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“"The first effect of injury done to the nervous system is a diminution of its
functions; whilst the second or ulterior effect is the augmentation of those
functions."

- Marshall Hall, 1841
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ABSTRACT

Months after sacral spinal transection in rats (chronic spinal rats), motoneurons below the
injury exhibit large, low-threshold persistent inward currents (PICs), composed of persistent
sodium currents (Na PICs) and persistent calcium currents (Ca PICs), which are responsible
for the development of muscle spasms after injury (spasticity). Using an iz vizro model of
spasticity in the adult rat sacrocaudal cord, it was determined that motoneurons of normal
adult rats also exhibited Na and Ca PICs when the spinal cord was acutely transected at the
sacral level (acute spinal rats), but they were less than half the amplitude of PICs in chronic
spinal rats. The Na PIC was identified as being critical for initiating and maintaining
repetitive firing, and was modulated by drugs acting at 5-HT> and a1-noradrenergic (¢1-NE)
receptors. Specifically, 5-HT; receptor agonists facilitated the Na PIC and improved the
spike and repetitive firing in motoneurons of acute spinal rats. Motoneurons of chronic
spinal rats responded to 5-HT receptor agonists the same as with acute spinalization, but at
much lower doses, indicating that motoneurons develop a 30-fold supersensitivity to 5-HT
with chronic transection. In motoneurons of both acute and chronic spinal rats, antagonists
acting at 5-HT>4 (ketanserin), 5-HTz¢ (RS 102221) and a1-NE (WB 4101) receptors
combined to eliminate the Na PIC and block repetitive firing, even without application of
exogenous agonists. Therefore, endogenous intraspinal sources of 5-HT and NE maintain
the Na PICs observed in vitro. In acute spinal rats, these monoamines are likely to be
leaking from cut descending monoaminergic terminals. In chronic spinal rats, the
supersensitivity of motoneurons to residual low levels of monoamines (likely of intraspinal
neural origin) maintains the large Na PICs. Because this intraspinal source of monoamines

is not appropriately regulated, PICs are tonically large, leading to long-lasting muscle
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spasms characteristic of spasticity. Therefore, spasticity may potentially be treated using
monoarminergic antagonists to block motoneuron PICs, or else by preventing denervation

supersensitivity from developing.
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CHAPTER 1: Introduction

1.1  CLINICAL SPASTICITY WITH CHRONIC SPINAL CORD INJURY

The definition of spasticity is often quoted from Lance (1980) simply as a velocity-
dependent increase in tonic stretch reflexes. However, the term spasticity” is often
broadly used to describe different manifestations of muscle hyperactivity that arise from a
variety of neurological conditions, including spinal cord injury (SCI), stroke/hemiplegia,
multiple sclerosis, cerebral palsy and others (NINDS 2005). Symptoms include
hypertonus, hyperreflexia, clonus and spasms, but the more prominent manifestations
vary depending on the site of central nervous system (CNS) injury (Young 1994).
Lance’s definition, emphasizing changes in stretch reflexes, is far more reflective of
stroke than of spinal cord injury. Stroke spasticity is characterized by low-threshold (Ia
afferent stretch receptors) hyperreflexia, and hypertonus in flexors of the upper limbs and
extensors of the lower limbs (so-called 'anti-gravity' muscles, Young 1994). In contrast,
spinal cord injury produces long-lasting muscle spasms, involving both flexors and
extensors of affected limbs, that are often best triggered by high-threshold (cutaneous)
afferent inputs (Kuhn and Macht 1948; Little et al. 1989). While Lance (1980) and his
symposium colleagues have acknowledged other manifestations of spasticity, such as
spasms, many subsequent investigators have taken his limited definition as a complete
characterization of the spastic syndrome. Thus, they have tried to find physiological
changes with injury that explain these velocity-dependent increases in the tonic stretch
reflex, with complete disregard for other features of spasticity. Lumping motor
symptoms of different etiologies (stroke, SCI, cerebral palsy, etc.) under the same general
term, without distinguishing their origin, has also hampered proper research into the
nature of spasticity and the effectiveness of pharmacological interventions. Thus, for the
purposes of this thesis, I have focused on the cellular origin and development of
spasticity, specifically in its manifestation following spinal cord injury, with the
understanding that spastic syndromes arising from other CNS disorders likely have
different molecular pathologies.

Following spinal cord injury in humans, exaggerated reflexes and increased muscle tone
often emerge that contribute to a general spastic syndrome (Ashby and McCrea 1987,
Kuhn and Macht 1948; Noth 1991; Young 1994). The central complaint of patients with
SCI spasticity is intense muscle contractions (spasms) lasting several seconds, which are
triggered by numerous stimuli, including muscle stretch, light touch, heat and/or cold,
bladder distension and even emotional tension (Little et al. 1989). Spasms can become
very severe, lasting for several minutes and involving both extensor and flexor muscles
(Kuhn and Macht 1948). These uncontrolled spasms develop in the weeks to months
following both complete and incomplete SCI and can be quite debilitating and painful,
interfering with sleep, normal activities and residual locomotor functions (Kita and
Goodkin 2000; Kuhn and Macht 1948; Norman et al. 1998). Because of this, muscle
spasms may be considered the main disruptive characteristic of the SCI spastic syndrome.
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Muscle spasms also interfere with efforts to improve function following SCI. A large
portion (37 - 62%) of spinal cord injuries are incomplete (Ackery et al. 2004) and, in such
cases, there is considerable potential for recovery of function. For example, treadmill
training often improves the stepping ability of such patients, facilitating greater
independence in mobility over the course of several weeks to months (reviewed in
Harkema 2001). However, the presence of spasticity can severely compromise such
efforts at rehabilitation (Delwaide and Pennisi 1994; Little et al. 1989). Thus, before any
attempt at recovery of locomotion can be made, clinicians must first treat the spasticity.

In the tradition of Lance (1980), and the widespread conviction that spasticity arises from
enhanced stretch reflexes, conventional therapies such as baclofen, gabapentin and the
benzodiazepines block spinal reflexes and suppress neural circuitry (Abbruzzese 2002).
However, side effects of these treatments typically include sedation and muscle
weakness, which themselves can interfere with rehabilitation (Rice 1987). Indeed, while
baclofen reduces spasms, it generally does not improve functional locomotor recovery
(Duncan et al. 1976), whereas the unconventional antispastic medication cyproheptadine,
which is a serotonergic antagonist, increases walking speed and coordination, in addition
to reducing muscle spasms and clonus, in severely disabled spinal cord-injured subjects
(Norman et al. 1998). Thus, to find better pharmacological strategies that target the
debilitating muscle spasms without compromising residual function, a better
understanding of the cellular basis of spasticity is required.

1.2 MECHANISMS OF SPASTICITY

As described above, a major component of the spastic syndrome resulting from SCI is the
involuntary muscle spasms evoked by brief noxious or innocuous stimuli, which last for
8-10 seconds on average (Kawamura et al. 1989). In subjects exhibiting a spastic
syndrome, changes in excitability of several neuronal pathways have been noted, but the
degree of these changes has not correlated well with the degree of spasticity assessed
clinically (Faist et al. 1994; Hiersemenzel et al. 2000). The spasms consist of persistent
muscle contractions that far outlast the duration of the triggering excitatory input,
suggesting that they are due to intrinsic voltage-dependent persistent inward currents
(PICs) of the motoneurons themselves. Simply put, the PIC producing the spasm is a
depolarizing current carried by voltage-sensitive channels that are activated at membrane
potentials near spike threshold. Once activated, the current tends to remain activated
until the membrane potential is reduced below threshold again. PICs in motoneurons
generate sustained depolarizations or “plateaus’ (reviewed in Eken et al. 1989; Powers
and Binder 2001), providing a sustained excitatory drive that allows motoneurons to fire
repetitively following brief synaptic excitations, or at lower injected currents than
required to initiate firing (self-sustained firing, see Hounsgaard et al. 1988). Using an
animal model of spasticity that develops in the tail muscles of rats following a low spinal
transection (described below), Bennett and colleagues have demonstrated that PICs, and
the resulting self-sustained firing behaviour, arise in motoneurons after chronic spinal
cord injury (Li and Bennett 2003; Li et al. 2004a) and produce long-lasting spastic
reflexes both in vitro (Bennett et al. 2001b) and in the awake animal (Benneit et al.
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2001a) that are similar to muscle spasms that occur in humans with spinal spasticity
(Bennett et al. 1999a; Bennett et al. 2004). Evidence for motoneuron PICs has been
found in humans using paired motor unit recordings in both normal individuals
(Gorassini et al. 1998; Kiehn and Eken 1997) and in affected muscles of humans with
spasticity (Gorassini et al. 2004). These PICs are activated during spontaneous muscle
spasms and are triggered by the same muscle vibrations and cutaneous stimuli that trigger
spasms (Gorassini et al. 2004). Thus, the prolonged involuntary muscle spasms in
subjects with long-term SCI are mediated by the activation of PICs in the motoneurons.

This is not to say that changes in spinal reflex pathways with injury are unimportant in
the development of spasticity. Due to their slow kinetics, motoneuron PICs take >200 ms
to activate (Li and Bennett 2003). Normally, brief afferent stimulation, especially
cutaneous stimulation, produces excitatory post-synaptic potentials (EPSPs) that are not
long enough, or of sufficient amplitude, to activate PICs. However, following a complete
spinal transection in the rat, such stimulation evokes unusually long (200 - 500 ms)
polysynaptic EPSPs (pEPSPs) in motoneurons, likely due to a loss of descending
inhibition (Baker and Chandler 1987; Bennett et al. 2004; Li et al. 2004a), which are
sufficient to activate PICs. On the other hand, these pEPSPs, being less than half a
second long, are not of sufficient duration to sustain the long-lasting (8-10 second)
muscle spasms by themselves. Furthermore, enhanced polysynaptic reflexes emerge
immediately after spinal cord transection (Baker and Chandler 1987; Li et al. 2004b),
whereas symptoms of spasticity take weeks or months to develop in rats (Bennett et al.
1999a) and humans (Ashby and McCrea 1987; Kuhn and Macht 1948). Therefore, while
enhanced polysynaptic reflexes are important as a trigger for the spasms, they are not the
underlying source.

13 CHARACTERISTICS OF MOTONEURON PERSISTENT INWARD
CURRENTS

PICs are considered to be a latent property of spinal motoneurons in normal, uninjured
conditions (Heckman et al. 2004), and much of what we know about the role of PICs in
normal physiological function comes from studies of whole animal preparations (e.g.,
decerebrate cat, see below). However, investigations into the ionic make-up and
modulation of motoneuron PICs are mostly done in reduced preparations (acutely
spinalized or slice) in which, most often, PICs must first be induced by exogenous
application of agonists acting on serotonin (5-HT), norepinephrine (NE), acetylcholine or
glutamate receptors (Alaburda and Hounsgaard 2003; Delmas et al. 1996; Foehring et al.
1989; Hsiao et al. 1998; Hultborn and Kiehn 1992; Lee and Heckman 1999). From these
investigations, we know that the net PIC consists of TTX-~sensitive persistent sodium
currents (Na PICs) and nimodipine-sensitive persistent calcium currents (Ca PICs) (Carlin et
al. 2000b; Hounsgaard and Kiehn 1985; Hsiao et al. 1998; Li and Bennett 2003). The Ca
PIC is a measure of the net nimodipine-sensitive current, which comprises the inward
current through L-type calcium channels (L-Ca current) and any additional currents
activated by the increase in intracellular calcium ion concentration, such as calcium-
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activated outward potassium currents (Hounsgaard and Mintz 1988; Llinas and Sugimorn
19802, b; Schwindt and Crill 1980).

1.3.1 Persistent calcium currents: A voltage-dependent persistent calcium (L-Ca) current
has been identified in motoneurons of acutely isolated spinal cord slice preparations (mouse:
Carlin et al. 2000b; turtle; Hounsgaard and Kiehn 1989; guinea pig: Hsiao et al. 1998; rat:
Powers and Binder 2003) and in motoneurons from chronic spinal rats (Li and Bennett
2003). This current is carried by a nimodipine-sensitive voltage-gated calcium channel
(Hounsgaard and Kiehn 1989; Hsiao et al. 1998; Mills and Pitman 1997; Morisset and
Nagy 1999), with an activation threshold of -45 to -55 mV (Hounsgaard and Kiehn 1989;
Mills and Pitman 1997; Morisset and Nagy 1999; Voisin and Nagy 2001; Zhang and
Harris-Warrick 1995) and slow activation/inactivation kinetics (Perrier et al. 2002). The
characteristics of this channel match that reported for the Cay1.3 L-type calcium channel
(Koschak et al. 2001; Xu and Lipscombe 2001), which is less sensitive to
dihydropyridines (Hounsgaard and Kiehn 1989; Mills and Pitman 1997; Voisin and Nagy
2001), and is activated at lower thresholds, than conventional high-voltage activated L-
type (Cay1.2) channels (Fanelli et al. 1994; McCarthy and TanPiengco 1992). Generally,
the L-Ca current is not studied in isolation from the opposing calcium-activated outward
potassium currents (see below), so most studies of the role of the L-Ca current on
motoneuron behaviour actually measure the Ca PIC (combined L-Ca and calcium-
activated currents). Due to the slow kinetics and lack of inactivation of these L-type Ca
channels, the Ca PIC is a key contributor to motoneuron bistable behaviour. Once
activated, the Ca PIC produces a steady depolarizing drive of sufficient amplitude to
maintain plateau potentials that outlast the stimulus for several seconds, and which may
even require a strong hyperpolarizing input to deactivate (reviewed in Kiehn and Eken
1998). This means that motoneurons can be in two stable, but functionally different,
states (hence “bistable™). Therefore, so long as the sodium spike does not inactivate, the
motoneuron can continue to fire for long periods following a stimulation due to the
steady depolarization provided by the Ca PIC (Hounsgaard et al. 1988). In addition to
bistable behaviour, the Ca PIC has also been shown to have a role in amplifying synaptic
inputs to the motoneurons by shortening the electrotonic distance and providing an
additional intrinsic depolarization triggered by post-synaptic potentials (Bennett et al. 1998;
Lee and Heckman 2000; Prather et al. 2001). The poor ability to clamp the Ca PIC and the
marked activation/inactivation voltage hysteresis indicate that the Ca PIC is localized to the
distal dendrites (Bayliss et al. 1997; Bennett et al. 1998; Booth et al. 1997; Carlin et al.
2000b; Lee and Heckman 1996), where it is ideally situated to boost synaptic signals.
Facilitation of the Ca PIC by metabotropic agonists has been well-studied in turtle spinal
motoneurons by Hounsgaard and colleagues (see Perrier et al. 2002 for review), as has been
described previously for PICs in general. These receptors (serotonergic, noradrenergic,
muscarinic and metabotropic glutamate receptors) likely converge onto a single pathway
leading to increased intracellular calcium concentrations and activation of calmodulin, both
of which facilitate the L-type Ca channels (Perrier et al. 2000; Zuhlke et al. 1999). Thus the
input-output gain of the motoneurons, which is heavily influenced by the Ca PIC amplitude,
can be adjusted by activity at metabotropic receptors.
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1.3.2 Persistent sodium currents: The role of the Na PIC in cell behaviour has been
studied in muscle fibres, invertebrate neurons and mammalian neocortical neurons
(reviewed in Crill 1996); it has also been characterized more recently in facial and spinal
motoneurons (Hsiao et al. 1998; Li and Bennett 2003; Li et al. 2004a; Nishimura et al.
1989). Generally, the Na PIC is a fast-onset TTX-sensitive sodium current, activating a few
millivolts below spike threshold and deactivating rapidly relative to the Ca PIC (Angstadt
and Choo 1996; Elson and Selverston 1997; Hsiao et al. 1998; Li and Bennett 2003;
Rekling and Laursen 1989; Schwindt and Crill 1995; Stafstrom et al. 1982). By
activating below spike threshold, the Na PIC amplifies synaptic input (Deisz et al. 1991) and
accelerates the membrane potential towards spike threshold (Stafstrom et al. 1982), thus
facilitating generation of action potentials. During steady firing, the membrane potential
traverses the activation range of the Na PIC between spikes, which led Stafstrom et al.
(1982) to suggest that the Na PIC must have a role in sustaining steady repetitive firing.
However, study of the function of the Na PIC in normal firing behaviour was tricky because
TTX blocks both the persistent Na channels mediating the Na PIC, and the transient Na
channels mediating the action potential (Taddese and Bean 2002). In fact, it has been
argued that the persistent Na current arises from the same channel mediating the transient
Na current, albeit in a different modal state (Alzheimer et al. 1993; Crill 1996), or due to
allosteric gating kinetics (Taddese and Bean 2002). However, the two currents can be
separated for study using riluzole or very low doses of channel blockers to selectively inhibit
the Na PIC, based on the higher sensitivity of the Na PIC to these drugs than the action
potential (Stafstrom et al. 1985; Urbani and Belluzzi 2000). Riluzole effectively blocks the
Na PIC while still preserving the spike and, in riluzole, neurons are not able to sustain
repetitive firing (Miles et al. 2005; Urbani and Belluzzi 2000), supporting the contention that
the Na PIC is critical for steady repetitive firing. In spinal motoneurons recorded in vivo,
Lee and Heckman (2001) showed that a fast persistent current, with properties resembling
the Na PIC, is absolutely essential for initiating and sustaining repetitive firing during slow
depolarizations. In addition to sustaining steady repetitive firing, Na PICs also enable very
slow firing, with interspike intervals much longer than the AHP duration (<< 6 Hz, Li et al.
2004a), and thus Na PICs also determine the minimum firing rate of motoneurons. While
neuromodulators (e.g., S-HT, NE, etc.) are known to facilitate PICs, and the Ca PIC in
particular (see above), it is not clear how Na PIC amplitude is normally regulated in spinal
motoneurons, nor why the Na PICs are so large after chronic spinal cord injury (Li and
Bennett 2003; Li et al. 2004a).

1.3.3 Outward potassium currents: Calcium ion influx through L-type channels is
opposed by calcium-activated outward potassium currents (Kc,). These are generally
considered to be the same as the SK currents mediating the post-spike
afterhyperpolarization (AHP); however, with Ca PICs, the Ca>" influx is through low-
threshold L-type calcium channels, not the high-threshold N- and P/Q-type Ca channels
activated during the action potential (Hounsgaard and Mintz 1988; Schwindt and Crill
1980). With continued membrane depolarization (as with depolarizing ramps in voltage
clamp), continual K¢, channel activation due to increasing [Ca®'};, combined with the
increased driving force of potassium ions, overwhelms the L-Ca current, and the net
inward current becomes a large net outward current at potentials above -40 mV. Often,
in acutely spinalized preparations, the K¢, currents are so large that the net Ca PIC
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measured in motoneurons is very small or non-existent. As such, potassium channel
blockers are sometimes added to eliminate the K¢, currents and reveal the underlying
persistent inward currents (Carlin et al. 2000a; Llinas and Sugimori 1980b; Powers and
Binder 2003; Schwindt and Crill 1980). Current flux through L-type Cay1.3 channels
can be studied in isolation from the K, current by addition of apamin, which blocks this
potassium channel (Hounsgaard and Mintz 1988); however, pharmacological block of the
L-type Ca channels with nimodipine indirectly eliminates the K¢, current, making it
difficult to study on its own. As such, some reported effects of neuromodulators, such as
5-HT, on the K¢, current may actually be indirect effects secondary to changes in the L-
type Ca current (Bayliss et al. 1997). Some evidence suggests that, in motoneurons, 5-
HT reduces the K¢, conductance (i.e., the AHP) directly (Hounsgaard and Kiehn 1989;
Wallen et al. 1989). However, with the Hounsgaard & Kiehn study, the observed
decrease in AHP amplitude with 5-HT can easily be explained by the increased cell
conductance due to PIC activation. Even the indirect effect of 5-HT on the K¢, current
identified by Bayliss et al. (1997) was only observed in neonatal rat hypoglossal
motoneurons, and not in adults. To date, no study has clearly shown that the K¢, current
in adult mammalian spinal motoneurons is affected by 5-HT. In addition to the calcium-
activated potassium current, persistent sodium currents may induce a sodium-activated
potassium current (Ky,) with sufficient accumulation of intracellular Na" (Safronov and
Vogel 1996). Thus the Na” influx through persistent sodium channels may also be
opposed by outward K* currents, even in nimodipine. No attention has been paid to
possible Ky, currents in studies of motoneuron PICs to date, perhaps because there is no
known pharmacological agent that selectively blocks this current, beyond the general
potassium channel blockers. Similar to the convention with the Ca PIC, the term ‘Na
PIC’ refers to the net current resulting from inward sodium currents and any Na'-
activated currents, if present.

Evidence of plateaus and the underlying PICs has been observed under normal non-
pathological conditions, in normal awake rats (Eken and Kiehn 1989; Gorassini et al.
1999) and intact humans (Gorassini et al. 1998; Kiehn and Eken 1997). Indeed, PICs
have a fundamental role in normal behaviour, amplifying the gain of excitatory and
inhibitory synaptic inputs (Heckman et al. 2003; Hultborn et al. 2003; Lee and Heckman
2000). Further, PICs provide sufficient intrinsic depolarization to generate the
motoneuron discharge rates required to drive high force production of muscles, whereas
synaptic input alone cannot generate these large depolarizations (Binder 2002, 2003; Lee
et al. 2003; Rose and Cushing 1999). The degree of synaptic gain, and bistable
behaviour, is proportional to PIC amplitude, which is a major determinant of motoneuron
excitability.

14  MODULATION OF MOTONEURON PICs BY MONOAMINES
What has become clear from studies to date on motoneuron PICs is that they are
facilitated by the monoamines 5S-HT and NE, normally supplied by descending brainstem

innervation from the caudal raphe and locus coeruleus, respectively (described below,
and reviewed in Heckman et al. 2004). Notably, during exercise of intact rats, S-HT
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concentrations in the spinal cord increase by 5-fold compared to at rest (Gerin et al.
1995). This is because, in the normal intact spinal cord, the level of activity in the
animal, and in the motoneurons themselves, is linked to the amount of brainstem activity
in the serotonergic nuclei that project to the spinal cord. Chronic recordings from
medullary serotonergic neurons of the caudal raphe in freely moving cats (reviewed in
Jacobs et al. 2002) have shown that these neurons have a slow, steady baseline level of
activity during the quiet waking state, but increase their activity with the initiation of
locomotor patterns such as stretching or walking (Veasey et al. 1995). Indeed,
raphespinal neuron activity increases proportional to the speed of walking on a treadmill,
and is tightly coupled to the onset and offset of motor activities. However, during so-
called paradoxical sleep, characterized by rapid-eye movements (REM) and muscle
paralysis, these neurons become virtually silent (Fornal et al. 1985). Pharmacological
block of neural activity in the caudal raphe leads to profound muscle inhibition in these
cats similar to the REM sleep state, despite the fact that they are still awake. Conversely,
peripheral neuromuscular block has no effect on activity of serotonergic neurons
(Steinfels et al. 1983). This indicates that the serotonergic neuron activity is driving
motor activity, and not the other way around.

Unlike the raphespinal system, activity in the locus coeruleus (the major source of spinal
NE) is not directly coupled to the level of locomotor activity, but is linked to
physiological state (Rasmussen et al. 1986). That is, activity in the locus coeruleus is at a
minimum during REM sleep (Wu et al. 1999), increases with waking and active states
and becomes highly active when stressors are presented (i.e., stressful or arousing
situations, Abercrombie and Jacobs 1987). This is in keeping with the known key role of
the noradrenergic system in the so-called fight-or-flight response. Thus, NE from
brainstem sources provides additional drive to the spinal cord, assisting the serotonergic
system in facilitating locomotor activities, especially under stressful circumstances. In
fact, norepinephrine receptor agonists are the most effective of the monoamines at
initiating hindlimb stepping in cats after complete spinal cord transection (Rossignol et
al. 1998).

Targeted destruction of descending serotonergic neurons using 5,7-dihydroxytryptamine
(5,7-DHT) leads to reduced locomotor activity in awake mice (Chia et al. 1996) and
greatly reduced extensor rigidity in decerebrate cats (Sakai et al. 2000), suggesting a loss
of motoneuron excitability. For the noradrenergic system, blocking the supply of NE to
the spinal cord does not have the straightforward effects on locomotor behaviour as
observed with the serotonergic system. The neurotoxin N(2-chloroethyl)-N-ethyl-2-
bromobenzylamine (DSP-4) is often used to selectively destroy noradrenergic neurons,
but with mixed results on behaviour. While some investigators have reported DSP-4 to
reduce motor activity (Archer and Fredriksson 2000), many have found DSP-4 to have no
effect on its own, possibly due to compensation via receptor denervation supersensitivity
(Harro et al. 1999) or compensatory activity in other motor systems (Steeves et al. 1980).

The simplest and most effective way to cut off the brainstem supply of monoamines to

the spinal cord is by complete spinal cord transection, which initially leads to muscle
flaccidity below the lesion and lack of reflex responses, a temporary state often described

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



as ‘spinal shock’. However, after spinalization, artificially increasing monoamine levels
in the spinal cord, by injection of 5-HT or NE precursors (Barbeau and Rossignol 1991;
Jankowska et al. 19674, b; Viala and Buser 1971), or transplantation of embryonic
serotonergic or noradrenergic neurons near the lumbar cord (Privat et al. 1989; Ribotta et
al. 2000; Yakovleff et al. 1989), increases muscle tone and reflexes, and can restore
locomotor-like patterns of activity in the hindlimbs. Clearly then, the state of spinal
shock is not simply due to the loss of descending motor commands, as these are not
restored with such treatments to induce locomotion. Rather, spinal shock most likely
arises from the sharp decrease in monoamine tone and resulting loss of motoneuron
excitability. Thus, the amount of monoamines available in the spinal cord, whatever the
source, determines the ability of motoneurons to function. Low levels of monoamines
lead to aloss of motoneuron activity, while high levels of spinal cord monoamines, such
as during a fight-or-flight response, result in a high level of motoneuron excitability.

PIC amplitude is a major determinant of motoneuron excitability and, as with locomotor
activity, PIC amplitude is controlled by the level of monoaminergic tone in the spinal
cord (Lee and Heckman 2000, 1996). Many early studies of motoneuron behaviour were
done in anaesthetized cats in which brainstem activity was suppressed by barbiturates,
and motoneurons exhibited very little evidence of active persistent inward currents
(Granit et al. 1966; Lee and Heckman 2000; Schwindt and Crill 1980). In the
unanaesthetized decerebrate cat preparation, the brainstem-spinal cord monoaminergic
connections are intact and highly active. In these preparations, motoneurons exhibit large
PICs and bistable behaviour (Bennett et al. 1998; Hounsgaard et al. 1988; Lee and
Heckman 2000). These PICs can be further augmented when the monoaminergic tone is
increased by exogenous application of 5-HT and NE agonists (Bennett et al. 1998;
Hounsgaard et al. 1988; Lee and Heckman 2000, 1998). Conversely, PIC-induced
bistable behaviour is abolished following acute transection of the spinal cord (which
severs the descending monoaminergic connections to the motoneurons) but can be
restored by exogenous administration of 5-HT or NE precursors (Conway et al. 1988;
Hounsgaard et al. 1988). Therefore, descending monoaminergic brainstem innervation is
required for motoneurons to exhibit PICs, and the amount of monoamines present in the
spinal cord (the level of monoamine ‘tone’) determines PIC amplitude and thus
motoneuron excitability. This presents a paradox then, because with long-term spinal
cord injury, motoneurons again express very large PICs (Li and Bennett 2003), despite
the continued absence of descending monoaminergic innervation, which is the major
source of monoamines in the spinal cord. Three possible explanations present
themselves. Either the level of monoamine tone caudal to the transection increases back
to normal levels, or motoneurons develop supersensitivity to residual 5-HT and NE to
compensate for the drastically reduced level of monoamines. Alternatively, other
endogenous metabotropic agonists such as acetylcholine, glutamate or Substance P,
which have been shown to facilitate PICs (Russo et al. 1997; Svirskis and Hounsgaard
1998) and are intrinsic to the spinal cord, could be maintaining the large PICs after
chronic SCI in the absence of adequate monoamine tone.

The first possibility can be immediately discounted. By two-months post-injury, the
amount of 5-HT and NE in the spinal cord below the lesion is reduced to 2 - 15% of
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normal (Schmidt and Jordan 2000), as measured by immunchistochemistry (Cassam et al.
1997; Newton and Hamill 1988), fluorometric analysis (Clineschmidt et al. 1971) or high-
pressure liquid chromatography-electrochemical detection (Hadjiconstantinuo et al. 1984).
What is most interesting about this is not that monoamine levels are greatly reduced, but
that there is still a basal level of 5-HT and NE remaining below a complete transection,
indicating that there are sources of monoamines intrinsic to the spinal cord and
independent of the brainstem. Indeed, careful histology of chronic spinal cords below a
complete lesion has identified intraspinal serotonergic and noradrenergic neurons, likely
associated with the autonomic system (Cassam et al. 1997; Newton and Hamill 1988). In
fact, the number of intraspinal noradrenergic neurons actually appears to increase
following SCI (Cassam et al. 1997). Therefore, even in the chronic spinal state, there is
still a basal level of monoamine tone innervating the motoneurons. However, with acute
injury, this basal level is clearly insufficient to drive motoneuron excitability. The
development, over time, of denervation supersensitivity of spinal motoneurons to this
residual supply of monoamines would explain the large PICs and high excitability.
Indeed, hindlimb reflexes undergo denervation supersensitivity to 5-HT and NE in awake
animals in the weeks following SCI (Barbeau and Bedard 1981; Nagano et al. 1988;
Nozaki et al. 1977; Tremblay et al. 1985), and dorsal root reflexes, recorded in vitro, are
supersensitive to 5-HT and NE in the chronic spinal rat (Li et al. 2004b). However, it
remains to be tested whether the motoneurons themselves, and PICs in particular, become
supersensitive to 5-HT and NE after long-term injury. The alternative hypothesis, that
PICs of motoneurons are instead facilitated by other metabotropic agonists (glutamate,
acetylcholine, etc.) in the absence of monoamines, remains a possibility, but may be
discounted if blockade of monoamine receptor activation of motoneurons in chronic
spinal rats completely eliminates the PICs (as we indeed report in later chapters).

1.5  HYPOTHESIS

My central hypothesis is that, in chronic spinal rats, the PICs in spinal motoneurons have
increased their sensitivity to monoamine facilitation to compensate for the sharply
reduced monoamine tone following spinal cord injury. Thus, in the chronic spinal state,
denervation supersensitivity enables the residual intraspinal sources of monoamines to
maintain adequate, or even exaggerated, motoneuron excitability. However, because the
monoamine tone is not controlled by supraspinal centres, the PICs are tonically large,
resulting in long-lasting motor activity (i.e., muscle spasms) with any kind of excitatory
input. To validate this hypothesis, several facts must be demonstrated experimentally:

1. There is alower endogenous level of motoneuron excitability immediately following
spinal injury than months after a chronic injury. That is, motoneurons of acute spinal rats
have smaller PICs, and are more difficult to activate, than motoneurons of chronic spinal
rats.

2. Motoneurons of chronic spinal rats are supersensitive to exogenously applied
monoamines. This includes determining whether PICs themselves are facilitated at lower
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doses after chronic injury than acute injury, and whether motoneurons also become
supersensitive to all known actions of 5-HT.

3. Endogenous intraspinal sources of monoamines maintain the PICs after chronic spinal
injury, and the PICs can be blocked by adding antagonists to the specific monoamine
receptors involved.

To test my hypothesis, I studied the actions of 5-HT on motoneurons, and on the Na PIC
in particular. Over the course of these investigations, I characterized the role of the Na
PIC in firing behaviour of spinal motoneurons, largely based on our ability to specifically
modulate (increase or decrease) the amplitude of the Na PIC using agonists and
antagonists to monoamine receptors, without directly blocking the transient Na spike.
These experiments were all performed in the in vifro adult sacrocaudal spinal cord
preparation, described below, that was developed by Bennett and colleagues to
investigate spasticity.

16  ANIMAL MODEL OF SPASTICITY

Spasticity following spinal cord injury, while common in humans, has been difficult to
study experimentally, because in most animal models the spasticity resulting from SCI is
comparatively mild (Ashby and McCrea 1987; Hultborn and Malmsten 1983; Noth 1991;
Powers and Rymer 1988; Taylor et al. 1997). Generally, incomplete injuries only lead to
mild hyperreflexia in animals (Hultborn and Malmsten 1983), whereas complete
transection affecting the hindlimbs is complicated by inconvenient and traumatic
functional impairments in hindlimb locomotion and bladder function. This led Ritz and
coworkers (1992) to develop a cat model of spasticity that developed in the axial
musculature of the tail following low sacrocaudal transection. Although the study of
axial musculature has been relatively neglected in general, it is involved in spasticity in
humans (cf. back muscles, Stauffer 1974) and should therefore be considered relevant to
the spastic syndrome.

Bennett and colleagues (Bennett et al. 1999b; 2001a) investigated complete sacral spinal
cord transection in rats and found that a spastic syndrome develops in the tail muscles,
complete with classic clinical features of spasticity such as flexor and extensor spasms,
hyperreflexia and clonus. One advantage of this low spinal transection is the minimal
functional impairment and ease of care due to preservation of bladder function, and
unimpaired hindlimb locomotion. A further advantage to investigating the sacrocaudal
cord of adult rats is that it is small enough to remove and maintain whole in vitro
(Bennett et al. 2001b), allowing study of physiological changes in reflexes and
motoneuron properties that occur with chronic spinal cord injury. Using this model,
Bennett and colleagues have demonstrated that the plateaus and PICs in motoneurons
below a complete transection recover spontaneously in the weeks following injury
(Bennett et al. 2001b; Li and Bennett 2003). These PICs are mediated by a low-threshold
L-type calcium current (Ca PIC) and a TTX-sensitive persistent sodium current (Na PIC),
as described earlier (Li and Bennett 2003). The recovered excitability due to re-
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emergence of large PICs, combined with the loss of descending inhibition of spinal
reflexes, results in large long-lasting exaggerated reflexes or spasms in response to brief
afferent input (Bennett et al. 2004; Li et al. 2004a; 2004b). Thus, using this model,
Bennett and colleagues have clearly shown that the long-lasting muscle spasms
characteristic of spinal cord spasticity are due to the re-emergence of large PICs in the
motoneurons themselves, and are not merely due to changes in reflex pathways.

1.7  THESIS OUTLINE

My thesis project involved using the Bennett animal model to test the influence of
metabotropic receptor activation on spinal motoneuron PICs. The working hypothesis
was that motoneurons of chronic spinal rats become supersensitive to residual intraspinal
monoamine sources to compensate for the loss of supraspinal monoamine sources, and
this leads to large tonically active PICs and the resulting symptoms of spasticity
following long-term SCI. I specifically studied the effects of 5-HT receptor activity on
motoneuron PICs and other membrane properties, and on the Na PIC in particular. My
thesis has been organised into three chapters. The first chapter, entitled “Persistent
sodium currents and repetitive firing in motoneurons of the sacrocaudal spinal cord of
adult rats”, compares the cell properties of motoneurons immediately following spinal
transection (acute spinal condition) to motoneurons in rats after long-term injury (chronic
spinal condition), and quantifies the ionic components of the PICs in both. In particular,
the role of the Na PIC in motoneuron firing behaviour is characterized. The second
chapter, entitled “Serotonin facilitates persistent sodium currents in motoneurons, and
chronic spinal cord transection leads to a supersensitivity to serotonin”, quantifies the
effect of 5-HT receptor activation on membrane properties and PICs, and investigates the
changes in motoneuron sensitivity to S-HT receptor agonists following chronic spinal
transection. Specifically, it reports that motoneurons of chronic spinal rats are
supersensitive to 5-HT receptor activation, and that S-HT> receptor activation selectively
enhances the Na PIC. Furthermore, facilitation of the Na PIC by 5-HT receptor agonists
correlates with improved repetitive firing ability. The third chapter, entitled
“Endogenous monoamines are essential for persistent sodium currents and repetitive
firing in rat spinal motoneurons”, examines the effect of blocking activity at the 5-HT,
receptors on Na PICs and motoneuron firing. Antagonists to the 5-HT, receptors reduce
Na PIC amplitude, despite the absence of previously applied exogenous agonists,
indicating that endogenous intraspinal serotonin facilitates the Na PIC. Notably, activity
at both 5-HT5 receptors and al-norepinephrine (a1-NE) receptors has to be blocked
simultaneously to completely eliminate the Na PIC, indicating endogenous
norepinephrine also facilitates the Na PIC. All repetitive firing during slow
depolarizations was also eliminated with blockade of 5-HT> and a1-NE receptor activity,
thus demonstrating the critical role of monoamines in facilitating the Na PIC and
repetitive firing ability. The combined evidence presented in this thesis supports the
hypothesis that motoneurons become supersensitive to 5-HT with chronic spinal cord
injury, and intraspinal sources of 5-HT and NE maintain the large Na PICs seen in
motoneurons of chronic spinal rats that contribute to spasticity. It remains to be
determined whether the Ca PIC is also supersensitive to 5-HT and can be blocked by
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monoamine antagonists. Nevertheless, my thesis supports the argument that motoneuron
denervation supersensitivity to intraspinal 5-HT and NE is responsible for the muscle
spasms characteristic of spasticity due to spinal cord injury.
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