficit of primary somatosensory (cutaneous)
projections to the gracile nucleus originating from the first 2
ipsilesional toes. This deficit was not attenuated by the com-
bined BDNF and anti-Nogo-A antibody treatment; (2) Hemi-
cervical cord lesion at C7-C8 level, or lesion in M1 hand area,
in general, did not impact on the bilateral balance of the pri-
mary somatosensory projections to the cuneate nucleus, origi-
nating from the first 2 hand fingers. The exception was
observed for 1 SCI monkey treated with the combined anti-
body, the area of cutaneous terminal projection in the cuneate
nucleus being slightly smaller on the lesioned side, (Mk-AB-P,
Figure 4D) and the 2 MCI monkeys treated with the
anti-Nogo-A antibody (Figure 5D), the area of cutaneous ter-
minal projection in the cuneate nucleus being slightly larger on
the lesioned side.

Before discussing the results, it has to be kept in mind that
the conclusions are mainly limited by the fairly restricted num-
ber of cases, although this is often the case for non-human pri-
mate investigations. In particular, in the SCI group, the
monkeys injected with CB in the hand and foot reported in the

present study were among the last ones in the overall project
(mostly those treated with the combined treatment anti-Nogo-
A antibody with BDNF),* whereas CB was not injected in
early SCI monkeys (mostly those performed earlier and treated
with a control antibody or anti-Nogo-A antibody alone).1%27:28
Thus, a study including additional CB injected monkeys sub-
jected to control antibody treatment (only 1 reported here) or
to anti-Nogo-A antibody treatment (none available) would
give a more comprehensive investigation of the various treat-
ments’ effects on cutaneous inputs to the DCN after SCI.

The 2 types of unilateral lesion reported in the present study
(SCI or MCI) are quite different, although they both lead to a
disturbance of the manual dexterity of the related hand.
However, MCI (limited to the hand area of M1) led to a pure
deficit of manual dexterity whereas SCI (nearly cervical hemi-
section) produced a deficit of the ipsilesional hand accompa-
nied by hindlimb dysfunction as well. There was no intention
here to compare the 2 types of lesion, which should be consid-
ered separately. Indeed, the goal of the SCI was to assess direct
effects of the lesion on an impacted pathway, namely the cuta-
neous inputs from the hindlimb, testing the possible impact of
the combined treatment. In the MCI lesion model, the aim was
to test whether the cortical lesion may induce a distal connec-
tional change at distance on cutaneous inputs to the cuneate
nucleus, originating from the behaviorally affected hand.

Furthermore, the validity of the present CB tracing meth-
odology deserves further debate. The diffusion and the uptake
of the CB tracer under the skin at the injection sites in each
finger/toe phalange may be variable across fingers and mon-
keys. As far as inter-individual variability is concerned, an
important player may be the unavoidable variation across CB
immune-reactions performed at different time points and dif-
ferent series of histological sections, in addition to the possible
impact on the quality of tissue fixation and preservation.
However, the inter-individual variability did not strongly
impact the present data as the extent (area) of CB labeling was
not systematically compared across monkeys. The quantitative
statistical analysis was focused on an intra-individual compari-
son of one side of the gracile or cuneate nucleus with its coun-
terpart on the other side. Such bilateral comparison within a
single animal is therefore minimally impacted by differences in
tissue fixation and/or processing. In other words, the analysis
was aimed to assess whether the experimental manipulations
(lesion, treatment) impacted on a balance or imbalance of bilat-
eral CB labeling area.

Keeping in mind the obvious limitation resulting from the
small number of subjects per group, the present study pointed
out interesting information regarding the preservation of the
DCN organization following motor system injury. Concerning
inter-finger/toe variability, limited to some extent by injecting
the same volumes of CB on each side, the gracile and cuneate
nuclei CB data in the intact monkeys (n=2) are consistent with
the notion that no statistically significant bilateral difference
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should be present. In these 2 intact monkeys, the absence of
bilateral difference was observed for both DCN nuclei, making
overall 4 coherent observations suggesting that the inter-fin-
ger/toe variability did not play a major role. Furthermore, going
in the same direction, 1 SCI monkey subjected to a control (not
effective) antibody treatment exhibited the expected bilateral
imbalance, with a lower extent of the CB labeling on the ipsile-
sional side of the gracile nucleus (Mk-C-Bo; Figure 3C).
Moreover, the same control animal with SCI showed an
absence of impact of the SCI at C7-C8 level on the bilateral
extent of CB labeling in the cuneate nucleus (Figure 4C).
Taken together, these 6 observations provide some evidence
that the intra-individual bilateral comparison of CB labeling
extent appears reliable, so that possible effects of the treatments
tested here on the primary somatosensory inputs from the first
2 fingers/toes can be tentatively assessed.

As far as SCI is concerned, the data of Figure 3 show that
the mixed treatment anti-Nogo-A antibody/BDNF did not
counterbalance the bilateral asymmetry, with a lower extent of
the primary inputs in the ipsilesional gracile nucleus. On the
contrary, compared with the control antibody-treated monkey
(Figure 3C), the 2 monkeys subjected to the mixed treatment
exhibited an even more pronounced bilateral imbalance (Figure
3D). After SCI, but in the cuneate nuclei, the CB labeling area
did not show a bilateral imbalance in 2 out of 3 animals sub-
jected to the mixed treatment (Figure 4D), similar to what was
observed in absence of treatment (control antibody, Figure 4C).
The exception is monkey Mk-AB-P exhibiting a statistically
significant bilateral difference (Figure 4D). Nevertheless, the
significance is moderate (P=.03) as some sections also showed
the reverse tendency (lesioned side, the black bars, higher than
the unlesioned side, the gray ones). These data also show that
the mixed treatment did not impact on the cuneate nucleus
primary inputs after SCI, in line with what was observed for
the gracile nucleus. Overall, the lack of an apparent effect of
the combined anti-Nogo-A/BDNF treatment on the bilateral
distribution of cutaneous inputs in the dorsal column nuclei
(Figures 3 and 4) is coherent with the observation that such
combined treatment only had a moderate impact in promoting
the functional recovery after SCI, clearly lower than the sig-
nificant enhancement of functional recovery obtained when
anti-Nogo-A antibody was applied alone.*

Finally, the monkeys subjected to MCI without treatment
(Figure 5C) did not show any significant bilateral difference of
CB labeling area in the cuneate nucleus, and the present data
do not support the possibility of a remote effect due to con-
nectional diaschisis at distance. Interestingly, a significant
bilateral difference was observed in the 2 MCI monkeys treated
with the anti-Nogo-A antibody alone (Figure 5D) whereas the
MCI monkeys not receiving the treatment did not show a sig-
nificant bilateral difference. However the bilateral bias is in the
same direction in the 2 monkeys, the labeled area of the
lesioned side (in black) being larger than on the unlesioned side
(in gray), the level of significance is moderate especially for 1 of

these 2 monkeys (Mk-A-Sl, P=.04 and Mk-A-Mo, P=.003;
Figure 5). These data may suggest an effect of the anti-Nogo-A
antibody treatment on primary inputs in the cuneate nucleus
after MCI as it links the more remote effects observed by
Thallmair et al.?2 They have observed regeneration of lesioned
pyramidal projections to the sensory dorsal column nuclei
(DCN) in the brainstem after pyramidotomy in the rodent.
However, as a consequence of the weak statistical significance
and the limited number of subjects, there is no strong evidence
here in favor of an effect of the anti-Nogo-A antibody treat-
ment on primary inputs in the cuneate nucleus after MCI.
These data highlight the need to assess the possible role of
more remote effects of the anti-Nogo-A antibody treatment.
Overall, in both SCI and MCI models, the investigated 2 treat-
ments did not influence strongly the primary sensory (cutane-
ous) inputs to DCN. The effects of these treatments on the
functional recovery of manual dexterity from the SCI and from
MCT have been reported previously.3%* In monkeys subjected
to MCI or SCI, a treatment with anti-Nogo-A antibody
exhibited a significant improvement of the functional recovery
as compared to monkeys in the control groups. In case of SCI,
as the anti-Nogo-A antibody treatment itself led to complete
functional recovery following the SCI performed at C7-C8
level by Freund et al,®?7 to test a potential beneficial effect of
BDNEF added to anti-Nogo-A antibody, it was necessary to
perform clearly larger SCI lesions at C7-C8 level, inducing
more severe deficits.*0 It turned out that BDNF combined
with anti-Nogo-A antibody did not functionally compensate
for the extra deleterious effect caused by the larger SCI,
although the functional recovery in monkeys subjected to the
combined treatment still remained significantly better than in
monkeys which received a control antibody only.*> However,
the small number of monkeys involved in the present CB trac-
ing does not allow a precise correlation of the tracing data with
the behavioral data reflecting the level of functional recovery in
individual monkeys. Even in absence of effects on the connec-
tivity as observed here with CB tracing, an electrophysiological
study would still be able to reveal functional consequences at
distance (diaschisis) due to remote motor system injuries in the
somatosensory pathways at the brainstem level.

Links with previous reports

To our knowledge, the present study is the first one to report on
the transganglionic tracing of primary somatosensory afferents
from the hand and the foot in case of SCI at the cervical level
(hemi-section) or MCI. Post-lesional transganglionic tracing of
primary afferents in the cuneate nucleus has been reported,®! but
for a very different type of injury, namely a rhizotomy (dorsal
rootlet section) restricted to C8 level. Furthermore, the present
study extends the data for the hand (cuneate nucleus) to the foot
(gracile nucleus). Finally, we have conducted the first approach in
order to assess the possible impact of regenerative treatments on
the primary afferent projections to DCN after SCI or MCL
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As far as the topographical distribution of CB-labeling in
the cuneate/gracile nuclei is concerned, corresponding to pri-
mary somatosensory inputs from the first 2 fingers/toes, the
present data (Figures 3-5) are consistent with previous reports
in non-human primates.6%-636>67 In the cuneate nucleus, the
primary afferents from digits D1 and D2 are ventrally located
and form a rostrocaudally located elongated column, as reported
by Florence et al.0%%3 This topography in the cuneate nucleus
in macaques was found to be somewhat different from that
observed in the squirrel monkey.®470 In the gracile nucleus,
cutaneous afferents from the first 2 toes formed patchy labeling
territories, along with the rostrocaudal extent of the nucleus, as
previously reported.66:67

As a result of transection of the posterior column in mon-
keys (a lesional territory included in the present SCI monkeys),
it was reported that the neuronal population in the gracile
nucleus did not change. However, there were transneuronal
changes affecting the denervated neurons, showing a decrease
in the cell body area and nuclear area.”” Such transneuronal
changes of gracile neurons were not the topic of the present
study, limited to the bilateral effect on the primary afferents
from the hand and foot.

As a result of a restricted unilateral rhizotomy at C8 level, by
comparing 2 time points post-lesion, it was demonstrated that
the large number of primary afferents spared by the lesion on the
ipsilesional side gave rise to compensatory sprouting of their
axonal terminals in the cuneate nucleus.®! The question then
arises regarding the possibility that such sprouting takes place in
the present model of SCI. As shown in Figure 2, the 4 monkeys
subjected to SCI exhibit a nearly complete transection of the
dorsal funiculi. As a result, the number of ascending axons pre-
served by the transection on the lesioned side is small, suggesting
that compensatory sprouting was most likely limited and thus
may have little impacted on the bilateral balance of CB labeled
terminals areas in the gracile and cuneate nuclei. With a nearly
complete hemi-section, including most of the dorsal funiculi, the
limited sprouting on the ipsilesional side may leave open the
possibility of compensatory sprouting from the intact contrale-
sional primary afferents, although it is unknown whether some
afferents can cross the midline and, if yes, to what extent.
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