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Summary

Although adult motoneurons do not die if their axons are injured at some distance from the cell
body, they are vulnerable to injury inflicted on the axons close to the cell body. Ventral root
avulsion injury induces death of the vast majority of the affected adult motoneurons. However,
some of these cells can be rescued if the avulsed ventral root or a peripheral nerve graft is inserted
into the spinal cord. The freshly injured axons of the motoneurons can enter this conduit and are
able to grow along the way to the muscles originally innervated by the damaged motoneurons. The
neuroprotective effect of riluzole has also been previously proven on the injured motoneurons: they

can be rescued even if they have no possibility to regenerate their axons.

Here we investigated the strategies that could be used to rescue injured motoneurons and compared
their effects. The cervical 7" ventral root (C7) was avulsed and several therapeutic approaches were
applied to induce the survival and regeneration of injured motoneurons. Avulsion of the root
without reimplantation resulted in very low numbers of surviving motoneurons (65 + 7.5 SEM),
while treatment of the injured motoneurons with riluzole, a potent presynaptic glutamate release
inhibitor resulted in significantly higher numbers of surviving motoneurons (637 + 25.5 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 sent their axons into the
vacated endoneural sheaths (211 + 14.8 SEM and 274 + 27.8 SEM, respectively). Much greater
numbers of axons regenerated when reimplantation was followed by riluzole treatment (573 + 8.6
SEM). Avulsion and immediate reconnection of the motoneuron pool to the spinal nerve resulted in
moderate reinnervation of the spinal nerve (281+ 23 SEM retrogradely labelled motoneurons),
while treatment of the injured motoneurons with riluzole yielded considerably higher numbers of

reinnervating motoneurons (548+ 18 SEM).

The clinical relevance of our study is given by the brachial plexus injuries that involve the complete
or partial avulsion of one or more cervical ventral roots. These injuries can be treated successfully
only if satisfactory numbers of motoneurons remain alive following such an injury at the time of

reconstructive surgery.

In order to that we designed the next step in our study to investigate the capacity of injured
motoneurons rescued by riluzole pretreatment to reinnervate denervated forelimb muscles in a

model where surgical reconnection with a peripheral nerve graft between the affected spinal cord
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segment and the C7 spinal nerve was established immediately or with 1 and 3-week-delay after

avulsion.

Reconnection of the motor pool with the C7 spinal nerve with 1-week-delay allowed fewer motor
axons to reinnervate their targets in control and riluzole-treated animals (159+ 21 vs 395 + 16
SEM). A clinically relevant 3-week-delay in reconnection further reduced the number of
reinnervating motoneurons (76+22 SEM), but riluzole pretreatment still enabled a significant

number of rescued motoneurons (39617 SEM) to regenerate their axons into the C7 spinal nerve.

These results show that adult motoneurons damaged by a brachial plexus injury can be rescued by
riluzole treatment even if they cannot regenerate their axons. Reinnervation of the peripheral
targets can also be achieved by providing a peripheral conduit for the motoneurons and the extent of

reinnervation can be further improved with riluzole treatment.

Motoneurons rescued by riluzole are able to reinnervate their targets even if they are provided with
a conduit several weeks after the primary injury. This finding suggests that rescuing injured
motoneurons with riluzole in patients who suffered a brachial plexus avulsion injury may provide

an available pool of surviving motoneurons for late reconnection/reimplantation surgeries.



Introduction

Motoneuron death after ventral root avulsion

Axonal injury inflicted upon an adult motoneuron at some distance form its cell body induces
minimal or no loss of these neurons. On the other hand, axotomy close to the cell body, especially
that of occurring at the spinal cord-ventral root interface induces the vast majority of the affected
motoneurons to die (Koliatsos et al., 1994, Nogradi and Vrbova 1996). This latter mechanism,
when the ventral root is detached by harsh forces from the spinal cord is called root avulsion and is
a typical component of severe brachial plexus injuries (Carlstedt 2008, 2009). It is suggested, that at
least a 4 mm long peripheral nerve segment distal to the spinal cord is needed to avoid degeneration

of the motoneurons (Gu et al., 1997).

The consensus opinion is that both programmed cell death and necrosis contribute to motoneuron
death but the exact mechanism is unknown yet (Chu and Wu 2009). After avulsion injury rat
motoneurons at the first phase are characterized by necrotic damages such as disintegration of cell
membranes, activation of the macrophage and the complement system. In the second phase, injured

motoneurons are undergoing apoptotic death.

Following axonal injury of motoneurons a biochemical cascade is initiated resulting in glutamate-
mediated excitotoxic events. (Mentis and Vrbova 1993, Mills et al., 2001). Glutamate is an
excitatory neurotransmitter acting on two groups of glutamate receptors: NMDA (N-methyl-D-
aspartate) and AMPA/kainate receptors (Ha ef al., 2002). Upregulation of these receptors after
injury is leading to an increased Ca’ influx into the neurons (Patai et al 2017, Terro et al., 1998).
Intracellular Ca'™" activates neuronal nitric oxide synthase (nNOS) via calmodulin, thus increasing
the production of nitric oxide (NO). NO and NO-producing glia cause irreversible damage to the
respiratory complexes of neuronal mitochondria what is thought to be secondary to glutamate

release and excitotoxicity (Brown and Borutaite 2001).

Following axotomy the whole neuron reacts with an increased metabolic activity. Few days after
the injury the cell body becomes swollen, the nucleus migrates toward the periphery (Rees 1971)
and Nissl or tigroid bodies (granules are of the rough endoplasmic reticulum with rosettes of free
ribosomes) appear to dissolve (central chromatolysis; Nissl 1894, Lenhossék 1893). The dissolution
of the tigroid bodies is less apparent toward the periphery of the cell body (Gersh and Bodian 1943).
Expression of neurofilament proteins and genes coding for energy metabolism decrease while

growth-associated phosphoprotein (GAP-43) mRNA, actin and tubulin levels increase (Tetzlaff et
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al.,1988). Survival and regeneration related proteins such as low affinity nerve growth factor
receptor (p75), alpha-calcitonin gene-related peptide (CGRP) and nitric oxide synthase (NOS) are
up-regulated (Chu and Wu 2009). Expression of various trophic factors and their receptors and
reduction in the number of NMDA receptors in the membranes of the injured motoneurons all
together suggest that the cells attempt to survive and regenerate. GAP-43, a protein related to axon
regeneration - is colocalised with nNOS in the growth cone. GAP-43 is induced and transported
centrifugally from the cell body toward the growth cone in avulsed rat motoneurons (Yuan ef al,
2010). Dendrites of the motoneurons also undergo changes: the axonal injury induces retraction and
loss of excitatory synaptic connections. The elimination of synaptic input - especially that of the
glutamatergic terminals - suggests an active reduction of glutamatergic influence to prevent
motoneuron loss (Linda et al., 2011). Following ventral root avulsion newly developed aberrant
axons can extend from the cell body or the dendrite (dendraxon) for a long distance into the grey

matter (Havton and Kellerth 1987).

Axonal regeneration in the central nervous system

Gliosis is a glial scar formation that occurs in the central nervous system (CNS) after injury to
protect the healing process. The glial scar has both beneficial and detrimental effects. The beneficial
effect of the scar is to reestablish the integrity of the CNS and stimulating the revascularization, the
detrimental effect is forming a network of gap junctions to generate a physical barrier to axonal
regrowth. Astrocytes in the injured CNS undergo morphological changes (extend their process) and
increased synthesis of glial fibrillary acidic protein (GFAP) that allows to begin to synthesizing
expression of more cytoskeletal proteins (S100B, nestin, vimentin) and extracellular matrix
molecules (chondroitin sulphate proteoglycans) (Jones et al., 2003). The processes of these so
called reactive astrocytes along with the deposited non-permissive ECM are forming the glial scar,
which represents a physical barrier for the regenerating mammalian axons after spinal root avulsion
(Bahr and Bonhofeffer 1994). After a short extension of the axons, outgrowth is stopped by myelin-
associated inhibitors and reactive astrocytes (Schnell and Schwab 1990). In the absence of the glial

scar the adult CNS white matter can be highly permissive for axonal regrowth (Davies ef al., 1997)..

Effects of grafted peripheral nerves, neurotrophic factors, pro- and anti-inflammatory

cytokines on injured motoneurons

The first successful attempt to bridge the CNS axons and their targets and to avoid the inhibitory

environment of the CNS was the use of a nerve graft (David and Aguayo 1981). The nerve graft
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was not only serving as a conduit for the growing axons but neurotrophic factors (GDNF, BDNF
and CNTF) were also expressed by the Schwann cells. These factors possess both neurotrophic and
neurotropic features indicating that they promote the neuronal survival and axonal outgrowth, and
provide a directional attractive force to the axons throughout the CNS to the grafted nerve. Several
studies suggested the existence of two Schwann cell phenotypes (Brushart 1993, Martini ef al.,
1994) namely motor and sensory Schwann cells, which differentially express trophic factors upon
denervation and reinnervation. BDNF and GDNF mRNA levels were significantly lower after
implantation of sensory nerves into the CNS. The promoting effect of Schwann cells is only
sustainable until the endoneurial fragmentation of the implanted nerves (4—8 weeks) occurs (Hoke
et al., 2006). Others have showed that a one - to- three weeks delay in implantation reduces the
positive effects on motoneuron survival but the percentage of the reinnervating motoneurons into
the implanted nerve remains constant at about 80% (Wu et al., 2004; Jivan et al., 2006; Su et al.,
2013). These results show that only a short time window of 2—4 weeks is warranted before

irreversible motoneuron loss occurs.

Neurotrophic factors are essential in the regulation of growth, maintenance, proliferation, and
survival of certain target neurons both in the developing and mature CNS. Nerve growth factor
(NGF) is perhaps the prototype of growth factors, in the sense that it was the first described
neurotrophic factor but the receptor for NGF is not expressed in spinal motoneurons in rats and
humans (Josephson et al., 2001). Brain-derived neurotrophic factor (BDNF) and neurotrophins 3,
4/5 (NT3, NT-4/5) are called collectively neurotrophins, being structurally similar to NGF.
Neurotrophins are acting on three different receptors: (a) tyrosin kinase A (TrkA) is specific for
NGF, (b) TrkB specifically binds to BDNF and NT-4/5, (c¢) TrkC is specifically acting on NT3 but

they are all able to bind to the low affinity nerve growth factor receptor p75.

Other group of neurotrophic factors including some heterogenic peptides is the neuropoetic family:
leukemia inhibitory factor (LIF), interleukins, cardiotrophin-1, neuropoetin and ciliary neurotrophic
factor (CNTF). CNTF was the first neurotrophic factor to be tested in clinical studies because of its
effect on neonatal motoneuron survival (Thoenen et Sendtner 2002). LIF (or cholinergic
differentiation factor) is promoting the survival of rat embryonic motoneurons with similar effects
to CNTF and it also has myotrophic effect after denervation (Finkelstein et al., 1996).
Unfortunately, these efforts in human patients turned out to be negative as early research data failed

to reveal that motoneurons in ALS patients are not sensitive to these factors.

Transforming growth factor beta (TGF-B) superfamily consists of TGF-f, bone morphogenetic
proteins (BMP), glial cell line derived neurotrophic factor (GDNF) and activin among other
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prototypic molecules of growth factors. GDNF is one of the most potent factors known to promote
axonal regeneration in the injured peripheral nerve and to support the survival of newborn
mammalian motoneurons after axotomy (Lapchak ef al., 1996). Moreover, GDNF has a beneficial
effect on axonal outgrowth of injured motoneurons (Bergerot et al., 2004). On the other hand,
application of GDNF 4 weeks after avulsion did not produce any beneficial effects (Zhou and Wu
2006).

Four ligands of the GDNF family (GDNF, neurturin, artemin and persephin) are connected to
complex receptors which all contain the Ret receptor tyrosin kinase. The different neorotrophic
factors have a common effect, namely they increase the level of choline-acetyltransferase activity
that prevents the decrease of acetilcholine level after axotomy (Greensmith and Vrbova 1996).
GDNF and BDNF are suggested to prevent motoneuronal death by (among others) inhibiting the

expression of NOS in injured motoneurons (Novikov et al., 1995; Wu et al., 2003).

Embryonic cell transplantations

Transplantation of stem or neural progenitor cells into the spinal cord after avulsion and
reimplantation of ventral roots is able to enhance the survival of motoneurons (Hell ef al., 2009; Su
et al., 2009). Implantation of mesenchymal stem cells (Torres-Epspin et al., 2013), neuroectodermal
stem cells (Pajenda et al., 2013), neural progenitor cells (Su ef al., 2009) has been proven to

promote motoneuron survival and regeneration after ventral root avulsion.

Embryonic spinal cord grafts containing neural progenitors not only induce the survival of the
injured motoneurons but also promote the axonal outgrowth and functional reinnervation of the

target muscles (Nogradi et al., 2011, Pajer et al., 2014, 2015).

Experimental strategies to prevent motoneuron loss after ventral root avulsion

Recently several attempts have been made to rescue adult motoneurons following avulsion injury,
including therapy with neurotrophic factors (Blits ef al., 2004; Novikov et al., 1995; Haninec ef al.,
2003; Wu et al., 2003, Pajenda et al. 2014) and progenitor and stem cell therapy (Hell ez al. 2009,
Su et al., 2009, Pajer et al 2014) and reducing excitatory effects by blocking the presynaptic
glutamate release through the use of riluzole (Lang-Lazdunski et al,. 1999, Nogradi and Vrbova,
2001). Since the injured motoneurons are thought to die as a result of their increased sensitivity to
excitatory influences and/or the lack of availability of a target they can reinnervate, it can be argued

that rescue of significant numbers of motoneurons can be achieved by reducing excitatory effects
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and providing them with a favourable conduit to regenerate their axons (Greensmith and Vrbova
1996). Schwann cells release various trophic molecules, which can help to guide the regenerating
axons (Hoke et al. 2006). The immediate reimplantation of the avulsed cervical ventral root into the
spinal cord (Chai et al., 2000; Gu et al., 2004) or the use of peripheral nerve grafts (Carlstedt et al.,
1995, 2000) not only improves the survival of the injured motoneurons but promotes axon
regeneration and functional recovery (Bertelli and Ghizoni 2003). Another study shows that ventral
root reimplantation induces better survival and regeneration than nerve graft (Su et al., 2013). This
regenerative effect can be further augmented by the use of the potent anti-glutamate compound,

riluzole (N6gradi and Vrbova 2001, Nogradi 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. 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 because of the steep course of the root.
On the other side, the cervical root 7 takes a nearly perpendicular course to the spinal cord and the
ventral part of the cord was not sitting as deep in the vertebral canal as the lumbar segments. Thus
we could reimplant the avulsed root in a more ventral position into the affected segment than in
case of the lumbar spinal cord without compromising the integrity of the lateral motoneuron pools.
It can be argued that the closer availability of the reimplanted ventral root for the injured cervical
motoneurons made regeneration and thus survival easier and thus greater numbers of them had the
chance to survive and repopulate with their axons the vacated C7 ventral root. 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 discussed by Eggers et al. (2009). According to their
hypothesis supported by an elegant series 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 process the axons enter predegenerated nerves that prevent significant reinnervation

of denervated hindlimb muscles (Gordon et al., 2008, Sulaiman and Gordon 2000).

Efficacy of Riluzole treatment to prevent cell death after ventral root avulsion Riluzole (2-
amino-6-trifluoromethoxybenzothiazole) is a compound that is known to block voltage-activated
Na', and Ca™" channels, to activate K' channels and to inhibit presynaptic glutamate release (Doble
1996, Duprat et al., 2000). Riluzole was able to effectively reduce ischemic neuronal damage in the

spinal cord (Lang-Lazdunski ef al., 1999) and prevent motoneuron death in vitro after exposure to
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glutamate agonists (Estevez et al., 1995). Other authors have shown the promoting effect of riluzole
on dendrite outgrowth (Bergerot ef al., 2004) and also stimulation of neurotrophic factor (GDNF
and BDNF) production in astrocytes (Mizuta et al., 2001). While acute riluzole incubation induced
CT-1 secretion by astrocytes and Schwann cells, chronic treatment induce a significant decrease in
trophic factor production compared to untreated cultures (Dennys et al., 2015).

Moreover, clinical trials have proved that riluzole increased survival of a subset of ALS patients
with bulbar onset and it is still the most promising drug for the treatment of ALS (Bensimon ef al.,
1994, Gordon 2005, Meininger et al,, 1997). It appears to be also neuroprotective in models of
Parkinson’s disease (Carbone et al, 2012). We have shown in our previous studies that systemic
administration of riluzole in animals that had their lumbar ventral root avulsed and reimplanted

prevented the death of motoneurons (Nogradi and Vrbova, 2001, Nogradi et al. 2007).

It is important to establish both from a clinical and theoretical point of view whether it is possible
(a) to rescue the injured motoneurons by providing them with a favourable conduit, including an
autologous sensory nerve to regenerate their axons and (b) to prevent cell death with riluzole
treatment started early after injury even if the damaged motoneurons have no opportunity to
regenerate their axons. The time window between avulsion and reconnection of the remaining
motor pool with the peripheral targets appears to be a crucial factor for successful outcome
(Carlstedt et al., 2000). By two weeks after avulsion injury the number of surviving motoneurons
dramatically decreases in the affected ventral horn of experimental animals (Koliatsos et al., 1994,
Nogradi et al., 2007). In the cases of human brachial plexus injuries the main attempt is to stabilize
the polytraumatised patients and it is not always even possible to diagnose early the neurological
deficit of the plexus, and initiate a restorative plexus surgery. Accordingly, it may take several
weeks before surgical interventions may be carried out to connect the surviving motoneurons to

their target muscles.

Systemic administration of riluzole in animals that had their lumbar ventral root avulsed and
reimplanted, prevented the death of motoneurons (Nogradi and Vrbova, 2001) even if the onset of

the treatment was delayed by 10 days (Nogradi et al., 2007).



Aims of the study

In this study we intended

1. to identify the condition upon which the injured cervical motoneurons whose axons have been

avulsed are able to survive and regenerate their axons into various conduits

2. to determine the number of riluzole-treated motoneurons that survive the avulsion injury at long

term even if their axons were deprived of a target conduit

3. to reveal whether the spinal C7 motoneuron pool rescued by riluzole after ventral root avulsion
can be used for the reinnervation of the brachial plexus and the denervated forelimb muscles to
achieve satisfactory morphological and functional reinnervation after one or three-week-delay in

reconnection of the motor pool with the C7 spinal nerve.
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Material and methods

Surgery

The experiments have been performed in three sets (Fig 1. and 2.). The first experimental paradigm
concerned the survival of injured motoneurons in cases when they were deprived of their target
without or with riluzole treatment (groups 1 and 2, respectively, Fig 1.). In the second experimental
paradigm (groups 3-5, Fig. 1.) the survival and regeneration of injured motoneurons provided with a
target was tested, including riluzole-treatment in the case of group 5 animals. In the third set of
experiments the ability of motoneurons rescued by riluzole to reinnervate their peripheral targets
was investigated in various spinal cord-brachial plexus reconnection models (groups 6-11, Fig 2.).
All together 65 Sprague-Dawley rats (weight at the time of surgery: 170-200 g) were used in this
study. Ten intact animals were used for counting the C7 motoneuron pool: 5-5 animals in the first
and the third sets of experiments. In 55 animals the right C7 ventral root was avulsed from the cord
and these animals were used to set up 11 experimental groups in the three sets of experiments, each
group consisting of five animals (Fig. 1. and 2.).

All the operations were carried out under deep chloralhydrate anaesthesia (4%, 1ml/100 g body
weight, according to our earlier experiments published in 2010) or under a ketamine-xylazine
combination anaesthesia (ketamine hydrochloride: 90mg/kg body weight, Ketavet, Pharmacia &
Upjohn Co.; xylazine: Smg/kg body weight, Rompun, Bayer Co., in the recent experiments
published in 2017) and sterile precautions. Animals received post-operative pain therapy in form of
a single daily dose of meloxicam (0.75mg/kg body weight, Metacam, Boehringer Ingelheim)
administered for 3 days post-operatively. In the experimental groups where avulsion of the C7
ventral root was followed by the reimplantation of the root, laminectomy was performed at the level
of C5-7 vertebrae. The identification of these vertebrae was based on the location of T2 vertebra,
equipped with a long spinous process. The dura was opened and the right C7 ventral root was pulled
out after cutting the dorsal root. The C7 ventral root was subsequently laterally reimplanted in the
spinal cord just above its original entry zone. This method minimizes the damage to the gray matter
of the spinal cord, especially to the motoneuron pools. The spinal cord was covered with the
remaining dura, the wound was closed and the animals were allowed to recover. In animals of
groups 1 and 2 the ventral ramus of the C7 spinal nerve was cut and the proximal stump was
prelabelled 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. In group 3 the C7 ventral root was

avulsed and then the free end of the ventral root was gently inserted into the ventrolateral part of the
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spinal cord (this group represented the basic surgical setup and as such, the standard for the 2" and
3" experimental paradigms; Fig. 1). In group 4 animals 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 implanted at the same position as the ventral root in group 3
animals. Group 5 animals underwent the same operation as animals in group 3 (avulsion and
reimplantation) but the animals received riluzole treatment for 3 weeks.

In the first set of experiments the animals in group 2 were treated as those in group 1 (Fast Blue
prelabelling of the C7 motor pool and avulsion), but in addition they received riluzole therapy, too.
Group 1 and 2 animals survived for 5 weeks while the rest of the animals were sacrificed after 3
months survival. In groups 1 and 2 shorter survival times were used as motoneuron death was
definitely completed by this time (Koliatsos et al., 1994, Nogradi et al., 2007) and the retrograde
tracer Fast Blue (FB) was still detectable in the surviving motoneurons.

In groups 3-5 (second experimental setup) the ventral ramus of the right C7 spinal nerve or the sural
nerve graft was labelled with FB at the end of the survival period (Fig 1).

Animals in groups 6 to 11 belonged to the third experimental setup. In groups 6 and 7 (immediate
reconnection groups, group 6 animals received riluzole treatment) the ventral ramus of the C7
spinal nerve was dissected from a dorsal approach. The ventral ramus was axotomized and an
autologous common peroneal nerve graft (about 25 mm in length, harvested from the right hind
limb) was placed between the spinal cord and the C7 ventral ramus to establish a conduit for the
regenerating motor axons (Figs 2. and 3). The proximal stump of the nerve graft was implanted
ventrolaterally into the spinal cord just dorsally to the original exit zone of the C7 ventral root. To
avoid damage to the cord, a small myelotomy groove was created on the ventrolateral surface of the
cord and a 0.5 mm long segment of the nerve graft was gently inserted into the hole using a
watchmaker's forceps. Special care was taken to avoid damage to the motoneuron pool or to the
implanted nerve segment during this procedure. The distal stump was sutured to the C7 ventral
ramus with 10-0 Ethilon sutures (Ethicon, Johnson and Johnson). The spinal cord was covered with
the remaining dura, the wound was closed and the animals were allowed to recover. In the other
experimental groups the same reconnection procedure was performed with a delay of 1 week
(groups 8-9) and 3 weeks (groups 10-11) after avulsion injury under the same anaesthesia protocol
as described above (Fig. 2C). Animals in groups 6, 8 and 10 received riluzole treatment for 3
weeks starting at the day of avulsion (in group 6 this was identical with the date of reconnection),

animals in groups 7, 9 and 11 served as controls for their treatment groups.

The experiments were performed with the approval of the Committee for Animal Experiments,

University of Szeged and the National Food-chain Safety Administration (NEBIH in Hungarian)
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regarding the care and use of animals for experimental procedures. All the procedures were carried

out according to the Helsinki Declaration on Animal Rights. Adequate care was taken to minimize

pain and discomfort.

Group 1.

C, ventral root avulsion

@ FB prelabelling of the ventral
ramus of C7 spinal nerve
DR

EON):

.’sf —

Group 2.

C, ventral root avulsion
+ Riluzole treatment

Group 3.

C, ventral root avulsion and
reimplantation

Group 4.

C- ventral root avulsion and
sural nerve graft implantation

DR

Group 5.

C; ventral root avulsion and
reimplantation + Riluzole treatment

Figure 1. Schematic drawings of the surgical
procedures applied in the first and second sets

of experiments (groups 1-2 and 3-5).

Note the lack of possible re- innervation in groups
1 and 2, as in these animals Fast Blue (FB) was
first applied to the ventral ramus of the C7 spinal
nerve (step 1), and 3 days later the C7 ventral root
was avulsed without reimplantation (step 2). To get
access to the ventral root, the C7 dorsal root was
transected in every surgical paradigm. Animals in
groups 3 and 5 underwent a ventral root avulsion
and reimplantation. Group 5 animals received
riluzole treatment while animals in group 3
remained untreated. The muscle shown in group 4
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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Figure 2. Schematic diagrams show the experimental procedures and the time course of
various interventions in the third set of experiments (groups 6-11)

A: In the first microsurgical procedure the dorsal C7 spinal root was axotomized in order to
provide access to the ventral root which was avulsed next. The avulsed ventral root was placed
laterally to prevent spontaneous regeneration from the injured spinal segment. B: Reconnection of
the C7 spinal segment with the axotomized C7 spinal nerve: A short segment of an autologous
common peroneal nerve (pn graft) was used to bridge the gap between the spinal cord and the
ventral ramus of the C7 spinal nerve. (VR: ventral root, DR: dorsal root, DRG: dorsal root
ganglion). C: The time points of surgical and pharmacological treatments are shown. For

simplicity, only the riluzole-treated groups (groups 6, 8 and 10) are displayed. Groups 7, 9 and 11
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underwent the same surgical procedure, but received no riluzole treatment. (FB: labelling of the C7
spinal nerve with Fast Blue crystals). D: The procedure of retrograde labelling with the retrograde
tracer Fast Blue and the site of peripheral nerve graft sampling are shown. The Fast Blue labelling
was performed 3 days before sacrificing the animals just distal to the nerve graft-C7 spinal nerve

coaptation zone. A 2 mm long segment of the peripheral nerve graft was removed after transcardial

perfusion of the animals.

Figure 3. Intraoperative photograph of the surgical procedures
The ventral ramus of the C7 spinal nerve was dissected from a dorsal approach. The ventral root
was avulsed and an autologous common peroneal nerve graft (arrow) was implanted ventrolaterally

into the spinal cord just dorsally to the original exit zone of the C7 ventral root.
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Riluzole treatment

Animals were treated with riluzole (2-amino-6-trifluoromethoxy-benzothiazole, kind gift of Tocris
Cookson Ltd, Langford, UK; 4mg/kg) for 3 weeks. Riluzole treatment started immediately on the
day of surgery and the drug was injected intraperitoneally daily for 1 week and then every second
day for the next 2 weeks. This treatment protocol was based on the successful riluzole treatment
described in our earlier papers (Nogradi and Vrbova 2001, Nogradi et al., 2007). The dose of
riluzole was established from data obtained from our earlier and other laboratories’ experiments
(Lang-Lazdunski ef al., 1999; Nogradi and Vrbova, 2001; Schwartz and Fehlings 2001, 2002; Wahl
et al., 1993). It has also been reported that 5 mg/kg riluzole administered intraperitoneally 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 the surgery the animals in groups 3-5 and 6-11 animals were deeply
anaesthetized as described above. On the operated side the ventral ramus of the C7 spinal nerve
(groups 3 and 5), or the nerve distal to the coaptation site (group 6-11) (Fig. 2D) or the nerve graft
(group 4) was sectioned and the proximal stump of the cut nerve was covered with few crystals of
Fast Blue (FB, Illing Plastics GmbH, Breuberg, Germany). In two animals both from groups 6 and
7 each, the forelimb muscles known to receive innervation from the C7 spinal segment (triceps
brachii, palmaris longus, flexor digitorum profundus, flexor carpi radialis, extensor digitorum
superficialis and profundus, extensor pollicis longus and extensor carpi ulnaris) were injected with
2% aqeous suspension of Diamidino-Yellow (DiY, Illing Plastics GmBH, Breuberg, Germany) two
days prior to FB labeling. As FB labels the cytoplasm and Di1Y accumulates in the nucleus of the
labeled cells, double retrograde labeling of the same motoneurons could be performed. A 2 mm
long segment of the nerve graft was removed and immersion fixed in 2.5% phosphate-buffered
glutaraldehyde (Fig. 2D). Five days after the application of the FB the animals were
reanaesthetized and perfused transcardially with 4% paraformaldehyde in 0.1 mol/l phosphate
buffer. Animals in groups 1 and 2 were only processed for perfusion after 5 weeks survival. The
C7 motoneuron pool of intact animals was labelled as described above and these animals were also
allowed to survive for 3 days. The cervical part of the spinal cords, with the reimplanted ventral
root was removed and kept in fixative for 4 h. The tissues were then immersed in 30% sucrose.
Serial 25 pm thick cryostat sections were cut, mounted on gelatinized slides and examined in an
Olympus BX50 fluorescence microscope (Olympus Ltd, Tokyo, Japan). The number of retrogradely
labeled cells was determined. To avoid double counting of the same neuron present in two

consecutive sections, the retrogradely labelled neurons were mapped with the aid of an Olympus
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(Olympus Ltd, Tokyo, Japan) drawing tube, and their locations were compared to those of labelled

neurons in the previous section. All sections from the C7 motoneuron pool were used.

Sections from three spinal cords from groups 2-11 were then further processed for choline
acetyltransferase (ChAT) immunohistochemistry. Sections form group 1 animals were not used for
ChAT immunohistochemistry because of the relatively low number of retrogradely labelled cells.
Sections processed for ChAT immunohistochemistry were preincubated in 3% normal goat serum
for 1 h, then incubated with a polyclonal goat anti-ChAT antibody (Chemicon, Hofheim, Germany,
1:200) overnight at 4'C. The immune reaction was completed by using the avidin-biotin technique
(reagents were purchased from Vector Labs, Burlingame, CA, USA) and finally tyramide-amplified
with the Cyanine3 TSA kit (Tyramide Signal Amplification, Perkin Elmer, Waltham, USA). The
number of ChAT-stained motoneurons in the pools where retrogradely-labelled 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.

Semithin sections
The peripheral nerve graft segments were thoroughly rinsed in PBS, dehydrated and embedded in
Durcupan™ ACM (Fluka GmbH). Semithin sections (400 nm thick) were cut on a Leica Ultracut-

R ultramicrotome (Leica GmbH) and stained according to Riideberg (1967)

Functional analysis

Although we performed functional test in all the groups whose participating animals had a target
muscle to be reinnervated, here we refer to the data of the third experimental set as clinically these
findings are relevant and rest on the same experimental basis. In groups 6-11 the forelimb
movements of the operated animals were monitored every week after a 3-week recovery period.
The degree of dorsiflexion in the wrist joint and the extent of flexure contracture developed in the
same joint were observed, and the pellet reaching test was performed. The gradings used for the
extent of dorsiflexion and flexure contracture are shown in Table 1. To perform pre-training for the

pellet reaching test, rats were briefly trained one week before the first operation to reach through a
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slot in a plexiglass box for food pellet that they grasp and then place in their mouth for eating. Rats
were mildly deprived of food for few days before the test. After the operation rats were allowed to
regenerate their motor axons into the implanted nerve segment and proximal muscles for three
weeks and then they were trained again. Pellet reaching was considered successful if the rat was

able to grasp the food in 1-2 reaches and release the food into the mouth (Anderson et al.. 2007).

Grades Extent of dorsiflexion (wrist Degree of flexure contracture (wrist
joint) joint)
0 Dorsiflexion cannot be Contracture-free movement
performed
1 Restricted dorsiflexion (<30°) Minimal contracture, wrist joint is still
moveable
2 Dorsiflexion ~ 30° Considerable contracture, wrist joint is

difficult to move for the animal

3 Dorsiflexion is significant (>30°) Severe contracture, no movement in
the wrist joint

Table 1. Grading system used for the evaluation of wrist joint dorsiflexion and contracture
The table details the grading system used to assess the extent of dorsiflexion and contracture in the

wrist joint on the operated side throughout the study.
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Statistical analysis

The non-parametric Mann-Whitney U test and the one-way ANOVA test were used to compare the
data of groups 1-5.

In groups 6-11 the ANOVA test along with the Tukey's all pairwise multiple comparison procedure
were used to compare the groups of data of parametric nature. The data of the functional tests were
computed according to the repeated measures analysis of variance (repeated measures ANOVA)
followed by Fisher's least significant difference (LSD) post hoc analysis. All data in this study are

shown as mean + standard error of mean (SEM).
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Results

Observations on the movement pattern of operated animals

All the animals survived the surgery and the subsequent riluzole treatment and no side effect of
riluzole treatment was observed.

The behaviour of the operated animals was monitored every week. Initially all animals developed a
partial paralysis in the operated forelimb. Animals whose C7 ventral root was avulsed without
further surgical treatment or a peripheral nerve was implanted (groups 1, 2 and 4) developed a
marked atrophy in the extensor musculature of the upper limb, thus the wrist joint and their toes
were permanently fixed in a flexion contracture. They were unable to dorsiflex their wrist joint or
perform a gripping function at any time. Animals without riluzole treatment, whose C7 ventral root
was avulsed and the spinal cord-C7 spinal nerve reconnection was performed after a 1- and 3-week-
delay (groups 9 and 11) developed atrophy in the extensor musculature of the upper limb, thus the
wrist joint and the toes were fixed in a low-grade flexion contracture by 6-7 weeks after surgery
(grade 1 for group 11 and 0.3 for group 9 animals). This contracture further impaired with time up
to grade 1.4 and 0.4 (group 11 vs group 9, Fig. 4). These animals were able to grasp the food in the
pellet reaching test with very low efficacy (up to 15% by week 12) and were not able to dorsiflex
their wrist joint more than 30° at any time (grade 1 of dorsiflexion). Animals in group 7 that had
their C7 spinal nerve reconnected to the spinal cord immediately after avulsion performed
considerably better in the functional tests, e.g. they developed minimal contracture and produced a
20% success rate in the pellet reaching test by week 12.

In contrast, all the animals that had their C7 motoneuron pool connected immediately to the target
muscles by ventral root reimplantation (groups 2 and 4) with or without riluzole treatment or had
their C7 motoneuron pool connected to the target muscles by peripheral nerve graft and received
riluzole (groups 6, 8 and 10) started to recover from paralysis during the 3™ week following the last
surgery, but complete recovery took few more weeks. By the end of the survival period they were
able to walk almost normally and during locomotion dorsiflexed their wrist joint. Best functional
results were produced by the animals treated with riluzole following reimplantation (group 5) and
these animals walked without major locomotor deficit. None of these treated rats developed a
significant contracture and muscle weakness in their operated forelimb except for one animal in

group 10 which showed minimal contracture of the wrist joint (grade 1, Fig. 4).
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Figure 4. Functional evaluation of experimental animals in groups 6-11 during their 12 weeks

survival.

The upper left panel shows the extent of contracture developed by animals in groups 7,9,10 and 11
(group 6 and 8 animals were not included as they did not had any contracture throughout the
survival period). Animals that received riluzole treatment, were void of contractures except one
animal which showed minimal contracture in the wrist joint. Significant difference was found from
early time points onward between the riluzole-treated groups and their controls. The right upper
panel displays the extent of dorsiflexion in the wrist joint as a function of time in experimental
animals belonging to all groups. The lower panel presents the results of the pellet reaching test in all
experimental groups. Note that despite the significant improvement observed in groups 6 and 8, the
recovery of this function does not reach the pre-training values (~62%). *: significant difference
between the riluzole-treated groups and their controls; **: significant difference between groups 6
and 10 (immediate reconnection + riluzole treatment vs reconnection after 3-week-delay + riluzole
treatment; repeated measures ANOVA followed by Fisher's least significant difference [LSD] post

hoc analysis, values are shown as mean + SEM).
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General observations on the morphology of spinal cords

In cresyl violet-stained specimens the postoperative morphology of the spinal cords could be
studied. In all experimental 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. SA). This finding
was also established during localization of reinnervating Fast Blue-labelled motoneurons in the
cord. In some cords of groups 3 and 5 the reimplanted ventral root could be clearly recognized

close to the lateral motoneuron pool (Fig SA).

Figure 5. Composite figure shows the morphological appearance of the spinal cord after
ventral root avulsion and reimplantation spinal and the retrogradely labeled cells in the C7
pool following various experimental procedures in groups 1-5 (A) Transverse section taken
from a spinal cord that had its C7 ventral root avulsed (AV) and reimplanted (RI-VR, group 3). The
lateral part of the ventral horn in this section does not contain motoneurons, only some glial scar is

present (*, VH: ventral horn, DH: dorsal horn). (B-D) Retrogradely labelled surviving motoneurons
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are shown in spinal cords of group 3-5 animals (B: avulsion and peripheral nerve graft, C: avulsion
and reimplantation, D: avulsion, reimplantation and riluzole treatment). Note the greater number of
reinnervating motoneurons following riluzole treatment (in D). Arrows point to clearly identifiable

surviving cells. Scale bars in A =100 pm, in B-D = 50 pm.

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 retrograde labelling of the ventral ramus of the C7 spinal nerve. We found the average
number of retrogradely labelled motoneurons in the first set of experiments to be 875 + 20.7 SEM
(Fig. 6, bar A) and 881 + 35 SEM in the third set. This number of C7 motoneurons correlated with
the motoneuron numbers calculated from other publications (Jivan et al., 2006, Watabe et al.,
2000). The motoneurons were localized mainly in the lateral motoneuron column of the C7 spinal
segment (Fig. 7A-B). When the motoneuron pool was prelabelled with FB three days before
avulsion of the root, the avulsion of the C7 ventral root resulted in a dramatic decrease in surviving
motoneuron numbers five weeks following avulsion, only 65 = 7.5 SEM motoneurons survived
(group 1; Fig. 6, bar B). These motoneurons were found throughout the length of the C7 spinal
segment and a marked autofluorescence indicated the presence of gliotic scar at the place of lost
motoneurons.

We wanted to test the neuroprotective effect of riluzole on the injured motoneurons whether they
can be rescued when they have no possibility to regenerate their axons and reach a muscle (group
2). The same experiment was carried out as in group 1 animals but the animals received riluzole
treatment for 3 weeks following surgery. It was found that vast majority of the prelabelled
motoneurons survived for 5 weeks following avulsion (637 + 25.5 SEM) and these motoneuorones

had more developed dendritic trees than those in group 1 (Fig. 7 L-N).

Regeneration of the axons of injured motoneurons through a ventral root or a peripheral
nerve guide

The effect of various surgical procedures on the regeneration of injured axons of motoneurons
following avulsion and reimplantation of the C7 ventral root was studied in the next series of
experiments. In animals whose avulsed C7 ventral root was reimplanted into the ventrolateral part
of the cord (group 3), 211 = 14.8 SEM retrogradely labelled 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 5B and 6). In the experiments where the C7 ventral

root was avulsed and the motor pool of the affected segment and the spinocervical muscle was
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connected with a sural nerve graft (group 4), the procedure resulted in similar numbers of
retrogradely labelled motoneurons (274 + 27.8 SEM, Figs. 5B and 6). Although the number of
retrogradely labelled motoneurons appeared somewhat higher than in group 3, there was no
significant difference in reinnervating motoneuron numbers between group 3 and 4 animals. In
contrast, significant increase in the number of retrogradely labelled motoneurons was noticed when
riluzole treatment was applied following C7 avulsion and reimplantation for 3 weeks (Figs. 5D and
6). In these animals much greater numbers of retrogradely labelled motoneurons were found (573 +

8.6 SEM).

Regeneration of the axons of the cervical motoneurons following C7 ventral root avulsion and
reconnection surgery

The effect of riluzole treatment on injured motoneurons after immediate or delayed reconnection of
the damaged C7 motoneuron pool with the C7 ventral ramus was studied in the next series of
experiments. In animals whose C7 spinal segment was reconnected straight after avulsion with the
C7 spinal nerve and received riluzole treatment (group 6), 548+18 SEM retrogradely labelled
motoneurons were found, indicating that nearly two-third of the total population of C7 motoneurons
were able to grow axons into the re-established C7 spinal nerve (Fig. 9). Without riluzole treatment
(group 7) the number of retrogradely labelled neurons decreased to 281423 SEM, and this number
correlated well with our earlier findings. In the experiments where the damaged motoneuron pool
and the ventral ramus of the spinal nerve was connected after one week delay, the procedure
resulted in higher numbers of retrogradely labelled motoneurons when Riluzole was applied (group
8, 395£16 SEM) compared with that of the untreated animals (group 9, 159+£21 SEM). Although the
number of retrogradely labelled motoneurons appeared to be somewhat lower in group 10 (369417
SEM), when the delay of reconnection was 3 weeks, there was no significant difference in the
numbers of reinnervating motoneurons between group 8 and 10 animals (1- vs 3-week-delay). In
contrast, a significant decrease in the number of retrogradely labelled motoneurons was observed in
animals whose cord was not treated with riluzole and suffered a 3-week-delay in reconnection
(group 11, 7622 SEM). It should be noted that the number of reinnervating motoneurons was
higher in group 10 animals (369+17 SEM, 3-week-delay in reconnection with Riluzole treatment),

than in animals who underwent immediate reconnection without Riluzole treatment (group 7).
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Figure 6. Bar chart shows the number of retrogradely labeled neurons in the first (A) and
second (B) sets of experiments (groups 1-5).

In panel A, the results of the first set of experiments (groups 1 and 2) are shown. Ventral root
avulsion only without any treatment induced a dramatic drop in the survival of the prelabelled
motoneuron pool (group 1), however, riluzole treatment without a reimplantation strategy rescued
the vast majority of these injured motoneurons (73% of the intact C7 motoneuron pool, group 2).
Panel B summarizes the second set of experiments (groups 3-5). Note that approximately 24% of
the motoneurons found in the intact C7 motoneuron pool were able to regenerate their axons
following C7 ventral root avulsion and reimplantation (group 3) when compared with the
reinnervation capacity of injured motoneuron pool connected to a nearby muscle via a peripheral
nerve graft (31%, group 4). Increased survival and reinnervation was found when riluzole treatment
was applied after avulsion injury (group 5).

* Significant difference among group 1, group 2 and intact animals (P <0.001 by analysis of
variance [ANOVA] computed using Tukey’s all pair-wise multiple com- parison procedures for
each group). ** Groups 3 and 4 were significantly different from group 5 and intact animals, but no
difference was found between groups 3 and 4 (P <0.001 by analysis of variance [ANOVA]

computed using Tukey’s all pair-wise multiple comparison procedures for each group).
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Expression of choline acetyltransferase (ChAT) in injured and regenerating motoneurons

We compared the localization of ChAT with that of Fast Blue-labelled reinnervating and surviving
cells. This way we could determine how many of the surviving (ChAT-positive) motoneurons were
able to regenerate (given by the number of FB-labelled motoneurons), i.e. to extend their axons into
the peripheral nerve graft or reimplanted ventral root.

In intact rats all the retrogradely labelled motoneurons in the lateral motoneuron pools were ChAT
immunoreactive, only few ChAT immunoreactive motoneurons in the ventromedial pool were
found unlabelled with Fast Blue (Fig. 7A-B). Strong colocalization was found in spinal cords of
group 3 and 4 animals, whose 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 which were not retrogradely labelled. Accordingly, in these animals the
proportions of Fast Blue-labelled motoneurons on the operated side compared to that of the
ipsilateral ChAT immunoreactive motoneurons were 83.8% + 12.2 SEM (group 3; Fig. 7C-E, Fig.
8) and 88.3% + 6.6 SEM (group 4; Fig. SF-H, Fig. 6), respectively. Similarly, in animals that had
their C7 ventral root avulsed and reimplanted and in addition received riluzole treatment (group 5)
86.4% + 4.2 SEM of the ChAT positive motoneurons was retrogradely labelled (Fig. 7I-K, Fig. 8).
None of these three groups were significantly different from each other in respect of the proportion
of FB+/ChAT+ neurons. In contrast, significantly higher proportion of surviving motoneurons
contained Fast Blue in their cytoplasm following avulsion injury and riluzole treatment without
reimplantation (96.1% = 6.0 SEM, group 2, Fig. 5L-N, Fig. 8). Although this group was
significantly different from the previous three groups, it should be noted that in this group the
presence of Fast Blue made it possible only the counting of surviving motoneurons due to riluzole
treatment, and indicated no regeneration of these cells.

In groups 6-11 strong colocalization was found in all spinal cords though there were some ChAT
immunoreactive cells which were not retrogradely labelled. This finding suggested that many more
motoneurones survived in all cords than were able to regenerate their axons and the difference
between the numbers of surviving and reinnervating motoneurons appeared to be slightly greater in

the riluzole-treated cords.
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Figure 7. Transverse sections of spinal cord taken from (A and B): intact C7 spinal cord segment
with retrogradely labelled motoneurons and ChAT immunoreactive neurons, respectively. (C-E)
Spinal cord with C7 ventral root avulsion and reimplantation 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 prelabelling with Fast Blue and ventral root avulsion
(without reimplantation). Note the great number of surviving cells in the ventral horn. Surviving
and reinnervating motoneurons were retrogradely labeled with FB and the same sections processed
for ChAT immunohistochemistry. Arrows in D, G, J and M point to ChAT'/FB cells). In E, H, K
and N ChAT immunoreactive neurons on the control side are shown to demonstrate the difference

between operated and intact sides of the same section. Scale bars = 50 um.
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Figure 8. Bar chart showing the percentages of regenerating (FB-labelled) and surviving
(ChAT positive) motoneurons as compared to intact and contralateral motoneuron numbers,
respectively in groups 2-5.

Note that in groups 3-5 (A-C) there are visible differences between the numbers of surviving and
reinnervating motoneurons, in group 2 (D) this difference appears to be negligible. When the
pooled data of differences between reinnervating and surviving motoneurons was computed using
Tukey's all pairwise multiple comparison procedures, only group 2 (*) was significantly different

from groups 3-5 (p = 0.025).
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Figure 9. Bar chart shows the number of retrogradely labelled and ChAT-positive

motoneurons in groups 6-11. Significantly more retrogradely labelled reinnervating and ChAT-

positive surviving motoneurons were found in the riluzole-treated groups compared with their

controls (*).

**= significant difference between the various control groups (ctrl to ctrl) and

treatment paradigms (riluzole to riluzole). *** indicates a significant difference between the groups

of control animals with immediate reconnection and riluzole-treated animals that had their

reconnection surgery delayed with 3 weeks, suggesting that even a considerably delayed

reconnection strategy results in successful reinnervation when riluzole was applied to preserve the

injured motoneuron pool. FB: Fast Blue labelling, ChAT: choline acetyl transferase, (ANOVA test,

computed using Tukey's all pairwise multiple comparison procedures p <0.001 for each group).

Values are shown as mean £ SEM.
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Figure 10. Representative images of retrogradely labelled reinnervating (FB: Fast Blue
labelling, blue) and ChAT-positive (red) surviving motoneurons in the spinal ventral horns of
animals in group 6-11. The horizontal rows of figures represent the consecutive experimental
groups 6-11. Note the relatively higher numbers of FB-labelled and ChAT-positive motoneurons in

the riluzole-treated groups. Scale bar: 200 um.
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Reinnervation of the target muscles: motoneurons double labelled with FB and DiY

Double labelling experiments have shown that in group 6 and 7 animals 78.5+0.7% vs 79.5+0.4%
of the Fast Blue-labelled motoneurons were co-labelled with Diamidino Yellow (Fig 11). This
finding indicates that the vast majority of the reinnervating axons present in the nerve graft were

able to reach the forelimb muscles and reinnervated them.

Figure 11. Fast Blue and Diamidino Yellow double labeled motoneurons in the transverse
section of the C7 segment

FB labels the cytoplasm and Di1Y accumulates in the nucleus of the labeled cells
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Analysis of the nerve grafts

The peripheral nerve grafts used for reconnecting the spinal cord C7 motor pool with the C7 spinal
nerve were qualitatively and qualitatively analysed for the presence of myelinated axons that
regenerated via the graft. Considerable numbers of myelinated axons were found only in group 6
and group 7, 9 and 11 animals (Fig. 12 A,B,D and F). Control animals that received their nerve
grafts with a 1 or 3-week-delay displayed only few myelinated axons in the nerve graft (Fig. 12 C
and E).
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Figure 12. Microphotographs taken from representative semithins sections of the peripheral
nerve grafts in the various experimental groups.
Arrows point to myelinated fibres in E. Note the higher densities of myelinated axons in the

riluzole-treated animals. Scale bar: 25 pm
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Discussion

This study confirms and expands our previous findings in the lumbar spinal cord (Négradi and
Vrbovéa 2001, Nogradi 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 reimplanted or a peripheral nerve graft was
used to connect the injured motoneurons to a target muscle.

In this study we have also provided evidence that delayed reconnection of the peripheral target with
its rescued motor pool by using a peripheral nerve graft after C7 ventral root avulsion induces
functionally and morphologically satisfactory reinnervation of the denervated forelimb muscles. A
fresh conduit applied one or three weeks after the avulsion injury combined with immediate riluzole
treatment appears to be effective to guide considerable numbers of motor axons to their target

muscles.

Riluzole rescues neurons and supports the regeneration of surviving MNs

The present findings show that riluzole is a very potent neuroprotective drug widely used in
experimental ischaemic and traumatic conditions to improve functional recovery following such
insults to the CNS (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 Na" and
Ca'" channels and transiently activates K+ channels. These actions all point towards the
considerable reduction of the excitability of injured neurons. This may be the pharmacological
background of our and others’ findings that riluzole is able to rescue large proportions of injured
motoneurons in vivo (Bergerot ef al.,2004, Nogradi and Vrbova 2001, Nogradi et al., 2007). In our
earlier study we have 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 (Nogradi et al., 2007). The present study also provides
evidence that vast majority of the motoneurons with avulsion 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, great numbers of the surviving
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motoneurons regenerated. Moreover, our results have shown that equal numbers of motoneurons
survived, i.e. expressed ChAT in both experimental groups where animals received riluzole
treatment, no matter whether they had a chance to regenerate or not (75.8% + 3.2 and 75.8% £+ 4.5
SEM for groups 5 and 2, respectively, as expressed in percentage of the intact motoneuron pool,
Fig.5). We observed a minor (3%) difference in the number of Fast Blue- and ChAT-labelled
motoneurons in group 2 animals where 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 possibly in some neurons the tracer Fast Blue was not accumulated to an extent that
it could have been detected. On the other hand, our data suggests 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 may
induce these dormant motoneurons to regenerate. It is therefore clinically likely, that immediate
riluzole treatment combined with a fresh conduit applied several weeks after the avulsion injury
may then be effective to guide considerable numbers of motor axons to the denervated mucles after

longer periods of time.

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

There are two possible ways for axon regeneration across the CNS/PNS border. The first way is
through the remaining nerve stump when axons of regenerating motoneurons grow along the
surface of the cord before reaching the nerve graft (Risling et al., 1992). The second opportunity is
that axons grow through a segment of the CNS along the guidance of Schwann cells of an
implanted nerve or ventral root (Carlstedt 1997). Reimplantation of the avulsed ventral root or
implantation of a peripheral nerve graft not only provides a conduit for axonal regeneration but the
denervated Schwann cells produce a number of neurotrophic factors and axon guidance molecules
thus promoting axonal regeneration. In this study two experimental models were used to determine
the number of surviving and regenerating motoneurons. While reimplantation of the avulsed
ventral root (group 3) itself induced sufficient numbers of motoneurons to grow their axons into this
conduit, the use of a peripheral nerve (group 4, 6-11) achieved the same effect at long term, too.
Although some more motoneurons sent their axons into the peripheral nerve implant, there was no

significant difference between these two groups. These data suggests that if ventral root
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reimplantation is not possible, an autologous peripheral nerve can be used to guide the regenerating
axons of motoneurons to the peripheral targets.

These findings coincide with our and others' previous results where good reinnervation of
denervated muscles was only possible when regeneration of motoneurons was supported by
neuroprotective molecules, such as riluzole (Bergerot et al., 2004, Noégradi and Vrbova 2001,
Nogradi et al.,. 2007).

Reimplantation is a feasible surgical procedure in the case of immediate reconstruction of
anatomical pathways. Moreover, this procedure induces limited scarring and damage to the motor
pool (Su et al., 2013). When delayed reconnection of the spinal cord and the brachial plexus is
needed, only peripheral nerve grafts can be used as the avulsed root has already retracted and
cannot be used for reimplantation.

In our experience, fresh peripheral nerve grafts are as good conduits for regenerating spinal motor
axons as the ventral root itself, although in the present model the growing axons had to pass two

interfaces at both ends of the peripheral nerve graft.

Delayed reconnection provides a good conduit for riluzole-treated injured motoneurons

Considerable evidence has accumulated in the last few years proving that delayed nerve repair
performed after an axotomy relatively close to the spinal cord may attenuate the cell loss that
becomes significant by 8 and 16 weeks after axotomy in the motoneuron population. Transection of
the ventral branch of the C7 spinal nerve followed by a 1 and 8-week-delayed nerve repair using a
fresh nerve graft prevented retrograde degeneration of the spinal motoneurons (Jivan et al. 2006).
Similar findings were observed in the rat brachial plexus ventral root avulsion model where nerve
grafts were implanted into the spinal cord 3 weeks following injury (Wu et al., 2004). Others have
reported that a 2-week-delay in reimplantation of the ventral root of the C6 spinal nerve improved
the survival of motoneurons from 12% to 57% and most of the surviving motoneurons were able to

regenerate their axons (Gu et al., 2005).

In our study axons of the preserved C7 motor pool were used to repopulate a reconnected peripheral
nerve conduit in different experimental paradigms. Our double retrograde labeling experiments
have provided evidence that the vast majority of regenerating axons reached their target muscles
and induced morphological and functional reinnervation of them. The 80% overlap between the two
levels (spinal nerve and forelimb muscles) of retrograde labeling results is likely to be an
underestimate. It is possible that not all motor end plates were able to take up D1Y and FB-labelled

motor axons may have projected to other muscles not labelled with DiY.
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It can be stated that the riluzole-treated motor pools were able to induce significant reinnervation in
this model and interestingly, riluzole treatment yielded better functional and morphological
reinnervation in the animals with 3-week-delay in reconnection, than in control animals that had

their reconnection surgeries immediately after avulsion.

Clinical aspects

Brachial plexus avulsion is usually caused by high-energy traffic accident in adults and may also
occur when the shoulder of the infant gets stuck behind the mother's symphysis and a traction force
is applied (neonatal brachial plexus injury). The number of roots involved determines the extent of
functional and sensory damage (Narakas and Herzberg 1985). In most of the cases with root
avulsion, multiple adjacent roots are involved resulting in a lesion also described as a ‘longitudinal
spinal cord lesion’ (Carlstedt 2016). It is one of the most serious nerve injuries, with a great
deterioration of the quality of life and significant socioeconomic effects (Bertelli and Ghizoni 2003,
Htut et al., 2007, Terzis et al., 2001). Functional recovery after brachial plexus surgery is far from
optimal despite the great advances in microsurgical techniques. The results of different surgical
procedures are influenced by the level and extent of injury and the delay before repair. Recently the
surgical treatment of traction brachial plexus injury is limited to the transfer of an intact
neighbouring nerve to the damaged nerve to restore some motor and sensory function (Htut et al.,
2007). The functional recovery after nerve transfer, particulary in the hand is very poor and depends

on the age of the patients and the quality of the donor nerve (Eggers et al., 2016).

Apart from the numerous animal experiments (Chai 2000), significant human clinical findings
(Carlstedt et al., 1995, 2000, Carlstedt 2016, Htut et al., 2007) prove that functional recovery - if the
surgery is performed within one month after the accident —resulting in useful motor but not sensory
function is possible after reimplantation of ventral root or reconnection with a nerve graft (Carlstedt
2016). It is thought that these results can be interpreted for the present therapeutic strategies of
brachial plexus injuries. Patients with brachial plexus injuries are usually polytraumatized and it
takes several weeks or months after the injury when the series of surgical interventions to restore
the lost function of the plexus can be started. During this time the majority of the motoneurons
appear to die and if the reestablishment of the original anatomical pathways (ventral root
reimplantation) is chosen as a preferred surgical strategy, supposedly only limited numbers of
dormant motoneurons are available to reinnervate the target muscles. On the other hand,
localization and mobilization of the retracted ventral roots is often impossible. Therefore,
connection of injured motoneurons to the lesioned brachial plexus by nerve grafts transplantation

has been introduced both experimentally and clinically in order to bridge the gap as an alternative
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treatment (Bertelli and Ghizoni 2003). Following ventral root avulsion both nerve transfer and
reimplantation lead to a limited degree of functional recovery. Misrouting and sprouting of axons
leads to co-contractures and neuropathic pain (Eggers et al., 2016). Therefore, novel additional
treatment strategies which promote axonal regeneration and reinnervation of the target organs are

needed to further improve the outcome of neurosurgical repair.

It could be considered that in cases of severe brachial plexus injury where reconnection of the
cervical motoneurons with their original targets is a chosen surgical strategy (Carlstedt 2008, 2009,
Carlstedt et al., 1995, 2000), a neuroprotective treatment with riluzole could be applied. The
therapeutic advantage of riluzole is its relatively few side effects and the opportunity for a delayed
treatment with the same efficacy as in the case of immediate application of the drug (Nogradi et al.,
2007). This study provided 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
considered to be the choice to reconstruct the integrity of the brachial plexus, it requires the
implantation of lengthy peripheral nerves into the spinal cord close to the remaining motoneuron
pools and then the coaptation of the distal end of the nerve to the explored ventral root that had been
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 appeared as

good conduits as the reimplanted ventral root itself.

The present results shows that treatment with riluzole is able to induce damaged cervical
motoneurons to survive even in the absence of the opportunity to regenerate into a reimplanted root
after injury and that riluzole treatment delayed up to 10 days is effective in preventing motoneuron
death in the case of immediately started riluzole therapy the delayed reconnection with peripheral

nerve grafts in patients after brachial plexus injury appears to be a feasible treatment.

The time shift between the trauma and the surgery is likely to be further extended: satisfactory
number of motoneurons may survive and remain capable to reinnervate their targets and the
peripheral nerve graft serves as an appropriate conduit for the reinnervating fibres. It can therefore
be argued that the combination of riluzole treatment followed by a delayed nerve repair is a
promising new treatment to restore function after avulsion of the brachial plexus, even after

relatively long delays between the time of the injury and surgical intervention.
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Conclusions

In conclusion it can be stated that ventral root reimplantation or nerve grafting can induce rescue of
significant amounts of motoneurons after ventral root avulsion. Riluzole treatment started
immediately after avulsion injury enhances this process and is able to rescue the injured
motoneurons even in the absence of reimplantation or nerve graft. The spinal motoneuron pool
rescued by riluzole after ventral root avulsion can be used for reinnervation via a nerve graft to

achieve satisfactory morphological and functional reinnervation after one or three-week-delay in

reconnection.
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Increased Survival and Reinnervation of Cervical
Motoneurons by Riluzole after Avulsion of the C7 Ventral Root

Séndor Pinér!? Baldzs Gloviczki? Andras Szabo” Gabor Méarton! and Antal Nograc'

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 injurics 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 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 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 e or a peripheral nerve
implant was used to guide the regenerating axons to a muscle, considerable numbers of motoneurons re-
generated their axons (211 215 SEM and 274 £ 28 SEM, respectively). Much greater numbers of axons re-
generated when tion 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.

Key words: avulsion; cell death; motoneuron; regeneration: riluzole; spinal cord

Introduction

XONAL INJURY inflicted upon adult motoneurons at some

distance from their cell bodies causes minimal koss 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; Nogradi and Vrbova,
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, 2000), and progenitor and stem cell therapy (Hell
etal, 2009; Su et al, 2009), Since the Injured motoneurons are
thought to die as result of their increased sensitivity o 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 2o regenerate their axons (Greensmith and Vribovd,
1996; Mentis et al, 1993).
Riluzole (2-amino-6-trifluoromethoxybenzothiazole) is a
that acts 1o block voltage-activated Na' and
Ca™ " channels, to activate K* 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 i ortro after to gluta-
mate agomists (Estevez et al., 1995). Moreover, clinical trials
have proven that riluscle increased survival of a subset of
amyotrophic lateral scherosis (ALS) patients with bulbar
onset, and it Is one of the most promising drugs for the
treatment of ALS (Bersimon et al, 194, Gordon, 2008;
Metninger ot al, 1997). We have shown in our previous
stadies that systemic administration of nluzole in animals

i Labxwatory of Newromorphology, 'Department of Ophthalmology and "Dvpartment of Trasmatology, University of Saeged, Soeged,
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that had their lumbar ventral root avulsed and reimplanted
prevented the death of motoneurons (Négradi and Vrbovs,
2001), even if onset of treatment was delayed by 10 days
(Nogradi et al., 2007).

Mot of the studies focusing on motoneuron survival after
ventral root avulsion use the lumbar spimal cord as a well-
described model. Litthe is known about the events following
ventral root injury in the lower cervical spinal cord, which s
typically affected by human brachial plexus inguries. It is thus
important to establish from both a clirical and a theoretical
point of view whether it is possible: (1) to rescue the imjured
cervical motoneurons by providing them a favorable conduit,
including an autologous sensory nerve, 8o regemerate 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 asons. 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 demervated
forelimb muscles.

Surgery

In all, 30 female Sprague-Dawley rats (weight at time of
surgery: 180-200 g: Biological Services, University of Seeged,
Sreged, Hungary) were used in this study. Frve intact animals
were used for counting the €7 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
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-Co
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 dlosed,
and the animals were allowed to recover. In group | the
ventral ramus of the C7 spinal nerve was cut, and the proxi-
mal stump was prelabeled with the fuorescent dye fast blue
(FB; lling Plastics GmbH, Breuberg, Germany). Theee days
later the C7 ventral root was avulsed and placed beside the
cord far from the ventral root exit zone 1o avold regeneration
of motor axons into the root (Fig. 1), In group 2 the C7 ventral
root was avubsed, and then the froe end of the ventral root was
inserted into the ventrolateral part of the spinal coed (Fig. 1),
To avold damage to the cord, a small hole was created on the
ventrolateral surface of the cord, and the avulsed oot was
inserted into the hole using & watchmaker's forceps. Special
care was taken to avoid damage 0 the coed, including its
motoncuron 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 merve 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 remplantation), but the
animals received riluzole treatment for 3 weeks. The animals
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FIG. 1. Schematic drawing of the surgical procedures
applied in this study. Note the lack of possible re-

innervation in 1 and 5, as in these animals fast blue
(FB) was first applied to the ventral ramus of the C7 spinal
merve (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 abso
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 i group 1 (FB
prelabeling of the C7 motor pool and avulsion), but in adds-
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; Nogradi et al,
2007), and the retrograde tracer fast blue was still detectable in
the iving motoneurons (Novikova et al, 1997). In groups
24 the sectioned ventral ramus of the right C7 spimal nerve or
the nerve graft (group 3) was labeled with FB at the end of the
survival period.

The experiments were carmied out with the approval of the
Committee for Animal Experiments, University of Seeged,
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 0 minimize pain and dis-
comfort.

Riuzole treatment

The animals were treated with riluzole for 3 weeks (dmg/
kg a kind gift of Tocris Cookson Ltd, Langfoed, UK. 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 sucoessful riluzole treatment described in our ecarfier
articles (NOgradi and Vrbovd, 2001; Nogradi et al, 2007). The
dose of riluzole was established from data obtained from our
carlier and other researchers’ (Lang-Lardunski
et al., 1999; Nogridi and Vibovd, 2001; Schwartz and Fehl-
ings, 2001, 2002; Wahl et al,, 1993). It has also been reported
that Smg/kg riluzole administered [P in rats produces a
significant riluzole level in the brain (Maliese ot al, 2008),
suggesting that this dose is able to produce therapeutic effects.

Retrograde labeling and immunohistochemistyy

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 orystals
of fast blue. Three days after the application of Suosescent
dye, the animals were reanesthetized and tranacar-
dially with 4% paraformaldehyde in 0.1 maol/L phosphate
buffer. The C7 motoneuron pool of intact animals was labeled
as described above, and these animals were allowed o sur
vive for 3 days. The animals in groups 1 and § were only
processed for perfusion after 5 woeks of survival The C7
motoneuron pool of intact animals labelod 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 ventral root (f

was performed), was removed and kept in
fixative for 4h. The tissues were then immensed in 0% su-
crose. Serial 25-m-thick cryostat sections were cut, mounted
on gelatinized slides, and examined with an Olympus BXS0
fluorescence microscope (Olympus Lid, Tokye, Japan). The
number of retrogradely-labeled cells was determined. To

avoid double counting the same neuron present in two cone
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
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 immunchistochemistry because of the relatively low
number of retrogradely-labeled cells. Sections processed for

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 4 C. The immune reaction was completed by
using the avidin-biotin technique (reagents were
from Vector Laboratories, Burlingame, CA), and finally were
lyulndﬂlvi&dvmhd!CymmﬂTSAhtﬂynmide
Signal ; Perkin Elmer, Waltham, MA). The
number of ChAT-stained motoneurons in the pools where
retrogradely-labeled cells were found was abo 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 doesiflexion 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 in these animals,
none of the sophisticated tests such as pellet reaching or de-
tadled forelimb movement analysis could be performed. The
grading system used to determine the extent of dorsiflexion
and flexure contraction are shown in Table 1.

Statistcal analysis

The nonvparametric Mann-Whitney U test, and analysis of
varance (ANOVA) computed using Tukey's all pairwise
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.

Taser 1L GuApING System 1ok EVALUATION
OF Wasst Joint Dossiriexson AND CONTRACTION

Extent of Degree of flexure
on contrachion

-knﬁn
Grading (wrist joint) (wrist fotnt)

0 No dorsiflexion No contraction is present
1 Minimal dorsiflexion  Minimal contraction,
(<30) wrist joint is moveable
2 Dossiflexion ~ 30 Medium degree of
contraction, wrist joint
Is moved with difficulty

3 Dosesiflexion > 30 Severe contraction
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Obsevvations of the movement patiern
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 (7 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, thas the wrist joint
and toes were permanently fixed in a flexion contracture by 4-5
wevks 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 (7 motoneuron pool connected to the target
muscles by ventral root reimplantation (groups 2 and §) started
to recover from paralysis during the third week following
surgery, but complete recovery took a few mose 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 (7 ventral
root reamplanted without riluzole treatment devedoped about

PINTER ET AL.

grade 2 dorsiflexion in their wrist joint (group 2; dorsiflexion
~ 30 '), while better functional results were seen in the animals
treated with riluzole following reimplantation (group 4; grade
of dorsiflexion = 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 cbsevvations 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 motoncurons were present in the
operated ventral hom of the C7 segment, and some ghiosis
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 avuision

In the first set of experiments the number of resident
motoneurons in the C7 motoneuron pool was assessed by
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- av 4 Rl s L (group 4)

o 1 2 3 &4 5 &
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s the degree of contracture in the wrist joint as a function of time in

0 doesiflex the wrist joint earbier and 80 2 greater extent
onwud (p <005 by Mann-
animals

differences were observed from woek 8 after

belonging to groups 2 and 3. Group 4 animals are not inchuded, as they developed no contracture, and only ane animal from the
Segnificant

(group 2) developed minimal contracture.

group (group
surgery onward (p < 001 by Mann-Whitney U st values are shown as mean + standard ermor of the mean; asterisks indicate
significant differences between data at indvidual ime points; av, avulsion; Rl reinnervation; RIL, riluzole; PN, peripheral nerve graft).
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series of experiments. In animals whose avulsed (7 ventral
root was reimy 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. 38 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
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ence in vating mc n numbers between group 2
and 3 animals. In contrast, a significant increase in the number
of retrogradely-labeded motoneurons was seen when riluzole
treatment was applied following C7 avulson 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 acetyitransferase
in injured and regenerating moloneurons

We compared the localization of ChAT with that of fast
blue-labeled reinnervating and surviving cells. In control rats,
all the retrogradely-labeled moton in the | | mo-
toneuron pools were ChAT-immunoreactive, but only a few
ChAT-immur ctive my in the ventromedial
membkwwtﬁfmbﬁn(ﬁ&SAand

were

root
survival only) are com-
pa!d. Avulsion alone without any treatment induced a
dramatic drop in the survival of the prelabeled motoneuron
pml(gwplklwwnu.rﬂumhuummﬂ\mnnm
trategy rescued the vast majority of these in-

ndmm%dnhrmtammm
*p <0001 indicates significant differences

mnps and intact animals, by analysis

procedures for each ). Panel B summarizes the
the avulsion ummnm or peripheral
implantation experiments (yﬂlzj':) Note that
proximately 24% of the motoneurons in the intact
-m-mpoolwmablehowhlhdtamfol-
lowing C7 v | root avulsion and reimpl tion, com-
Mhnﬁmaﬁnnawdlyolﬂ\rhhnd
motoneuron pool connected to a nearby muscle via a pe-
ripheral nerve z::‘ol%). Increased  survival and e
Innervation was 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 ﬁmupu (p<0001 by
ANOVA, computed using Tukey's a mbe multiple
comparison  procedures; values are as  mwean &
standard error of the mean).
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REGENERATION OF INJURED CERVICAL MOTONEURONS
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Note that in groups 2-4 there were visible differences be-
tween the numbers of surviving and reimmervating 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 cach other (val-
ues are shown as mean £ standard error of the mean; FB, fast
blue; ChAT, choline acetyltransferase).

Riuzole rescues newons unable 10 repenerate
and supports the regenaranon of SUrViving MmolonNewrons

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 1o the fact that riluzole inhibits
presynaptic glutamate release, blocks Na™ and Ca™ " chan-
nels, and transiently activates K™ 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 s
able to rescue large proportions of injuned motoneurons @ v
(Bergerot et al, 2004; Nogradi and Vebovs, 2001; Négradi
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 te their axons given the right condiions
(NOgradi 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 chanoe to negenerate their
axons, but that these motoneurons can be rescued by riluzole,
even if their axors cannot regenerate. When the rilusole-
treated motoneurons had the opportenity to extend their
axons into the reimplanted C7 ventral root, large numbers of
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the surviving motoneurons regenerated. Moreover, the re-
sults have shown that equal numbers of motoneurons sur-
vived (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;
Nogradi 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
angued 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 hom 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. [t 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.

Penipheral nerve grafts and reimplanted ventral roots
are equally efficient guides for reinnenating motonewons

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
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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 rei 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 earbier studies on the lumbar cord (L4 avul-
sion and reimplantation; Nogradi and Vebova, 1996, 2001;
Nogradi et al, 2007). One important difference between the
two models Bes 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 candal 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 mare ventral position into the affected seg-
ment than for the lumbar spinal cord, without
the integrity of the lateral motoncuron 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 & only possible
when the regeneration of motoneurons is supported by new-
roprotective molecules, such as riluzole (Bergerot et al., 2004;
Négradi and Vrbova, 2001; Nogradi 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 injurics are usually poly-
traumatized, and it takes several weeks or months after injury
before the series of interventions needed to restore the
lost function of the plexus can be begun. During this time the
majority of the motoncurons 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), nesiroprotective 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 (Nogradi et al, 2007). Although in the present and
our earbier studies we uwsed a considerably higher dose of ri-
lurole 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 recommection is chosen 1o 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-
ventral root itself.

20le 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
infervention.
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Delayed Spinal Cord-Brachial Plexus
Reconnection after C7 Ventral Root Avulsion:
The Effect of Reinnervating Motoneurons
Rescued by Riluzole Treatment

Baldzs Gloviczki! Dénes G. Térdk'* Gabor Marton” Laszio Gal'*
Tamés Bodzay” Sandor Pintér!* and Antal Nograds'

Abstract

Ventral root avulsion induces dramatic loss of the affected spinal cord motoncurons. The ncuroprotective effect of nluzole
has been previously proven on the injured motoncurons: the vast majority of them can be rescued even when they have no
possibality 1o regenerate their axons. In this study the number of injured motoncurons rescued by niluzole treatment and
their capacity to reinnervate the denervated forelimb muscles was investigated. Surgical recoanection with a peripberal
nerve graft between the affected spinal cord segment and the C7 spinal nerve was established immodistely or with |- and
3-week delay after avalsion. Avulsion and immediate recoanection of the motoncuron pool 1o the spimal nerve resalied in
moderate reinnervation of the spinal nerve (281 £23 standard error of mean [SEM| retrogradely labeled motoneurons),
whereas treatment of the injured motoncurons with nluzole yickded considerably higher numbers of reinnervating mo-
toncurons (548 £ 18 SEM). Reconnection of the motor pool with the C7 spimal nerve with 1-week delay allowed fewer
motor axons (o reinnervate their targets in coatrol and niluzole-treated animals (159221 vs. 3952 16 SEM). A clinically
refevant 3-week delay in reconnection further reduced the number of reimnervating motoncurons (76 £22 SEM), but
riluzole pre-treatment still enabled a significant number of rescued motoneurons (396 £ 17 SEM) 10 regenerate their axons
These results show that those injured adult motoncurons that are rescued by niluzole treatment stanted immediately after
the avulsion injury are able 10 reinnervate their targets even if they are provided with a condust several weeks after the
primary injury. This finding suggests that pantial rescoe of injured motoncurons with riluzole in patients who suffered a
brachial plexus avulsion injury may provide an available pool of surviving motoscurons for late reconnection/re-
implantation surgeries.

Keywords: avulsion: delayed nerve grafting: motoneuron: reinnervation: niuzole: ventral root

Introduction

DULT MOTONEURONS survive asolomy occwrring far away

from their cell bodies. In comtrast, the vast majoraty of dam-
aged motoncurons die following ventral root avulsion, a typical
lesion mechanism in severe brachial plexus injury.’ * Recent
stadics show that immediate reimplantation of the avelsed ventral
root into the spinal cord" 7 or the use of peripheral nerve grafis
not omly imgeoves the survival of the injured motoncerons but
promotes axon regeneration and functional recovery.*” This re-
generative effect can be further augmented by the use of the
potent anti-glutamate compound, riluzole” ' Riluzole (2-amino-

O-trifluoromethony besrothurole) s 3 aceroprotective molkecule
known 10 possess 3 muliple mochanm of xtion: #t blocks vols-
age activated Na® and Ca™* chamach, xctivates K channcls, and
inhibits pre-symaptic ghetamate release. ™"’ Riluzole has boen
reported o effectively redece ichemic and traumatic neuroeal
damage in the spimal cord """ and prevest motoncurce death
im vitro afier exposare to ghatamate agoensts'* Morcover. ribazole
was reporied 10 ameliorate spimal coed injury-induced spasticity.'”
Clinical trials have proved the hmited efficacy of nluzole in a
subret of amvyotrophic lateral scherosis (ALS) patients with balbar
omset, and it b il the caly FDA - approved drug used for the sys-
temic treatment of ALS. ™ ™ On the other hand, riduzcle proved
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DELAYED SPINAL CORD-BRACHIAL PLEXUS RECONNECTION

10 be effective both in pre-chisscal models™ and clinical trials of
cervical spinal cord injury ~ As wde effects arc wually transiest
and wicrable, riluzole can be admmntered for loag periods of time.

The time window betwoen avelson and the reconnection of the
remaining motor pool with the peripheral targets appears to be a
crucial factor for a successfiul outcome. ™ By 2 weeks after avulsion
injury the sumber of surviving motoacuroas dramatically decreases
in the affected ventral boen of experimental animals.*™'" In the
cases of human beachial pleves injuries the main atiempe is to
stabilize the polytraumatized patient, and & s not always even
possible 1o diagnose carly the scerological deficit of the plexus and
nitkate a restorative pleves seepery. Accordingly, it may take several
weoeks before surgical imerventions may be carried out to connect
the surviving motoncerons 1o thar tanpet musches o nerves,

We have shown in our peevious studies that systemic adiminis-
tration of riluzole in animals that had their bumbar'' or cervical”
ventral root avulsed and resmplanted prevested the death of the
majority of motoncurons even if the onset of the treatment was
delayed by 10 days. " Moreover, evidence has also been provided
that motoncsrons with avelsod avons survive even in cases when
their avons are prevontod from repeneration. These recent findings
sigpest that a vast majonty of motoneurons can be rescued from
cell death initiased by the mserrupton of thewr whole avon, More-
over, their ponkarys may et the capacity 1o regenerate thelr
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avons a later time-points provided the cell body remains intact.”
The aim of oer study was 10 reveal whether 3 sapmeficast portion of
the spimal C7 motoacuron pool rescucd by rilssole after ventral root
avulsion can be used for the reinnervation of the brachial plexus.
Moreover, the stody aimed at showing that the demervated fore-
limb muscles achicve satisfactory functiosal remservation afier
1+ or 3oweck delay in recommection of the motor pool with the
C7 spinal nerve.

Surgery

Alogether 38 Sprague-Dawley female rats (weight o time of
surgery: 170-180g: Biological Services, Usiversaty of Seegody
were used in this study. Five imact amimals were ssed for counting:
the C7 motoneuron pool. In 30 animals the nght C7 vestral root was
avulsed from the cord and these animals were wsed 10 set up siv
experimental groups, cach group consisting of fve sssmals (Fig. 1)

All the operations were camod out snder decp Retamine-
aylazine combanatson ancsthesia (hetamine bydeochlonde: W mpig
body weight, Ketavel, Pharmacia & Upgotin Co: sylasine: Smgiyg
body weight, Rempun, Bayer Co) Ansmnaks recerved post-operative
pain therapy in form of a single daily dose of mchonscam (0. 7S mgig
body weight, Metacam, Bochringer Inpelhoim) administered for
3 days post-operatively.

A B Cc
groups 1.2 o 3 groups 3456 -
34 1-woek delay
- :M:M B
—
Iresh pn grom » ress o= grom
Crventral raman Crwentral ramus.
D E
AvUlSiON ¢ reCONNECTon
"-n‘.-
Ceesetel gezess mrmmronaerrss
groups 12 - o
1 2 3 s M 12 13 14 15 (weeks)
avulsion  reCONNECTON
P 8 i "
" entenster gr.avery s
groups 3.4
1 2 3 4 s 7 7 1" 15 (woeks) 7
avuision recomrecton 9 sampling
' ' FB pertonion
groups 5,6
2 3 4 5 “ 7 " 15 (woeks)
FIG, 1. Schematic show the procedures and the time counse of vanous imerventions ia the &fferent exper-

duagramm experimental
imental paradipms. (A) Is grosps | and 2 (immediate recossection surpery afier avulsion injury) the donal C7 spesal oot was

axotomized to provide acoess 1o e ventral root which was avulsed next. The avulsed ventral root was placed laterally 1o prevent
spontancous repencration from the injured spinal segment. Then a short segment of a freshly removed astologoss common peroncall
merve (po graft) was used to bridge the gap between the spimal cord and the ventral ramus of the C7 spinal nerve. (DR, dorsal root; DRG.
dorsal root ganghion: VR, vestral root). (B,C) The same microsurgical procedwre is performed (avulsion of the C7 ventral root as showm
in B), but the surgical recomsection of the damaged C7 motor pool and the C7 ventral ranses is carniod out with 2 1- or Sweek delay (i
C). (D) The time-points of seepical and pharmacological treatments along with other events during the experiment are shown, For
simplicity, groups with identscal sergical paradigms are displayed together (FB: labeling of the C7 spinal merve with Fast Blse crystabs »
(E) The procedure of resrograde libeling with the retrograde tracer Fast Blue and the site of peripheral nerve praft sumpling are
shown, The Fast Blee labehing was performed $ days before sacrificing the asimals just distal 10 the praftC7 spemal merve coaptation
rone. A 2amm long sepment of the peripheral nerve graft was removed after transcardsal perfusion of the animals.
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In all experimental animals a Bsinoctomy was porformod sader
a surgical microscope at the bevel of the CS-6 vericheac. The
identification of these verichrae was based on the location of the T2
vertebra, equipped with a long spinous process. The dera mater was
opened and the right C7 ventral root was pulled out aficr comting the
C7 dansal root (Fig. 1A). To prevest repenceation isto the avelsed
ook, it was bent and placed further away from the sse of mpery. In
groups | and 2 (immediate reconnoction groups: group 2 assmals
received riluzole trestment) the ventral rames of the C7 spimal
nerve was dissected from a ventral apperoach between the asterior
and middle scalenus muscles.

The ventral ramus was avotomized and an autoloposs Common
peroncal nerve graft (about 25 men in length, harvestod from the
right hindlimb of the same animal) was placed betwoen the spunal
coed and the C7 ventral ramus 10 establish a conduit for the re-

generating motor axoms (Fig 1A). The medial stump of the nerve
graft was implanted ventrolaterally into the spenal cond jes dorsally
o the original exit zone of the C7 ventral root. To avosd damage
the cord, a small myclotomy groove was creatod on the ventrolas-
eral sarface of the cord and an 0.5-mm Jong segment of the nerve
graft was gently imserted into the hole by wsing a waschmaker’s
forceps. Special care was taken 10 avoid damage 10 the motonceron
pool or to the implanted merve segment during this procedare. The
distal stump was sstured 10 the C7 ventral rames wah 10-0 Exdslon
sutures (Ethicom). The spinal cond was coverod with the remasing
dura, the wound was closed. and the animals were allowed % re-
cover. Removal of the common peromeal merve for astografting
from the right hindlimb did not cause serious long-term defict i
the locomotor pattern of the hindlimb and did not affect the motor
performance of the forelimbs,

To reproduce chinically relevant situations m the cxpermmental
paradigms, in the other experimental groups the poroacal serve
grafting (reconnection of the mator poal and the freshly cmt C7
spinal nerve with a freshly harvested peroncal nerve graft) was
camied out with a delay of | woek (groups 3-4) and 3 wecks (groups.
5-6) after avulsion imjury under the same ancsthesia protocol
described above (Fig. 1B-D). Animals in groups 2. 4 and 6 re-
celved riluzole treatment for 3 weeks starting o the duy of avelvon
(im group 1 this was identical with the date of recoamection). Ass-
mals in groups |, 3, and § served as comtrols for their reatmont
groups, that is, they received no riluzole trestment (Fig. 1D). The
experiments were carried out with the approval of the Commatice
for Animal Experiments, University of Szeged reganding the care
and use of amimals for ex procedares. All the proce-
dures were carmied out according 1o the Hebunki Declaration on
Anmimal Rights.

Riluzole troatment

Amamals were treated with Alusole (2-amino-6-srfleorcencthony -
benzothiazole, kind gift of Toors Cookson Lad., Langford. UK:
dmgig) for 3 weeks. Riluzole treatment startied immodiately on the
day of avulsion surgery and the drug was injocted intraperisone-
ally daily for | week and every second day for the sext 2 weoeks
(Fig. 1D), This wreatment prosocol was based on the seccesful
rilurole treatment described in our earlier publications "' The
dose of nluzole was established from ah,hv‘b-c-culn
and other laboratories’ ex SHLEIES 1 has abo boen
MMMMMSWMM‘
MWI,I.MIM.MMMM.&

that thas dose is able 10 induce therapewte of -
m;(‘mnlm-dthml 1, d S roceived mo imgections
in place of rdurole,

Retrograde labedng and immunohistochemistry

Three months after the reconnection surgery (Le. perpheral
nerve grafung, Fig. 1D) the animals were doeply ancsthetizod with
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ketamine-xybazine. On the operated side the ventral ramas of the:
C7 spanal merve was sectioned just dastal 10 the coaptation site:
(Fig. 1E) and the proximal stump of the nerve was covered with a
few crystals of Fast Bloe (FB; llling Plastics GmbH, Breuberg.
Germany). In two animals both from groeps | and 2 the forelimbs
mencles knowa o receive innervation from the C7 spinal segment !
(triceps brachii, palmaris longus, flexor digitorum profundus, fexor
carpe radialis, extensor digitorum seperficialis and profusdus, ex-
tensor pollicis Jongus, and extensor carpi ulnaris) were injected!
with 2% aqueous suspension of IXY 2 days prioe 10 FB labeling. As.
FB labels the cytoplasm and DIY accumalates in the nucleus of the:
labeled cells, double retrograde labeling of the same matoncurons.
could be performed. Five days after the application of FB the an-
imals were re-anesthetized and perfused transcardially with 4%
paraformaldehyde in 0.1 moVL phosphate buffer. A 2-mm long.
segment of the merve graft was removed and immersion fixed in
2.5% phosphate-buffered glutaraldehyde (Fig. 1E). The C7 moto-
ncuron pool of intact asimals was labeled as described above andl
these animals were also allowed 1o survive for S days,

The cervical part of the spinal cords, with the reimplanied nerver
segment was removed and kept in fixative (4% phosphate-baffered!
paraformaldehyde) overnight at 4°C. The cords were then im-
mersed i 0% secrose in phosphate-buffered saline (PBS). Serial
25-pem thick cryostat sections were cut, moented oa gelatinized
shides, and examined in an Olympes BXS1 fluorescence micro-
scope (Olympus Lid.. Tokyo., Japan). The number of retrogradely
labeled cells was determined in 25-pom thick cryostat sections. Tos
avoid double counting of the same neuron present in consecutive
sections, the retrogradely labeled neurons were mapped and drawn
with the d of an Olympus camera Locida (Olympes Lid, Tokyo,
Japan), and thewr locations within the ventral hom were compared!
with those of labeled neurons in the previows section.” " Farther
help for the identification of labeled motoncurcas was provided by
the presence of cell mucled, left unlabeled by FB. All sections froms
the C7 motoscuron pool were used. This method provided simalar
numbers of motoseurons in the C7 spinal segment as reported by
carlser studies (see Results).

Theee spenal cords from all groups were then farther processed!
for cholme acetylramsferase (CRAT) immunodistochemistry,
Sections processed for CAAT immunobistochemistry were pre-
incubated in 3% normal goat serum for | b, then incubated with &
polycional goat anti-ChAT antibody ( Merck/Chemicon, Hofheim,.
Germany, 1:100) overnight at room temperature. The immune re-
wtion was completed by using the avidin-biotin techaique (re-
apents were purchased from Vector Labs, Burlimgame, CA) andl
fmally tyramide-amplified with the Cyanime? TSA kit (Tyramide:
Signal Amphification, Perkin Elmer, Waltham, MA). The number
of ChAT stained motomewrons in the pools where retrogradely la-
beled cells were found was also determined both on the operated!
and control sides. Some sections were stained with cresyl vioket 1o
awess the morpbology of the spinal cond. Sections were photo-
graphed wsing an Olympus DFTO digital camera mounted on the:
macroscope. Digital images were resized and their contrast and!
brightness adjusted.

Sermithin sections

The peripheral nerve graft segments were thoroughly rinsed in
PBS, osmicated, dehydrased, and embedded in Durcupan'™ ACM
(Fluka Gebi). Semithin secthons (400-nm thick) were oot on &
Letca Uliracwt-R wltramicrotome (Lekca Gmbi) and stained ace
conding to Rideberg™ (mixtare of 0.1% methylene blue and 0.1%
theonine in 0.1 mold. phosphate buffer). This misture is peefera:
bly used 10 visualize Intact and lessoned nervous tissue. The mye-
limated axoms were counted by wing the Image) (NIH) open source:
image analysis program. To gain more information about the ex-
tent of myelimation in the grafts, the gratio (the ratio of mner
avonal to the outer daamcter) of the myclin sheaths (For details see



Tasie 1. Gramne Systesm Usen sox e Evarvanos
or Wist Jorxt Dosssreexion axn Contracnion

Extent of dorsifiexion Degree of fiexure
Grades (wrist joinr) contracture (wrist jodnt)
0 Dossiflexion cannot Contractare-free movement
be performed
] Restricted Minimal contractare,
doesifiexion (<307) wrist joint is
still moveable
2 Dossifiexion ( ~30°) Considerable contractese,
wrist joint is defficel
1o move for the ammmal
3 Dossifiexion is Scvere contracture.,
significant (>30") no movement in

The tble details the grafing yyviem mod 10 avew the cvest of
dorviflcnion aad comraction in the wrint joist on the opersted sade
throughout the sady.

Chomiak and Hu'') was determimed from selected arcas of the
nerve cross semithin sections.

Functonal analysis

The forelmb movements of the operated amimals were moes-
tored every week afier a Joweek recovery period. The degree of
doesifiexion in the wrist joint and the extent of flexure contractene
developed in the same joint were observed, and the pelict resching
test was performed. The grades used for the extent of dorsificuion
and flexure comtracture are shown @ Table 1. To perform pee-
trainiag for the pellet reaching test, rats were briefly trained | week
befare the first operation 8o reach through a shot in a plexighass box
for food pellets that they grasp and then place in their mowh for
cating. Rats were mildly deprived of food for few days hefore the
test. Afier the operation rats were allowed o regencraie thesr moser
axons into the implasted nerve segment and proximal muscles for
3 weeks and then they were trained apain. Pellet reaching was
considered successful if the rat was abide 10 grap the food is on 1o
two reaches and release the food imo the mouth. ™ The percestage
of the success was determined by 10 wrak,

Statistical analysis

The analysis of variance (ANOVA) test along with the Tekey's

all pairwise multiple comparison procedure were used 10 compane
the groups of data of parsmetric nsture. The data of the Tuncional
tests were computed according 10 the ropeated measures analyss of
variance (ropeated measares ANOVA) followed by Fisher's heast
significant difference (LSD) post hoc analysis. AN data in this seedy
are shown as meean £ SEM,

Observations on the movement pattem
of operated animals

Afer the fiest surgery all animals developed a partial paralyses s
the operated forelimd. Animals without nluzole trestment. whose
C7 ventral root was avulsed and the spanal cord-C7 spunal serve
reconnection was performed after a |- and S-wock delay (prosgs 3
and $) developed a marked atrophy in the extensor musculatere of
the upper limb. Accordingly, the wrist joint and the tocs were Sued
in a low-grade flexion contracture by 6-7 woeks afier seegery
(grade | for growp S and 0.3 for group 3 animals). This contracsese
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further impaised with time up to grade 1.4 and 0.4 (group 5 vx.
group 3, Fig. 2). These animals were able to grasp the food in the
pelict reaching test with very low efficacy (up 10 15% by week 12)
and were not able to doesifiex their wrist joint more than 30% ot any
e (grade | of dorsifiexson). In contrast, animals that had their C7
spomal morve reconnected 1o the spinal cond immediately after
avebaon (groep 1) performed comsaderably better in the functional
oy, for cxample, they developed mimmal contracture and pro-
duced a3 20% sscooss rate m the pellet reaching test by woek 12,

On B other hand, all the animals that received riluzole treat-
ment and had Beir C7 mowecuron pool connected to the target
mencios (groegs 2, 4, and 6) staned 10 recover from paralysis from
the 4t woek following sergery, but scar complete recovery ook a
fow more weeks. By the end of the survival persod they were able 1o
walk wuhost mujor deficit and during locomotion cviensively
dorsaficned their wrist josst (grade 2-3). Most of these ssimals
developed no contractare, except for one asimal in group 6 which
showed minimal contracture of the wrist joimt (grade 1, Fig. 2)
They prodeced 3o extensive dorsifiexson and performed very well
= e pelier reaching test (30-40% success male as compared with
the 60% rane of animals in the pre-training phase).

Retrograde labeling: regeneration of the axons
of e cervical motoneurons following C7
ventral root awuision and reconnection swpery

Farnt we have determined the number of resident motomeurons in
the C7 motoncuron pool through the use of retrograde labeling of
the veatral rames of the C7 spinal nerve as we performed in our
peeviows stady * We found the average nwmber of retrogradely
labeled motoncwrons in the C7 spinal segment to be 831 £ 35, This
sember of C7 mowecurons coerelated with the motoncuron nus-
bers taken from other publications '™ and with that of cer carlier
counts”

The effect of nluzole treatment on injured motoseurons afler
immodiate or delayed reconnection of the damaged C7 motonewron
pool with the C7 ventral ramus was studied in the next series of
expeniments. Ia animals whose avulsed C7 vestral root was re-
commected straght after avulsion with the C7 spinal merve and re-
cetved nurole treatment (group 2), S48 £ IS retrogradely labeled
motoncurons were found, indicating that nearly two-thinds of the
total pogulation of C7 motoacurons were able to grow axons into
the re-establinbiod C7 spisal nerve (Fig. 1) Without niluzole treat-
ment (growp 1) the sumber of retrogradely labeled newrons de-
creased to 251 2 23, and this sumber correlated well with our earfier
Badings * Doubde labeling experiments have shown that i these
two growps TES20.7% and 79 L04% (group 2 and group | ask-
malks, respectively ) of the FB-labeled matoncurons were co- labebed
with DAY, This finding indicates that the vast majority of the re-
Inncrvating axoms present bn the nerve gralt were able 10 reach the
forchumd mun bes and remnervated them

In e expenments where the damaged motoncuron pool and the
ventral rames of B spunal nerve was connected after | week delay,
the procodere rowulted ia hagher numbers of retrogradely labeled
motoncwrons whon ribssole was applied (group 4, 395 £ 16) com-
pared with that of the untreased animals (group 3, 159£21). Al
hough the sumbor of retrogradely libeled motoncurons appeared
10 be somewhat lower i group 6 (369 £ 17), when the delay of
reconmection was 3 woeks, there was 8o significant differcace in the
sembers of remacrvating motoncurons between group 4 and 6
animals (1- v Soweek delay with niluzole treatment). In con-
rast, 3 significas decrease i the number of retrogradely labeled
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Extent of dorsiflexion

tof (wrist joint)
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60 : - o o Immediate Immediate
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30 g 1-week-delay 1-week-delay
25 (group 3) +riluzole (group 4)
20 o © Reconnection:  ® Reconnection:
15 * 3-wook-delay 3-weok-delay
10 (group 5) +riluzole (group 6)
5
0
4w Sw Bw Tw Bw 9w 10w 1w 12w -
time points from the reconnection surgery (weeks) [__n=5 p<005 |

FIG. 2. Functional evalsation of expen anemals their 12.week sarvival. The upper left panel shows the extent of
contracture developed by amimals in groups 1, 3. 5, and 6 (groep 2 and 4 animals were not included as they did not have any contracture
throughout the sarvival period). Animals that recesved nlezole westment were vosd of contracture except one animal that showed
minkmal contracture in the wrist joint. Significam dffereace was found from carly time-points d b the rilezok d
groups and their controls, The right spper panc] displays the cxicat of dorsificxson in the wrist joint as 3 function of tinse in experimental
animals beloaging to all groups. Lower pancl prescats the sesalts of the pellet reaching test ia all expenmental groups. Note that despite
the significant improvement obscrved in groups 2 aad 4, the recovery of thes function docs sot reach the pee-traiming values (~ 62%), *:
significant difference betwoen the niluzole-treatod proups aad thewr controls: **: significant difference between groups 2 and 6 (im-
madiste roconnection + riluzole reastment v, rocommoction after 3oweek delay + nluzole treatment; repeated measures ANOVA
followed by Fisher's least significant difference [LSD] post boc amalysis, values are shown as mean £ SEM). ANOVA, amalysis of
variance; SEM. standard error of the mean.

motoncurons was observed in animals whose cord was st
treated with riluzole and suffered a 3-week delay in reconmection
(group S, 762 22).

It should be noted that the number of reinacrvating motoncerons
was higher in group 6 animals (369217, 3.week delay = re-
coancction with riluzole treatment). than in ansmals who snder-

reconnected nerve grafts. Many of the motoseurons in the late-
reconnected ventral hores had an clongated, sometimes Sattened
penkaryon and their dendrites appeared 1o be shoeter, than those in
intact or immediate-recoanection spanal cords.

went immediate reconnection without riluzole treatment (growp 1.
281223). In the spinal cords of animals with delayed merve
grafting. the mawphology of the motoncurons was shightly &ffer-
ent from those which had a chance %0 regencrate imto froshly

Expression of choline acetyltransferase (ChAT)
in injured and regenerating MolonNeurons

Next we compared the number and localization of ChAT im-
muenorcactive surviving motoacurons with that of the FB-labeled
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DELAYED SPINAL CORD-BRACHIAL PLEXUS RECONNECTION 2369
-=p. o8 p<0.08
- e NFE MChAT

Number of motoneurons

FIG. & Bar chant shows the number of sesrogradely bibeled and CRAT positive motonewrons in varkous experimental seoaps, Sig:
niicantly mere retrogradely labelod reinnorvating and OMAT positive surviving motoseurons were found in the rilusole-treated groups
compared with their e (%) % paiticant &fference between the various control grosps (ctrl 1o ctrl) and treatment paradigms
(rluzole 10 rilucole). *** indicatos & signs &fle Betw the groups of comtrol animals with immediste rocomnection and
nluzoletremod animals that had thew recommoction serpery delayed for § weeks, suggesting that oven a considerably delayed re-
connection strasegy rosults in successful romseny ation whon ndazole was appliod 10 preserve the injured motoneuron pool. (ANOVA test
computed wing Tukey's all pairwise maluple companson procedures, p <008 for each group). Values are shown as mean £ SEM

ANOVA, amalysis of variance: ORAT, choline scony! tramlorase: FB. Fast Blue labeling

reinmervating cells. This way we could detormune how many of the
survivimg (ChAT-positive) motoncurons were able %o repemcrale
(given by the number of FB-labelod motoncerons ). that i to eviend
their axons sio the peripheral norve graft

Stroag colocalizatson wan fosmd in all spesal cords though there
were some ChAT immunoreactive cells that were st retrogradely
labeled (Fig. 4). This finding sugpestod that masy moee motoncer-
oncs survived in all conds than were ahile 10 regencrate thew awoes. In
the nbuzole-treated conds the vast mugonty of e sanvivmg moto-
newrons were able 10 regencrate (86, 75, and S0% for groups 2.4, and
6, respectively ), whereas in the control conds this ratio was lower,
except for group 3 animals (77, 85, and 65% for groeps 1, 5, and §).

Analysis of the nerve grafts

The peripheral nerve grafis used for rocommecting the spenal cord
C7 mosar pool with the C7 spinal nerve were gualiatively asalyzed
for the peesence of myclinased axons that repencrated via the graft.
Coasiderable numbers of myclimated axoas wese found = the
grafied nerves of all experimental groups, especiallly s groep | and
group 2. 4, and 6 amimals (Fig. SABD.F, Table 2). Coatrol ansmals
that received their merve grafts with a 1- or 3-weck delay dsplayed
somewhat fewer myclinatod axoms in the merve graft (Fig. SCE).
Counts of myclinated axons in the peripheral merve condeits (a=3
in cach group) revealod bigh sembeons of Shens m cach cxpenmental
group, The bighest number of myclinatod avons (2747 £ 146) was
found in group 2 ammals, whereas peripheral sorve grafts of group
S amamals displayed the Jowest sumber of myek d awoes

IS4 £ 119, Table 2). The goratio of the myehinated axons in these
nerve grafts ranged betwoen 0,63 and 0,68, without any significant
difference among the growps (Table 2)

In thes sudy we have provided evidence that delayed re-
comnection of the peripheral target with its rescued motor poal by
wsing a peripheral nerve graft after C7 ventral root avulsion induces

Lactory morphological functional reismervation of the de-
scrvated forclimb muscles. A fresh conduit applicd | or 3 weeks
after the avulsion imjury incd with hate nluzole treat-
ment appears o be effective to guide considerable numbers of
motor axons 10 their target muscles as proved by double tracer
labeling.

Motoneuron survival after avulsion injury:
the effect of riuzole

Several studies have shown that affected motoneurons die by the
end of the second week after a ventral root avulsion injury*'” as the
result of negative balance between the various cytotonic and cy-
toprotective mechasisms. ' A number of effective strategies have
been worked out for the rescue of the motoncurons otherwise
dostined 10 &e. These include vontral root reimplantation or pe-
ripdcral nerve grafting into the spinal cord,” ™™ therapy with neu-
roerophic factons,” ' progenitor and stem cell therapy.** 7 and
reducing excitatory effects by blocking the presynaptic glutamate
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(group 3)
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FIG. & Microphotographs takon from ropwesontative somathuns soctsons of the peripberal nerve grafts in the various expersmental grougs.
Arrows paent 10 myclissiod Sibers in E. Note the higher ssmbens of mychaated axons in the rilszole-treated animalbs. Scale bar: 25 pm,

release through the use of riluzole,''** Riluzole, the only chimicallly In our carfier study we have suggesied that treatment with ridu-
proven drug that prolongs the life of a pationt’s sefforing from  2ole not oaly rescues the magority of mjured motoacurons from cell
the late onset form of ALS, ™ is also nouroprotective im mod-  death but maintains these cells in a condition that enables them to
els of Parkinson’s discase, spinal cord injury, and vestral root  regencrate their avons given the right circumstances are avail-
avulsion, M44* able *° Owher asthors have shown the promoting effect of riluzole

Tance 2. Nussmins axn GRamo Varves or Myrasaren Axons Fouso iv mue Prursesar
Nexve Gearrs or Exreenastar Geours | THRoOUGH 6

Grongp 2 Growp 4 Growp 6

Growp | Mg St e Group 3 I -week Growp § Joweek

Immedaare recommection + Lweek delay + Joweek delay +

Experimental groups reconned tion rluode delay rifwzole delay riluzole
Number of myclinsged axons 24952721 2i47213 21194373 24302187 1542119 2519238

g-ratio of mychnatod fibors 0.68 20,0043 063 20,0042 062200085 063200058 065200043 06620005

No statetscal difference was found among the g-ratio valles of e vamous groups.
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on dendrite outgrowh,™ aad sl stimulation of seurotrophic
factor (GDNF and BDNF) prodection in astrocytes.”’

Our carlicr findimps sugpestod tha rilsole was able 1o restore
the ccllular mctabolic activity of the injurod motoacurons that are
ready 1o regeneratc when they are given the appropriate conduit”
The present study provades evidence that the vast majority of mo-
toncurons otherwise destined o dae can be rescued by riluzole. cven
if they did not have the opportenity to extend their axons imme-
diately imto the implanied condust merve and these dormant cells
can regenerate provided the proper merve conduit is established at a
later time-point. Moreover, our double retrograde labeling experi-
ments have provided evidence that the vast majority of regenerating
axons reach their target mescles and induce morphological and
functional reinncrvation of them. The $0% overlap between the two
levels (spinal nerve and forchmb mescles) of retrograde labeling
results is likely 1o be an usderestimate. It is possible that not all
motor end plates were able 10 ke wp INY, and/or FB-labeled motor
neurons may have progeciod 1o other muscles mot injected with DVY.

Axonal outgronth: Root reimplantation and nerve grafts

There are two possible ways for axon regencration across the
central nervous system (ONS) boeder. The fiest way is theough the
remalning nerve stump whes avoms of regencraling molone uroes
grow along the surface of the cond bhefore reaching the nerve graft.
The second opportusaty is that sxoes grow theough a segment of the
ONS along the guidance of Schwann cells of an implasted nerve or
ventral roo,"" Reimplastasion of the avalsed ventral root or lm-
plantatson of & peripheral norve graft sot only provides a comduit for
avonal regencration but the demervated Schwann cells produce a
number of neurotrophic facsons and avon guidance molecules thus
promoting avonal regencration ™ Earlier we have shown that the
rebmplanted C7 vestral root or & mined peripheral nerve graft
are equally pood conduits for regescrating C7 motoncsrons afier
am avulsion injury.” This contrasts with a report by Su and col-
leagues™® in whach the suthoes foend the reimplanied ventral root o
At More molor axoms tas 3 sapbenous nerve graft, It can be
argued that the peroncal norve ssad i this study is a mixed nerve,
which under favorable microssrgacal conditsons is able 10 altract as
many motor axoes as the romplantod vestral root.

Another imcresting findimg was the high number of myclinated
axons found in the periphoral sorve grafts of every experimental
paradigm. The number of the wrapped axoms always far exceoded
and showed oaly limited corrclation with the number of retro-
gradely labeled mosoncurces i the C7 segment in the various
experimental groups (Table 2). Several explanations may exist for
this phenomenon. First, it is possible that sprowting motoncaron
axvons persist and become mychnated with time in the nerve
graft, as this merve segment may be comsidered a proximal nerve
stump to the distally coapted C7 spimal nerve. Second, some mon-
regencrating central axons may retemn from the nerve gnft-C7
spinal nerve coaptation site, thes screasing the sumber of axoa
cross sectioas in the nerve ™" The third opportunity is. in our
view, that grafting a relatively stromg mixed serve (the common
peromcal merve is knows 10 contsia ce. 1.000 myelinated axoes™)
may atract nemeross collseral svon sprouts from the laseral fu-
niculus pathways maldly mgered dering the implantation of the
nerve grafl. In the first two cases oaly the motoacurons of the C7
motor pool could be deteciod with setrograde tracers, whereas in the
last scenanio the seporaumecrary Shers canmaot be detected by ret-
rograde tracing within the spesal cond. It would be, however, not a
surprising finding that ONS anoes regencrate into peripheral nerve
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grafis as it has boen shown by numerous stadcs that some in)
CNS avons tend 10 send avon collmerals mto sach implasts.

The detailed examisation of the mychaation (g-ratio) of the
axces within the nerve grafts showed that strecteral design of these
myclimated axons tends to be closer 1o that of the peripheral nerves.
This is not surprising as the regencrating contral avons were re-
myclimated by Schwann cells. On the other hand. the statistically
non-significant g-ratios of the vanious groeps saggest that ribazole
treatment had no detectable effect om the ason'myclin size in these
experimental paradigms.

Reimplantation is a feasible surgical procedese in the case of
immediate recomstruction of anatomical pathways, or in some cases
in experimental models of late reconnections. However, this pro-
cedure induces limited scarring and damage %o the motor pool. **
In the cases of human avulsion injunies typscally a delayed re-
commection of the spinal cord and the brachial pleves can be per-
formed. Under these conditions only peripheral serve grafis can be
wsed as the avulsed root has already boen retracted and cannot be
wsed for relmplantatson, In our earlier experience. fresh peripheral
merve grafls were as pood conduits for repencrating spanal motor
axoes as were the ventral roof itself.” although i the present mode!
the growing avons had 1o pass two interfaces ot both ends of the
peripheral merve graft,

Dolayod reconnection provides & good condut
for niluzole-treated injured motonewrons

Comidorable evidonce has sccumelstod i the lavt fow yoan
proving that delayed nerve repair perfonmed aficr an avotomy ¢lose
10 the spinal cord may astienuate the cell boss that becomes signif-
icant by 8 and 16 weeks afier axosomy in the motoncwron popu-
Iation. Transection of the vestral branch of the C7 spinal nerve
followed by a I+ and S-week delayed merve repair using a fresh
merve graft prevenied retrograde degencration of the spinal moto-
mecuroen,”’ Similar findings were observed i the ra brachial plexus
ventral root avulsion model where nerve grafts were implanted into
the spinal cord 3 weeks following ingary ™ Others have reported
that a 2-week delay in reimplantation of the vestral root of the C6
spinal nerve impeoved the survival of moteacsrons from 12% w0
S$7% and most of the surviving motoncsrons were able to regen-
erate their axons.*!

In our study axons of the preserved C7 motor pool were used
to repopulate a reconmecied peripheral norve pathway in different
experimental paradigms. It cam be stated that the riluzole-treated
motor pools were able 1o induce significant remmervation in this
model and interestingly, riluzole treatment yickded better func-
tional and morphological reinnervation i the ansmals with 3-week
delay in reconnection, than in control astmals that had their re-
coamection surgerics immediately after avelion.

It has been reporied by several authors that the fusctional Joss
developed after avulsion of ose or two vestral roots may be at-
tenuated by collateral sprouting of imact scrves meo the denervated
muscles™ or reorgasization of the ONS circwiary *'* We did not
find a similar compensatory impeovement ia oer carlier study”
where the C7 root was avulsed but not resmplassed. This suggests
that the compensatory reimnervation afier C5-6 avulsion by the
adjacent C7 motor pool in neosatal peps found by Koeak and as-
sociaes™ o the rewiring occurring at ONS levels does not appear
10 part of the functional ameboration in s adelt animal model.
Therefore we sagpest that the functional improvement found in our
study is solely due %o the morphalogical sesmmervation by the sur-
viving motoncurons resided within the C7 motor pool.
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Ciinical aspects

Apmlmhmmﬂm sigmificant be-
_lclt-cllhlmp prove that functional rocovery is possible
after reimplantation of vemtral root or recommection with a merve
graft. Brachial plexus avulsson inpary froguestly romains obscerod
in polytraumatized patients or in paticnts with a severe spinal coed
or bead injury. Therefore a delay m diagnosis and treatmoent may
develop m these cases and immodiate diroct root reimplantation »
not possable. The problem lies partly i the progressave and massive
reduction of injured motoacurons, a process that likely occens
humans, 1007 On the other hand, localization 3nd mobilizasons of
the retracted vemtral roots is ofica impossible. Therefore, conmec-
son of ingered motcacurons 1o the lesionod brachial plesss by
nerve grafts has been introdeced both experimentally and clisscally
in order to bridge the gap as an aliemative treatment”

The questson is raised abost what is the best timing for ssepery
after plexes injury.*** Our findings indicase that in the case of
immediaely starsed niluzole therapy, delayed reconmection wah
peripheral nerve grafis in paticats after brachial plexes injury ap-
pears 10 be a feasible treatment. The time shift between the
trauma and the surgery is lkely to be funther extended: a saifac-
tory number of motomeurons may survive and remain capable of
reinnervating their targets and the peripheral nerve graft serves as
an appropriate conduit for the reinncrvating fibers. It can there-
fore be argued that the combination of riluzole treatment followed
by a delayed nerve repair is a promising new treatment 10 restore
function afier avulsion of the brachial plexus. even after rela-
tively long delays between the time of the injury and sergical
intervention.
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