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Functional recovery in primates with brachial
plexus injury after spinal cord implantation of
avulsed ventral roots

Thomas P Carlstedt, Rolf G Hallin, Karl G Hedstr6m, Ingela A M Nilsson-Remahl

Abstract
Intraspinal replantation of avulsed spinal
nerve roots as a surgical treatment for
motor deficits after severe brachial
plexus injury was investigated in pri-
mates. Under general anaesthesia hemi-
laminectomy was performed in
cynomogulus monkeys (Macaca fascicu-
laris). Ventral roots within the brachial
plexus were then avulsed by traction and
subsequently implanted into the ventero-
lateral aspect of the spinal cord. No dys-
function in the long fibre tracts was seen
following surgery. Postoperatively there
was a flaccid paralysis of the arm on the
lesioned side. Severe atrophy developed
within 5-7 weeks in the muscles supplied
by the avulsed roots and EMG revealed
denervation activity. Two to three
months after surgery there were EMG
signs of reinnervation, which were
shortly followed by evidence of clinical
recovery. A gradual improvement in the
function of the affected arm occurred
and the animals' motor behaviour nor-
malised. One year after surgery there
was a full range of motion in the arm,
but the EMG activity in the reinnervated
muscles at maximal force was reduced.
Tracing of regenerated motor neurons
with horseradish peroxidase (HRP)
injected into the biceps muscle revealed
retrogradely labelled motor neurons con-
fined to the ipsilateral ventral horn. It
was concluded that intraspinal replanta-
tion of avulsed ventral roots in primates
significantly promotes motor recovery in
the muscles supplied by the lesioned
spinal cord segments.

(7 Neurol Neurosurg Psychiatry 1993;56:649-654)

Nerve regeneration after ventral root avulsion
and implantation into the spinal cord was
demonstrated in a series of experiments in
rats and cats.'- The reported results of neural
regrowth may have clinical implications, but
primate studies must be performed before the
procedure can be used as a clinical routine in
patients.
The aim of the present study was to inves-

tigate whether regeneration after ventral root
avulsion and implantation also occurs in pri-
mates. The prime object was to elucidate a
specific clinical situation; the root avulsion
injuries that occur following a traumatic
brachial plexus lesion. Thus primates were

subjected to brachial plexus lesion with ven-
tral root avulsions which were followed by
implantation of the roots into the spinal cord.
The outcome of the surgical procedure was
evaluated clinically and electrophysiologically
by performing EMG on the muscles supplied
by the lesioned nerves. In addition, we report
neuroanatomical findings which indicate
neural regrowth. A significant clinical recov-
ery occurred in the experimental animals sub-
jected to an active therapeutic approach.
Some aspects of the present results were
briefly discussed elsewhere.9-1

Material and methods
In nine cynomogulus monkeys (Macaca fasci-
cularis) a cervical hemilaminectomy was per-
formed under general anaesthesia (Ketalar
0,1 g/kg im) deep enough to abolish the
comeal reflex. The dura was opened to
expose the left lower cervical roots. Ventral
roots were avulsed from their attachment
with the spinal cord by traction with a fine
hook (fig 1). In five monkeys the ventral roots
C5, C6 and C7, and in two animals the C5-
Thl ventral roots were avulsed. Immediately
following injury the roots were inserted into
the spinal cord through its venterolateral
aspect, ventral to the denticulata ligament.
The avulsed roots were long enough to allow
implantation into the spinal cord without
nerve grafts. The position of the tips of the
roots, just below the pial surface of the spinal
cord, was retained with tissue glue (TisseelO)
or 9/0 stay sutures (EthilonO). In two addi-
tional animals the avulsed roots were not
implanted but left detached in the subdural
space. The dural incision was closed with 6/0
sutures and the wound closed in layers.
The behaviour of the animals in situations,

such as, eating and climbing was followed
regularly and videotaped every second week.
Conventional EMG recordings were made
with concentric needle electrodes (Medelec
Ltd) and a Medelec MS 91 recording appara-
tus. These studies were mainly conducted in
muscles supplied by the lesioned root(s) but
in a few animals EMG was also performed in
corresponding muscles of the normal limb.
The biceps muscles were investigated bilater-
ally. To carry out the EMG recordings the
animals were sedated with Ketalar. A dose of
0 05 g/kg administered intramuscularly once
or twice was adequate to keep the animals
calm but awake in a recumbent position. The
occurrence of denervation activity was stud-
ied when the animal was relaxed. Voluntary
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Figure 1 Schematic illustration of the method of ventral root avulsion and subsequent
replantation of the avulsed roots.

contraction of the biceps muscle was achieved
by pulling the hand of the monkey away from
the body and simultaneously alerting him
with somatosensory stimulation, such as
pinching the hand or rubbing the sternum.
One year after surgery the animals were

subjected to tracing studies by injecting a
solution of horseradish peroxidase, HRP, (50
mg/ml Ringer solution) into the biceps mus-
cle. Two days later the animals were sacri-
ficed, under general anaesthesia, by vascular
perfusion with 5% glutaraldehyde in a 300
mOsm phosphate buffer through a cannula
inserted into the left ventricle of the heart.
The cervical spinal cord was dissected out.
The C6 spinal cord segment was cut into
50 ,um thick transverse sections in a cryostat.
The sections were incubated with tetra-
methylbenzidine and examined in the light
microscope. The transverse distribution of
the neurons in the ventral horn was plotted.
The surgical, behavioural, and electro-

physiological procedures used were all

Figure 2 Climbing
behaviour: A): (left) One
month after C5-C7 ventral
root avulsion and
implantation on the left
side. The left arm is flail
(arrow) and not used in
climbing. Note that the
monkey compensates for
the useless left arm, by
supporting itselfwith a foot
(double arrow). B) (right)
The same monkey, six
months after surgery. The
previously paralysed left
arm (arrow) is used during
climbing.

approved by the ethical committee of
Karolinska Institute.

Results
CLINICAL APPEARANCE
Immediately postoperatively there was a flac-
cid paralysis in the shoulder and elbow. If all
roots in the plexus (C5-Thl) were avulsed,
function in the hand was also abolished.
None of the animals exhibited any signs indi-
cating damage to long fibre tracts, such as
spasticity or anaesthetic skin areas. The patel-
lar and Achilles tendon reflexes were sym-
metrical and normal and the Babinski sign
was absent bilaterally. The first three months
after surgery the monkeys did not use the
lesioned arm in activities such as climbing or
eating (fig 2A, 3A, B). The arm hung along
the thorax wall (fig 2A, 3A, B). The first signs
of clinical restitution were apparent more
than three months after surgery. The monkey
used the lesioned arm to hold objects, such as
fruits, together with the unoperated arm.
Occasionally the animal raised food to its
mouth, but the most common eating behav-
iour at this time was to bend forward and eat
with the fruit on a support, like a shelf or the
floor of the cage (fig 3A). A gradual improve-
ment in the function of the affected arm
occurred. Five months after surgery the ani-
mals lifted food regularly in a two handed
grip to the mouth. Without objects in the
hand the lesioned arm could be flexed fully in
the elbow. Support of the lesioned arm while
climbing (fig 2B) occurred only occasionally.
After six months, there was almost full range
of motion in the shoulder and elbow. The
monkeys regularly used the lesioned arm for
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Figure 3 Eating behaviour: A (left) B: (Centre) One month after C5-C7 ventral root avulsion and implantation on the left side. The left arm (arrow) is
not used during eating. The monkey bends over to eatfrom a support (A) or uses only the right arm (B). C (right): The same monkey after six months.
The unoperated right arm supports the animal on the cage while the previously paralysed left arm (arrow) is used to liftfood to the mouth. Note the volar
flexion of the left hand caused by insufficient recovery offorearm extensors.

support while climbing and the eating behav-
iour had changed. They now lifted fruits to
their mouth (fig 3G), instead of bending for-
ward to eat from a shelf or the floor of the
cage. However, they generally preferred to
use the unoperated arm (fig 3B). This clinical
appearence was consistent in the three ani-
mals who had sustained a partial lesion of the
brachial plexus (C5-C7). They showed an
almost normal motor behaviour of the arm
after one year. Animals with a total lesion
(C5-Thl) did not recover full hand function
even after long survival times postoperatively
(>1 year). Due to impaired hand function
these animals disregarded the lesioned arm
and developed joint contractures. In animals
who had sustained avulsion injuries without
subsequent implantation of the avulsed roots,
clinical signs of restitution were not seen.

There was a strikingly low skin tempera-
ture in the hand of the lesioned side com-
pared with the control side. The reduced
hand temperature was most pronounced in
the animals with total root avulsions of the
plexus. The difference in hand temperature
between the lesioned and control side some-
times amounted to more than 3°C (ambient
temperature about 35°G).

MOTOR FUNCTION
Severe atrophy developed within 5-7 weeks

in the muscles supplied by the avulsed nerve
roots. Following total root avulsion and root
implantation there was electromyographic
silence in the affected muscles for 3-5 weeks
when denervation activity was generally pre-
sent. Sometimes motor unit activity under
voluntary control was still present after the
avulsion trauma in the supposedly totally
denervated muscles. Whenever such elec-
tromyographic signs of remaining innerva-
tion, indicating incomplete denervation, were
demonstrated immediately after operation,
the animal was discarded from the study.
(Two of the seven experimental animals). At
the peak of atrophy there was abundant den-
ervation activity in the biceps muscle (fig 4),
which on the lesioned side was reduced to a
thin streak of elastic tissue, contrasting with
the bulky appearance of the muscle on the
control side. Electromyographic signs of rein-
nervation preceded the clinical improvement
which first appeared as local tiny muscle
twitches after about three months. The rein-
nervation potentials were generally monopha-
sic and of low amplitude and appeared most
distinctly when the animal was semiconscious
and recumbent in a relaxed position. In paral-
lel with the clinical improvement of the
animal, there was an increase in the ampli-
tude of the optimally recorded EMG activity
encountered in response to apparently maxi-

<\{_s__tN ] ~20,uV

Figure 4 Abundant
denervation activity was
recorded in the biceps
muscle on the injured side
3 to 5 weeks post surgery.
Calibrations 20 pV
respectively 20 ms (vertical
and horizontal bars).

20 ms

CR

651
 on M

ay 22, 2023 by guest. P
rotected by copyright.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.56.6.649 on 1 June 1993. D
ow

nloaded from
 

http://jnnp.bmj.com/


Carlstedt, Hallin, Hedstrom, Nilsson-Remahl

Figure 5 The maximal
EMG response in the
reinnervated biceps musde
(A) was 20-40% of that
on the control side
(B) after up to 12 months.
Calibrations 200 uVand
100 ms (vertical and
horizontal bars) and
500 pVand 100 ms inA
andB respectively.

A

-§OOms

I 00;

B0fl/tffi 500.

t00 -c

Figure 6 Transverse
distribution of 137
retrogradely horseradish
peroxidase (HRP)-labelled
neurons in the C6 spinal
cord segment one year after
ventral root avulsion and
implantation (VR =

ventral root).

Figure 7 Dark field
micrograph of one HRP
labelled neuron in the
lateral part of the ventral
horn. The arrow indicates
an axon directed towards
the implanted ventral root
x 200.

mal voluntary contraction. After long survival
times the maximal EMG response in the rein-
nervated biceps muscle increased to about
20-40% of that on the control side (fig 5). In
the best animal the maximal EMG response
in the reinnervated biceps muscle was about
50% of that on the control side. In this case
the bulky appearance of the muscle was strik-
ing and the circumference of the arm was
70-80% of that on the normal side.

Morphology
The tips of the implanted roots were located
just deep to the spinal cord surface and close
to, but not inside the ventral horn. HRP
labelled cells were dispersed throughout the
ipsilateral ventral horn (fig 6). The number of
retrograde labelled HRP neurons in the C6
segment varied between 97 to 137. The size
of the neurons showed large variations with a
mean diameter of the cell body ranging
between 20 pm and 80 pm (mean 49 pm). In
some cases axons of the labelled cells could
be traced towards the implanted root (fig 7).

Discussion
Traction lesions of the brachial plexus in
adult humans are usually the result of motor-
cycle accidents and in children due to compli-
cated delivery. The brachial plexus injury is
usually complex with both spinal nerve and
spinal root ruptures together with avulsion of
one or several roots from the spinal cord.'2
Today spinal nerve ruptures can be managed
according to routine surgical principles for
peripheral nerve injuries with a functional
outcome.'3 The root avulsion injuries are not
repaired, however, since they are regarded as
lesions of the CNS. The population of
neurons located in the spinal cord segment
denervated by root avulsions therefore remain
detached from their terminals in the periph-
ery. For regeneration to occur in the avulsed
roots, nerve transfer or neurotisation can be
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performed with foreign adjacent nerves like
the accessory nerve or intercostal nerves.'4 A
considerably impaired motor function in the
arms and the hand/s is, however, the usual
outcome of these injuries."

In attempts to find ways to manage the
motor deficits following complex nerve root

injuries, the outcome of experimental studies
of ventral root avulsion and reimplantation in
the spinal cord were encouraging.156 In rats

and cats motor neurons in the lumbar spinal
cord reinnervated ventral root implants after
an avulsion of ventral roots at the spinal cord
surface.' 6 Reinnervation of the implanted
ventral root was achieved after an initial
growth of new axons in the CNS.6 By the use

of intracellular recording in the spinal cord
and staining with horseradish peroxidase it
was found that alpha and probably also
gamma motor neurons were able to reinner-
vate ventral root implants.6 The labelled neu-

rons were excited or inhibited by impulses in
afferent fibres and their contribution to
elicited reflex activity was normal, so that
muscle twitch responses were induced by
electrical stimulation of the implanted root.
These previous experiments unequivocally
demonstrated axonal regrowth from the
motor neuron pool through CNS tissue in the
spinal cord to the implanted ventral root/s.
Other routes of regrowth seemed unlikely in
these trials since the experimental procedure
involved extensive excision of adjacent roots

and intracellular labelling of the regenerated
neurons.6 As expected, the present morpho-
logical and tracing studies in monkeys also
demonstrated re-established anatomical links
between the motor neuron pool, the
implanted ventral roots and the muscles. The
population of HRP-labelled motor neurons

was not confined to the anatomical site in the
ventral horn normally supplying the proximal
part of the limb. Instead, the labelled cells
were diffusely localised in the ventral horn
indicating that the regeneration was unspe-

cific involving different motor neuron pools
irrespective of their previous destination.

In this study in primates other issues of
possible clinical significance were primarily
addressed. Thus all avulsed roots were

implanted and adjacent roots were left intact.
Our findings demonstrate that such a surgical
procedure executed after avulsion injuries of
the brachial plexus can promote motor recov-

ery in primates. A similar effect was not seen

in animals that did not receive an implant. It
is suggested that the functional outcome of
the surgery to a large part was dependent
upon nerve regeneration through the spinal
cord into the implanted nerve root(s).
However, regeneration from other sources

might have contributed to the final clinical
outcome of the procedure since precautions
to eliminate regeneration through, for
example, extraspinal routes were not taken in
these studies. Regrowth from the avulsion site
along the pia mater to the lesioned roots that
is, a peripheral nervous system type of regen-

eration, might have occurred. Extensive
sprouting and regeneration of motor neuron

axons invading the pia mater was previously
described after radicular injuries.'6-'8 In a sep-
arate study where the reinnervation process
was evaluated in detail with EMG we
obtained reliable evidence that suggested
extraspinal regeneration in the present para-
digm (unpublished material). Alternative
pathways for elongating motor axons after
ventral root avulsion was recently confirmed
in the rat.8 The present experiments demon-
strate that the surgical method to implant the
avulsed root superficially into the spinal cord
induces a functional recovery, probably based
on regrowth through both the CNS and the
PNS. Neurophysiological signs of denerva-
tion in the biceps muscle of operated animals
with ventral root implantation was followed
by evidence of reinnervation as shown by
repeated EMG investigations. Such a
sequence of events was not documented in
animals without implantation after avulsion.
Reinnervation potentials in the EMG pre-
ceded the clinical signs of improvements, like
muscle contractions, which occurred about
three months after surgery. As the distance
from the spinal cord to the biceps muscle is
about 60 mm, axonal regeneration at 1 mm
per day would fit with the time interval
between surgery and clinical signs or restitu-
tion.'2
An implantation procedure was previously

used clinically to restore function in avulsed
dorsal roots.'9 Surgical trauma to the exposed
intact spinal cord might induce a functional
loss caudal to the lesion. In our experiments
the avulsed roots were introduced into the
cord just ventral to the denticulata ligament.
A lesion at this location is not likely to affect
the long descending motor tracts but could
damage fibres of the ascending spinothalamic
tract. However, there were no clinical signs
indicative of injury in the long fibre tracts
such as spasticity, motor deficits or anaesthe-
sia in the lower body parts in any of the ani-
mals. Thus the implantation procedure as
such does not seem to involve any major dis-
advantages.
We concluded that, as in peripheral nerve

lesions,20 21 an active therapeutic approach can
promote motor regeneration even after severe
brachial plexus injuries.
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