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Abstract

Although adult motoneurons do not die if their axons are injured at some distance from the cell body, they are
unable to survive injury caused by ventral root avulsion. Some of the injured motoneurons can be rescued if the
ventral root is re-inserted into the spinal cord. Brachial plexus injuries that involve the complete or partial
avulsion of one or more cervical ventral roots can be treated successfully only if satisfactory numbers of
motoneurons remain alive following such an injury at the time of reconstructive surgery. Here we investigated
the various strategies that could be used to rescue injured rat cervical motoneurons. The seventh cervical ventral
root (C7) was avulsed and various therapeutic approaches were applied to induce motoneuronal survival and
regeneration. Avulsion of the root without reimplantation resulted in very low numbers of surviving moto-
neurons (65� 8 SEM), while treatment of the injured motoneurons with riluzole resulted in high numbers of
surviving motoneurons (637� 26 SEM). When the C7 ventral root was reimplanted or a peripheral nerve
implant was used to guide the regenerating axons to a muscle, considerable numbers of motoneurons re-
generated their axons (211� 15 SEM and 274� 28 SEM, respectively). Much greater numbers of axons re-
generated when reimplantation was followed by riluzole treatment (573� 9 SEM). These results show that
injured adult motoneurons can be rescued by riluzole treatment, even if they cannot regenerate their axons.
Reinnervation of the peripheral targets can also be further improved with riluzole treatment.
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Introduction

Axonal injury inflicted upon adult motoneurons at some
distance from their cell bodies causes minimal loss of

these neurons. On the other hand, axotomy close to the cell
body, especially that occurring at the spinal cord-ventral
root interface, induces the vast majority of the affected mo-
toneurons to die (Koliatsos et al., 1994; Nógrádi and Vrbová,
1996). This latter mechanism, when the ventral root is de-
tached by harsh forces from the spinal cord, is called avul-
sion, and is a typical component of severe brachial plexus
injuries (Carlstedt, 2008, 2009). Recently several attempts
have been made to rescue adult motoneurons following
avulsion injury, including therapy with neurotrophic factors
(Blits et al., 2004; Haninec et al., 2003; Novikov et al., 1995;
Wu et al., 2003), and progenitor and stem cell therapy (Hell
et al., 2009; Su et al., 2009). Since the injured motoneurons are
thought to die as result of their increased sensitivity to ex-
citatory influences, and/or the lack of availability of a target

they can reinnervate, it can be argued that rescue of signifi-
cant numbers of motoneurons can be achieved by reducing
excitatory effects and providing them with a favorable con-
duit to regenerate their axons (Greensmith and Vrbová,
1996; Mentis et al., 1993).

Riluzole (2-amino-6-trifluoromethoxybenzothiazole) is a
compound that acts to block voltage-activated Naþ and
Caþþ channels, to activate Kþ channels, and to inhibit pre-
synaptic glutamate release (Doble, 1996; Duprat et al., 2000).
Riluzole was able to effectively reduce ischemic neuronal
damage in the spinal cord (Lang-Lazdunski et al., 1999), and
prevent motoneuron death in vitro after exposure to gluta-
mate agonists (Estevez et al., 1995). Moreover, clinical trials
have proven that riluzole increased survival of a subset of
amyotrophic lateral sclerosis (ALS) patients with bulbar
onset, and it is one of the most promising drugs for the
treatment of ALS (Bensimon et al., 1994; Gordon, 2005;
Meininger et al., 1997). We have shown in our previous
studies that systemic administration of riluzole in animals
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that had their lumbar ventral root avulsed and reimplanted
prevented the death of motoneurons (Nógrádi and Vrbová,
2001), even if onset of treatment was delayed by 10 days
(Nógrádi et al., 2007).

Most of the studies focusing on motoneuron survival after
ventral root avulsion use the lumbar spinal cord as a well-
described model. Little is known about the events following
ventral root injury in the lower cervical spinal cord, which is
typically affected by human brachial plexus injuries. It is thus
important to establish from both a clinical and a theoretical
point of view whether it is possible: (1) to rescue the injured
cervical motoneurons by providing them a favorable conduit,
including an autologous sensory nerve, to regenerate their
axons; and (2) to prevent cell death with riluzole treatment
started early after injury, even if the damaged motoneurons
have no opportunity to regenerate their axons. The aim of our
study was to reveal whether any of these strategies can rescue
significant amounts of motoneurons that can be used for the
reinnervation of the brachial plexus and the denervated
forelimb muscles.

Methods

Surgery

In all, 30 female Sprague-Dawley rats (weight at time of
surgery: 180–200 g; Biological Services, University of Szeged,
Szeged, Hungary) were used in this study. Five intact animals
were used for counting the C7 motoneuron pool. In 25 ani-
mals the right C7 ventral root was avulsed from the cord, and
these animals were used to set up five experimental groups,
each group consisting of five animals (Fig. 1).

All the operations were carried out under deep chloral
hydrate anesthesia (4%; 1 mL/100 g body weight) and sterile
conditions. In the experimental groups in which avulsion of
the C7 ventral root was followed by the reimplantation of the
root, laminectomy was performed at the level of the C5–C6
vertebrae, the dura was opened, and the right C7 ventral root
was pulled out after cutting the dorsal root (Fig. 1). The C7
ventral root was subsequently laterally reimplanted in the
spinal cord just above its original entry zone. The spinal cord
was covered with the remaining dura, the wound was closed,
and the animals were allowed to recover. In group 1 the
ventral ramus of the C7 spinal nerve was cut, and the proxi-
mal stump was prelabeled with the fluorescent dye fast blue
(FB; Illing Plastics GmbH, Breuberg, Germany). Three days
later the C7 ventral root was avulsed and placed beside the
cord far from the ventral root exit zone to avoid regeneration
of motor axons into the root (Fig. 1). In group 2 the C7 ventral
root was avulsed, and then the free end of the ventral root was
inserted into the ventrolateral part of the spinal cord (Fig. 1).
To avoid damage to the cord, a small hole was created on the
ventrolateral surface of the cord, and the avulsed root was
inserted into the hole using a watchmaker’s forceps. Special
care was taken to avoid damage to the cord, including its
motoneuron pool, or to the reimplanted root. In group 3 an-
imals the ventral root was avulsed, and the C7 motor pool was
connected to the spinocervicalis muscle by a sural nerve graft
removed from the same animal. The nerve graft was im-
planted at the same position as the ventral root in group 2
animals. Group 4 animals underwent the same operation as
the animals in group 2 (avulsion and reimplantation), but the
animals received riluzole treatment for 3 weeks. The animals

FIG. 1. Schematic drawing of the surgical procedures
applied in this study. Note the lack of possible re-
innervation in groups 1 and 5, as in these animals fast blue
(FB) was first applied to the ventral ramus of the C7 spinal
nerve (1), and 3 days later the C7 ventral root was avulsed
without reimplantation (2). To get access to the ventral
root, the C7 dorsal root was transected in every surgical
paradigm. The muscle shown in group 3 refers to the
spinocervical muscle, and in that case there was also
no reinnervation of the originally-innervated muscles
(VR, ventral root; DR, dorsal root; DRG, dorsal root
ganglion).
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in group 5 were treated the same as those in group 1 (FB
prelabeling of the C7 motor pool and avulsion), but in addi-
tion they also received riluzole therapy. Group 1 and 5 ani-
mals survived for 5 weeks, while the rest of the animals were
sacrificed after 3 months of survival. In groups 1 and 5 shorter
survival times were used, as motoneuron death was definitely
completed by this time (Koliatsos et al., 1994; Nógrádi et al.,
2007), and the retrograde tracer fast blue was still detectable in
the surviving motoneurons (Novikova et al., 1997). In groups
2–4 the sectioned ventral ramus of the right C7 spinal nerve or
the nerve graft (group 3) was labeled with FB at the end of the
survival period.

The experiments were carried out with the approval of the
Committee for Animal Experiments, University of Szeged,
and rules regarding the care and use of animals for experi-
mental procedures were followed. All the procedures were
carried out according to the Helsinki Declaration on Animal
Rights. Adequate care was taken to minimize pain and dis-
comfort.

Riluzole treatment

The animals were treated with riluzole for 3 weeks (4 mg/
kg; a kind gift of Tocris Cookson Ltd., Langford, U.K.). Rilu-
zole treatment started immediately on the day of surgery, and
the drug was injected IP daily for 1 week, and every second
day for the next 2 weeks. This treatment protocol was based
on the successful riluzole treatment described in our earlier
articles (Nógrádi and Vrbová, 2001; Nógrádi et al., 2007). The
dose of riluzole was established from data obtained from our
earlier and other researchers’ experiments (Lang-Lazdunski
et al., 1999; Nógrádi and Vrbová, 2001; Schwartz and Fehl-
ings, 2001, 2002; Wahl et al., 1993). It has also been reported
that 5 mg/kg riluzole administered IP in rats produces a
significant riluzole level in the brain (Maltese et al., 2005),
suggesting that this dose is able to produce therapeutic effects.

Retrograde labeling and immunohistochemistry

Three months after surgery, the group 2, 3, and 4 animals
were deeply anesthetized with chloral hydrate. On the oper-
ated side the ventral ramus of the C7 spinal nerve (groups 2
and 4), or the nerve graft (group 3), was sectioned and the
proximal stump of the nerve was covered with a few crystals
of fast blue. Three days after the application of fluorescent
dye, the animals were reanesthetized and perfused transcar-
dially with 4% paraformaldehyde in 0.1 mol/L phosphate
buffer. The C7 motoneuron pool of intact animals was labeled
as described above, and these animals were allowed to sur-
vive for 3 days. The animals in groups 1 and 5 were only
processed for perfusion after 5 weeks of survival. The C7
motoneuron pool of intact animals labeled with fast blue was
used as a control pool for both groups 1 and 5, and groups 2–4,
as it was reported by Novikova and associates (1997) that
motoneuron counts after fast blue labeling remain unchanged
at least for 12 weeks after application of the dye. The cervical
part of the spinal cords, with the reimplanted ventral root (if
reimplantation was performed), was removed and kept in
fixative for 4 h. The tissues were then immersed in 30% su-
crose. Serial 25-mm-thick cryostat sections were cut, mounted
on gelatinized slides, and examined with an Olympus BX50
fluorescence microscope (Olympus Ltd., Tokyo, Japan). The
number of retrogradely-labeled cells was determined. To

avoid double counting the same neuron present in two con-
secutive sections, the retrogradely-labeled neurons were
mapped with the aid of an Olympus drawing tube, and their
locations were compared to those of labeled neurons in the
previous section. All sections from the C7 motoneuron pool
were used.

Three spinal cords from groups 2–5 were then further
processed for choline acetyltransferase (ChAT) immunohis-
tochemistry. Sections from group 1 animals were not used for
ChAT immunohistochemistry because of the relatively low
number of retrogradely-labeled cells. Sections processed for
ChAT immunohistochemistry were preincubated in 3% nor-
mal goat serum for 1 h, then incubated with a polyclonal goat
anti-ChAT antibody (1:200; Chemicon, Hofheim, Germany)
overnight at 48C. The immune reaction was completed by
using the avidin-biotin technique (reagents were purchased
from Vector Laboratories, Burlingame, CA), and finally were
tyramide-amplified with the Cyanine3 TSA kit (Tyramide
Signal Amplification; Perkin Elmer, Waltham, MA). The
number of ChAT-stained motoneurons in the pools where
retrogradely-labeled cells were found was also determined,
both on the operated and control sides. Some sections were
stained with cresyl violet to assess the morphology of the
spinal cord. Sections were photographed using an Olympus
DP70 digital camera mounted on the microscope. Digital
images were resized and their contrast and brightness
adjusted.

Functional analysis

The forelimb movements of the operated animals were
monitored every week. The degree of dorsiflexion in the wrist
joint, and the extent of flexure contraction developed in the
same joint were observed. As the forelimb muscles of animals
in groups 1, 3, and 5 were not reinnervated, and therefore
complete wrist joint contraction developed in these animals,
none of the sophisticated tests such as pellet reaching or de-
tailed forelimb movement analysis could be performed. The
grading system used to determine the extent of dorsiflexion
and flexure contraction are shown in Table 1.

Statistical analysis

The non-parametric Mann-Whitney U test, and analysis of
variance (ANOVA) computed using Tukey’s all pair-wise
multiple comparison procedures, were used to compare the
group data. The tests were used according to the parametric
or non-parametric nature of the data.

Table 1. Grading System for Evaluation

of Wrist Joint Dorsiflexion and Contraction

Grading

Extent of
dorsiflexion
(wrist joint)

Degree of flexure
contraction
(wrist joint)

0 No dorsiflexion No contraction is present
1 Minimal dorsiflexion

(<308)
Minimal contraction,

wrist joint is moveable
2 Dorsiflexion * 308 Medium degree of

contraction, wrist joint
is moved with difficulty

3 Dorsiflexion> 308 Severe contraction
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Results

Observations of the movement pattern
of operated animals

All of the animals survived the surgery and the subsequent
riluzole treatment, and no side effects of riluzole treatment
were observed.

Initially all animals developed partial paralysis in the oper-
ated forelimb. Animals whose C7 ventral root was avulsed
without further surgical treatment or peripheral nerve im-
plantation (groups 1, 3, and 5) developed marked atrophy in
the extensor musculature of the upper limb, thus the wrist joint
and toes were permanently fixed in a flexion contracture by 4–5
weeks after surgery (grade 3 of contraction). They were unable
to dorsiflex the wrist joint or perform a gripping function at any
time point (grade 0 of dorsiflexion). In contrast, all the animals
that had their C7 motoneuron pool connected to the target
muscles by ventral root reimplantation (groups 2 and 4) started
to recover from paralysis during the third week following
surgery, but complete recovery took a few more weeks (Fig. 2).
By the end of the survival period they were able to walk
without major deficits, and during locomotion they extensively
dorsiflexed their wrist joints. Animals that had the C7 ventral
root reimplanted without riluzole treatment developed about

grade 2 dorsiflexion in their wrist joint (group 2; dorsiflexion
*308), while better functional results were seen in the animals
treated with riluzole following reimplantation (group 4; grade
of dorsiflexion¼ 3). None of these treated rats developed sig-
nificant contractures, and only one animal in group 2 showed
minimal contraction of the wrist joint (grade 1), with satisfac-
tory wrist dorsiflexion (Fig. 2).

General observations on the morphology of spinal cords

In cresyl violet–stained specimens the postoperative mor-
phology of the spinal cords could be studied. In all experi-
mental groups fewer motoneurons were present in the
operated ventral horn of the C7 segment, and some gliosis
could be seen at the site of root avulsion (Fig. 3A). This finding
was also seen during localization of reinnervating fast blue–
labeled motoneurons in the cord. In some cords of the animals
in groups 2–4, the reimplanted ventral root could be clearly
recognized close to the lateral motoneuron pool (Fig. 3A).

Survival of cervical motoneurons
following C7 ventral root avulsion

In the first set of experiments the number of resident
motoneurons in the C7 motoneuron pool was assessed by

FIG. 2. Functional evaluation of experimental animals during their 12-week survival period. The upper panel shows the extent of
dorsiflexion produced by animals in groups 2 and 4 (group 3 animals were not included, as their forelimb muscles were not
reinnervated). Animals that received riluzole treatment regained their ability to dorsiflex the wrist joint earlier and to a greater extent
than animals without riluzole treatment. Significant differences were seen from week 9 after surgery onward ( p� 0.05 by Mann-
Whitney U test). The lower panel displays the degree of contracture in the wrist joint as a function of time in experimental animals
belonging to groups 2 and 3. Group 4 animals are not included, as they developed no contracture, and only one animal from the
avulsion and reimplantation group (group 2) developed minimal contracture. Significant differences were observed from week 8 after
surgery onward ( p� 0.01 by Mann-Whitney U test; values are shown as mean� standard error of the mean; asterisks indicate
significant differences between data at individual time points; av, avulsion; RI, reinnervation; RIL, riluzole; PN, peripheral nerve graft).
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retrograde labeling of the ventral ramus of the C7 spinal
nerve. We found the average number of retrogradely-
labeled motoneurons to be 875� 21 (SEM; Fig. 4A and B).
This number of C7 motoneurons correlated with the mo-
toneuron numbers calculated by other researchers ( Jivan
et al., 2006; Watabe et al., 2000). The surviving motoneurons
were localized mainly in the lateral motoneuron column of
the C7 spinal segment (Fig. 3A–D). When the motoneuron
pool was prelabeled with FB 3 days before avulsion of
the root, the avulsion of the C7 ventral root resulted in a
dramatic decrease in surviving motoneuron numbers
5 weeks following avulsion, with only 65� 8 SEM surviving
(group 1; Fig. 4A).

These motoneurons were found throughout the length
of the C7 spinal segment, and marked autofluorescence in-
dicated the presence of gliotic scar tissue at the place of
motoneuron loss.

We wanted to test the neuroprotective effect of riluzole on
the injured motoneurons, and whether they can be rescued
when they have no possibility to regenerate their axons and
reach a muscle. The same experiment was carried out as on
group 1 animals, but the animals received riluzole treatment
for 3 weeks following surgery. It was found that the vast
majority of the prelabeled motoneurons survived for 5 weeks
following avulsion (637� 26 SEM), and that these moto-
neuorons had more developed dendritic trees than those in
group 1 (data not shown).

Regeneration of the axons of injured motoneurons
through a peripheral nerve guide

The effect of various surgical procedures on the regenera-
tion of injured axons of motoneurons following avulsion and
reimplantation of the C7 ventral root was studied in the next

FIG. 3. Composite figure shows the morphological appearance of an avulsed and reimplanted spinal cord, and retrogradely-
labeled cells in the C7 pool following various experimental procedures. (A) Transverse section taken from a spinal cord that had
its C7 ventral root (AV) avulsed and reimplanted (RI-VR; reimplanted ventral root in an animal from group 2 with cresyl violet
staining). The lateral part of the ventral horn in this section does not contain motoneurons; only some glial scar is present
(asterisk indicates glial scar; VH, ventral horn; DH, dorsal horn). (B–D) Retrogradely-labeled (fast blue) surviving motoneurons
are shown in spinal cords of group 2–4 animals (B: group 3, avulsion and peripheral nerve graft; C: group 2, avulsion and
reimplantation; D: group 4, avulsion, reimplantation, and riluzole treatment). Note the greater number of reinnervating mo-
toneurons following riluzole treatment (in D), compared to that seen in C (arrows indicate clearly identifiable surviving cells;
scale bars in A¼ 500mm, and in B–D¼ 100mm). Color image is available online at www.liebertonline.com/neu.
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series of experiments. In animals whose avulsed C7 ventral
root was reimplanted into the ventrolateral part of the cord
(group 2), 211� 15 SEM retrogradely-labeled motoneurons
were found, indicating that nearly one-quarter of the total
population of C7 motoneurons survived and was able to grow
axons into the reimplanted C7 ventral root (Figs. 3B and 4B).
In the experiments in which the C7 ventral root was avulsed,
and the motor pool of the affected segment and the spino-
cervical muscle was connected with a sural nerve graft, the
procedure resulted in similar numbers of retrogradely-labeled
motoneurons (274� 28 SEM; Figs. 3C and 4B). Although the
number of retrogradely-labeled motoneurons appeared to be
somewhat higher in group 3, there was no significant differ-

ence in reinnervating motoneuron numbers between group 2
and 3 animals. In contrast, a significant increase in the number
of retrogradely-labeled motoneurons was seen when riluzole
treatment was applied following C7 avulsion and re-
implantation for 3 weeks (Figs. 3D and 4B). In these animals,
much larger numbers of retrogradely-labeled motoneurons
were found (573� 9 SEM) than in group 2 and 3 animals.

Next we investigated whether there were some motoneu-
rons that were unable to extend their axons into the ventral
root or peripheral nerve graft (groups 2–4), if they were just
left in the appropriate part of the spinal cord after avulsion
and reimplantation of the ventral root.

Expression of choline acetyltransferase
in injured and regenerating motoneurons

We compared the localization of ChAT with that of fast
blue–labeled reinnervating and surviving cells. In control rats,
all the retrogradely-labeled motoneurons in the lateral mo-
toneuron pools were ChAT-immunoreactive, but only a few
ChAT-immunoreactive motoneurons in the ventromedial
pool were found not to be labeled with fast blue (Fig. 5A and
B). Strong co-localization was found in spinal cords of group 2
and 3 animals, in which the ventral root was avulsed and
reimplanted, or a peripheral nerve was implanted into the
cord, respectively. However, in these spinal cords there were
some ChAT-immunoreactive cells that were not retrogradely-
labeled. Accordingly, in these animals the proportions of fast
blue–labeled motoneurons on the operated side and those of
the ipsilateral ChAT-immunoreactive motoneurons were
84� 12% SEM in group 2 (Figs. 5C–E and 6), and 88� 7% SEM
in group 3 (Figs. 5F–H and 6), respectively. Similarly, in ani-
mals that had the C7 ventral root avulsed and reimplanted,

FIG. 4. Bar graphs show the number of retrogradely-
labeled neurons in the experimental groups. In panel A, the
results of experiments with ventral root avulsion only
(without reimplantation, 5 weeks survival only) are com-
pared. Avulsion alone without any treatment induced a
dramatic drop in the survival of the prelabeled motoneuron
pool (group 1); however, riluzole treatment without a re-
implantation strategy rescued the vast majority of these in-
jured motoneurons (73% of the intact C7 motoneuron pool;
*p� 0.001 indicates significant differences among group 1,
group 5, and intact animals, by analysis of variance [ANO-
VA] computed using Tukey’s all pair-wise multiple com-
parison procedures for each group). Panel B summarizes the
results of the avulsion and reimplantation or peripheral
nerve implantation experiments (groups 2–4). Note that ap-
proximately 24% of the motoneurons found in the intact C7
motoneuron pool were able to regenerate their axons fol-
lowing C7 ventral root avulsion and reimplantation, com-
pared with the reinnervation capacity of the injured
motoneuron pool connected to a nearby muscle via a pe-
ripheral nerve graft (31%). Increased survival and re-
innervation was found when riluzole treatment was applied
after avulsion injury. *Groups 2 and 3 were significantly
different from group 4 and intact animals, but no difference
was found between groups 2 and 3. **Group 4 animals were
significantly different from all other groups ( p� 0.001 by
ANOVA, computed using Tukey’s all pair-wise multiple
comparison procedures; values are shown as mean�
standard error of the mean).

2278 PINTÉR ET AL.



and that also received riluzole treatment (group 4), 86� 4%
SEM of the ChAT-positive motoneurons was retrogradely-
labeled (Figs. 5I–K and 6). None of these three groups were
significantly different from each other with regard to the
proportion of FB-positive/ChAT-positive neurons.

Discussion

The results of this study confirm and expand our previous
findings in the lumbar spinal cord (Nógrádi and Vrbová,
2001; Nógrádi et al., 2007), that injured adult motoneurons
destined to die following avulsion of their axons in the ventral

root can be rescued. Herewith we present evidence that large
numbers of injured cervical motoneurons can be rescued with
riluzole, a potent neuroprotective molecule. The cell death of
these damaged motoneurons was also prevented by riluzole
when the avulsed ventral root was not reimplanted, and in
addition, these motoneurons were able to regenerate their
axons into the vacated endoneural sheaths of the ventral root
following reimplantation. However, significantly fewer, but
still considerable, numbers of motoneurons could be rescued
without riluzole treatment, when the avulsed root was re-
implanted or a peripheral nerve graft was used to connect the
injured motoneurons to a target muscle.

FIG. 5. Transverse sections of spinal cord taken from (A and B): an intact C7 spinal cord segment with retrogradely-labeled
motoneurons and ChAT-immunoreactive neurons, respectively. (C–E) Spinal cord with C7 ventral root avulsion and re-
implantation 3 months after surgery. (F–H) Spinal cord with ventral root avulsion and peripheral nerve graft implantation.
(I–K) Spinal cord with ventral root avulsion and reimplantation followed by riluzole treatment for 3 weeks after surgery. (L–
N) Surviving motoneurons following prelabeling with fast blue (FB) and ventral root avulsion (without reimplantation). Note
the large numbers of surviving cells in the ventral horn in I and J. Surviving and reinnervating motoneurons were retro-
gradely labeled with FB, and the same sections were processed for ChAT immunohistochemistry. The arrows in D, G, J, and
M indicate ChAT-positive/FB-positive cells. In E, H, K, and N, ChAT-immunoreactive neurons on the control side are shown
to demonstrate the difference between the operated and intact sides of the same section (scale bars in A and B¼ 200mm, those
in C–N¼ 100 mm; av, avulsion; RI, reinnervation; RIL, riluzole; PN, peripheral nerve graft; ChAT, choline acetyltransferase).
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Riluzole rescues neurons unable to regenerate
and supports the regeneration of surviving motoneurons

The present findings show that riluzole is a potent neuro-
protective drug that is widely used in experimental ischemic
and traumatic conditions to improve functional recovery
following such insults to the central nervous system (Lang-
Lazdunski et al., 1999; Schwartz and Fehlings, 2001, 2002). Its
protective action might be due to the fact that riluzole inhibits
presynaptic glutamate release, blocks Naþ and Caþþ chan-
nels, and transiently activates Kþ channels. These actions all
point toward the considerable reduction of the excitability of
injured neurons. This may be the pharmacological back-
ground for our findings and those of others, that riluzole is
able to rescue large proportions of injured motoneurons in vivo
(Bergerot et al., 2004; Nógrádi and Vrbová, 2001; Nógrádi
et al., 2007). In our earlier study we suggested that treatment
with riluzole not only rescues the injured motoneurons from
cell death, but maintains these cells in a condition that enables
them to regenerate their axons given the right conditions
(Nógrádi et al., 2007). The present study also provides evi-
dence that the vast majority of motoneurons with avulsed
axons die if they do not have the chance to regenerate their
axons, but that these motoneurons can be rescued by riluzole,
even if their axons cannot regenerate. When the riluzole-
treated motoneurons had the opportunity to extend their
axons into the reimplanted C7 ventral root, large numbers of

the surviving motoneurons regenerated. Moreover, the re-
sults have shown that equal numbers of motoneurons sur-
vived (i.e., expressed ChAT in both experimental groups in
which the animals received riluzole treatment), no matter
whether they had a chance to regenerate or not (76� 3% and
76� 5% SEM for groups 4 and 5, respectively, expressed as
percentages of the intact motoneuron pool; Fig. 6). However,
it should be noted that these observations were made in ex-
periments with different survival times (5 weeks versus 3
months), although motoneurons with avulsed axons die by
the end of the second week after injury (Koliatsos et al., 1994;
Nógrádi et al., 2007). We observed a minor (3%) difference in
the number of fast blue- and ChAT-labeled motoneurons in
group 5 animals, in which the animals with C7 avulsion injury
received riluzole treatment. As both markers should be
present in each surviving motoneuron in the C7 pool, it can be
argued that in some neurons the tracer fast blue did not ac-
cumulate to an extent that it could be detected. On the other
hand, our data suggest that riluzole is able to prevent cell
death of injured motoneurons, and restores their cellular
metabolic activity to an extent that they can readily regenerate
if an appropriate target is provided. The present finding, that
great numbers of surviving cholinergic cells are found in the
ventral horn even 5 weeks after injury, suggest that given the
appropriate stimulus such as having access to a fresh, recently
axotomized nerve conduit, that these dormant motoneurons
can regenerate. It is therefore clinically likely that immediate
riluzole treatment, combined with a fresh conduit applied
several weeks after the avulsion injury, may be effective in
guiding considerable numbers of motor axons to denervated
muscles after longer periods of time. The results of functional
testing confirmed our morphological findings, indicating that
morphologically-proven survival and regeneration of injured
motoneurons resulted in functional reinnervation of forelimb
muscles. The animals in groups 1 and 5 were not able to
produce reinnervation, as targets were not available for sur-
viving motoneurons. Animals that had their avulsed root re-
implanted with or without riluzole treatment (groups 2 and 4)
showed functional reinnervation of the forelimb to differing
extents, indicating that riluzole treatment significantly im-
proved the reinnervation of forelimb muscles by rescuing
greater numbers of motoneurons. Moreover, the rapid and
successful reinnervation induced by riluzole treatment (group
4) prevented contracture formation, while minimal contrac-
ture developed in some animals without riluzole treatment
(group 2). However, in group 3 animals, in which re-
innervating motoneurons were provided with an ectopic
target, this kind of reinnervation did not allow functional
reinnervation of the forelimb, and led to significant contrac-
ture formation. These data suggest that riluzole treatment is
required to produce significant improvement in reinnervation
of denervated muscles, and to prevent the long-term negative
effects of denervation.

Peripheral nerve grafts and reimplanted ventral roots
are equally efficient guides for reinnervating motoneurons

In this study two experimental models were used to de-
termine the number of surviving and regenerating motoneu-
rons into various conduits. While reimplantation of the
avulsed ventral root (group 2) itself induced sufficient num-
bers of motoneurons to grow their axons into this conduit, the

FIG. 6. Bar graph showing the percentages of regenerating
(FB-labeled), and surviving (ChAT-positive) motoneurons
compared to intact and contralateral motoneuron numbers.
Note that in groups 2–4 there were visible differences be-
tween the numbers of surviving and reinnervating moto-
neurons. When the pooled data of the differences between
reinnervating and surviving motoneurons were computed
using Tukey’s all pair-wise multiple comparison procedure,
no groups were significantly different from each other (val-
ues are shown as mean� standard error of the mean; FB, fast
blue; ChAT, choline acetyltransferase).
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use of a sensory peripheral nerve (group 3) also achieved the
same effect. Although more motoneurons sent their axons
into the peripheral nerve implant, there was no significant
difference between these two groups. These data suggest that
if ventral root reimplantation is not possible, an autologous
peripheral nerve can be used to guide the regenerating axons
of motoneurons to the peripheral targets.

Another question that remains to be answered is why rel-
atively more motoneurons in the present cervical re-
implantation model regenerated into the reimplanted ventral
root than in our earlier studies on the lumbar cord (L4 avul-
sion and reimplantation; Nógrádi and Vrbová, 1996, 2001;
Nógrádi et al., 2007). One important difference between the
two models lies in the reimplantation site of the avulsed
ventral root. In the lumbar model, the implantation of the
avulsed L4 ventral root was only possible into the caudal part
of the L4 segment on the dorsolateral surface, due to the steep
course of the root. On the other hand, cervical root 7 takes a
nearly perpendicular course to the spinal cord, and the ventral
part of the cord was not lying as deep in the vertebral canal as
were the lumbar segments. Thus we could reimplant the
avulsed root in a more ventral position into the affected seg-
ment than for the lumbar spinal cord, without compromising
the integrity of the lateral motoneuron pools. It can be argued
that the proximity of the reimplanted ventral root to the in-
jured cervical motoneurons promoted their survival and re-
generation. Accordingly, greater numbers of motoneurons
had the chance to survive and repopulate the vacated C7
ventral root with their axons. Another possible explanation is
that the regenerating cervical motor axons can reach the target
muscles much earlier than those emerging from the lumbar
cord, as postulated by Eggers and associates (2010). Accord-
ing to their hypothesis, which is supported by an elegant se-
ries of experiments, the regenerating lumbar motor axons of
recovering motoneurons travel too long in the denervated
peripheral nerves to reach their targets, and during this pro-
cess the axons enter pre-degenerated nerves that prevent
significant reinnervation of denervated hindlimb muscles
(Gordon et al., 2008; Sulaiman and Gordon, 2000). These
findings coincide with ours and those of others, namely that
good reinnervation of denervated muscles is only possible
when the regeneration of motoneurons is supported by neu-
roprotective molecules, such as riluzole (Bergerot et al., 2004;
Nógrádi and Vrbová, 2001; Nógrádi et al., 2007).

Clinical aspects

The results reported here can be interpreted in the context
of present therapeutic strategies for brachial plexus injuries.
Patients with brachial plexus injuries are usually poly-
traumatized, and it takes several weeks or months after injury
before the series of surgical interventions needed to restore the
lost function of the plexus can be begun. During this time the
majority of the motoneurons appear to die, and if the re-
establishment of the original anatomical pathways is chosen
as the preferred surgical strategy (ventral root reimplanta-
tion), only limited numbers of dormant motoneurons are
available to reinnervate the target muscles. Therefore, in cases
of severe brachial plexus injury, when reconnection of the
cervical motoneurons with their original targets is the chosen
surgical strategy (Carlstedt, 2008, 2009; Carlstedt et al., 1995,
2000), neuroprotective treatment with riluzole could be use-

ful. The therapeutic advantages of riluzole are its relatively
few side effects, and its potential for delayed treatment with
the same efficacy as that seen with immediate application of
the drug (Nógrádi et al., 2007). Although in the present and
our earlier studies we used a considerably higher dose of ri-
luzole than that used in clinical practice, we did not observe
any side effects. This study provides evidence that injured
motoneurons destined to die can be rescued by riluzole, even
if they do not have a target available to reinnervate. When
ventral root reconnection is chosen to reconstruct the integ-
rity of the brachial plexus, it requires the implantation of
lengthy peripheral nerves into the spinal cord close to the
remaining motoneuron pools, followed by the coaptation of
the distal end of the nerve to the ventral root that was
avulsed during the traumatic event (Carlstedt, 2008, 2009).
The data presented here also support the viability of this
surgical strategy, as peripheral nerves implanted into the
damaged cord were as effective as conduits as the re-
implanted ventral root itself.

The results detailed here indicate that treatment with rilu-
zole induces damaged cervical motoneurons to survive, even
in the absence of the opportunity to regenerate into a re-
implanted root. This appears to be a promising new treat-
ment, and with refinements of the technique, one day it may
be possible to restore function after various peripheral nerve
injuries, even after long delays between injury and surgical
intervention.
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