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Abstract The existence of a spinal network capable of
generating rhythmic alternating activity resembling loco-
motion still has not been firmly established in primates,
including man, although evidence for one is accumulat-
ing. The present study investigated whether it is possible
to activate such a network by administration of a variety
of pharmacological agents to acutely spinalized marmoset
monkeys (Callithrix jacchus) in the absence of phasic af-
ferent input to the spinal cord. Fourteen marmoset mon-
keys were decerebrated, spinalized, and paralyzed. The
nerves supplying both hindlimbs were cut and recorded
from. In 5 monkeys the effect of electrical stimulation
of the brainstem was investigated before spinalization.
In 3 of these monkeys, rhythmic activity alternating be-
tween extensors and flexor nerves was seen. In the 2 other
monkeys only synchronized activity was elicited. In
acutely spinalized monkeys, administration of L-3,4-dihy-
droxyphenylalanine (L-dopa; 3—4 h after treatment with
nialamide) failed to evoke any rhythmic alternating activ-
ity. In contrast, administration of clonidine elicited alter-
nating activity in all of 8 monkeys tested. In 4 of these
monkeys, the activity was restricted to alternation be-
tween ipsilateral and contralateral flexor nerves, whereas
alternating activity between ipsilateral flexors and exten-
sors was also seen in the other 4 monkeys. Administration
of excitatory amino acids (NMDA or NMA) also elicited
rhythmic alternating activity in 7 of 10 spinalized mon-
keys. In 4, rhythmic alternating activity was seen between
extensors and flexors on one limb as well as between ip-
silateral and contralateral flexors. In 3 monkeys NMDA/
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NMA produced alternation between extensors and flexors
of one limb without alternation between the ipsilateral
and contralateral sides. Administration of noradrenaline
failed to elicit any rhythmic activity, but rather complete-
ly depressed already existing activity. Administration of
serotonin (5-HT) was ineffective in facilitating alternating
activity in 6 of 8 monkeys and was facilitatory to rhyth-
mic activity in the other 2. We suggest that these data pro-
vide further evidence of a network capable of eliciting
rhythmic alternating activity resembling locomotion in
the primate spinal cord. The network, however, seems
to be more difficult to activate pharmacologically in those
conditions than in other mammals. This may especially be
the case in higher primates, including man.
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Introduction

The existence of a spinal network capable of generating
alternating activity typical for locomotion in the absence
of supraspinal input and peripheral feedback (i.e., a spinal
central pattern generator for locomotion; CPG) has been
established for a variety of species by administration of
pharmacological agents in both in vitro and in vivo prep-
arations (see Grillner and Wallén 1985).

In contrast to other vertebrates, the existence of a cor-
responding spinal network in primates, including man, re-
mains to be firmly established, although the putative ex-
istence of such a network impacts the potential treatment
of spinal cord-injured patients (see Illis 1995; Bussel et al.
1989, 1996; Vilensky and O’Connor 1997). Eidelberg et
al. (1981) failed to elicit any locomotor-like activity in
acutely spinalized macaque monkeys by administration
of L-3,4-dihydroxyphenylalanine (L-dopa), but they did
observe alternating extensor-flexor movement following
stimulation of mesencephalic locomotor centers and loco-
motor activity after severe incomplete chronic spinal le-
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sions and treadmill training (see also Vilensky et al.
1992). In patients presumed to have complete spinal cord
lesions, there have been anecdotal reports of involuntary,
“locomotor-like” electromyographic (EMG) activity,
which was assumed to arise from a spinal locomotor net-
work (Calancie et al. 1994; Bussel et al. 1996) and an al-
most normal EMG pattern may be observed in patients
with incomplete spinal cord injury walking on a treadmill
after a training period (Stewart et al. 1991; Wernig and
Miiller 1992; Wernig et al. 1995). Recent experiments
have also demonstrated that rhythmic alternating activity
may be elicited in spinal cord-injured patients by electri-
cally stimulating the spinal cord epidurally (Dimitrijevi¢
et al. 1996; Gerasimenko et al. 1996; Shapkova et al.
1997).

Although these studies provide accumulating evidence
suggesting the existence of a spinal CPG for locomotion
in primates, the difficulty in assessing both the complete-
ness of the spinal lesions in the human subjects and the
possible contribution of peripheral-afferent mediated re-
flexes in producing the movements limits the value of
the observations in confirming the existence of a central
and spinal CPG in primates. One of the purposes of this
study was therefore to provide experimental evidence
for spinal locomotion in a completely spinalized primate
(marmoset monkey) in the absence of peripheral feedback
(i.e., spinal CPG). Another purpose was to elucidate some
of the pharmacological properties of the putative primate
spinal CPG. This information may prove to be useful for
studies attempting to rehabilitate walking in patients with
spinal cord injury. Such studies have already been initiat-
ed (Stewart et al. 1991; Wernig and Miiller 1992; Wernig
et al. 1995). Based on the experience on drug-induced spi-
nal locomotion in the cat, neonatal rat, rabbit, lamprey,
xenopus embryo, and chick embryo (see Discussion for
references), we concentrated on two main pharmacologi-
cal strategies: (1) administration of monoaminergic agents
(mainly dopa and clonidine, sometimes also serotonin and
noradrenaline); and (2) application of NMDA, sometimes
in combination with the uptake blocker dihydrokainate
(DHK). Naloxone and 4-AP were used to facilitate the lo-
comotion activity. Part of this study has previously been
published in abstract form (Hultborn et al. 1993).

Materials and methods

Experiments were conducted on 14 adult marmosets (Callithrix jac-
chus), which are primates in the suborder Platyrrhini (New World
monkeys). The animals were of either sex, weighing from 330 to
475 g, and were treated in accordance with the National Institutes
of Health Guide for the care and use of laboratory animals (NIH
publication no. 86-23, revised 1985). Anesthesia was induced by in-
tramuscular injection of Saffan (alphaxalone-alphadolone acetate
18 mg/kg) and maintained with supplemental doses (intravenous,
1.2-1.8 mg) every 15-30 min or whenever the animal’s blood pres-
sure increased to more than 120 mmHg.

The animal was intubated, and catheters were placed in one ca-
rotid artery for monitoring of blood pressure and in both femoral
veins for administration of intravenous drugs. Atropine (intramuscu-
lar, 0.05 mg/kg) and dexamethasone (1-2 mg/kg) were given early

in the surgery. A glucose and phosphate buffer solution (intrave-
nous, 0.3-0.75 ml/h) was administered. The common femoral nerves
of both hindlimbs were dissected and placed in implanted cuff elec-
trodes. The common peroneal nerves (Per), the common tibial
nerves (Tib), and occasionally the mixed hamstring nerves of both
hindlimbs, were cut distally and freed from connective tissue for la-
ter mounting on bipolar silver hook electrodes for recording and
stimulation. Laminectomy of either the T11-12 (n=10) or the C2
(n=4) vertebrae was performed for the spinalization and of the L2
vertebra to expose the dorsum of the spinal cord.

The animal was placed in a stereotaxic frame and after tying the
remaining carotid artery a craniotomy was performed. The animal
was then mechanically decerebrated at a pre-collicular, post-tha-
lamic level. All brain tissue rostral to this level was removed and
bleeding was controlled using suction and a monopolar cautery. Af-
ter decerebration, anesthesia was discontinued. The animal was par-
alyzed with Pavulon (pancuronium bromide; intravenous, 0.15 mg/
kg), supplemented every 40—-45 min (0.05 mg), and artificially res-
pirated.

Mineral oil pools were fashioned from the loose skin at the lam-
inectomy and hindlimb wound margins. A monopolar recording
electrode was placed on the dorsal surface of the lumbar spinal cord
to record the afferent incoming volley associated with electrical
stimulation of the peripheral nerves. The lowest intensity of stimulus
(0.1-ms pulse) that produced a discernable incoming afferent volley
was set as the “threshold stimulus” (7) for that nerve. All stimulus
intensities are expressed in multiples of 7.

A complete spinal transection was made under a dissecting mi-
croscope at either a thoracic or cervical level. A small amount of li-
docaine noradrenaline solution (2%) was applied onto the segment
to be lesioned prior to making the cut in an attempt to reduce spinal
activity and local bleeding produced during the lesion.

Electrical brainstem stimulation

In five marmosets, prior to spinalization, the brainstem was electri-
cally stimulated in an attempt to elicit fictive locomotion from the
mesencephalic locomotor region (MLR). The stimulation was done
with a steel monopolar cathode electrode, placed in the area of the
cuneiform nucleus (Saavedra and Mazzuchelli 1969; APO to A
0.5; L 1.5t0 2.5; H +5 to +5.5), since this area has been demonstrat-
ed to be the anatomical correlate of the MLR in the cat and can elicit
fictive locomotion in the macaque (Eidelberg et al. 1981). Rectangu-
lar 1 ms pulses were delivered at 20 Hz with intensities ranging from
50 to 150 pA.

Electroneurographic (ENG) recordings and the incoming volley
recordings were amplified and continuously displayed during the ex-
periment. They were also digitized (usually raw, occasionally recti-
fied) using a Cygnus DAT tape drive and a Concurrent 5400 series
computer (at sampling frequencies of 5 kHz or more).

Administration of pharmacological agents
to produce locomotor activity

Drugs were administered to the paralysed and acutely spinalized
marmosets either intravenously or intrathecally via a fine subdural
catheter. This catheter was introduced at the thoracic level and
pushed caudally in the ventral subdural space to the level of the lum-
bar spinal cord. Leakage of cerebrospinal fluid (CSF) associated
with intrathecal perfusion was monitored either at the thoracic level,
or in some cases, from a hole made in the dura matter at the lumbar
level to allow fluid to escape. All intrathecally applied drugs were
dissolved in an artificial monkey-CSF solution (NaCl 126.9 mmol/
I, KCl 2.6 mmol/l, CaCl, 1.15 mmol/l, NaHCO; 24.97 mmol/l,
Na,HPOy4 1.13 mmol/l, MgCl 1.25 mmol/l), while intravenously ap-
plied drugs were dissolved in sterile saline.

Intravenously applied drugs were initially administered in doses
that were less than those reported effective for other species and
then increased to the equivalent or an even greater dose if the drug
was deemed ineffective. The concentrations of intrathecally applied
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drugs were also usually increased after starting with lower concen-
trations and superfusing the spinal cord with a total volume of 0.75—
1.0 ml. If the treatment was deemed ineffective, the concentration of
the solution was increased and the spinal cord was superfused again.
The catheter and subdural space were usually rinsed with 1.0 ml of
artificial CSF before a new pharmacological agent was applied.

Table 1 shows the experimental treatments for each of the 14 mar-
mosets. Owing to the limited number of animals included in the study
and our expectations of the effectiveness of some of the pharmaco-
logical agents tested, we decided not to apply the drugs in either a
blind or random manner. Rather, we attempted to evaluate one of
our three main pharmacological combinations (dopa and naloxone;
clonidine and naloxone; NMDA and DHK) as the “first treatment”
within any one experiment. Once the first treatment was administered
we waited until effects, if any, were stable (usually 30-60 min) and
then continued with either a repeated application (perhaps at a new
dosage) or administration of a different pharmacological agent. For
pharmacological agents administered later in the experiments we can-
not exclude the possibility that some effects could be due to a pro-
longed response (or a synergistic effect) from a drug applied earlier
in the experiment. For all experiments where dopa was to be admin-
istered, the monoamine oxidase inhibitor nialamide (intravenous,
0.5 mg/kg) was slowly administered early in the experiment.

Results
Brainstem-evoked motor patterns

Electrical stimulation of the brainstem could elicit fictive
motor output in the paralyzed preparation. In two experi-
ments, electrical stimulation of the brainstem produced
rhythmic activity that was alternating between flexor
and extensor nerves, with alternation between the left
and right sides (Fig. 1). This pattern of motor activity re-
sembles the “fictive locomotion” commonly elicited in
the MLR-stimulated decerebrate cat and demonstrates
the ability to elicit MLR-evoked fictive locomotion in
the decerebrate marmoset. This activity was somewhat in-
termittent in that it did not persist throughout the duration
of the brainstem stimulation. This might indicate that the
brainstem stimulating electrode was in a suboptimal loca-
tion for eliciting locomotion. Nonetheless, this demon-
stration of fictive locomotion in the marmoset is especial-
ly pertinent since it allows us to compare pharmacologi-
cally evoked fictive motor patterns in the spinal prepara-
tions to a fictive motor pattern that we are confident is lo-
comotor related.

In three experiments, electrical brainstem stimulation
produced ENG activity that was alternating between left
and right flexor nerves, between flexor and extensor
nerves on one side only, or synchronous discharges with
no rhythmic alternating activity.

Spontaneous activity following spinalization

In five experiments, there was spontaneous rhythmic ac-
tivity evident within 30 min following the spinalization
that was persistent. In all cases, this consisted of synchro-
nous bursts of activity in multiple ENGs at a relatively
low frequency (approximately 0.1-0.3 Hz; see Fig. 2A).
To assess whether these rhythmic bursts were attributable
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Fig.1 Locomotor-like raw electroneurographic activity elicited by
electrical stimulation of the brainstem (100 pA, 20 Hz) prior to spi-
nalization (7ib common tibial nerve, Per common peroneal nerve)
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Fig. 2A, B Synchronous bursts of electroneurographic activity
(shown rectified and smoothed) occurring spontaneously after spi-
nalization (A) and after administration of clonidine and naloxone
(B) in the same experiment. Clonidine and naloxone increased the
amplitude (note R Per) and frequency of these synchronous dis-
charges (corresponding traces in A and B are at the same gains
and time scale)

to the level of spinalization, we spinalized the animal at
C2 rather than at a thoracic level in four experiments.
One of these cervically spinalized preparations displayed
the same type of spontaneous synchronous activity, so the
level of spinalization was deemed not to determine this
pattern of activity.

We also considered that this pattern of synchronous
rhythmic discharge could be solely attributable to the
gross activity during spinalization and subsequent irrita-



tion at the site of spinalization, but such a conclusion
seems unlikely for two reasons: (1) we did observe these
types of synchronous rhythmic discharges in every exper-
iment. In those cases where they did not occur spontane-
ously after spinalization, they could be elicited later in the
experiment either by application of pharmacological
agents (see Table 1) or by electrical or mechanical stim-
ulation of the spinal cord (not illustrated); (2) in one ex-
periment we reanesthetized the animal with Saffan (after
decerebration) prior to spinalization in order to minimize
spinal activity elicited by the spinalization. We monitored
the depressed spinal activity during spinalization but
found that rhythmic synchronous discharges were evident
once the anesthetic wore off. Local anesthesia of the le-
sion site after spinalization or general anesthesia (Saffan)
during the spinalization did not prevent the development
of synchronous activity.

Whether this type of fictive motor pattern was present
immediately after spinalization or became evident later in
the experiment, it could coexist with the other motor pat-
terns that were elicited by pharmacological means (see,
e.g., Fig. 5). However, in some instances where the syn-
chronous bursting was robust, it was evident that other
motor patterns were being “interrupted” or interfered
with. In two experiments, we gave diazepam (0.05 mg/
kg) in an attempt to reduce the spontaneous activity and
specifically to reduce the rhythmic synchronous discharg-
es so that we could assess the effects of subsequent phar-
macological treatments. Actually, administration of phar-
macological agents could elicit synchronous bursts in
preparations where they had been lacking (see Table 1),
and monoaminergic agents could also increase both the
frequency and the amplitude of ongoing synchronous
rhythmic activity (see Fig. 2B). This effect seemed to
be due to a nonspecific increase in spinal excitability,
since both electrical stimulation and gentle mechanical
prodding of the spinal cord could also elicit or enhance
synchronous rhythmic bursts (not illustrated).

Effects of pharmacological agents

Table 1 summarizes the experimental regimen for each
experiment and the motor pattern observed after each ex-
perimental treatment. The black dots in Table 1 denote
whether rhythmic activity displayed alternation between
peroneal and tibial nerves within one side (F/E), left
and right peroneal nerves (F/F), or a pattern of rhythmic
activity where there was alternation both between flexors
and extensors on one side and between the two sides
(both F/E and F/F marked). Also, the presence of rhyth-
mic discharges in ENGs that were synchronous either be-
tween flexors and extensors on one side or between left
and right sides is denoted by a black dot in the “Synch”
column.
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Dopa and naloxone

Intravenously applied L-dopa or methyl-L-dopa (up to
100 mg/kg) failed to evoke any type of fictive activity
in the acutely spinalized marmoset (n=4 as the first treat-
ment). Using electrical stimulation of peripheral nerves
(stimulus intensities ranging from 10 to 100 7) we could
observe a buildup of long-latency reflexes following ad-
ministration of dopa (see Fig. 3A). These long-latency re-
flexes evoked from high-threshold afferents (flexor reflex
afferents, FRA; Eccles and Lundberg 1959) were en-
hanced by the administration of naloxone (0.5 mg/kg:
see Fig. 3A). As illustrated in Fig. 3B, increasing the du-
ration of the stimulus train did delay the onset of the late
reflex discharge when measured from the onset of the
train. This is characteristic for the late FRA-evoked reflex

A Peroneal ENGs
WM e rinnoron

f\ Jialg 4 HJ 1 lr.‘n.;..l. Frewney
Right a
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b A o

e ﬂn b it s

22 min after DOPA
4IW\““ 3 min after Naloxone
Right I! || | | '

- 500 ms
Left Tibial Stimulation

13 min after DOPA
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Lgﬂ

100T x 8
After Clonidine
12_shocks and Naloxone
Left
Right ”
40 shocks

Left — "

Right |||

120 shocks

Right "I'

1 sec
Left Femoral Nerve Stimulation
10T with different train durations

Left

Fig. 3A, B Stimulation of high-threshold stimulation afferents in
peripheral nerves following administration of dopa and naloxone
(A) or clonidine and naloxone (B) could evoke long-latency dis-
charges in flexor nerves (different experiments). In A, the discharges
that were evoked by electrical stimulation of the left tibial nerve
(100 T, 8 shocks), could be seen to build up following dopa admin-
istration. B Increasing the duration of the stimulus train (left femoral
nerve; 10 7) delayed the onset of the long-latency discharges. Note:
in A the discharges in the right peroneal nerve are elicited by a con-
tralateral stimulus and in B the stimulus evokes bilateral discharges
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discharges following dopa as described in the cat (Jan-
kowska et al. 1967). Usually in the cat, the late FRA dis-
charges released by administration of dopa are observed
in ipsilateral flexor and contralateral extensor nerves
and stimulation of nerves on both sides results in a mutual
reciprocal inhibition between the ipsilateral and contralat-
eral discharges (Jankowska et al. 1967). This pattern of
reciprocal inhibition between the pathways activated from
the ipsilateral and contralateral nerves is thought to be a
key element in the generation of rhythmic alternating ac-
tivity between the two sides following dopa application in
the cat (Jankowska et al. 1967). However, this pattern of
inhibition appears to be weak or lacking in the marmoset.
In Fig. 3A the late FRA-evoked reflex discharge seen in
the right peroneal nerve is evoked by a contralateral stim-
ulus, while in Fig. 3B the stimulus elicits bilateral late re-
flex discharges in flexor nerves.

Despite the success of dopa (with naloxone) in eliciting
late FRA-evoked reflex discharges, the pattern of slow al-
ternating ENG activity shown in acutely spinalized cats
was never observed in the marmosets. Also, continuous
electrical stimulation of peripheral nerves or the spinal cord
(a variety of strengths, 20 Hz) after dopa administration,
which is effective in facilitating for enhancing the genera-
tion of rhythmic alternating discharges in the cat (Grillner
and Zangger 1979), was ineffective in the marmoset.

Clonidine and naloxone

In eight experiments, clonidine (n=5 intravenous, 0.5-
1.0 mg/kg; n=3 intrathecal; 3.75 mM) followed by nalox-
one (intravenous, 0.5 mg/kg) were administered as the
first treatment. In each case rhythmic ENG activity was
elicited. Rhythmic bursts of activity in the left and right
peroneal ENGs that were largely alternating was the char-
acteristic pattern of ENG activity elicited by these agents
(n=5; see Figs. 4, 5). This alternating flexor activity of the
left and right limbs had a relatively low frequency (ap-
proximately 0.25-0.5 Hz) and could persist during the
synchronous discharges that often occurred following spi-
nalization (see Fig. 5, Table 1). The synchronous bursts
could in some instances seem to disrupt the alternating ac-
tivity, but this pattern would reappear if the synchronous
burst became less vigorous (either spontaneously or by
adding diazepam).

The alternation between peroneal ENGs was quite sta-
ble (could persist for hours), but occasionally we could
observe periods of activity were this alternation could
“break down.” During this time, it appeared as if the
two peroneal ENGs were bursting at independent frequen-
cies for a short time. In these cases, the bursts became
“out of phase” and it did appear that the bursts were nei-
ther organized as being truly synchronous nor alternating
(see Fig. 4B). This pattern was easily recognized and usu-
ally reverted to a stable alternating pattern after a short
period (seconds; see Fig. 4A,C).

Electrical stimulation of peripheral nerves (2-20 T;
20-50 Hz) could occasionally (n=3 experiments) augment
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Fig. 4A—-C Rhythmic activity in the left and right peroneal nerves
following intravenous administration of clonidine and naloxone. A
An extended period and, for the periods denoted by the bars, the left
and right peroneal nerves are shown in B and C on an expanded time
scale. In B, a section of activity where the bursts can be seen to
change phase with respect to each other is marked by the arrows.
From the time marked by the asterisk to the end of the recording pe-
riod (shown in C), the bursts retained an alternating pattern
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Fig. 5 The alternating pattern of activity (marked by asterisks) be-
tween the left and right peroneal nerves elicited by clonidine and
naloxone could coexist with the synchronous bursts of activity as de-
picted in Fig. 2 (marked by arrows)

the rhythmic activity elicited by clonidine and naloxone,
usually by evoking rhythmic activity in a previously inac-
tive tibial ENG. For each of these cases the rhythmic ac-
tivity in the tibial nerves had a degree of alternation with
activity in the ipsilateral peroneal nerve. However, the
bursts of tibial ENG activity were always transient, occur-
ring at the onset of the peripheral nerve stimulation and
failing after a few bursts (not illustrated).
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Fig. 6A-C Intrathecal application of 2.5 mM NMDA induced a
slow increase in ENG activity (A). B Rhythmic activity with alter-
nation between bursts in the tibial and peroneal nerves on both sides
(12 min after A). The synchronicity of activity in the two peroneal
nerves is more obvious in C (142 min after A). Note that the rhyth-
mic bursts in B occur at approximately 1 Hz, while those in C are at
approximately 5 Hz

There were no differences in the patterns of ENG ac-
tivity elicited by clonidine, depending on the route of ad-
ministration. Intrathecal application (3.75 mM) was, how-
ever, effective in avoiding drug-related blood pressure de-
creases seen with intravenous administration. Intrathecal
administration was therefore the preferred method of ap-
plication for the last experiments in which clonidine was
tested as the first treatment. In cases where clonidine was
applied intrathecally, the subsequent administration of
naloxone was still delivered intravenously (0.5 mg/kg).

Mechanical stimulation of the perineal or scrotal skin,
which has been shown to be effective in facilitating step-
ping in spinalized cats treated with clonidine and nalox-
one (Pearson and Rossignol 1991), was ineffective in en-
hancing the alternating fictive motor patterns elicited by
these drugs in this study.
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A After NMDA
L Tib 10 sec

1sec

Fig. 7A, B The alternation in activity between peroneal and tibial
nerves elicited by intrathecal NMDA could occur at a relatively slow
frequency (A). The last burst in A is seemingly synchronous for both
the peroneal and tibial nerves on the right side and is shown with an
expanded time scale in B. The expansion reveals that the burst is
comprised of high-frequency (about 10 Hz) alternation of activity
in flexors and extensors

NMDA and DHK

Intrathecal administration of NMDA (0.2-5.0 mM) or
NMA (2.5-5.0 mM), either mixed with or followed by in-
trathecal administration of DHK (2.5 mM), was able to
elicit rhythmic activity in the spinalized marmoset in
one of two experiments where it was the first agent ad-
ministered. In addition, NMDA and DHK were able to
elicit rhythmic activity in three experiments after dopa
and naloxone had failed to produce any activity. Soon af-
ter the administration of NMDA, there was an appreciable
increase in tonic activity (see Fig. 6A). Following this
buildup in activity, spontaneous bursts of activity became
apparent, with the prominent pattern being alternating ac-
tivity in peroneal and tibial ENGs of an individual limb
(Figs. 6, 7). In four experiments, NMDA or NMA pro-
duced not only alternation between flexor and extensor
ENGs on one limb, but a flexor and extensor alternation
of both limbs (see Fig. 6B,C). These bouts of activity
were short-lived (seconds in duration) and occurred spon-
taneously. Their initiation was not promoted by electrical
stimulation of peripheral nerves.

The frequency of alternating activity produced by ad-
ministration of NMDA or NMA and DHK encompassed
a large range. In Fig. 7A, the alternating activity between
peroneal and tibial ENGs was at a slow overall rate (ap-
proximately 0.4 Hz), while the activity shown in Fig. 6B
is rhythmic at approximately 1 Hz. In general, the fre-
quency of rhythmicity increased as the NMDA concentra-
tion was increased (see Fig. 6C). As illustrated in Fig. 7,
an even faster alternating rhythm could coexist with a
slower pattern of rhythmic activity. In fact, some of the
bursts of activity in the peroneal and tibial ENGs that ap-
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pear to be synchronous when seen on a slow time scale
are actually bouts of fast alternation (at approximately
10 Hz) between peroneal and tibial ENGs. This type of
ENG activity following intrathecal administration of
NMDA and DHK has been previously described in the
acutely spinalized cat (Douglas et al. 1993) and has been
postulated to be a fictive representation of “scratching” or
“pawshake” (Pearson and Rossignol 1991). In Fig. 7B,
only the left limb ENGs were active, but other examples
of high-frequency alternating motor patterns were ob-
tained where both left and right flexor and extensor ENGs
were participating.

Other pharmacological agents

As can be seen from Table 1, other pharmacological
agents that have been shown to affect motor output were
also administered. These agents were always given later
in the experiment, after administration of monoaminergic
drugs or NMDA (or both) so it is possible that the effects
that they occasionally elicited might involve some inter-
action with effects from the preceding pharmacological
agents. Since noradrenaline, 5-HT, and 4-AP were not
the primary pharmacological agents to be tested in this
study, we limit our comments to reporting the incidence
of discernable facilitation of alternating motor patterns
and acknowledge that their effects might have been more
favorable if they had been administered earlier in the ex-
periments.

Intrathecal noradrenaline (10 mM or 20 mM) was not
effective in eliciting any rhythmic activity (n=3 experi-
ments). It did, however, cause a marked decrease in tonic
activity of peripheral ENGs, indicating a reduction of
spontaneous spinal activity. 5-HT applied intrathecally
(0.5-2.0 mM) was effective in facilitating rhythmic activ-
ity in two of eight experiments where it was applied. Last-
ly, intravenous administration of 4-AP (0.5-1.0 mg/kg)
was effective in eliciting or facilitating rhythmic alternat-
ing activity in two of seven experiments.

Discussion

In this discussion we will focus on the different types of
fictive motor patterns that were observed in the present
experiments, and on the actions by the various pharmaco-
logical agents. In both cases we will make particular ref-
erence to the differences observed in relation to the cat.
Finally, our results are discussed in relation to the present
research aiming to develop new strategies for rehabilita-
tion of locomotor capability in spinal cord-injured hu-
mans.

Comments on marmoset fictive motor patterns

Firstly, we were able to demonstrate that electrical stimu-
lation of the brainstem of the decerebrate marmoset can

produce fictive activity having a pattern of alternation that
resembles MLR-evoked fictive locomotion in the cat
(Fig. 1). This observation is not surprising, since stimula-
tion at or near the cuneiform nucleus has been previously
shown to produce locomotor-like motor patterns in the
primate (Eidelberg et al. 1981). Nevertheless this is an
important observation in that it allows comparison to fic-
tive motor patterns after spinalization.

Secondly, it was apparent that the amplitude of ENG
activity was small for all types of evoked fictive motor ac-
tivity, including that produced by brainstem stimulation
prior to spinalization. The signal-to-noise ratio in this
preparation was much smaller than that of a comparable
cat preparation. It is often seen in the spinalized 1L-dopa-
treated cat that the fictive motor output is more regular
and stable when the amplitudes of ENG activity are large
(unpublished observations from Hans Hultborn’s labora-
tory). It therefore seems likely that the small ENG ampli-
tudes and the feeble and unstable nature of the motor pat-
terns evoked after spinalization in the present study re-
flect a very low level of activity at both the motoneuronal
and the premotoneuronal levels of the spinal circuitry.

Thirdly, the bursts of synchronous activity in both ip-
silateral and contralateral ENGs were striking in the spi-
nalized marmoset. They were often spontaneously occur-
ring, but could in other cases be enhanced by pharmaco-
logical treatment (see Table 1). We did consider that these
synchronous bursts might be elicited by spinal stimulation
or irritation at the lesion site, but we could not prevent the
appearance of these synchronous bursts with our attempts
to minimize the activity elicited by the spinalization (see
Materials and methods). Similar bursts of synchronous
fictive activity can occasionally be seen in L-dopa-treated
spinalized cats, but their incidence is less frequent than
what we have observed here in the marmoset and they de-
velop late in the experiment when they do occur (unpub-
lished observations from Hans Hultborn’s laboratory). As
described in the Results, the bursts of synchronous activ-
ity could coexist with other fictive motor patterns such as
alternation between flexor and extensor activity of one
limb, left-right alternating activity between flexor ENGs
(see Fig. 5), and a putative paw-shake type of rhythmicity.
Although the synchronous activity could partly interfere
with the timing of the other motor patterns, their relative
independence suggests that at least partly independent
rhythm generators may be responsible for their produc-
tion.

Finally, the coupling of activity between the hindlimbs
was often unstable. For the alternating activity in flexor
nerves of the hindlimbs evoked by clonidine, regular al-
ternation could be replaced by periods during which the
maintained rhythmic flexor bursts in each limb appeared
virtually “uncoupled” from each other (see Fig. 4). After
a while the alternation could be spontaneously reinstated.
It therefore appears as if the “reciprocal inhibition” be-
tween the two sides of the spinal cord is very weak. There
are two additional observations that support the notion of
weak inhibition in the marmoset spinal cord — at least un-
der the present experimental conditions. Firstly, following



dopa administration, late FRA-evoked reflexes could be
evoked by stimulation of high-threshold afferents. To a
large extent these reflexes had the same characteristics
as FRA-evoked reflexes in the cat (long latency, delayed
until after the end of the stimulus train; Jankowska et al.
1967). However, in the marmoset the stimulation evoked
reflex discharges in both flexor and extensor nerves bilat-
erally without evidence of the reciprocal inhibition of the
reflex responses on the two sides, which is seen in the cat
(Jankowska et al 1967). Secondly, and even more surpris-
ingly, we failed to demonstrate the disynaptic reciprocal
inhibition between the peroneal and tibial nerves (Brent
Fedirchuk, Jens Nielsen, and Hans Hultborn; unpublished
observations). We therefore hypothesize that inhibition in
general was much depressed under the present experimen-
tal conditions. Alternatively, if these observations are not
attributable to reduced inhibition, they indicate major dif-
ferences in the organization of the marmoset spinal net-
work as compared to the cat. This is of particular interest
as it has been proposed that the reciprocal inhibition may
represent a crucial element of flexor and extensor alterna-
tion (see Jankowska et al. 1967).

Effects of pharmacological agents
Monoaminergic agents

Administration of the noradrenergic precursor L-dopa,
when preceded by the monoaminoxidase inhibitor Ni-
alamide, induces locomotor activity in spinalized cats
(Budakova 1973; Grillner and Zangger 1979; Pearson
and Rossignol 1991; see also Jankowska et al. 1967;
Lundberg 1979). Pharmacological analysis suggests that
in the cat, L-dopa primarily acts indirectly by increasing
the release of noradrenaline from the terminals of de-
scending noradrenergic pathways and to a lesser degree
by direct activation of adrenergic o-receptors (Andén
et al. 1966).

In contrast to these findings in the cat, L-dopa was nev-
er effective in producing fictive locomotor-like activity in
the marmoset. Despite the previously reported inability of
L-dopa to elicit locomotor activity in the macaque mon-
key (Eidelberg et al. 1981), the failure of L-dopa in the
present study is somewhat surprising, since L-dopa (and
clonidine) release the “late dopa-reflexes” (Fig. 3), which
are postulated to show activation of the spinal locomotor
circuitry (Jankowska et al. 1967; Lundberg 1979; Baldis-
sera et al. 1981). One possibility is that the lack of recip-
rocal inhibition between the left and right sides might be
related to the lack of locomotor activity.

It is also surprising that intrathecal noradrenaline did
not induce or facilitate locomotor activity as has been
shown in the cat (Kiehn et al. 1992), but instead abolished
all activity. Indeed, of the monoaminergic agents tested,
only the o-adrenergic receptor agonist clonidine initiated
alternating activity as it does also in the cat (Forssberg
and Grillner 1973; Barbeau et al. 1987; Pearson and Ros-
signol 1991).
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These differences between the cat and marmoset may
be explained by differences in the distribution of different
monoaminergic systems and their receptor systems. If, for
example, the dopaminergic system is more prominent in
the marmoset than the cat, L-dopa administered to a spinal
marmoset would result in more transmitter release from
spinal dopaminergic terminals than from noradrenergic
terminals. The fact that the noradrenergic agonist cloni-
dine could evoke rhythmic activity in the present study in-
dicates the presence of o-adrenergic receptors capable of
generating rhythmic activity. The failure of intrathecally
applied noradrenaline to evoke rhythmic activity in this
study might be attributed to its nonselective activation
of both a;-and o,-adrenergic receptors or, alternatively,
simply because it was administered relatively late in the
experiment after other pharmacological agents.

In chronic spinal cats, 5-HT modulates ongoing loco-
motor activity rather than initiating it (Barbeau and Ros-
signol 1990, 1991). In the present study, intrathecal 5-HT
application did reinstate or enhance locomotor activity in
two instances (see Table 1), so it is possible that 5-HT has
a similar modulatory influence in the marmoset. Although
5-HTP has been demonstrated by Viala and Buser (1971)
to initiate locomotion in the spinal rabbit and 5-HT induc-
es fictive locomotion in the neonatal rat spinal cord
(Smith et al. 1988; Cowley and Schmidt 1995), we did
not try 5-HT as the first pharmacological treatment and
therefore cannot make firm conclusions regarding its abil-
ity to initiate locomotion in the marmoset.

It should, finally, be noted that the facilitation of rhyth-
mic activity that we observed following administration of
4-aminopyridine (4-AP) and naloxone is in accordance
with their action in the cat spinal cord (Zangger 1981;
Dubuc et al. 1989; Pearson et al. 1992). Both agents are
thought to facilitate neural transmission in a rather non-
specific way; 4-AP through a general facilitation of syn-
aptic transmission and naloxone through an increase in
the excitability of spinal circuits. It is therefore not sur-
prising that the two agents have similar actions in the
cat and marmoset spinal cord.

Excitatory amino acid agents

The excitatory amino acid (EAA) transmitter agonist
NMDA has been demonstrated to activate the spinal loco-
motor circuitry in a variety of preparations including the
lamprey (Grillner et al. 1981), the Xenopus embryo (Dale
and Roberts 1984), the neonatal rat (Kudo and Yamada
1987; Smith et al. 1988), the embryonic chick (Barry
and O’Donovan 1987), the rabbit (Fenaux et al. 1991),
and the cat (Douglas et al. 1993). The EAA uptake block-
er DHK has been shown to potentiate NMDA induced lo-
comotor activity in lamprey (Brodin and Grillner 1985),
rat (Smith et al. 1988), and cat (Douglas et al. 1993).

In the present study, intrathecally applied NMDA or
NMA were also effective in initiating alternating activity,
primarily between flexors and extensors of individual
limbs. The coordinated alternation between the two limbs
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was often weak, however (see Fig. 6B,C). The frequency
of the rhythm was probably dose-dependent (as in the
lamprey and rat) and was generally higher than for both
the brainstem-evoked and the monoamine-evoked rhyth-
micity. These observations agree with the NMDA effects
in other preparations. Also, we observed faster bouts of
rhythmic activity within a slower alternating pattern
(Fig. 7) that are very similar to those produced by NMDA
in the cat (Douglas et al. 1993) and have been postulated
to represent fictive paw-shake or scratching.

Relevance to rehabilitation of spinal cord-injured patients

If locomotion is defined as alternating activity in flexor
and extensor nerves that is coordinated bilaterally, then
we have failed to demonstrate the existence of a spinal lo-
comotor network in the marmoset. We have, however,
found component fictive patterns evoked by different
pharmacological agents (clonidine, NMDA, 5-HT), which
if combined would resemble a true locomotor pattern.
This suggests that a spinal locomotor network exists,
but that we have not completely activated it with the phar-
macological interventions tested in this study. There may
be many reasons, some of which are given above, why
this may be the case. Perhaps the preparation of the ani-
mal has led to pathological transmission in the spinal cir-
cuits (i.e., lack of inhibition, occurrence of synchronized
bursts), thereby obstructing the demonstration of the full
locomotion pattern. Another alternative, as suggested by
Eidelberg et al. (1981), is that the primate spinal network
is simply more difficult to activate in the absence of su-
praspinal control than in other species. It could also be
that we have not tried the right combination of pharmaco-
logical agents. The distribution and relative importance of
the different descending monoaminergic systems (and
their receptors) may have a different profile in different
species. It therefore might be useful to compare the capa-
bility of a pharmacological agent in evoking locomotor
activity with the profile of that endogenous pharmacolog-
ical system for that species. A correlation would suggest
that determining these profiles also for the human spinal
cord would aid in selecting both the most appropriate an-
imal model and the pharmacological treatments to be de-
veloped for spinal cord-injured patients.

Rossignol and coworkers have also shown the impor-
tance of training in pharmacologically treated spinalized
cats to promote coordinated treadmill locomotion (Bar-
beau and Rossignol 1987; Barbeau et al. 1991). This dem-
onstration underscores the role of phasic afferent input in
reinforcing and modifying motor output. The importance
of appropriate afferent input has also been discussed in re-
lation to the locomotor output seen by Eidelberg et al.
(1981) in chronically spinalized macaques (Vilensky et
al. 1992). Perhaps appropriate proprioceptive afferent in-
puts would assist the pharmacologically evoked motor
patterns, which this study has shown can be generated
centrally within the primate spinal cord to settle into a
more stable locomotor-like pattern. We therefore: (1) do

find it likely that there is a network capable of generating
locomotion in the primate spinal cord and, (2) propose
that this network may be fully activated with the right
combination of pharmacological agents, training and, pos-
sibly electrical stimulation of either the spinal cord or pe-
ripheral nerves.

Such strategies will also eventually be necessary in the
rehabilitation of walking in patients with spinal cord inju-
ry and have already been initiated by several groups.
Dimitrijevi¢ et al. (1996), Gerasimenko et al. (1996),
and Shapkova et al. (1997) have demonstrated with some
success that epidural stimulation of the spinal cord may
elicit locomotor-like activity in spinal cord-injured pa-
tients, and, of direct interest to the present study, Stewart
et al. (1991) found that clonidine could greatly improve
the walking ability of some patients with partial spinal
cord lesions. As discussed above, there may be a consid-
erable species differences in the pharmacology of the spi-
nal locomotor network, also between the human and mar-
moset primates, so therefore extrapolation from these ex-
periments to the human spinal cord should be done with
caution. Nevertheless, based on the present study it seems
reasonable to hypothesize that noradrenergic and possibly
even EAA agonists are more promising pharmacological
agents for activating the human locomotor circuitry than
those that act by promoting transmitter release from en-
dogenous synapses. More important probably, the present
observations can be used to stress the importance of a
combination of alternative strategies (pharmacological,
physiotherapeutical, electrical stimulation) in future at-
tempts to rehabilitate walking in the human.
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