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1. Introduction

At least 250,000 Americans currently suffer
from spinal cord injury (SCl), and each year
10,000 new cases occur in the U.S.A. (NSCIA,
2006). Many of these individuals will require
lifetime care due to motor deficits suffered as
a result of the injury. Spasticity is prevalent
in both humans and animals following SCI
and can contribute to significant functional
limitations affecting the ability of a patient to
transfer between surfaces and in the case of
an incomplete injury, regain locomotion [1] .
At the same time, some individuals with SCI
report benefits of spasticity with a need for
improved management rather than complete
suppression of all motor control that often
occurs with current management techniques
[1,2]. This mini-review describes a number of
preclinical and clinical studies that promise
to improve outcomes, especially in terms of
spasticity and hyper-reflexia, in patients with
SCl.
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Abstract

Spasticity is evident in both humans and animals following spinal cord injury (SCI) and can contribute
to significant functional limitation and disruption in quality of life of patients with this disorder. This
mini-review describes a number of preclinical and clinical studies that promise to improve outcomes
for, especially in terms of spasticity and hyper-reflexia, patients with SCI. A gold standard for the
quantification of spasticity has proved elusive, but the combination of H-reflex frequency dependent
depression and a novel stretch reflex (SR) windup protocol have the potential to provide new insights. As
the pathophysiology of hyper-reflexia and spasticity continue to be investigated, the documented onset
in the animal model of SCI provides critical time points for further study into these complex mechanisms.
The positive effects of a passive exercise protocol and several potential pharmacological interventions
are reviewed as well as a novel potential mechanism of action. Further work is needed to determine
additional mechanisms that are involved in SCI, and how to optimize multiple therapies to overcome
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some of the deficits induced by SCI.
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One of the major components of spasticity
is hyper-reflexia [3] that develops over time
following SCI [4-6]. While the pathophysiology
of hyper-reflexia is not completely defined,
numerous components have been identified
[5.7]. that
identified to contribute to the development of

The components have been
hyper-reflexia include decreased pre-synaptic
inhibition of la afferents [8-12], upregulation of
postsynaptic receptors [5], terminal sprouting
[5] changes in intrinsic properties of motor
neurons [13-16] and recently, changes in gap
junctions between spinal cord neurons [17,18]
(see Figure 1). One measure used to quantify
hyper-reflexia is the electrical analogue of
the classic tendon jerk reflex, the Hoffman or
H-reflex [11,19-23]. The H-reflex is a compound
electromyographic (EMG) response that can be
recorded from the muscle following activation
of motor neurons via muscle afferents that are
stimulated by applying an electrical current
to the nerve (see Figure 1). The H-reflex is rate
sensitive in spinally-intact individuals and

demonstrates depressed amplitude, due to
marked habituation, once stimulus frequencies
reach or exceed 1 Hz [24,25]. In humans or
animals with chronic SCI, frequency dependent
depression (FDD) of the H-reflex is markedly
less evident [6,8,24,26].

Spasticity is classically defined as resistance
to passive limb movement in proportion to
the velocity of movement [27]. This velocity-
dependent resistance is thought to be due to
increased stretch reflex (SR) responses in the
lengthened muscle [28-30], although increased
stiffness in limb compliance is also a factor
[31,32]. The noninvasive measurement of SR
using electromyography (EMG) and torque
response to a movement perturbation has
been reported in the human [33,34]. Thompson
et al developed a device to quantify the SR in
rats and documented the velocity dependent
response in normal rats [35], and in rats with
a contusion injury of the spinal cord [36].
However, the SR response in a transection (Tx)
injury has not been reported, and evidence




from human studies indicates that SR responses
differ based on completeness of injury [37,38].
From a methodological standpoint, single
session quantification of the EMG response to
imposed stretch is possible, but longitudinal
comparison of EMG responses in rodents
is problematic because of the inability to
normalize the EMG signal. Validity of non-
normalized comparisons can be compromised
because measured differences could be due
to altered electrode location or spacing rather
than a true treatment effect [39].

One paradigm that overcomes this
limitation is the study of the windup of
repeated stretches. In a windup protocol, the
EMG response to the first stretch is used to
normalize subsequent responses. Windup
behavior is characterized by temporal
facilitation that results in increased amplitude
and duration of the reflex responses. This has
been demonstrated for flexor reflexes [40],
and more recently in SRs in humans post SCI
[41]. It has been suggested that the mechanism
for this prolonged SR response is due to
alterations in intrinsic motoneuron properties,
namely persistent inward currents (PICs). In
reduced preparations, PICs demonstrate the
ability to amplify and prolong the response
to brief inputs [42,43], and their emergence is
linked to the onset of hyper-reflexia [16,44].

Therefore, the use of both H-reflex and SR
would yield assessments of hyper-reflexia
and spasticity that may shed light on the
mechanisms underlying the pathology of
altered motor reflexes post SCI.

Over the past several years, we have used
a model of complete spinal cord transection
in the rat, and studied humans with SCI,
to focus on the hyper-reflexia that occurs
following SCl in an effort to determine 1) the
precise onset of hyper-reflexia following SCI;
2) whether passive exercise can alleviate
the hyper-reflexia that occurs following SCI
in animals with both acute and chronic SCI;
3) whether passive exercise can alleviate the
hyper-reflexia that occurs in humans after SCl;
4) what are the effects of pharmacological
agents, either alone, or in combination
with passive exercise, on hyper-reflexia in
animals with both acute and chronic SCI; and
5) possible mechanisms underlying the

changes in FDD of the H-reflex that occur
following SCI. In addition, we include 1)
data from studies in which we used a new
percutaneous, longitudinal method of
recording H-reflex in awake rats that more
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closely mimics H-reflex recording methods in
humans; 2) onset data for windup of the SR;
and 3) molecular data supporting the regional
changes in gap junction protein expression
and the effects of various treatments.

Figure 1. Representation of a human H-reflex recording and contributing pathways. DT= descending tract, IN=

inhibitory interneuron, MN= motoneuron, la= group la afferent fibers, ll= group Il afferent fibers, small
dots in the medial ventral spinal cord represent Renshaw cells. A stimulus delivered to the popliteal
fossa (large black oval, stimulating electrode) first produces an orthodromic (descending dark blue
pathway) volley recorded over the soleus muscle (small black circle, recording electrode), as the
initial motor (M wave) response. The same stimulus will activate ascending la fibers (green pathway)
antidromically that results in a monosynaptic connection with the motoneuron (MN), inducing a
response that descends (dark blue pathway), and is recorded over the soleus muscle in the human
as the longer latency H-reflex (H reflex). Mechanisms that have been proposed to contribute to
spasticity include a) loss of presynaptic inhibition of group la and Il afferent (red pathway) fibers due
to loss of descending inhibition from descending tracts (DT, light blue pathway), b) intrinsic changes
of the motoneurons, c) upregulation of postsynaptic receptors, and d) terminal sprouting. The present
results also suggest that changes in electrical coupling in the area of the interneurons (IN, medium blue
pathway) occur after SC. Interventions outlined in the text include oral modafinil that might influence
changes in electrical coupling at the level of the interneurons and motoneurons, passive exercise
resulting in possible changes to the motoneuron, and L-dopa, which has been suggested to influence
the group Il afferent pathways.
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1.1 Onset of Hyper-reflexia Following
SCl

The timing of the onset of hyper-reflexia
following SClI has been investigated in both
animals and humans [6,18,26,45]. Schindler-
Ivens and Shields [6] examined changes in the
human H-reflex in a longitudinal study over
44 weeks and concluded that attenuation of
FDD occurs gradually. They reported gradual
changes from high-rate sensitivity to low-rate
sensitivity between 6-18 weeks in the human
that correlated with the transition from a
flaccid to a spastic state. Studies of SCl in the
rat have reported the loss of FDD at somewhere
between 6 and 28 days in the contusion model
[45].

Our initial studies examined FDD of the
H-reflex in terminal experiments at various
time points, following complete spinal cord
transection (Tx) in adult rats. Three groups of
animals underwent complete Tx at T10, and
each group was tested for H-reflex FDD at 7, 14,
and 30 days following Tx. A fourth group served
as non-Tx controls. Statistically significant
differences were found at 10 Hz beginning at
14 days (Figure 2). Our results suggested that
the decrease in H-reflex FDD occurred between
7 and 14 days after Tx [18] and the time course
observed in the Tx model was similar to that
observed by others using the contusion model
[42].

Recently, we developed a method of testing
the H-reflex in rats longitudinally in the same
animals using percutaneous electrodes [46].
This method allows us to perform testing in
unanesthetized animals using the same animals
repeatedly throughout the course of the study,
rather than in terminal experiments. Testing the
H-reflex using this method in awake animals
more closely mimics the testing conditions
employed with human subjects, and allows us
to track the development of hyper-reflexia in
the same animal over time.

Adult rats were tested for FDD of the H-reflex
prior to (control), and weekly following T10
spinal cord Tx. During the 30 day post-surgical
FDD decreased
significantly over time. At 10 Hz, a significant

testing period, H-reflex

increase in H-reflex excitability was seen at 7
days post surgery compared to control. This

change in excitability (loss of FDD) became
progressively more marked at 14, 21, and 30
days [46] (Figure 2). These results demonstrated
a slightly earlier onset of hyper-reflexia than
found in studies in which animals were tested
using the terminal, direct nerve stimulation
method. In addition, data on the onset of SR
windup is included as a comparison. Animals
did not demonstrate significant windup until
49 days after Tx (Figure 2). The difference in
the onset in H-reflex compared to SR suggests
different mechanisms, and emphasizes the
unique role of both measures in exploring the
mechanisms and treatment of spasticity.

1.2 Effects of Passive Exercise on
Hyper-reflexia Following SCI
We developed a method of providing passive
exercise for spinalized rats over sixteen years
ago and reported our first results on the effects
of motorized bicycle exercise training (MBET)
on H-reflex FDD in rats with complete Tx in
1994 [47]. Since that time, we have focused
on determining the optimal parameters of
exercise capable of alleviating the hyper-
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reflexia following complete spinal cord Tx in
adult rats with both acute and chronic injuries.
Experiments involving separate groups of
animals exercised for 15, 30, 45, and 60 days
demonstrated FDD of the H-reflex in a MBET
duration-dependent pattern [26]. MBET for
only 15 days did not induce a statistically
significant effect on H-reflex habituation, but
did have a numerical effect, increasing FDD
inhibition).
after 30 days of MBET, there were statistically

(decreasing percent However,
significant increases in habituation at all
frequencies tested, suggesting that passive
exercise prevented the loss of H-reflex FDD.
The effects of longer durations of MBET
produced decreases in habituation that were
linearly decrementing at 10 Hz. In all cases, the
initiation of the exercise intervention occurred
at 7 days post Tx that, according to our studies,
coincided with the first appearance of hyper-
reflexia. Therefore, our data indicated the ability
of MBET to prevent the onset of hyper-reflexia
after SCI [17].

We then became interested in whether the
same intervention could restore H-reflex FDD
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Figure 2. The emergence of spasticity and hyper-reflexia in rats post transection (Tx) injury. Frequency dependent
depression (FDD) of the H-reflex is shown as column plots using two different techniques. FDD is a
measure of hyper-reflexia and is expressed as %H-Reflex amplitude (10Hz/0.02Hz; left axis). Stretch
reflex (SR) windup of the peak plantarflexion torque is shown as the line plot. This novel method of
spasticity measurement is expressed as percentage increase in torque to a series of 10 imposed
stretches (right axis). Control animals show strong FDD in H-reflex amplitude with both terminal and
longitudinal techniques showing good agreement. At 7 days post-Tx, terminal H-reflex data show no
difference over controls, however, the longitudinal technique in the awake animal shows a significant
increase in amplitude (¥p<0.05). Although there are EMG responses to movement perturbations, the
SR does not windup at this time point. At 14 days, both H-reflex measures are significantly elevated,
establishing the presence of hyper-reflexia (*p<0.01). In contrast, SR windup does not occur. By 30 days,
hyper-reflexia reaches a plateau but the SR windup remains absent. At 49 days spasticity is evidenced
by the presence of significant windup of the stretch reflex.
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in animals in which hyper-reflexia was well
established. An initial experiment examining
the effects of passive exercise in animals that
demonstrated hyper-reflexia (chronic injury)
revealed that 30 days of MBET did not restore
FDD. These results are consistent with the
work of Norrie et al. [48], who reported that
animals with a contusion SCI that received
a three week training session after a delay,
were less responsive to rehabilitation training
than those immediately trained after injury.
Therefore, a delay in training can impact
functional reflex

potential recovery and

(maintained H-reflex FDD) after

therapy was discontinued when hyper-reflexia

savings

was prevented by early passive exercise [15].
Further studies are needed to determine the
effects on the SR and the duration of savings
that can be gained if exercise is initiated in the
chronic stage of injury.

. . v
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Our lab has also studied the effects of
passive exercise in patients with SCI (ASIA B)
and the use of a motorized bicycle exercise
trainer MBET (Figure 4). This patient showed
habituation of the H-reflex after 8-10 weeks of
training [49]. The H-reflex gains observed in a
chronic patient (>1 year after injury) with a SCI

Acute Intervention Summary

—e—CTL

—a—Tx-30D
——Tx + Mod
—a—Tx+Ex30D

modaulation. However, if animals were exercised 100
for 60 days of MBET after they had developed

hyper-reflexia, restoration of the H-reflex FDD
occurred at 5 and 10 Hz. Therefore, this work
suggests that passive exercise can be used to
rescue the spinal cord circuitry once hyper-
reflexia has been established, but requires a
longer duration of therapy [17].

To confirm this finding, exercise MBET was
initiated 30 days post-Tx, once hyper-reflexia
was well established in a group of rats, and
continued for 60 days (until 90 days post-Tx).
H-reflex was tested using the longitudinal,
surface electrode method in each animal
before surgery (control) and on days 7, 14,
30, 45, 60, 75, and 90 following Tx. Results
indicated that MBET alone was able to restore
H-reflex FDD to near control levels by 75 days
post-Tx (45 days MBET) when tested at 10Hz.
While H-reflex amplitudes tested in the early
days after Tx were significantly higher than
control levels (loss of FDD), H-reflex amplitudes
tested at 75- and 90-days were not significantly
different from the pre-Tx levels (restoration of
FDD). These findings provided a clear indication
that MBET was effective in reversing the hyper-
reflexia that developed after spinal cord Tx, and
that as little as 45 days of passive exercise was
enough to restore H-reflex FDD in animals with
established hyper-reflexia (chronic SCI) [46].

One additional group of animals was used
to determine the effects on the H-reflex
after exercise was discontinued. The group
of animals (n=7) began exercise 7 days post
transection, exercised per MBET protocol for
30 days and then did not exercise for 30 days
(Figure 3). The H-reflex was tested and this
group of animals demonstrated significant
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Figure 3. Summary graph for interventions used in the acute stage of SCI. Interventions were initiated 7 days
following complete SC Tx. H-reflex amplitude at 0.2, 1, 5 and 10 Hz for intact animals (Control, black
circles), MBET 30 days (Tx+ Ex 30D, red triangle), acute exercise for 30 days and then delay 30 days
(Tx+ Ex 30D+ Delay, orange dash), an oral modafinil (Tx+Mod, green diamond). Frequency-dependent
depression of the H-reflex at 0.2 Hz was designated 100%, and statistical comparisons made against the
Tx 30 D group (blue squares) . At 10 Hz, the Tx 30 D group (**) differed from the Tx+Ex 30 D + Delay, the
acute exercise group (Tx+Ex 30 D), the Tx+ Mod group and the control group (p<0.01).
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Figure 4. Effect of MBET on the H-reflex for a patient with SCI. Frequency-dependent depression of the H-reflex
measured at 10 Hz over the course of 13 weeks of MBET sessions in a patient with a chronic SCI. Bicycle
exercise consisted of 60 min sessions 5 days per week indicated by the blue bar. Following cessation of
exercise at 13 weeks, the H-reflex trended back toward pre-exercise levels indicating minimal savings.
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who regained normalization of the H-reflex
after a thirteen week training program only
showed savings over a two week period after
cessation of passive exercise [47]. That is, there
was minimal savings after rescue in a human
chronic patient with a SCI.

In addition, bicycle training (single bout
with a tandem bicycle setup) has recently
been shown to be effective in reducing hyper-
reflexia in patients with an incomplete SCI [50].
These translational studies suggest that bicycle
training can play a role in the rehabilitation of
individuals post SCI and that the optimization
of training protocols and possible combination
with drug therapies needs to be explored
further.

1.3 Effects of Pharmacological Agents
and Non-pharmacological Agents
on Hyper-reflexia Following SCI

Hyper-reflexia and spasticity are present

following a multitude of upper motor neuron

disorders. Pharmacological agents such as

Baclofen, Diazepam, Tizanidine, Dantrolene,

and others have been used in human subjects

in an attempt to decrease spasticity following

SCl. However, all of these drugs have some

undesirable side effects on patients and some

have no effects on hyper-reflexia [51].

Interventions for spasticity after SCI range
from conservative physical therapy treatments
to more invasive surgical approaches and
pharmacologic regimens. Physical therapy
interventions tend to focus on the impairment
and include the use of modalities as well as
standing programs, passive stretching, and
serial casting [52]. Surgical interventions such
as selective dorsal rhizotomy and the surgical
implantation of an Intrathecal baclofen
pump have been used to treat spasticity
with success. Selective dorsal rhizotomy has
been used more commonly in the case of
children with spasticity of cerebral origin and
has associated risks and side effects [53]. The
surgical intervention of ITB placement has
risks and side effects as well including surgical
risks, establishing and maintaining an optimal
dose, headache, nausea/vomiting, sedation,
pump complications, constipation, drowsiness,
dizziness and muscular hypotonia (especially of

the trunk), and tolerance [54,55]. Non-surgical

interventions used for spasticity include the use
of botulinum toxin injections [56]. Botulinum
toxin is limited to treating a focal spasticity
and has been effective in post stroke patients
although side effects include the potential
of decreased muscle function and weakness
in addition to the potential requirement for
repeated injections.

Due to the limitations of the available
current therapies, we have investigated the
effects of two pharmacological agents, L-dopa
and modafinil, on the hyper-reflexia that
occurs following SCI. Dopaminergic agonists
have been implicated in the initiation and
continuation of locomotion. The dopamine
precursor, L-dopa, is capable of inducing
locomotor activity of long duration in
decerebrate neonatal rats [57]. In mid-thoracic
spinalized adult cats, L-dopa initiated hind limb
locomotion when the hind limbs were placed
on a moving treadmill [58,59]. In addition,
dopaminergic agonists have been found
to ameliorate motor deficits in animals and
humans following brain injury. After cerebral
frontal cortex injuries, amphetamine increased
the rate of recovery of beam-walking ability
in rats and in cats [60,61], an effect that was
blocked by haloperidol [62]. Also in cats, both
amphetamine and apomorphine improved
the rate of recovery of tactile placing following
motor cortex injury [63]. While the recovery
rate was accelerated with treatment, the end
result, however, was about the same.

In a study of short duration, a single dose of
amphetamine or placebo was given to stroke
patients followed within 3 hrs by a single
physical therapy session. The next day, motor
scores were significantly improved in patients
receiving amphetamine [64]. Also in a single
dose study, L-dopa given to patients with SCI
suppressed all muscle reflexes induced by
large muscle afferents with the peak reduction
occurring at 1 hour [65]. In stroke rehabilitation
in human patients over a 6-week period, motor
recovery improved significantly beginning
at 2 weeks when L-dopa was administered
30 minutes prior to physical therapy [66]. This
effect was maintained for the duration of the
test period, i.e. 3 weeks after treatment ceased.

The effects of L-dopa on hyper-reflexia
and spasticity have not been investigated

extensively, despite the fact that it is effective
with minimal side effects in treating motor
disorders associated with Parkinson’s disease
and has been reported to decrease spasticity
in subjects with complete and incomplete
SCl [65]. Therefore, we investigated the ability
of L-dopa, both alone and in combination
with exercise, to alleviate the hyper-reflexia
that occurs following SCI. Once hyper-reflexia
was well established (by 30 days post-Tx)
as evidenced by loss of FDD of the H-reflex,
animals were then randomly divided into
four groups. Each group received a different
intervention: Tx only, MBET, L-dopa, and MBET
plus L-dopa. Interventions were administered
for 60 days (5 days per week), and H-reflex was
tested every two weeks during the intervention
period. Testing of the H-reflex at 10 Hz revealed
that by 90 days post-Tx, H-reflex FDD was
restored to pre-Tx levels in the MBET, L-dopa,
and MBET plus L-dopa groups. In addition, there
appeared to be an additive benefit of L-dopa
when added to MBET compared to exercise
alone in restoring H-reflex FDD in these animals
with chronic SCI [46]. Additional work is needed
to investigate the benefits of combined passive
exercise and L-dopa in the human.

1.4 Modafinil
The
modafinil as a treatment for hyper-reflexia or
spasticity induced by SCI. Mukai and Costa [67]
reported positive effects from modafinil on self-

literature revealed limited studies of

esteem in 2 patients with SCI. Hurst et al [68]
described a retrospective study of the use of
modafinil in a population of children diagnosed
with cerebral palsy. They reported 76% of the
patients studied reported decreased spasticity
after treatment with modafinil, and showed
decreased tone after physical examination.
Hurst and Lajara-Nanson [69] conducted a pilot
study to examine the benefits of modafinil
on spasticity and went on to hypothesize
that modafinil reduces spasticity via central
descending effects. An additional study in
2006 by Hurst et al [70] reported that 29/59
pediatric patients with spastic cerebral palsy
who were treated with modafinil demonstrated
improvements in gait during the treatment.
We investigated if modafinil, administered
orally, would normalize the loss of FDD of the
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H-reflex that is observed in spinally Tx rats. The
results of these studies revealed that modafinil,
when given orally for 30 days, can be used to
restore FDD of the H-reflex [71]. Results of the
interventions outlined above can be seen in the
summary graph (Figure 3).

1.5 Potential Mechanisms Underlying
H-reflex Changes After SCI
The mechanism of action of modafinil was
unknown until recently, but was credited
with
noradrenaline and serotonin release, and
decreasing GABA [72].
modafinil was recently found to increase

increasing glutamate, acetylcholine,

release However,
electrical coupling between nerve cells in the
inferior olivary nucleus, cortical interneurons,
and thalamic reticular neurons [73]. Following
blockade of
permeability, modafinil restored electrotonic

pharmacological connexin
coupling within 30 minutes. The effects of
modafinil were counteracted by the gap
junction blocker mefloquine (MEF). Urbano et
al [74] proposed that modafinil may be acting
in a wide variety of cerebral areas by increasing
electrotonic coupling in such a way that the
high input resistance typical of GABAergic
neurons is reduced. Studies in our lab that
investigated the use of daily oral administration
of modafinil being used to prevent the loss
of FDD of the H-reflex in acutely spinalized
rats, raise a number of intriguing questions
regarding the mechanisms behind hyper-
reflexia and spasticity.

The
modulating motor behavior has not been

role of electrotonic coupling in
extensively studied. Interestingly, if the spinal
cord of the rat is transected before 15 days of
age, the animal regained the ability to elicit
reflexive locomotor movements on a treadmill,
but if the Tx is performed after 15 days of age,
the animal did not regain the ability to generate
reflexive locomotion on a treadmill [75]. The
period in which the spinal cord is optimal for
plastic changes in the rat has been determined
to be 18 days of age [76]. What is occurring
in development that could contribute to the
changes in plasticity at the end of the critical
period? Electrical coupling of neurons via gap
junctions have been shown to exist in early
postnatal development of spinal motoneurons

[77]. Motoneuron electrotonic coupling has
been shown to decrease with postnatal age in
the rat from postnatal day 0 through postnatal
day 14 [78]. Such coupling may allow stronger
synchronized contractions in weak muscles
during development, for example, when chicks
must break the eggshell at hatching [79]. Does
a correlation exist between the end of critical
period of developmental plasticity in the rat
spinal cord and the decreased gap junction
coupling observed? The decrease in coupling
has been attributed to the development of fine
motor control by independent recruitment of
motor units [35]. An important study showed
that there are populations of locomotion-
related interneurons in the ventromdedial
gray matter that are electrically coupled [80],
suggesting that not only motoneuron pools
may be coupled. In general, electrical synapses
allow the reciprocal flow of ionic currents
and small molecules between neurons, often
providing synchronization of subthreshold
and spiking activity [81]. Connexins form
clusters of channels that allow direct cell to
cell communication. Electrical communication
between neurons has been attributed to gap
junctions made up of Connexin 36 (Cx-36). In
mammals, Cx-36 is specifically expressed in
neurons [82]. Deans et al studied the knockout
mouse of Cx-36 and determined that many
physiologic properties of the knockout were
similar to the wild-type with the exception
that electrical coupling in the knockout mouse
was rare and weak compared with the wild-
type supporting the theory that gap junctions
comprised of Cx-36 are responsible for electrical
coupling [83].

So how do spinal cord gap junctions
influence motor coordination?  Electrical
synapses may contribute to the generation
and maintenance of synchronized neuronal
[44]. Tresh and
Kiehn demonstrated that motor patterns in

bursting firing patterns

the neonatal rat spinal cord were observed

during blockade of chemical synapses,
probably through the synchronization of
bursting through gap junctions [16,84]. They
suggested, “Gap junction-mediated neuronal
coordination contributes to the basic function
and organization of spinal motor systems.”

These authors also suggested the existence

- : v
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of numerous independent rhythms in distinct
motor pools. However, the modulation of gap
junction communication in the adult spinal
system and the adult system after injury are
poorly understood.

In an effort to explore the possible role of
gap junctions in hyper-reflexia and spasticity,
our lab has documented the changes Cx-36
protein levels post-Tx. In whole spinal cord
samples taken from the lumbar enlargement,
in Cx-36
protein levels after Tx but this returned to

there was a transient decrease

near normal levels by 30 days [18]. A separate
study demonstrated the normalizing effect
on hyper-reflexia by modafinil treatment,
but our molecular data have failed to show a
significant change in Cx-36 protein levels with
administration of modafinil [71]. It is thought
that examination of the whole cord may
result in a masking of regional changes in gap
junction proteins. As an initial step to explore
this idea, our lab recently investigated if
regional decreases in Cx-36 mRNA expression
are present post-Tx and whether or not
interventions including modafinil and MBET
might restore these levels.

The spinal cord from below the Tx level was
removed intact and immediately frozen in
solid CO2. Tmm transverse slices were made
throughout the lumbar enlargement. 0.5 and
0.7mm tissue punches were used to take cores
from the dorsal and ventral horns of the lumbar
gray matter. Samples were homogenized,
and total RNA extracted. cDNA was made
as previously described [85,86]. Primers and
standards were developed specifically to
quantify Cx-36 transcripts by real-time qRT-
PCR following procedures described previously
[87]. gRT-PCR was conducted as previously
described [86]. Fluorescence was measured
at the end of each cycle during amplification.
A melting-curve cycle was used to monitor
specificity of amplification. To further ensure
accuracy, each reaction was repeated at least
twice. The mean value of the repeat was used
for each gene per sample to calculate the ratio
between the mean value of the target gene
(Cx-36) and the two rat housekeeping genes
(Gapdh and Rpl). The results of the regional
mRNA expression can be seen in Figure 5A-B.
In contrast to the whole cord data, Cx-36
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Figure 5. Regional Cx-36 expression in the spinal cord. RT-PCR results for two different housekeeping genes (Rpl and gap) in rats before and after spinal transection (Tx).
Results are normalized to the control (CON) values (n=6). Group means + SD are shown for 7 weeks post-Tx (n=4), following 6 weeks of exercise (Ex) (n=7), and 6
weeks of oral modafinil (MOD) (n=4). Cx-36 expression was significantly decreased post-Tx in the dorsal (A) and ventral horns (B); Exercise failed to restore Cx-36
to control levels. Treatment with modafinil, however, showed an increase in Cx-36 over Tx levels with no significant difference from control animals. While both
MOD and EX animals show normalization of Hyper-reflexia and spasticity, the molecular data support differing mechanisms of action. (Statistical comparison to

Tx values, * p<0.05, p<0.01).

mRNA expression was significantly decreased
compared to control levels at 7 weeks post-Tx.
This might reflect changes in the regulation of
mRNA translation so that normal (control) levels
of protein are synthesized from less mRNA,
i.e. an increase in MRNA translation control.
Translational control of Cx-36 mRNA has been
reported after amphetamine withdrawl [88]
and after ischemia [89].

Animals given 30 days of MBET failed to
show significant increases in Cx-36 levels as
compared to Tx. However, those treated with
modafinil, showed a return toward baseline
levels with a significant increase over the Tx
group. These results support the notion of
gap junctions playing a role in hyper-reflexia
and point to a contributing mechanism to
abnormal motor reflexes. Interpretation of
changes in protein and mRNA levels must be
made with care since it is not clear if these

changes are further modulated by changes
in exteriorization, trafficking, alignment or
opening/closing processes of Cx-36 hemi-
channels. Future work is needed in exploring
the potential
junctions following SCI, as well as functional

mechanism involving gap

changes in gap junctions post SCI.
2. Summary

Our Center has investigated H-reflex FDD
as a valuable research outcome measure to
quantify hyper-reflexia in the animal model
and the human patient. We have modified
this technique to also include measuring the
H-reflex FDD in the awake animal longitudinally.
We have measured the SR and developed the
windup protocol as an outcome measure to
quantify the development of spasticity in the
Txrat.

We have investigated several interventions
including passive MBET, developed a MBET
for human use, and tested pharmacologic
interventions including the use of oral modafinil
and L-dopa to determine whether these
interventions are useful in both the acute and
chronic stages of injury to reduce or normalize
hyper-reflexia and spasticity. We are currently
investigating the role of gap junctions in the
spinalized animal and working to determine
the regional differences that exist in Cx-36
mRNA. Further work is needed to determine
additional mechanisms that are involved in
SCl, and how to optimize multiple therapies to
overcome some of the deficits induced by SCI.
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