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Abstract
INTRODUCTION: Tizanidine, an a2-noradrenergic/imidazoline agonist, and baclofen, a GABAb
agonist, have been shown to have both antinociceptive and myorelaxant effects. In this study, the
relative effect of tizanidine and baclofen on motor performance was tested at comparable analgesic
dosages in rats. METHODS: Analgesia was measured using the tail-flick test and an analgesic
index was calculated based on the cumulative increase in tail-flick latency. Motor performance was
measured from kinematic analysis of swimming and a performance index was calculated based on
the cumulative decrement in swim speed. Drugs, tizanidine and baclofen, were administered
intraperitoneally following three baseline measurements at twenty minute intervals and subsequently
monitored at regular twenty minute intervals for a period of two hours. Three comparable dosages
were identified based on analgesia: low dose (0.5mg/kg tizanidine and 2.0 mg/kg baclofen), mid
dose (1.5 mg/kg tizanidine and 5.0 mg/kg baclofen), and high dose (3.0 mg/kg tizanidine and 6.0
mg/kg baclofen). RESULTS: Tizanidine and baclofen produced a dose-dependent increase in the
duration of response to a thermal stimulus in the tail-flick test at all doses, relative to the pre-
injection baseline and the saline control. Similarly, both drugs at all doses produced positive
analgesic indices. Tizanidine and baclofen produced comparable analgesia that both differed
significantly from the placebo (saline control) at low, mid and high dosages, based on an analysis
of variance (ANOVA) and the Tukey-Kramer Honestly Significant Difference (HSD) test. The
myorelaxant effects of tizanidine and baclofen produced a decrement in motor performance, as
reflected by a decrease in swim speed in the swim test, relative to the pre-injection baseline and the
saline control. Similarly, both drugs at all doses produced negative performance indices; however,
mid dose baclofen produced the lowest performance index relative to all doses. At low dosages,
there was no significant difference between the analgesic response (p=.9312) or the decrement in

swim speed produced by baclofen and tizanidine (p=.4257). At mid dosages, the myorelaxant effects



of tizanidine and baclofen differed significantly (p=-0007) with comparable analgesia (p=.0616).
In addition, motor performance with baclofen differed significantly from the saline control while
motor performance with tizanidine did not differ significantly from the control treatment. At high
dosages, there was no significant difference between the analgesic response (p=.6199) or the
decrement in swim speed produced by baclofen and tizanidine (p=.6575). A significant time effect
was observed at mid and high doses (p<0.0001) and low dose analgesia (p=.0334). CONCLUSION:
The present study describes the use of an integrated sensorimotor model to compare two drugs used
as antispasticity medications. Results showed that at selected dosages, tizanidine produced less
decrement in motor strength relative to baclofen in rats, but with comparable analgesic effects for
the two drugs. A potential application for tizanidine supported by this study is the reduction of the

undesirable side effect of muscle weakness frequently associated with antispasticity medications.
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Chapter One: Introduction

1.1 Introduction
Many descending motor systems, such as corticospinal, reticulospinal, rubrospinal and

vestibulospinal tracts, as well as ascending sensory systems, such as the spinothalamic tract and
dorsal column-medial lemniscus, are involved in information flow between the brain and spinal cord.
A spinal cord injury may result in an upper motor neuron syndrome, including spasticity and central
pain. (164) A number of descending systems have been identified to act as monoaminergic inhibitory
controls on both spinal motor and sensory systems; the neurotransmitters within these neurons often
include dopamine, serotonin and norepinephrine. (114, 174) In addition, amino acid-mediated
neurotransmission by aspartate, glycine and GABA has been identified in the spinal cord level. (42)
This is a study of two pharmacologic agents, tizanidine and baclofen, which interact with

neurotransmitter mechanisms underlying spasticity, at cerebral or segmental spinal levels.

1.2 Statement of the Problem

Various disorders of the central nervous system produce increased skeletal muscle tone, such
as multiple sclerosis or spinal cord injury, and are treated with a variety of antispasticity medications,
including Baclofen (Lioresal), Diazepam (Valium), Dantrolene Sodium (Dantrium), Clonidine
(Catapres/Dixirit) and Tizanidine (Zanaflex). While baclofen in widely prescribed in North
America, tizanidine has become more recently available and it is suggested that tizanidine and
baclofen differ with respect to the undesireable effect of muscle weakness. (8, 57, 63). For example,
tizanidine was reported to produce antispastic effects in patients without adversely affecting muscle

power. (91) Thus, the opportunity for decreasing muscle tone without increasing muscle weakness
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is relevant to pharmacologic treatment selection. In contrast, other studies have not demonstrated
a clear advantage of tizanidine relative to baclofen (109, 157). This variability in results, and
between patients, is a function of the dependent measure such as spasm frequency, muscle tone
improvement, or efficacy as well as the complexity of the spasticity syndrome. In this study, a novel
measure of motor function, the swim test, is combined with a standard measure of analgesia, the tail

flick test, to determine the relative effects of tizanidine and baclofen in animals over a range of doses

1.3 Rationale for Hypothesis
Tizanidine and baclofen have demonstrated muscle relaxant and analgesic properties and
function by distinct neuroanatomical pathways and receptor mechanisms. It was believed that motor
effects would differ at doses that produce equivalent analgesic effects due to the preferential
reduction of the excitation of spinal neurones at polysynaptic reflexes with tizanidine, rather than
at monosynpatic reflexes with baclofen. Animal studies corroborate this suggestion where tizanidine
demonstrated greater selectivity in depression of responses to noxious stimuli while baclofen
produced less selective depression of responses to both noxious and innocuous stimuli. (30, 31)
Similarly, the specificity of tizanidine relative to baclofen was demonstrated by the stong depression
of group II afferents by tizanidine with negligible effects on group I afferents, while baclofen has
produced inconsistent depression of group II afferents and and consistent depression of group I
afferents. (152) Clinical studies of the comparative abilities of tizanidine relative to baclofen to
suppress spasticity have shown that tizanidine has specific reflex effects separate from its effect on
resting tone. (59) For example, in a study by Smolenski and colleagues to compare treatments for

chronic spasticity in MS, muscle weakness was more commonly reported with baclofen while
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tiredness was a more common side effect with tizanidine. (155) In another study, videomotion
analysis of the pendulum test demonstrated significant improvements with tizandine relative to
placebo in muscle tone in MS patients. (107) Thus, the dual antispastic and analgesic actions of
tizanidine and baclofen will be considered simultaneously to determine dose effects on motor

function at comparable sensory levels.

1.4 Hypothesis

We hypothesize that the two antispasticity drugs, tizanidine and baclofen, will produce a

dose-dependent difference in motor performance, but comparable analgesic effects.

1.5 Purpose of the study

The purpose of the study was to test the dose-dependent effects of tizanidine and baclofen

on swim speed and latency of the tail-flick response.

1.6 Experimental Objectives
1. To establish comparable analgesic dosages between tizanidine and baclofen.

2. To compare the relative effects of tizanidine versus baclofen on motor performance at

doses that produce comparable analgesia.

1.7 Assumptions

It was assumed that the swim speed parameter reflected motor performance and segmental

(spinal) reflex activity. Furthermore, it was assumed that the analgesic response measured by the
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tail flick test was based on a spinal response and not as a result of learning or other higher center

functions.

1.8 Scientific contribution

Results of this study will provide behavioral evidence for the relative contribution of

tizanidine and baclofen to the undesirable side effect of muscle weakness using an animal model.
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Chapter Two: Review of the Literature

2.1 Norepineprine
2.1.1 Anatomy of the Noradrenergic system

Classical studies by Dahlstrom and Fuxe to localize central noradrenergic neurons in the
brainstem used histochemical fluorescence techniques to identify ten distinct catelcholamine-
containing neurons, labelled from caudal to rostral in the brainstem. Noradrenergic neurons have
been localized immunocytochemically by reaction to antiserum to dopamine-B-hydroxylase, the
enzyme that converts dopamine to norepinephrine. Contrary to initial findings using the retrograde
horseradish peroxidase (HRP) technique that all noradrenergic cell groups project to the spinal cord,
newer methods using retrograde labelling of noradrenergic neurons by axonal transport of a specific
indicator, the antibody to dopamine-B-hydroxylase, in conjunction with immunocytochemical
staining, were used to trace descending noradrenergic pathways. Cell groups A6 (locus coeruleus)
and A7 (subscoeruleus) were responsible for 91% of DBH labeled neurons, with the A5 cell group
accountable for 5-10%; that is, nearly all spinally projecting neurons from groups AS, A6 and A7
are noradrenergic. Evaluation of the spinal projections from the nuclei locus coerulus and
subcoerulus suggest that descending noradrenergic pathways may be divided into two distinct
systems, the central and lateral tegmental systems.

The central noradrenergic system has widespread projections throughout the neuraxis.
Norepinephrine-containing neurons contain both ascending and descending projections to the
telencephalon, diencephalon, midbrain, cerebellum, pons, medulla and spinal cord. (171)
Noradrenergic neurons in the locus coeruleus (the A6 cell group) are darkly pigmented small to

medium-sized cells located in a compact nucleus at isthmus levels near cells of the mesencephalic
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nucleus of the fifth cranial or trigeminal nerve. (13) Ascending projections from the LC are
distributed widely in the cerebral cortex and hippocampal formation, as well as specifically to
nuclear groups in the thalamus. Descending projections from caudal parts of the locus ceruleus
project to nearly all levels of the spinal cord via the ventral and lateral funiculi. (171) Noradrenergic
neurons in medial and lateral parabrachial nuclei surround medial and lateral regions of the superiour
cerebellar peduncle and are associated with visceral sensations. Noradrenergic neurons of the A5
cell group are situated lateral to the facial and superiour olivary nuclei and innervate the
intermediolateral cell column. (13) Despite some variability in the findings, spinal projections of

the locus coeruleus and nucleus subcoeruleus terminate in both the dorsal and ventral horn.

2.1.2 Pharmacology of the Noradrenergic system
Norepinephrine (NE) is classified, with epinephrine and dopamine, as a catelcholamine.
Catelcholamines contain a benzene ring with two adjacent hydroxyl substituents, and an amine
group. NE has the following structure: 3, 4-(OH)-Ph-CHOH-CH>-NH,, which reflects its
classification. It is synthesized (1) and degraded (2) metabolically as follows:
1)Tyrosine - DOPA — DA — Norepinephrine
2a) Norepinephrine (with MAQO: monoamine oxidase) — 3, 4 - dihydroxyphenylglycoaldehyde
2b) Norepinephrine (with COMT: catechol-o-methyltransferase) - Normetanephrine
Adrenoceptors were traditionally subdivided based on anatomical localization, where al-
adrenoceptors were found in post-synaptic membranes in vascular smooth muscle while a2-
adrenoceptors refers to presynaptic nerve terminals in peripheral sympathetic nervous tissue. They

were further characterized into subtypes within each group: alA, alB, a2A, a2B and a2C. More
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recently, adrenoceptors receptor subtypes have been classified by G-protein coupling: al-
adrenoceptors are linked to G proteins and stimulate phospholipase C action; a2-adrenoceptors are
linked to inhibitory G proteins and decrease adenyl cyclase activity and B-adrenoceptors (B1 and
f32) are linked to stimulatory G proteins which increase adenyl cyclase activity. (19)
Pharmacological specificities of the a-AR subtypes have shown that the alA-AR is
identified by oxymetazoline (agonist) and 5-methyluradipil or (+)niguldipine (antagonists) while the
a1B-AR is antagonized by spiperone. Guanfacine and guanobenz preferentially stimulate the a2-AR
while prazosin is a non-receptor specific antagonist of a2B-AR and rauwolscine has preferential
affinity for «2C-AR over other sub types. Clonidine is structurally similar to tizanidine, is blocked
by yohimbine and piperoxane and stimulates a2-autoreceptors at low doses and postsynaptic a-
receptors at high doses. Tizanidine, an a2-adrenergic agonist, has demonstrated dose-dependent
reduction of flexor reflexes at «2-adrenoceptors in intact rats and facilitated flexor reflexes at acl-
adrenoceptors in spinal rats at high doses. (114) This could be explained by the dual role of NE on

motorneurons, or by denervation supersensitivity due to NE depletion following spinal cord injury

(17,20, 74, 173).

2.1.3 Physiology of the Noradrenergic system

The noradrenergic system has widespread and complex effects, and its role as a modulator
of spinal excitability influences motor, sensory and autonomic function of the sympathetic nervous
sytsem. Specifically, NE responds to stress with the ‘fight or flight response’ to increase the heart

rate and blood pressure, the rate of glyogenolysis and lipolysis as well as relaxing bronchial smooth
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muscle to assist breathing. However, this discussion will focus on the analgesic and myorelaxant
effects of NE. The gate control theory of pain explains stimulation-induced analgesia, where low-
threshold myelinated afferent fibers reduce the response of dorsal hom neurons to pain whereas
conduction block of myelinated fibers enhances the response of dorsal hon neurons. Thus,
nociceptive control pathways modulated in the spinal cord function as diffuse noxious inhibitory
controls (DNICs) to selectively inhibit neurons in the dorsal horn by noxious stimulation at sites
distant from the neuron’s excitatory receptive field. Both primary afferent nociceptors containing
NE receptors on their surface membranes and structures at higher levels of the nervous system,
modulate dorsal horn effects via 'descending analgesia pathways'. (175) These modulatory circuits
on nociception utilize several different neurotransmitters, including opioids, serotonin and/or
catelcholamines, and structures, including the locus coeruleus, nucleus subcoeruleus, periaqueductal
gray and nucleus raphe magnus. (175) Animals studies have shown that iontophoretic NE and LC
stimulation inhibit the nociceptive responses of laminae [V and V cells or lumbar interneurons,
respectively, demonstrating that descending noradrenergic pathways have the ability to “facilitate
the interneuronal output to produce presynaptic inhibition of fine afferent inputs.” (45, 58, 62)
Consequently, reduction in the response to a noxious stimulus (or pain) occurs by activation of
inhibitory intemeurons in which the dorsal hom acts like a gate to inhibit or facilitate
neurotransmission. (45)

Electrical or chemical stimulation of spinal and supraspinal sites have demonstrated
analgesic effects mediated by a2-adrenergic receptors via the inhibition of nociceptive neurons in
the deep dorsal horn and selective control of transmission in spinal neuronal pathways mediating the

actions of group II afferents on motorneurons by presynaptic inhibition. (67, 138, 180) In studies
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by Jankowska, a strong and selective depression of dorsal and intermediate field potentials for group
I afferents on motor neurons was demonstrated by electrical conditioning stimulation of areas
mediated by monoaminergic systems: the LC/SC and raphe nuclei. (67, 138) Specifically, tizanidine
has been shown to suppress spontaneous activity of LC neurons. (21) Furthermore, the depressant
effects of tizanidine on polysynaptic reflexes has been demonstrated in antagonist studies to be
mediated by a2-adrenergic receptors and I-receptors. (20) Possible locations of tizanidine action on
motor function include the noradrenergic LC neurons or its descending fibers, or interneurons
(Renshaw, Group II or other). In a study by Corboz, tizanidine produced a decrease of the reflex
response, with a less consistent depression of the background EMG level. (20) Similarly, it was
reported by Curtis, Jankowska, Lacey and Riddell that tizanidine did not appear to “depolarize the
terminals of group I muscle afferents in the motor nucleus of lower lumbar segments”. (138)
However, clinical studies have noted a more ‘general depressive’ action of tizanidine due to its
decrease in background EMG produced, or the overall mean level of EMG activity. (57, 89) In
summary, the noradrenergic system has been implicated in the action of tizanidine on polysynaptic
reflexes by removing descending facilitation of the LC and noradrenergic pathways on spinal

reflexes. (180)

2.2 Imidazoline: Non-adrenergic Pharmacology of Tizanidine
2.2.1 Definition

The imidazoline-binding site, or I-site, is a recently defined non-adrenergic binding site that
refers to recognition sites for imidazolines, imidazoles, imidazolidines, guanidines, oxazolines and

related structures. (16, 98) Though the natural ligand for I-sites has not yet been identified,
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endogeneous and exogeneous compounds including agmatine, bromoxidine, rilmenidine,
monoxidine, idazoxan and clonidine have demonstrated to have affinity for I-receptors distinct from
o2-adrenergic receptors. (61) They have been identified in a number of tissues, including
cardiovascular, brain, smooth muscle and kidney.

The clinical relevance of the I-site has been demonstrated with antihypertensive drugs, such
as monoxidine and rilmenidine, which show greater selectivity for Il sites than a2-adrenergic sites,
as well as fewer side effects relative to clonidine. (98) The selectivity of tizanidine for the
imidazoline receptor rather than the a2-adrenergic receptor was also greater than clonidine, which
did not discriminate between the two receptor types. (102) It has been suggested that side effects
from antispasticity medications, such as sedation and dry mouth, are linked to «2-adrenergic
stimulation. (98) Recently, studies suggest that tizanidine interacts with imidazoline receptors to
regulate its myorelaxant effects with fewer side effects, since “imidazoline-receptor-selective drugs
such as tizanidine may cause unique pharmacological actions in addition to their actions on a2-
adrenoceptors.” (81, 102) Thus, the mechanism of tizanidine action has been associated with both

noradrenergic and imidazoline receptor interaction.

2.2.2 Receptor classification

There are two broad classes of I-receptors, classified originally by Emsberger as I1 (clonidine
and idazoxan sensitive) and I2 (clonidine insensitive and idazoxan sensitive). (98) General
imidazoline ligands include agmatine sulphate and harmane hydrochloride, both endogeneous
ligands for the imidazoline binding site. Il selective ligands include clonidine hydrochloride, an o2-

receptor agonist, and cimetidine, an H2 histamine agonist. Amiloride chloride is an I2 selective
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ligand used to identify I2-subtypes: I2A-amiloride sensitive and I2B-amiloride insensitive
imidazoline binding sites. I-receptors preferentially bind drugs with an imidazoline, oxazoline or
guanido structure. The physiological role of I1 receptor activation has been suggested to include:
cardiovascular regulation, specifically a hypotensive effect, gastric and renal electrolyte secretion,
or reduction of interocular pressure. (122, 129) The 12 binding sites have varying affinities for
idazoxan, cirazoline, and monoxidine and the physiological role of I2 receptors has not been fully
characterized.

A third class of receptors available for an imidazoline such as tizanidine to bind has been
identified in the plasma and intracellular membranes of white fat cells as NAIBS, or non-adrenergic
idazoxan binding sites. (77) NAIBS are distinct from adrenoceptors in that they have no affinity for
catelcholamines, and are distinct from [-receptors in that they have no affinity for para-
aminoclonidine while possessing affinity for some imidazoline and guanidine derivatives. (77, 79)
However, it has been suggested that I-receptors and NAIBS are distinct protein complexes, and that
they may be associated physically, while I-receptors and a2-adrenoceptors are distinct and act
independently of one another. (36)

Clonidine is a mixed agonist of I-receptors and a2-adrenoceptors that has been extensively
studied to differentiate these two binding sites. In a study by Liedtke, using the high affinity
analogue p-[125]] iodoclonidine, “binding of clonidine to cells was determined to fit a two-site
model, with one site of high specificity for a2-adrenergic receptors and the other with a high affinity
for I1-imidazoline receptors.” (81) A study of the affinity of tizanidine and NE in platelets showed
the selectivity of these two compounds. Tizanidine produced a monophasic competition binding

curve, displaying modest selectivity for I-sites over a2-adrenoceptors, whereas NE produced a
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biphasic competition curve, indicating greater selectivity for the a2C-adrenoceptor than for I-sites.
(123) It was noted that the colocalization of I1- and a2-sites remains a confounding factor in

determining selectivity of pharmacological compounds.

2.2.3 Receptor distribution

Both imidazoline-preferring receptors and «2-adrenergic receptors were found to be
distributed broadly and heterogeneously in the spinal cord and in all major brain areas. (71)
However, in the CNS, I-receptors are uniquely distributed in a highly restricted network of neurons.
(134) In one study, I-sites accounted for at least 50% of specific [3H] Rilmenidine binding in most
spinal cord layers as well as some of the highest densities in spinal motor neurons, most cortical and
hypothalamic nuclei, nucleus of the solitary tract and cranial motor nuclei (71). However, another
study has identified low densities of [-receptors in the spinal cord. (36) Other studies have shown
[-receptors to be heavily represented in sensory processing centres, in particular the superficial
laminae I and 0 of the dorsal hom, lateral-cervical and lateral-spinal nuclei and the sympathetic cell
column. (134) In addition, I-receptors may be localized either presynaptically (60) or

postsynaptically. It may be noted that presynaptic I-receptors have been shown to modulate NE

release. (47)

2.3 Tizanidine, 5-chloro-4-(2-imidazolin-2-ylamino)-2,1,3-benzothiodiazole hydrochloride
Tizanidine hydrochloride has been described as a fine, white, odourless crystalline powder.
It is slightly soluble in water and methanol and its molecular weight is 291.2 grams per mole. Its

molecular formula is COH8CINSS*HC], its chemical name is 5-chloro-4-(2-imidazolin-2-ylamino)-
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2,1,3,-benzothiodiazole hydrochloride and its trade name is Zanaflex in North America; in Europe,
South and Central America and Asia, the trade name is Sirdalud.

The clinical applications of tizanidine include the suppression of muscle spasms and a
treatment for spasticity with the principal side effects of drowsiness, dizziness and nausea. (52)
Other commonly reported side effects include dry mouth, sedation, asthenia, hypotension and
bradycardia. (158) Similar to clonidine, its structural analogue, it is contraindicated with
antihypertensive drugs, but it may be co-administered with baclofen to produce additive effects. (57)

Tizanidine has been an approved short-term muscle relaxant in Europe and Japan for over a decade,

and more recently as an antispasticity treatment in the U.S. (1996) and Canada (1999).

2.3.1 Analgesic Effects

Antinociceptive activity associated with tizanidine appears to be primarily spinally-mediated,
through depression of excitatory responses of spinal neurones. (30) In a study by Davies in 1989,
ionophoretically administered tizanidine produced a “‘profound, long-lasting and selective depression
of the responses to noxious stimuli.”(29, 32) That is, in response to noxious heat stimuli, 100% of
responses from laminae 1, 4 and 5 dorsal horn neurones were depressed, while the responses to puffs
of air, a non-noxious stimulus, 0% of laminae 1, 4 and 5 dorsal hom neuron responses were
depressed. In addition, administration of baclofen near iamina 4 and S neurons reduced responses
indiscriminately. (30) In a study by McCarthy and colleagues in 1991, an antinociceptive effect from
intrathecal tizanidine was found to dose-dependent and lasting at least 90 minutes with a 25ug (high)
dose. However, in the latter study, tolerance to tizanidine was observed , as the analgesic efficacy

of tizanidine decreased with repeated dosing. (93) Furthermore, in a study by Leiphart, et. al. in
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1995, in a model of neuropathic pain, intrathecal tizanidine did produce an antinociceptive effect,
or an increase in paw pinch withdrawal latency in the affected hindpaw, but did not produce an
antinociceptive effect in a model of normal (reflexive) pain, where paw withdrawal latency from a

noxious heat stimulus did not change. (80)

2.3.2 Myorelaxant Effects
Tizanidine has myorelaxant properties, as shown through the suppression of

electromyographic (EMG) activity in both extensor and flexor muscles in patients with spasticity due
to spinal cord injury. (167) In a study by Kaneko, Ono and Fukuda in 1987, tizanidine depressed
both segmental reflexes as well as descending modulators of reflexes in rats. In this study, tizanidine
reduced the ventral root reflexes in unconditioned responses and slightly reduced the monosynaptic
reflex in response to conditioning, whereas baclofen had no effect on conditioned responses. (69)
These results suggest both spinal and supraspinal sites of action associated with tizanidine. Another
study by Ono, Fukuda, et. al. in 1986 showed the ability of tizanidine to reduce muscle activity in
rat rigidity models, including reduction of intercollicular decerebrate rigidity and gamma-activity,
inhibition of alpha-rigidity and depression of MSR, PSR and the crossed extensor reflexes. (69,112,

113, 114)

2.4 GABA-Gammaaminobutyric acid
2.4.1 Anatomy of the GABAergic system
GABA is found in high concentrations in the brain, including the cerebellum, the substantia

nigra and the olfactory bulb, and the spinal cord in the mammalian CNS. (19) GABAergic neurons

24



localized using immunocytochemical methods generally assume the presence of GABA is an
indication of transmitter function, based on an antibody reaction to glutamate decarboxylase, GAD,
the GABA synthetic enzyme. While a consistent direct relationship has been shown between GAD
immunoreactivity and GABAergic activity, a similar consistent inverse relationship with the GABA
degradative enzyme, transaminase, has not been shown. (19) In the spinal cord, immunoreactive
GABA-containing cells were concentrated, using antisera raised against conjugates of GABA itself,
in lamina [-III in the dorsal horn, and present in smaller numbers in deep laminae. (7, 161, 162) One
study demonstrated GABA-like immunoreactivity in 28% of cells in laminae I, 31% of cells in
laminae II, and 46% of cells in laminae III. (163) Another study found that (1) the distribution of
GAD-positive reaction product appeared equally on (right and left) sides of the spinal cord, and (2)
an intense band of GAD-positive reaction product appeared within laminae Il and II1.” (7) Ina
histochemical study of GABA distribution in the cat spinal cord, “the highest concentration of
GABA (2-20mmol/L) were found in the dorsolateral part of the dorsal horn.” (97) It has also been
reported that the distribution of GABA is similar within species, including rats, cats, monkeys and

humans.

2.4.2 Pharmacology of the GABAergic system
GABA and baclofen are structural analogues, differing only in the presence of a chorophenyl

group: (52)
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Baclofen (Lioresal): Gamma-aminobutyric acid (GABA):

COOH COOH
CH2 CH2
Cl-Ph- CH2 CH2
H2N- CH2 H2N - CH2

GABA is synthesized (1) and degraded (2) as follows:
(1) Glutamate (with GAD - glutamate decarboxylase) - GABA
(2) GABA (with GABA-transaminase and alpha-oxoglutarate) —» Succinic semialdehyde
(and Glutamate)

‘True’ GABA receptors have been defined as postsynaptic sites which produce a change in
membrane permeability to inorganic ions through binding with GABA or an agonist. (19) The two
classes of GABA receptors, GABAa and GABADb, have been distinguished pharmacologically
through their affinities for different compounds. (11, 40, 107, 108) GABAa is bicuculline-sensitive
and binds muscimol, whereas GABADb is bicuculline-insensitive and binds baclofen. A selective
GABAa antagonist is picrotoxin, whereas a selective GABAD antagonist is phaclofen. A change in
chloride permeability with binding to the GABAa receptor “results in hyperpolarization of the
receptive neuron in the case of postsynaptic inhibition or depolarization in the case of presynaptic
inhibition.” (19) In contrast, the GABAD receptor has an inhibitory action mediated by increases in
potassium or decreases in calcium permeability or conductance. Furthermore, GABAD receptors
have been shown to mediate slow inhibitory synaptic potentials associated with an increase in
potassium conductance, where receptors are activated only by strong afferent inputs. (40) The

synaptic activation of these two inhibitory receptors is suggested to depend on the strength of the
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afferent input. In summary, baclofen is classified as a GABAD agonist and modifies GABA release
and metabolism via interaction with GABA heteroceptors, producing a decrease in calcium

conductance and GABA release that results in presynaptic inhibition. (19, 40)

2.4.3 Physiology of the GABAergic system

In the spinal cord, interneuronal GABA has been associated with the mediation of pre- and
postsynaptic forms of inhibition and may also be involved in Renshaw cell-mediated recurrent
inhibition of motor neurons, as shown through electrophysiological studies. (42) The inhibitory role
of GABA was first suggested in studies by Eccles and colleagues in 1963 and has been supported
by subsequent studies. A study of inhibitory (Renshaw) interneurons in mice was performed by
activating [a afferent fibers from stretch receptors of antagonistic muscles and recording from single
chemically gated Cl- inhibitory channels in spinal neurons. The result was an inhibitory current that
was activated by GABA, and associated with an increase in chloride permeability. (141) The role
of GABA in synaptic transmission includes a number of phenomena such as: (a) presynaptic
inhibition, (b) presynaptic facilitation, (c) primary afferent depolarization, (d) the dorsal root reflex,
and (e) primary afferent hyperpolarization. (7) Evidence for these synaptic relationships to primary
afferents is further supported by the anatomical studies of the distribution of GABA axon terminals
and pharmacological studies of the role of GABA in presynaptic inhibition of primary afferents

within the spinal cord. (7, 85)

2.5 Baclofen, (RS)-4-amino-3-(4-chlorophenyl)butanoic acid

The clinical application of baclofen as an antispasticity treatment has been effective “in
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patients with spasticity secondary to spinal cord lesions and ... particularly effective in patients with
severe flexor spasms.” (52) Its effectiveness, however, “may be limited by its adverse effects, which
include drowsiness, insomnia, dizziness, weakness and mental confusion.” (52) While weakness
is the most commonly reported side effect, in at least 33% of patients, other side effects include

“sedation, somnolescence, ataxia and respiratory depression.” (130)

2.5.1 Analgesic Effects

Baclofen has demonstrated its antinociceptive effect in the mouse formalin test, the tail flick
test and the hot plate method. (5, 136, 137, 144, 147, 179) The results have demonstrated a dose-
dependent reduction in response to a nociceptive stimulus with baclofen, which is inhibited by
GABAD receptor antagonists, such as CGP35348. Thus, baclofen has been classified predominantly
as a GABAD agonist, though it may have additional sites of action. Specifically, both baclofen and
GABA have been shown to produce a dose-dependent reduction in the release of substance P, a
neuromodulator of primary afferent neurons, from spinal cord slices in the rat. This effect was
antagonized by GABAD antagonists, CGP 35348 and CGP 36742 but not by a GABAa antagonist,
bicuculline, and provides evidence that the antinociceptive effect of baclofen is mediated by GABAb
receptors on primary afferent terminals containing substance P at the level of the dorsal horn in the
spinal cord. (90) Furthermore, interaction between baclofen and substance P has revealed that
“desensitization to SP alters the spinal analgesic effect of baclofen.” (146) There is also evidence
that a2-adrenergic stimulation, with clonidine in reserpine-pretreated animals (136), or chemical
lesioning of the LC, with 6-OHDA (145), increases baclofen-induced nociception and reduces NA

levels at both spinal and supraspinal levels associated with LC lesions.
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Baclofen analgesia was potentiated by reserpine (an NA depleter), phentolamine (an a-
blocker), ergotamine (a DOPA precursor), haloperidol (a false dopa agonist) and chlorpromazine
indicating the importance of catechol mediators, whereas it was insensitive to naloxone, an opioid
antagonist, bicuculline and picrotoxin, GABAa antagonists, indicating no interaction of baclofen
with opiate and GABAa systems. (146) Specifically, ascending and descending noradrenergic
pathways, and nicotinic mechanisms have been implicated in baclofen analgesia, while the role of
serotonergic mechanisms remains less understood. (138, 144) Other suggested mechanisms of
GABA-independent afferent depolarization involve potassium transients. (75)

Baclofen has been shown to modulate spinal afferent processing by at least two mechanisms
(70) and has been shown to modulate anaigesia supraspinally by multiple mechanisms. (146, 160)
The spinal effects of baclofen are tllustrated through intrathecal studies in rats that produced a dose-
dependent stereospecific antinociceptive effect. (176) In a study by Roberts, et. al. in 1986, results
suggested a mechanism of action of baclofen in which “GABAergic systems act directly at the spinal
cord to modulate both sensory and motor activity and influence motor function.” (133) In a study
by Yaksh and Dirig in 1995 of spinally-mediated nociception, it was shown that both GABAa and
GABAb agonists were antinociceptive at the spinal cord level and provide evidence for the
involvement of both types of receptors in antinociceptive processing. (38) It was further suggested
that “GABAergic neurons maintain a tonic suppression of activity in nociceptive afferent pathways.”
(133) More recently, in a study by Sawynok et. al. in 1987, it was also suggested that the spinal
mechanism of baclofen analgesia may involve an interaction with substance P, since baclofen is
blocked by this agent. (145) More recently, the spinal site of action of baclofen has been illustrated

through intrathecal studies to produce a dose-dependent stereospecific antinociceptive effect.

29



A study by Thomas and colleagues in 1995 showed that the analgesic effects of baclofen, as
determined by the tail flick test, were both stereoselective and stereospecific, when administered by
microinjection to the ventromedial medulla over a wide range of doses. Supporting previous
findings by Sawynok, it was shown that (-)BAC was more potent than the (+) BAC isomer, and the
R(-)BAC isomer was more active than the S(-)BAC isomer. (160) It may be noted that in the
measurement of sensory and/or motor function, there is an inevitable confounding effect in which
a subject’s response to a sensory stimulus may not reflect inability to perceive the stimulus but

inability to elicit a motor response. (160)

2.5.2 Myorelaxant Effects
As a chemotherapeutic agent that reduces the contractility of muscle fibers to relieve muscle
spasms, baclofen is well known for its myorelaxant properties. Its effects on muscle relaxation have
been demonstrated by depression of spinal transmission from primary afferent nerves. (151) Ina
study by Klockgether and colleagues in genetically spastic rats, the effect of baclofen on the spinai
transmission in (monosynaptic) Hoffman reflexes and (polysynaptic) flexor reflexes was recorded.
It was observed that baclofen produced “a rapid and dose-dependent suppression of EMG activity”
which was antagonized by gamma-aminovalerate, a presumed GABADb antagonist. This study
confirmed the potent, long-lasting myorelaxant effects of intrathecal baclofen. (73) Similar results
have been shown in vitro in the immature rat spinal cord, where baclofen abolished all components
of the ventral root reflex (DR-VRP) (151) as well as in clinical studies, where intramuscular baclofen
in 13 spastic patients produced significant changes in the H-reflex recovery curve following

stimulation of the ipsilateral tibial nerve at the ankle. {35)
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2.6 Comparison of Antinociceptive Actions of Tizanidine vs. Baclofen

In 1980 Sayers et al. showed the relative antinociceptive activity of tizanidine compared with
baclofen was shown using two models of pain (Table 1). The effects of the drugs in the phenyl-p-
benzoquinone (PBC)-writhing and tail-flick tests at the 50% effective dose, within 95% confidence
limits, are shown below. In both the PBC- test and the tail-flick test, both drugs demonstrated an
analgesic effect. However, the response to tizanidine occurred at a much lower dose, where it was
approximately 10 times more potent in the PBC-writhing mouse and 2.5 times more potent in the

tail-flick rat. (148)

TABLE 1: Antinociceptive activity of Tizanidine and Baclofen (/45)
DRUG PBC-writhing mouse ED 50 Tail-flick rat ED 50
(mg/kg, p.o.) (mg/kg, p.o.)
Tizanidine 0.21 4.8
Baclofen 2 12

Davies and Johnston compared the antinociceptive activity of tizanidine and baciofen and
found that tizanidine produces selective depression of excitation of laminae [ and II, or IV and V,
in response to noxious stimulation, while baclofen and GABA produced non-selective depression
in response to noxious and innocuous stimulation. (30)

More recently, the specificity of depressive actions of tizanidine and baclofen on sensory
transmission was demonstrated via its effects on dorsal and intermediate zone (monosynaptic) field
potentials. (152) It was originally observed that group II afferents also contribute to the

(monosynaptic) stretch reflex using a tonic vibratory stimulus to inactivate Ia afferents, though the
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stretch reflex continued to be elicited. With ionophoretically administered tizanidine, the late
component of the monosynaptic field potential from group II afferents was depressed at 5 minutes
and returned to control levels by 30 minutes, with no change or slight facilitation of potentials from
group I afferents. In contrast, with ionophoretically baclofen, the early component of the
monosynaptic field potential from group I afferents was depressed at 2 minutes and returned to
control levels by 30 minutes with inconsistent effects on group II potentials. Similarly, intravenously
administered tizanidine produced a dose-dependent depressive effect on group II afferents but no
significant effect on group [ afferents and intravenously administered baclofen produced stronger
depression of the group I component than the group I component. Thus, local and systemic
application of tizanidine or baclofen selectively depressed group II or I afferents, respectively.
Thus, there is evidence that antinociceptive activity of tizanidine and baclofen may be
distinguished by their different selectivity and specific effects of tizanidine for group II afferents and
baclofen for group [ afferents. However, it may be noted that both drugs have analgesic effects at

doses below those that produce muscle relaxation.

2.7 Comparison of Myorelaxant Actions of Tizanidine vs. Baclofen

The relative myorelaxant effects of tizanidine and baclofen are summarized in Table 2 that
follows. Novack investigated the relative myotonolytic and CNS-depressant effects of tizanidine
and baclofen, as agents that reduce skeletal muscle tone and facilitate muscle relaxation. (111) The
specificity ratio was derived to illustrate the extent of incoordination relative to muscle relaxation
based on motor performance in the rotarod test relative to the morphine-induced Straub tail test,

respectively. In the Straub tail test, mice were injected subcutaneously with 30 mg/kg of morphine
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following the test drug and observed for the presence an elevated tail to at least 90 degrees above the
horizontal, known as the Straub tail. In the rotarod test, trained mice were judged for their ability
to remain on a rod rotating at 15 rpm for 90 seconds. (111) Thus, a ratio of less than one would
indicate poor specificity, and greater than one would indicate good specificity. Results showed the
specificity ratios of both tizanidine and baclofen were statistically significantly greater than 1.0,
where tizanidine (5.71) was more effective than baclofen (2.15). (111) In a study by Sayers, the
effects of tizanidine relative to baclofen on different models of muscle relaxant activity, including
thalamonal rigidity and decerebrate rigidity in the rat and the hindlimb extensor reflex in the rabbit,
were measured. (148) These tests demonstrated the increased activity of tizanidine relative to
baclofen, where ED50 was the 50% effective dose. Results indicated that while both drugs “reduced
EMG activity recorded in the gastrocnemius muscle in response to an involuntary, 3-second flexion
of the foot.” the response to tizanidine occurred at a much lower dose, where it was approximately
15 times more active than baclofen in this test procedure” following i.v. drug administration. (21)
Thus, in these studies, tizanidine demonstrated greater specificity in myorelaxant activity than

baclofen. (Table 2)

TABLE 2: Myorelaxant Activity of Tizanidine and Baclofen (///, 748)
Straub Tail Rotarod Specificity | Thalamonal { Decerebrate { Hindlimb
EDS50 EDS0 Ratio (RR rigor ED rigidity ED extensor
Drug (mg/kg, i.p.) | (mg/kg,i.p) ! EDSO/ST block block reflex ED
EDS0 (mg/kg, (mg/kg, 50 (mg/kg,
i.v.); rat i.v.); rat i.p.);rabbit
Tizanidine 0.4 2.3 5.71 0.06 0.49 0.02
Baclofen 3.6 7.8 2.15 4.5 1.3 0.3
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The relative depressive effects of tizanidine and baclofen on monosynaptic (Hoffmann)
reflexes at various doses were summarized from a number of studies in Table 3 that follows. Ina
study by Sayers in spinal cats, results show an insignificant or weak effect of tizanidine on MSR-
inhibition at all doses, from 0.2 to 5.0 mg/kg, i.v. In contrast, baclofen showed a dose-dependent
inhibition of monosynaptic reflexes in the spinalized cat, over the same range of doses. (148).
Similar reflex studies by Davies and colleagues in 1982 in cats showed that monosynaptically
evoked excitatory responses were more sensitive to the depressant action of baclofen (94% of cells)
than to tizanidine (65% of cells). This was also reflected by the greater number of neurones that
depressed monosynaptic excitation by smaller ejection currents of baclofen (7nA relative to 16nA
for polysynaptic responses) or the increased potency of baclofen. (27) I[n additton, in a study by
Schwarz and colleagues the relative effects of tizanidine and baclofen on MSR in anesthetized rats
following intrathecal administration results showed that while baclofen reduced the magnitude of
the MSR (p<0.001 versus the solvent), tizanidine did not have a significant effect relative to the
solvent. (139) Thus, with systemic, ionotophoretic or intrathecal administration, baclofen produced

significantly greater depression of MSR than tizanidine. (Table 3)
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TABLE 3: Monosynaptic (Hoffman) Reflex Inhibition with Tizanidine or Baclofen
(27, 139, 148)
DRUG DOSE Depressed MSR
0.2 mg/kg, i.v. -12
Tizanidine
Baclofen 0.2 mg/kg, i.v. -62
Tizanidine 1.0 mg/kg, i.v. -4
Baclofen 1.0 mg/kg, i.v. -90
Tizanidine 5.0 mg/kg, i.v. -1
Baclofen 5.0 mg/kg, i.v. -100
Tizanidine 36.5+/- 6.7 nA 5/14, or 65 (+/- 21.7) % of
cells
Baclofen 7 +/- 1.2 nA 7/7, or 94 (+/- 4) % of cells
Tizanidine 100 nmol, i.th. 93 (+/- N %
i Baclofen 2 nmol, i.th. 28(+-11)%

The relative depressive effects of tizanidine and baclofen on polysynaptic (flexor) reflexes

at various doses were summarized from a number of studies in Table 4 that follows. In a study by

Sayers in spinal cats, results show an insignificant or weak effect of tizanidine on PSR-inhibition

at all doses, from 0.2 to 5.0 mg/kg, i.v. In contrast, baclofen showed a dose-dependent inhibition

of spinal reflexes in the spinal cat, with the same doses (148). Similar reflex studies by Davies and

colleagues in 1982 in cats showed that polysynaptically evoked excitatory responses were more

sensitive to the depressant action of tizanidine (67% of cells) than to baclofen (48% of cells). This
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was also reflected by the greater number of neurones that depressed polysynaptic excitation by
smaller ejection currents of tizanidine (21nA relative to 36.5nA in monosynaptic responses) and the
longer duration of depression in the PSR (20.6 minutes) relative to the MSR (5 minutes). (27) In
addition, the study by Schwarz in anesthetized rats showed that while intrathecal baclofen reduced
the magnitude of the PSR (p<0.001 versus the solvent), intrathecal tizanidine did not have a
significant effect on the PSR relative to the solvent. It was further shown, however, that tizanidine
“selectively influenced the flexor system after systemic application.” (139) Thus, results from
systemic administration showed that baclofen produced greater depression of PSR than tizanidine,
which was relatively weak, while ionotophoretic or intrathecal administration produced greater

depression of PSR with tizanidine than with baclofen. (Table 4)

TABLE 4: Polysynaptic (Flexor) Reflex Inhibition with Tizanidine or Baclofen
(27, 139, 148)
DRUG DOSE DEPRESSED PSR
Tizanidine 0.2 mg/kg, i.v. -16
Baclofen 0.2 mg/kg, i.v. -39
Tizanidine 1.0 mg/kg, i.v. -7
Baclofen 1.0 mg/kg, i.v. -84
Tizanidine 5.0 mg/kg, i.v. -3
Baclofen 5.0 mg/kg, i.v. -97
Tizanidine 21 +/-2.7nA 15/16, or 67 (+/- 10.1) % of cells
Baclofen 16 +/-2.4 nA 6/6,0r 48 (+/- 11.4) % of cells
Tizanidine 100 nmol, i.th. 98 (+/- 10) %
Baclofen 2 nmol, i.th. 27 (+/-6) %

36



2.8 Comparative Clinical Studies

Preliminary clinical studies by Hassan and McLellan comparing tizanidine and baclofen,
with respect to muscle strength, found that “stretch responses were suppressed more effectively by
(tizanidine) than by baclofen”, but the drugs had a similar effect on the shortening activity or resting
tone based on EMG recordings. (57) It was suggested that tizanidine “could reduce stretch reflexes
without necessarily weakening the limb.” (57) In subsequent studies, it was shown that tizanidine
“(increased) the isometric torque relative to joint velocity generated by spastic quadriceps and
hamstring muscles.””(92) In contrast, baclofen demonstrated weaker and less frequent flexor and
extensor spasms, in addition to the side effects of drowsiness and accentuation of limb weakness,
particularly of leg extensor muscles. (92)

A comparison of results from clinical studies in patients with spasticity due to cerebral or
spinal cord injuries or MS are summarized in Table 5 extracted from Wagstaff. (167) The associated
drug dosages and duration of evaluation are listed, where the duration includes that of titration,
generally two to three weeks, and maintenance phases. When considering the improvement in
muscle tone, three studies indicated no difference between tizanidine (T) and baclofen (B), while one
found B >=T and another found T>=B. That is, baclofen was shown by Bass (53) to be equal to or
better than tizanidine with regard to quantitative improvement in muscle tone based on Ashworth
scores, while, tizanidine was assessed by Newman to be equal to or better than baclofen with regard
to both quantitative improvement in muscle tone based on Ashworth scores and frequency of muscle
spasms. In the objective improvement in muscle strength, four studies found no difference between
T and B, while two showed T>=B. That is, in studies by Medici and Smolenski (155), tizanidine

had a tendency towards greater improvement relative to baclofen. Similarly, in the evaluation global
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efficacy, three studies indicated no difference between B and T, while one study indicated B>=T,
and despite inconsistent differences, the global efficacy of tizanidine and baclofen was almost
consistently equivalent. However, in the subjective reporting of muscle weakness, baclofen was
reported in a higher percentage of patients in all but one study, where the extent of reporting was
equal to tizanidine. The reported difference of significantly higher muscle weakness with baclofen
than with tizanidine was demonstrated in only two studies, by both Hoogstraten (p<=0.05) and Bass
(p<=0.01) In addition, it may be noted that more patients withdrew from studies due to intolerable
side effects when receiving baclofen than tizanidine, as follows: 11 compared to 4, in the study by
Bass et. al.; 25 compared to 0, in the study by Hoogstraten et. al.; 21 compared to 0, in the study by
Medici et. al. (167) Further evidence for the occurrence of muscle weakness, from a review by
Wallace, reported that “‘tizanidine was found to reduce symptoms of spasticity in patients with MS
or SCI without increasing muscle weakness and to be at least as effective as the comparative agents.”
(169) The suitability of tizanidine as a therapeutic alternative for treating spasticity was also
demonstrated in a combined analysis of clinical data. (78) It was revealed that when compared with
baclofen, tizanidine had similar benefits with the main difference being a higher frequency of muscle

weakness reported with baclofen.
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TABLE 5: Comparative efficacy of Tizanidine and Baclofen in Clinical Trials (12, 167),
extracted from Wagstaff

STUDY DRUG DOSE | DURATION { IMPROVE- | OBJECTIVE SUB- GLOBAL
(mg/day) (weeks) MENT IN IMPROVE- JECTIVE EVALUA-
MUSCLE MENT IN REPORTS TION OF
TONE MUSCLE | OF MUSCLE { EFFICACY
STRENGTH | WEAKNESS
(% patients)
CV lesions | T<=16-20 50 Not reported T>=B T=7 Not reported
(Medici, B<=50 B=36
1989)

MS T<=32 8 B>=T =B T=21 B>>=T
(Bass, B<=80 =35 (Investigator
1988) p<=0.01 and Patients)

MS T<=24 8 T= T= T<B T=B

(Eyssette, B<=60 B=23 (Investi-
1988) gator)
MS T<=12-24 7 Not reported T=B T=29 Not reported
(Hoogstraten | B<=15-60 B=79
, 1988) p<=0.05
MS;syringo T<=16 6 T>=B =B T=15 =B
myelia B<=40 B=15 (Patients)
(Newman,
1982)
MS T<=36 6 =B ™=B T=18 T=B
(Smolenski, B<=80 B=30 (Investigator
1981) and Patients)
MS; chronic T<=16 4 T=B Not reported T=37 Not reported
myelopathy B<=80 B=56
(Rinne,
1980)
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Thus it appears that the significant distinguishing features between tizanidine and baclofen
are their side effects. Furthermore, it was shown that baclofen frequently caused severe muscle
weakness, resulting in falling during walking or standing in patients with spasticity from multiple
sclerosis (MS), while tizanidine had a beneficial effect on mobility. (63) The increase in voluntary
muscle strength associated with tizanidine, as previously reported by Knutsson et. al. in which
voluntary dynamic muscle strength was increased, was not replicated using different patient groups.
(63) However, a multicentre study showed no significant differences between tizanidine and baclofen
in terms of improvement of functional status, including walking distance, angle at which the stretch
reflex occurred, muscular strength, efficacy or tolerability. (41) In contrast, in the comparison of side
effects, muscular weakness was reported more frequently (ten cases) in the baclofen group while
tizanidine “seemed to induce no undue muscle weakness in this study.” (41) Further studies have
demonstrated the beneficial effect of tizanidine on the reduction of lower limb spasticity, with
production of fewer side effects, but perhaps only in a select minority of patients, and not
significantly in the group.(109) Thus, while it appeared that the incidence of somnolescence or
drowsiness was equivalent between both tizanidine and baclofen (15-67%), the incidence of muscle
weakness appeared to be greater with baclofen (15-79%) than tizanidine (2-47%) while the incidence
of dry mouth appears to be slightly greater with tizanidine (11-36%) than baclofen (3-20%) . (167)

A number of factors that have been considered in drug studies that compare tizanidine with
baclofen. These include: 1) the type and degree of spasticity, such as with multiple sclerosis or
spinal cord injury; 2) the measure of muscle strength, such as by the quantifiable improvement in
function, by subjective reporting, or by the number of patients withdrawing from the study due

intolerable side effects; 3) the effect of time and the duration of the treatment; 4) the definition of
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‘significance’; 5) the selection of comparable doses; 6) the route of drug administration, or effective
concentration at the site of action; 7) the recording muscle, which may be either upper or lower limb;
and 8) the level of measurement of nerve/muscle function, in either cellular, whole animal or patient
studies. (12,35) In addition, since the causative neurologic impairment associated with spasticity
is generally a non-remitting condition, an antispasticity agent that is well tolerated with minimal side
effects is optimal. These factors are addressed in the methodology used to compare tizanidine with
baclofen in this study.

Based on previous findings, it has been shown that baclofen acts predominantly at GABAb
receptors at spinal and supraspinal sites, involving the release of SP in the spinal cord. In addition,
baclofen may activate alternate mechanisms indirectly when GABAergic sites are completely
activated, including noradrenergic («2-AR) supraspinal sites. (136, 144, 145, 146) Conversely,
tizanidine has demonstrated activity at a2-AR and I1-R at both spinal and supraspinal sites and also
involves the release of SP in the spinal cord. In addition, the non-selective effects of tizanidine on
a1-AR in the spinal cord have been shown by selective a1-AR antagonists in the spinal animal. (81,

102, 112-117, 129, 134) These receptor interactions are summarized in the following diagram:

BACLOFEN
v L ¥
SPINAL SUPRASPINAL
v : W
GABAb SP GABAb (a2-AR)
TIZANIDINE
1
¥ W
SPINAL SUPRASPINAL
v 3 : v ¥ ¥ L
a2-AR II-R SP (al-AR) a2-AR ik
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Chapter Three: Methods

3.1 Overview

The relative motor performance (MP) effects of tizanidine and baclofen at comparable i.p.
analgesic doses were quantified. MP was assessed based on kinematic analysis of a swim test.
Analgesic effects were assessed by the tail flick test. Using an integrated sensorimotor testing
battery, each animal was tested first on the tail flick apparatus and subsequently recorded performing
a trained swim task. The series of measurements was repeated at twenty intervals for three baseline

and six post-injection measurements, for six to eight rats each weighing 400-450 grams.

3.2 Experiments
3.2.1 Animal Model

Sprague Dawley rats were the animal model of choice, due to their genetic homogeneity,
characteristic docile behavior and availability. Male rats were used, where the hormonal fluctuations
of the estrous cycle were not an intervening factor in monitoring a drug’s effect. Rats were housed

individually or in groups of two, in a room with a twelve hour light/dark cycle.

3.2.2 Sampling Procedure
Rats were selected based on consistent performance in the swim test with training.
Consistent with recommendations of the Canadian Council on Animal Care, sample size was

minimized, but large enough for statistical purposes.

3.2.3 Training
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Sprague-Dawley rats were ordered from Charles-River, and within the first one to three days
upon arrival, were acclimatized to the room and the handler by short visits to pick up, hold and
weigh the animal. This was followed by a training period to leam the swimming task. Training
involved placing the animal at the end or in the middle of a swim tank and allowing him to swim to
a platform edge. The plexiglass tank had the dimensions 30x75x30 cm and a single narrow
swimming lane was created using a removable divider. The level and temperature of the water in
the swim tank were monitored and maintained at 7/8ths of a full tank and 37 degrees Celcius,
respectively. Incentives were occasionally used, in the form of a small piece of apple or carrot on
the platform, tapping the end of the tank or providing a guiding signal to the platform. Rats learned
the task by repetition and were able to perform immediately, within two or three trials, or with
practice, within two to five days when practicing approximately twenty trials per day per animal.
Training was continued until a consistent level of performance was achieved and selection criterion

was based on the ability to perform the swim task consistently.

3.2.4 Test Preparation

Animals were prepared for testing by shaving and marking their skin on the moming of the
trial. Five data points on the rats body were identified, using a contrasting marker and included the
shoulder, hip, knee, ankle and toe. The knee position did not accommodate a marker well, due to
the excess of skin, and was digitized by visual estimation. The shoulder marker was used for
reference and was not placed at the joint but at a constant position from the shoulder, where the
movement of the skin would not influence its position. The entire procedure of shaving and marking

the rats took approximately 1.5 to 2 hours for six animals, or 15 to 20 minutes per animal. Following
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this, the rats were left undisturbed until testing.

3.2.5 Performance testing

Rats were videotaped through the clear glass while swimming across the length of the tank.
At least three trials of the swim task were recorded, and the analog images of the best two, based
on technical quality, were digitized using the Peak Performance or Peak Motus systems. A number
of parameters were calculated using the above mentioned software, including swim speed, cycle

time, as well as knee, hip and ankle joint angles.

Figure 3.2.5: Digital Rat Model

>

shoulder hip

toe ankle

3.2.6 Nociceptive testing

The animal was placed onto the tail flick apparatus, with the mid portion of the tail placed
over a high-intensity light source shining through a covered slit, with the whole apparatus being fan-
cooled. (25, 176) Upon activation, the intensity of the light source increased automatically until the
tail flick response was elicited. Reaction time between the onset of the stimulus and the flick of the
tail out of the beam of light was recorded digitally by a timer synchronized with the activation of the
bulb. A cut-off time of 20 seconds was established to prevent skin damage. Tail flick responses were

measured at 20 minute intervals, in conjunction with the motor task and for the series of animals.
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The total testing time lasted three hours, to obtain a stable baseline for three trials prior to drug

injection, and to measure the drug effects six trials following drug injection.

3.2.7 Drugs
The source of the tizanidine hydrochloride was from Athena Neurosciences, San Francisco,
California. The source of baclofen hydochloride was from Ciba-Geigy, Basal, Switzerland. Drugs

were dissolved in physiological saline (0.15 M NaCl solution) and administered intraperitoneally.

3.3 Analytical methods
3.3.1 Dose Selection

A range of doses were tested to determine upper, moderate and lower limits of each drug
effect, as well as to determine comparability between the tizanidine and baclofen. The low, or
analgesic threshold, dose was defined as the first dose to produce a noticeable analgesic response
above the saline control. The mid, or intermediate, dose was defined as a sustained analgesic
response based on dose response curves. The high, or maximum, dose was defined as the maximum
non-lethal dose without significant harmful effects. Preliminary doses of tizanidine were estimated
from a study in mice in which doses of 0.5 mg/kg and 1mg/kg, i.p. showed a significant drug effect
(on audiogenic seizure response) while large doses of tizanidine (2, 3 and 4 mg/kg, i.p.) produced
sedation, reduction of locomotor activity, ataxia and splayed hind-limbs. (32) Previous literature
values of i.p. doses of baclofen in mice were 2.5, S and 10 mg/kg, i.p. (138) In this study, doses for

comparison were selected based on dose response curves, analgesic indices and ANOVA results.
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3.3.2 Quantitation of analgesia

Dose-response curves were plotted using the mean tail flick latency for each time point at
each dose, including standard error of the mean across all subjects. An antinociceptive index score
was calculated from tail flick latencies based on the sum of the difference of each individual score

from the average baseline at each dose.

3.3.3 Quantitation of motor performance

Swim speed was selected as the dependent measure of motor performance from a number
of kinematic parameters, including cycle time and joint angles, due to its ability to respond to
different doses. Dose-response curves were plotted using the mean swim speed for each time point
at each dose, including standard error of the mean across all subjects. A performance index score
was calculated from swim speed based on the sum of the difference of each individual score from

the average baseline at each dose.

3.3.4 Statistical analysis techniques
3.3.4.1 Descriptive statistics

Mean and standard error values were calculated for each drug, dose and timepoint to plot the
time course of drug effects. Normality was assessed from frequency distributions of analgesic and

motor scores for each drug at each dose. Statistical software used was JMP IN Version 3.12.

3.3.4.2 Inferential statistics

A multi-way analysis of variance was used to compare the means from tail flick latencies and
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swim speed, considering two factors at each dose: drug and time. Statistical software used was the
SAS Version 7. A p-value of less than 0.05 was used to indicate significance between the two

drugs.

3.4 Experimental Design

This study utilized a quantitative-experimental design, the Latin square design, in which each
subject was exposed to all treatments in a counterbalanced order and with repeated measurements
made before and after treatment, in a time series. That is, all animals received all doses of all drugs.

In this experiment, the independent variables were drug, dosage and time, and the dependent
variables were tail flick latency and swim speed. Using rats of the same gender (male) in the same
weight range (400-450 grams) controlled the nuisance variables.

Measures were taken to control all potential sources of error. The primary sources of internal
invalidity in this study were: 1) maturation, or the effect of subject growth, 2) testing, or a “test
practice” effect, 3) instrumentation, or shifts in scoring standards, 4) regression, or score regression
towards the mean, 5) selection, or subject recruitment without bias and 6) response to an injection.
These were controlled by selecting animals within a limited age range and weight category, testing
animals within a limited time frame, training animals to remove any training effect, calibrating
video-motion analysis equipment and maintaining constant stimulus conditions in tail flick
apparatus, selecting animals from a genetically homogenous population, Sprague-Dawley rats and
using a saline control. In addition, the effect of a single treatment on subsequent treatments, or the
potential for multiple-treatment interference, was minimized by allowing a day between testing for

drug clearance from the body. Additional sources of internal invalidity were: 1) the time of day,

47



2) acclimatizing animals to the environment, diet and handler, 3) housing and 4) water temperature
in the swim tank. These potential sources of invalidity were controlled by using a similar testing
schedule each day, maintaining a consistent handler, housing the animals individually or in groups
of two and maintaining the temperature of the water near body temperature.

Thus, the suitability of a Latin square design for this study was based on the moderate
number of treatments to be tested, within the desired range of five to eight treatments, which
included three tizanidine dosages, three baclofen dosages and a saline treatment. In addition, it was
selected for its ability to control for sources of internal invalidity, and it minimized the number of

animals tested and required to achieve a statistical significance.
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Chapter Four: Results

4.1 Dose Response
Both baclofen and tizanidine showed a dose-dependent increase in analgesic response and
a dose-dependent decline in motor performance. The dose-response curves for each drug and each

parameter, analgesia or motor performance, are discussed below.

4.1.1 Tizanidine Analgesia Dose Response

Means and standard errors are illustrated in Figure 4.1.1 and recorded in Tables 4.2.1,4.2.3
and 4.2.5. All tizanidine doses and the saline contro! produced a consistent baseline, between 5 and
8 seconds. The onset of the drug effect appeared as an increase in tail flick latency following the
drug injection. Tail flick latencies with tizanidine exceeded those of the saline control for all doses
at all timepoints after drug injection. At the low dosage, 0.5 mg/kg, i.p., there was an elevation in
tail flick latency above the saline control, but not significantly. At the mid dosage, 1.5 mg/kg, i.p.,
a dramatic increase in tail flick latency was recorded post-injection, which peaked at 20 minutes,
exceeding the high dose analgesic response at this time (p<=0.05). A gradual decline to baseline
followed this distinct peak. At the high dose, 3.0 mg/kg, i.p., an elevated tail flick latency was
produced, which persisted from 20 to 120 minutes (p<=0.05). Thus, peak tail flick latencies
averaged between 14 and 16 seconds. Notably, at the first recorded timepoint following drug
injection, the mean tail flick latency with mid dose tizanidine was 15.3 (+/- 0.8) seconds, and with
high dose tizanidine was 13.8 (+/- 0.9) seconds. Subsequently, at 40 minutes, the mean tail flick

latency of mid dose tizanidine was 14.0 (+/- 0.6) seconds and of high dose tizanidine was 15.0 (+/-

0.78) seconds.
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4.1.2 Baclofen Analgesia Dose Response

Means and standard errors are illustrated in Figure 4.1.2 and recorded in Tables 4.2.1, 4.2.3
and 4.2.5. All baclofen doses and the saline control produced a consistent baseline, between 6 and
8 seconds. The onset of the drug effect appeared as an increase in tail flick latency following the
drug injection. Tail flick latencies with baclofen exceeded those of the saline control for all doses
after drug injection. At the low dosage, 2 mg/kg, i.p., there was an elevation in tail flick latency
above the saline control, but not significantly. At the mid dosage, 5 mg/kg, i.p., a gradual increase
in tail flick latency which persisted from the point of injection to 60 minutes was observed, and
differed significantly from saline only at 40 minutes (p<=0.05). At the high dosage, 6 mg/kg, i.p.,
a dramatic elevation in tail flick latency appeared at 20 minutes, followed by a continual increase
which peaked from 40 to 60 minutes and plateaued from 80 to 100 minutes (p<=0.05). Thus, peak
tail flick latencies averaged 17-18 seconds with high dose baclofen, 17.7 (+/- 0.6) seconds and 17.4
(+/- 0.5) seconds at 40 and 60 minutes, respectively. Similarly, plateau tail flick latencies show
elevated levels of analgesia of 14.7 (+/- 0.5) seconds and 14.9 (+/- 0.6) seconds at 80 and 100

minutes, respectively.

4.1.3 Tizanidine Motor Performance Dose Response

Means and standard errors are illustrated in Figure 4.1.3 and recorded in Tables 4.2.2,4.2.4
and 4.2.6. All tizanidine doses and the saline control produced a consistent baseline, between 0.30
and 0.33 m/sec. The onset of the drug effect appeared as a decrease in swim speed following drug

injection. At the low dosage, 0.5 mg/kg, i.p., there was a small but insignificant decrement in motor
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performance relative to the saline control. At the mid dosage, 1.5 mg/kg, i.p., there was a decrement
in motor performance relative to the saline control overlapping the insignificant low dose effect. For
example, at 40 minutes, mean swim speed of low dose tizanidine was 0.27 (+/- 0.02) m/seconds and
of mid dose tizanidine was 0.28 (+/- 0.02) m/seconds. At the high dosage, 3.0 mg/kg, i.p., a
significant decrement in motor performance relative to saline and other tizanidine doses was
observed at 20 and 80 minutes. Trough swim speeds at this dose feil to 0.25 (+/- 0.02) m/seconds

at 20 minutes and 0.25 (+/- 0.02) m/seconds at 80 minutes.

4.1.4 Baclofen Motor Performance Dose Response

Means and standard errors are illustrated in Figure 4.1.4 and recorded in Tables 4.2.2, 4.2.4
and 4.2.6. All baclofen doses and the saline control produced a consistent baseline, between 0.27
and 0.31 m/sec, at -20 minutes. The onset of the drug effect appeared as a decrease in swim speed
following drug injection. Swim speed was reduced below the saline control and the pre-injection
baseline values at all doses. At the low dosage, 2 mg/kg, 1.p., a depressed swim speed was observed,
though insignificantly relative to saline. At the mid dosage, 5 mg/kg, i.p., a dramatic decrease in
swim speed was produced, which fell below both low and high dose values, and significantly below
saline values (p<=0.05). The depressed motor performance with mid dose baclofen declined to its
lowest level at 40 minutes, 0.15 (+/- 0.2) m/seconds, and began a gradual return to baseline from 60
to 120 minutes; however, the last recorded swim speed of mid dose baclofen, 0.19 (+/- 0.01)
m/seconds, remained significantly below baseline and saline control values (p<=0.05). At the high
dosage, 6 mg/kg, i.p., a significant decrease in swim speed was produced at 20, 60 and 100 minutes

(p<=0.05) Trough swim speeds fell to 0.15 m/seconds with mid dose baclofen and to 0.20 - 0.25
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m/seconds with high dose baclofen.

4.2 Descriptive Statistics

The mean and standard errors calculated for each drug, dose and time point are tabulated
(Tables 4.2.1 - 4.2.6). Results are summarised according to the following tables: 1) low dose
analgesia, 2) low dose motor, 3) mid dose analgesia, 4) mid dose motor, 5) high dose analgesia, 6)

high dose motor.

4.3 Calculated Indices

The cumulative increase in tail flick latencies and decrement in swim speed for each drug
and dose are represented graphically in Figures 4.3.1 and 4.3.2, respectively. Comparable analgesia
at all three levels, low, mid and high, differed within a 10 second range. Performance comparisons
were approximately equivalent at low doses, different at mid doses, and within a 0.1 m/second range

at high doses.

4.3.1 Analgesic Indices

There was an increase in tail flick latency at all doses of all drugs, relative to the pre-injection
baseline and to the saline control. This increase was reflected in positive analgesic indices. The
analgesic indices of low dose tizanidine, 0.5 mg/kg, i.p., and low dose baclofen, 2 mg/kg, i.p., were
13.7 seconds and 8.8 seconds, respectively. The analgesic indices of mid dose tizanidine, 1.5 mg/keg,
i.p., and mid dose baclofen, 5 mg/kg, i.p., were 29.9 seconds and 20.4 seconds, respectively. The

analgesic indices of high dose tizanidine, 3 mg/kg, i.p., and high dose baclofen, 6 mg/kg, i.p., were
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44.1 seconds and 55.1 seconds, respectively. The analgesic index of the saline control was 0.2

seconds.

4.3.2 Motor Performance Indices

There was a decrement in swim speed at all doses of all drugs, relative to the pre-injection
baseline and to the saline control. This decrement was reflected in negative performance indices.
The performance indices of low dose tizanidine, 0.5 mg/kg, i.p., and low dose baclofen, 2 mg/kg,
i.p., were both -0.08 m/seconds. The performance indices of mid dose tizanidine, 1.5 mg/kg, i.p.,
and mid dose baclofen, 5 mg/kg, i.p., were -0.12 m/s and -0.46 m/s, respectively. The performance
indices of high dose tizanidine, 3 mg/kg, i.p., and high dose baclofen, 6 mg/kg, i.p., were -0.24 m/s

and -0.35 m/s, respectively. The performance index of the saline control was 0.07.

4.4 Frequency Distributions
4.4.1 Analgesia Distributions

At low and mid dosages, normal beil-shaped curves were characterised peaks at 6 seconds
and ranges of 2-20 seconds. At high dosages, a bimodal distribution was observed, with peaks at

6 and 20 seconds, and a range of 2-20 seconds. (Figure 4.4.1)

4.4.2 Motor Performance Distributions
At low dosages, a normal bell-shaped curve was characterised by a peak at 0.30 m/seconds
and a range of 0.14-0.46 m/seconds. At mid dosages, a normal bell-shaped curve was also

characterised by a peak at 0.30 m/seconds and a range of 0.02-0.46 m/seconds. At high dosages, a
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normal bell-shaped curve was further characterised by a peak at 0.30 m/seconds and a range of 0.10

- 0.52 m/seconds. (Figure 4.4.2)

4.5 Low Dose Comparisons
4.5.1 Analgesia Dose Response

Dose response curves for low dose tizanidine, 0.5 mg/kg, i.p., and baclofen, 2 mg/kg, i.p.
overlap with the saline control prior to drug injection, and differ insignificantly from each other at
all times. At 20 minutes, the analgesic response with tizanidine is further from the saline control
than is baclofen; however, at 60 minutes, the dose response curves of tizanidine and baclofen cross

and remain within close separation of one another. (Figure 4.5.1)

+4.5.2 Motor Dose Response

Dose response curves for low dose tizanidine, 0.5 mg/kg, i.p., and baclofen, 2 mg/kg, 1.p.
overlap with the saline control prior to drug injection, and differ insignificantly from each other at
all times. The motor response of tizanidine and baclofen from 20 to 60 minutes is within close
separation and intersects at two points; subsequently, up to 100 minutes, the tizanidine motor curve

is nearer to that of saline than it is to the baclofen motor curve. (Figure 4.5.2)

4.5.3 Analysis of Variance
Low dose analgesia comparison data showed an insignificant drug effect (p=0.9312) and
drug*time interaction (p=0.6566). Thus, these are comparable doses. However, there was a

significant time effect (p=0.0334), which provides further evidence of a dose response for these
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doses over this time period. (Table 4.5.3)
Low dose motor comparison data also showed an insignificant drug effect (p=0.4257), time
effect (p=0.0818) and drug*time interaction (p=0.3025). Thus, there was no significant difference

in motor performance at selected low dosages of tizanidine and baclofen. (Table 4.5.3)

4.6 Mid Dose Comparisons
4.6.1 Analgesia Dose Response

Dose response curves for mid dose tizanidine, 1.5 mg/kg, i.p., and baclofen, 5 mg/kg, i.p.
overlap with the saline control prior to drug injection, but differ significantly from each other at -20
and 120 minutes. The analgesic response with tizanidine does not differ significantly from that with

baclofen from 20 to 100 minutes. (Figure 4.6.1)

4.6.2 Motor Dose Response

The dose response curve for mid dose tizanidine, 1.5 mg/kg, i.p., overlaps with the saline
control prior to drug injection, while that of mid dose baclofen, 5 mg/kg, i.p., overlaps with the saline
control only at -20 minutes. Specifically, mid dose tizanidine and baclofen differ significantly from
each other at -60 and -40 minutes (p<=0.05). In the post-injection period, mid dose baclofen and

tizanidine differ significantly from each other at all times. (Figure 4.6.2)

4.6.3 Analysis of Variance
Mid dose analgesia comparison data showed an insignificant drug effect (p=0.0616) and

drug*time interaction (p=0.1954). Thus, these are comparable tizanidine and baclofen doses. As
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at low dosages, there was a significant time effect (p<0.0001), which provides further evidence of
a dose response for these doses over this time period. (Table 4.6.3)

Mid dose motor comparison data also showed a significant drug effect (p=0.0007), time
effect (p<0.0001) and drug*time interaction (p=0.0077). Thus, this further supports the dose
response associated with these two drugs, as well as a significant difference in motor performance

at selected mid dosages of tizanidine and baclofen. (Table 4.6.3)

4.7 High Dose Comparisons
4.7.1 Analgesia Dose Response

Dose response curves for high dose tizanidine, 3 mg/kg, i.p., and baclofen, 6 mg/kg, i.p.
overlap with the saline control prior to drug injection and differ insignificantly from each other at
all times. The tizanidine and baclofen curves overlap at 20, 80, 100 and 120 minutes, where at 40
and 60 minutes, there is only a small separation in which the baclofen curve is further from the saline

control than is the tizanidine curve. (Figure 4.7.1)

4.7.2 Motor Dose Response

Dose response curves for high dose tizanidine, 3 mg/kg, 1.p., and baclofen, 6 mg/kg, i.p.
overlap with the saline control prior to drug injection and differ insignificantly from each other at
all times. The tizanidine and baclofen curves overlap at 20, 40, 80 and 120 minutes, where at 60 and
100 minutes, there is some separation in which the baclofen curve is further from the saline control

than is the tizanidine curve. (Figure 4.7.2)
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4.7.3 Analysis of Variance

High dose analgesia comparison data showed an insignificant drug effect (p=0.6199) and
drug*time interaction (p=0.4732). Thus, these are comparable doses. However, there was a
significant time effect (p<0.0001), which further supports a dose response. (Table 4.7.3)

High dose motor comparison data also showed an insignificant drug effect (p=0.6575), time
effect and drug*time interaction (p=0.6882); however, there was a significant time effect. Thus,
there was no significant difference in motor performance at selected high dosages of tizanidine and

baclofen and dose response in motor performance was demonstrated at these dosages. (Table 4.7.3)

4.8 Dose comparability
Comparable low, mid and high doses from analgesia of tizanidine and baclofen were
identified as follows: low doses were 2 mg/kg baclofen and 0.5 mg/kg tizanidine; mid doses were

5 mg/kg baclofen and 1.5 mg/kg tizanidine; high doses were 6 mg/kg baclofen and 3 mgkg

tizanidine. A saline control was used with each trial.

Comparable doses demonstrated an insignificant difference between pairs of means

in response to the tail flick test.

4.9 Relative Motor Performance

In the low dose comparison of tizanidine (0.5 mg/kg, i.p.) with baclofen (2 mg/kg, i.p.), there
was no significant difference between the two drugs on mean swim speed (p=0.4257).
In the mid dose comparison of tizanidine (1.5 mg/kg, i.p.) with baclofen (5 mg/kg, i.p.), there was

a significant difference between the two drugs on mean swim speed (p=0.0007).
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In the high dose comparison of tizanidine (3 mg/kg, i.p.) with baclofen (6 mg/kg, i.p.), swim
speed means were similar at all time points and there was no significant difference between the two

drugs on mean swim speed (p=0.6575).
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FIGURE 4.5.1 - Analgesia
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FIGURE 4.6.1 - Analgesia
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FIGURE 4.7.1 - Analgesia
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Low Dose Grouped Analgesia Data____|Descriptive Statistics

Drug|N [Mean(-60)|Mean(-40)|Mean(-20)|Mean(20) [Mean(40) |Mean{60) |Mean(80) |Mean(100)Mean(120)
BAC |72 6.6 7.5 8.2 8.7 8.0 9.2 9.4 9.1 9.0
SAL |72 6.5 7.7 7.3 6.0 7.8 7.8 7.3 73 7.2
TIZ {72 6.0 7.6 7.4 9.6 10.1 9.6 8.7 8.7 8.9
Drug|N [S.E.(-60) [S.E.(-40) |S.E.(-20) S.E(20) |S.E.(40) [S.E.(60) [S.E.(80) |S.E.(100) [S.E.(120)

BAC {72 1.1 0.7 0.7 1.5 1.1 0.7 14 1.3 1.4
SAL |72 0.5 04 0.7 0.7 0.8 0.8 0.7 0.8 0.5
TIZ |72 0.5 0.9 0.7 24 1.8 0.9 0.8 0.5 0.8
Low Dose Grouped Motor Data

Drug(N [Mean(-60)|Mean(~40}|Mean(-20)|Mean(20) [Mean(40) |Mean(60) [Mean(80) {Mean(100)Mean(120)
BAC |72 0.306 0.298 0.295 0.284 0.291 0.274 0.281 0.287 0.305
SAL [72 0.316 0.306 0.300 0.340 0.311 0.305 0.323 0.312 0.317
TiZz |72 0.315 0.302 0.311 0.291 0.269 0.284 0.325 0.305|  0.297
Drug|N [S.E.(-60) |S.E.(-40) [S.E.(-20) [S.E.(20) |S.E.(40) |S.E.(60) |S.E.(80) |S.E.(100) {S.E.(120)

BAC |72 0.021 0.017 0.026 0.020 0.030 0.018 0.014 0.020 0.015
SAL |72 0.026 0.026 0.019 0.026 0.029 0.022 0.023 0.020 0.030
TIZ |72 0.017 0.027 0.021 0.024 0.019 0.020 0.016 0.017 0.020
Mid Dose Grouped Analgesia Data

Drug|N |Mean(-60)|Mean(-40){Mean(-20) [Mean(20) |Mean(40) |Mean(60) |Mean(80) [Mean(100)}Mean(120)|
BAC |54 6.4 6.9 5.8 10.4 11.3 11.6 94 8.8 7.0
SAL (72 6.5 7.7 7.3 6.0 7.8 7.8 7.3 7.3 7.2
TiZ |72 54 6.6 8.1 14.0 14.0 _ 11.2 _ 11.0 9.8 9.0
Drug|N {S:E.(-60) |S.E.(40Q) |S.E.(-20) S.E.(20) |S.E.(40) |S.E.(60) |S.E.(80) |S.E.(100) |S.E.(120)

BAC |54 0.1 0.3 0.2 2.1 1.7 1.9 0.8 0.7 04
SAL |72 0.5 0.4 0.7 0.7 0.8 0.8 0.7 0.8 0.5
TiZ |72 0.4 0.6 0.9 24 1.8 0.5 0.6 0.6 0.4
Mid Dose Grouped Motor Data

Drug[N |[Mean(-60) |Mean(-40)|Mean(-20) [Mean(20) [Mean{40) [Mean(60) |Mean(80) {Mean(100)Mean(120)
BAC |54 0.221 0.234 0.274 0.165 0.149 0.158 0.162 0.175 0.185
SAL |72 0.316 0.306 0.300 0.340 0.311 0.305 0.323 0.312 0.317
TIZ |72 0.305 0.315 0.325 0.288 0.280 0.298 0295{ 0287 0318
Drug|N |S.E.(-60) [S.E.(-40) [S.E.(-20) [S.E.(20) |S.E.(40) (S.E.(60) |S.E.(80) [S.E.(100) [S.E.(120)

BAC |54 0.020 0.014 0.015 0.035 0.017 0.016 0.016 0.017 0.013
SAL |72 0.026 0.026 0.019 0.026 0.029 0.022 0.023 0.020 0.030
TIZ |72 0.017 0.020 0.018 0.018 0.022 0.023 0.019 0.028 0.023
High Dose Grouped Analgesia Data

Drug [N |Mean(-60) |Mean(-40}|Mean(-20) [Mean(20) |Mean(40) |Mean(60) |Mean(80) [Mean(100)Mean(120)
BAC |72 5.6 6.5 6.2 14.7 17.7 174 14.7 14.9 12.0
SAL {72 6.5 7.7 7.3 6.0 7.8 7.8 7.3 7.3 7.2
TIZ |72 6.0 6.9 6.5 138 150 13.3 148 145 11.7
Drug|N [S.E.(-60) [S.E.(-40) |S.E.(-20) |S.E.{20) [S.E.(40) {S.E(60) [S.E.(80) [S.E.(100) [S.E.(120)

BAC |72 0.4 0.6 0.8 2.0 1.6 1.3 2.1 1.8 14
SAL |72 0.5 0.4 0.7 0.7 0.8 0.8 0.7 0.8 0.5
TIZ (72 0.5 0.7 0.5 2.4 22 2.0 1.8 1.9 1.8
High Dose Grouped Motor Data

Drug|N |Mean(-60)|Mean(-40) |Mean(-20}|Mean(20) |Mean{40) |Mean(60) {[Mean(80) |Mean(100)Mean(120)
BAC |72 0.308 0.302 0.306 0.244 0.240 0.230 0.250 0.243 0.278
SAL |72 0.316 0.306 0.300 0.340 0.311 0.305 0.323 0.312 0.317
TIZ |72 0.299 0.302 0.303 0.252 0.246 0.267 0.251 0.271 0.280
Drug{N |S.E.(-60) [S.E.(-40) |S.E.(-20) |S.E.(20) [S.E.(40) [S.E.(60) IS.E.(80) |S.E.(100) [S.E.(120)

BAC |72 0.027 0.030 0.025 0.030 0.023 0.023 0.033 0.020 0.024
SAL |72 0.026 0.026 0.019 0.026 0.029 0.022 0.023 0.020 0.030
TIZ |72 0.020 0.015 0.028 0.020 0.026 0.033 0.020 0.025 0.038




TABLE 4.53

LOW DOSE ANALGESIA COMPARISONS
Repeated Measures Analysis — General Linear Model Procedure
Univariate Tests - Type III Anova, Within Subject Design
Multivariate Tests - MANOVA

ANOVA: Univariate Tests of Hypothesis for Within Subject Effects

SOURCEOF | DEGREES OF SUM OF MEAN F-VALUE Pr>F
VARIATION FREEDOM SQUARES SQUARE
Drug I .2934028 2934028 01 9312
Time 3 134.8193055 15.8524132 2.30 .0334
Drug*Time 8 27.4709722 3.4338715 .74 .6566

MANOVA: Manova Test Criteria and Exact F statistic for the Hypothesis of no Drug Effect

STATISTIC NUM DF DEN DF VALUE F-VALUE Pr>F
Wilk’s Lambda 1 7 199885813 .01 9312
Pillai’s Trace 1 7 00114187 .01 9312
Hotelling- 1 7 .00114187 .01 9312
Lawley Trace
Roy’s Greatest I 7 00114318 01 9312
Root
LOW DOSE MOTOR COMPARISONS
Repeated Measures Analysis — General Linear Model Procedure
Univariate Tests - Type IIl Anova, Within Subject Design
Multivariate Tests - MANOVA
ANOVA: Univariate Tests of Hypothesis for Within Subject Effects
SOURCE OF | DEGREES OF SUM OF MEAN F-VALUE Pr>F
VARIATION FREEDOM SQUARES SQUARE
Drug 1 .00273006 .00273006 12 4257
Time 8 01528243 00191030 1.88 .0818
Drug*Time 8 01070563 .00133820 1.22 3025
MANOVA: Manova Test Criteria and Exact F statistic for the Hypothesis of no Drug Effect
STATISTIC NUM DF DEN DF VALUE F-VALUE Pr>F
Wilk’s Lambda 1 7 90731115 72 4257
Pillai’s Trace 1 7 09268885 72 4257
Hotelling- 1 7 10215773 12 4257
Lawley Trace
Roy’s Greatest 1 7 10215773 12 4257
Root




TABLE 4.6.3
MID DOSE ANALGESIA COMPARISONS
(1.5 mg/kg, i.p. Tizanidine vs. 5 mg/kg, i.p. Baclofen)
Repeated Measures Analysis — General Linear Model Procedure
Univariate Tests - Type [II Anova, Between (Drug) or Within (Time) Subject Design
Multivariate Tests - MANOVA

ANOVA: Univariate Tests

SOURCE OF | DEGREES OF SUM OF MEAN F-VALUE Pr>F
VARIATION FREEDOM SQUARES SQUARE
Drug 1 64.0100595 64.0100595 4.25 0616
Time 8 737.6155952 92.2019494 4.38 <.0001
Drug*Time 8 924270238 11.5533780 1.43 .1954

MANOVA: Manova Test Criteria and Exact F statistic for the Hypothesis of no Time*Drug Effect

STATISTIC NUM DF DEN DF VALUE F-VALUE Pr>F
Wilk's Lambda 8 5 28922582 1.54 3304
Pillai’s Trace 8 5 71077418 1.54 3304
Hotelling- 8 5 2.45750602 1.54 3304
Lawley Trace
Roy’s Greatest 8 5 2.45750602 1.54 3304
Root

MID DOSE MOTOR COMPARISONS
(1.5 mg/kg, i.p. Tizanidine vs. 5 mg/kg, i.p. Baclofen)
Repeated Measures Analysis — General Linear Model Procedure
Univariate Tests - Type Il Anova, Between (Drug) or Within (Time) Subject Design
Multivariate Tests - MANOVA

ANOVA: Univariate Tests

SOURCE OF | DEGREES OF SUM OF MEAN F-VALUE Pr>F
VARIATION FREEDOM SQUARES SQUARE
Drug i 37277452 37277452 20.62 .0007
Time 8 08461120 01057640 9.15 <.0001
Drug*Time 8 02597812 00324727 2.81 .0077

MANOVA: Manova Test Criteria and Exact F statistic for the Hypothesis of no Time*Drug Effect

STATISTIC NUM DF DEN DF VALUE F-VALUE Pr>F
Wilk’s Lambda 8 5 25997414 1.78 2724
Pillai’s Trace 8 5 .74002586 1.78 2724
Hotelling- 8 5 2.84653643 1.78 2724
Lawley Trace
Roy's Greatest 8 5 2.84653643 1.78 2724
Root




TABLE 4.7.3

HIGH DOSE ANALGESIA COMPARISONS
Repeated Measures Analysis — General Linear Model Procedure
Univariate Tests - Type III Anova, Within Subject Design
Multivariate Tests - MANOVA

ANOVA: Univariate Tests of Hypothesis for Within Subject Effects

SOURCE OF | DEGREES OF SUM OF MEAN F-VALUE Pr>F
VARIATION FREEDOM SQUARES SQUARE
Drug 1 24.1736111 24.1736111 27 6199
Time 8 2371.641250 296.455156 21.93 <.0001
Drug*Time 8 82.3351389 10.2918924 .96 4732

MANOVA: Manova Test Criteria and Exact F statistic for the Hypothesis of no Drug Effect

STATISTIC NUM DF DEN DF VALUE F-VALUE Pr>F
Wilk’s Lambda i 7 96297287 27 .6199
Pillai’s Trace 1 7 03702713 27 6199
Hotelling- 1 7 03845085 27 6199
Lawiey Trace
Roy’s Greatest 1 7 .03845085 27 6199
Root
HIGH DOSE MOTOR COMPARISONS
Repeated Measures Analysis — General Linear Model Procedure
Univariate Tests - Type [II Anova, Within Subject Design
Multivariate Tests - MANOVA
ANOVA: Univariate Tests of Hypothesis for Within Subject Effects
SOURCE OF | DEGREES OF SUM OF MEAN F-VALUE Pr>F
VARIATION FREEDOM SQUARES SQUARE
Drug 1 00199511 00199511 21 .6575
Time 8 09061222 01132653 6.83 <.0001
Drug*Time 8 00708564 .00088570 .70 .6882

MANOVA: Manova Test Criteria and Exact F statistic for the Hypothesis of no Drug Effect

STATISTIC NUM DF DEN DF VALUE F-VALUE Pr>F
Wilk’s Lambda 1 7 97029577 21 .6575
Pillai’s Trace I 7 .02970423 21 .6575
Hotelling- 1 7 .03061358 21 6575
Lawley Trace
Roy’s Greatest 1 7 03061358 21 6575
Root




Chapter Five: Conclusions

5.1 Overview

In this study, a comparison of mean motor performance in normal rats receiving either
baclofen or tizanidine at comparable analgesic dosages was performed to test the hypothesis that
tizanidine and baclofen produce a dose-dependent difference in motor performance at comparable
analgesic dosages. Comparability was based on latency of the tail flick response at multiple dosage
levels, to determine dose response curves and analgesic indices. There was sufficient evidence to
accept the hypothesis that there is a difference in the motor effects of tizanidine and baclofen, with
tizanidine having less effect than baclofen at comparable mid dosage levels, 1.5 mg/kg tizanidine
and 5.0 mg/kg baclofen. However, the difference did not apply to low or high dose comparisons.
These results suggest that the common, but inconsistently, reported side effect of muscle weakness
from patients treated with antispasticity medications could be reduced with tizanidine relative to

baclofen at selected moderate dosages.

5.2 Time Course of Drug Effects

Drug activity was monitored for two hours post-injection, to allow responses to return to
baseline values. A characteristic dose-response pattern was observed in all analgesic and motor data;
however, in the low dose comparison of motor data, there was no apparent time effect (p=0.0818),
while it did appear with analgesia data (p=0.0334). This may be explained by an extremely short
acting motor effect of these drugs at these doses (for 20 or 40 minutes, as observed from the dose-

response curves) but a longer acting analgesic effect (for 20 to 80 minutes, as observed from the
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dose-response curves.) This insignificance was not related to the sensitivity of the model, as

observed by significant time effects in motor responses at mid and high doses (p<0.0001).

5.3 Drug Comparisons

In previous studies, the selective antinociceptive effects of tizanidine relative to baclofen
were demonstrated by selective depression in response to noxious (heat) but not innocuous (air)
stimulation, and the specificity of tizanidine for group I rather than group I afferents (30, 31,
152). In the present study, both drugs attenuated the characteristic tail flick response to noxious
stimulation, as demonstrated by elevated tail flick latencies and their corresponding analgesic
indices: 29.9 seconds with mid dose tizanidine and 20.4 seconds with mid dose baclofen. While
the extent of spinal and supraspinal drug effects, or pre- and post-synaptic effects, and hence
afferent specificity cannot be identified in the present study, the results do not contradict the
hypothesis that tizanidine may induce nociception without depressing myorelaxation to the same
extent as baclofen.

Previous studies demonstrate selective motor effects of tizanidine relative to baclofen.
The non-selective effect of baclofen, which abolished both components of the dorsal root-elicited
ventral root reflexes (DR-VRP) of roots L4 and L5, was reversed by a GABAb antagonist,
whereas the selective effect of tizanidine, which abolished only part of the DR-VRP, the RS-2-
amino-5-phosponopentanoate (APS5) component, was alpha2-adrenergic selective. (150) In the
present study, alterations in motor function associated with tizanidine or baclofen are described
in terms of impaired motor performance. Since neither compound weakens muscle directly, the

decreased performance is an indirect indication of depressed neuromuscular transmission.
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Hence, in this study, both drugs impaired motor performance as demonstrated by a reduction in
swim speed and their corresponding performance indices: -0.12 m/s with mid dose tizanidine and
-0.46 m/s with mid dose baclofen. These results support earlier evidence that tizanidine and

baclofen differ with respect to their effects on muscle strength. (169)

5.4 Dose Comparisons

The concentration of available drug in the blood varies with dose, where it is expected that
at low doses, receptors are undersaturated, at mid doses receptors are saturated and at higher doses,
receptors are supersaturated, and thus receptor activation is less selective and specific. Thus, mid

doses are expected to have the greatest separation between analgesic action and motor effects.

5.4.1 Models of Comparability
a. Antinociceptive Index Score:

A method of quantifying analgesic responses was described by Nance and Sawynok by an
antinociceptive index score. It was based on the following equation:

Antinociceptive Index = I [(Trial Latency - Mean Baseline Latency)]

This represents an approximate area under the curve. (104)

b. Analgetic Index Score:

Another analgesic index was described by Wilson and Yaksh based on the following

equation:
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Antinociceptive Index = [(Trial Latency - Control Latency) / (Cut off time - Control
Latency) ] * 100
Thus, a value is derived from the product of percent analgesia and the duration of analgesia.
Consequently, the analgesic index is the area under the time-effect curve of the drug. (176)

In the second formula, antinociceptive drug effects are measured relative to an external
control, such as a saline treated group. However, in this study, analgesic indices were measured by
the first formula, which uses an internal control. Using the repeated measures design, all animals
received all doses and each animal was also its own control, where antinociceptive drug effects were
measured relative to baseline or pre-drug injection tail flick latencies. Comparable analgesia was
based on these calculated antinociceptive indices as well as statistically insignificant dose response
curves, due to the ability of the tail flick test to show dose response with i.p. tizanidine and baclofen.

Comparability was based on analgesia response to the tail-flick test at three dosage levels:
low, mid and high. Comparable low dosages (0.5 mg/kg tizanidine and 2 mg/kg baclofen) were
defined as the analgesic threshold response, comparable mid doses (1.5 mg/kg tizanidine and 5
mg/kg baclofen) were defined as a producing moderate analgesia and comparable high doses (3
mg/kg tizanidine and 6 mg/kg baclofen) were defined as producing maximum analgesia, without
harmful effects to the animal.

It may be noted that while analgesic indices were consistent with dose response results, there
was a discrepancy in motor performance indices at mid dose. Specifically, mid dose baclofen
produced a more negative performance indice than either high doses of baclofen or tizanidine. This
suggests that the analgesic index method to quantify sensory function may not be applicable to a

performance index to quantify motor function.
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5.4.2 Receptor Theories for Tizanidine

Antagonist experiments have revealed that the antinociceptive effect of tizanidine was
antagonized by yohimbine, an a2-adrenergic antagonist, but not by prazosin, an a.1-adrenergic
antagonist, dopamine, serotonin or GABA receptor antagonists. (103) More recently, tizanidine
has demonstrated interaction with both central a2-adrenergic receptors and [-receptors to
increase presynaptic inhibition of motor neurons. (158) Animal studies by Coward et al in 1994
demonstrated tizanidine acts to inhibit descending influences from the locus ceruleus on
polysynaptic pathways and to decrease excitation of interneurons in spinal cord circuits without
directly acting on alpha motor neurons, or without acting on monosynaptic spinal reflexes (21).
Furthermore, substance P has demonstrated a role in the spinal modulation of analgesia. (115)
Thus, the sites of receptor interaction for tizanidine have been associated with a2-adrenergic and
imidazoline receptors, as well an interaction with substance P. (99, 104)

In the present study, tizanidine is administered intraperitoneally, with activation of spinal
and supraspinal sites. According to the proposed model of receptor interaction:

Tizanidine — I1-receptors + SP + a2-AR (+ a1-AR)

The spinal mechanism of action for tizanidine is initiated by activation of noradrenergic
a2-adrenoceptors and I1-receptors, leading to reduced release of excitatory amino acids from
interneurons that results in reduced polysynaptic reflexes producing antinociception and muscle
relaxation. I1-receptors and a2-AR are colocalized in many tissues and cell lines and tizanidine
has demonstrated selectivity for I1-binding sites over a2-AR in human platelets. (123) It has

also been suggested that in spinal rats, a weak facilitatory effect of tizanidine on MSR or PSR
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reflexes may be attributed to weak agonistic actions on al-AR. Further, it has been suggested
that «1-antagonists reduce spinal reflexes when the descending noradrenergic pathways are
intact, but this effect is blocked by spinalization. (114) Similary, the supraspinal mechanism of
tizanidine is initiated by activation of «2-AR, in this case leading to reduced facilitation of
cerulospinal pathways to produce antinoceptive and myorelaxant effects. (21) Hence, the
suggested mechanism of action of tizanidine, or its spinal and supraspinal effects, has been
described to modulate motor function via interneurons by the: i) inhibition of descending circuits
(from locus ceruleus) on polysynaptic pathways, and ii) decreased excitation of interneurons in

spinal cord circuits. (21)

5.4.3 Receptor Theories for Baclofen

The non-selective depression of both mono- and polysynaptic reflexes with baclofen has
been demonstrated in various studies, through either intrathecal, intravenous or intraperitoneal
administration. (139, 152) The stereospecific and stereoselective effects, for L - (-) - baclofen
have also been shown in various studies, where analgesic potency is in the order of L-baclofen >
Racemate (L- and D-baclofen) >>> D-baclofen. (82, 144). Baclofen is antagonized by phaclofen
at postsynaptic GABADb receptor sites (154) and it may act on the spinal (segmental) pathway
either directly (at GABAD receptors) or indirectly by noradrenergic pathways. Since
antispasticity effects of baclofen are evident after SCI, there must be a significant site of spinal
action.

In the present study, baclofen is administered intraperitoneally with activation of both

spinal and supraspinal sites. According to the proposed model of receptor interaction:
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Baclofen > GABAD + SP + a2-AR

The role of descending NA pathways on the effects of baclofen in antinociception was
studied by Sawynok and Dickson in 1985. Experiments involved co-administration of
neurotoxins (6-OHDA pre-treatment, i.th.) or amine antagonists (phentolamine post-treatment,
i.th.) with i.p. baclofen. Results suggested that “descending NA pathways are important
mediators of the antinociceptive effect of baclofen following intraperitoneal (i.p.) administration”
(144). This conclusion was based on two main observations: 1) i.th. 6-OHDA reduced the
antinociceptive effect of i.p. baclofen and 2) i.th. phentolamine reversed i.p. baclofen’s
antinociceptive effect. Further analysis demonstrated that baclofen “interacts with central NA
pathways by a number of mechanisms including inhibition of LC firing and inhibition of NA
release from nerve terminals.” (1435) In addition. high doses of baclofen were reported to activate
central «2-adrenergic receptors in in vitro studies. (46) These studies suggested baclofen can
produce analgesia by mechanisms unrelated to central GABADb receptors, which was attributed to
activation of noradrenergic (o:2-AR) neurons. [n summary, the spinal sites of action of baclofen
at interneurons has been described by reduced Ca2+ influx and reduced neurotransmitter release
from 1a afferent terminals with decreased 1a afferent firing while the supraspinal site of baclofen

has implicated the noradrenergic system.

5.4.4 Multiple mechanisms of dose selectivity

There are several modulatory mechanisms, with suggested ‘functionally multiplicative
interaction,” which may explain dose effects, including spinal vs. supraspinal sites of action,

presynaptic vs. postsynaptic sites of action, stereoselective and stereospecific drug interactions, and
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various receptor interactions at various doses. “The question thus arises as to whether the low dose
effect (antinociception) is mediated by an action which is pharmacologically distinct from the high
dose effect” (muscle relaxation)? That is, does dose selectivity occur by activation of different types
of receptors, or by varying degrees of one effect, on the same physiological and pharmacological
system? (176) Furthermore, does dose selectivity involve spinal or supraspinal sites, or a synergistic
effect, based on dose and the differential sensitivity of the two regions? In addition, do doses
involve specific drug actions to mediate behavioural (motor and sensory) effects, where tizanidine
and baclofen have previously demonstrated stereoselective responses.
In the present study, a primary consideration iii determining dose effects was the actual dose.

Based on previous findings, the principal site of action of baclofen is at GABAb receptors
distributed widely throughout the CNS, particularly in laminae I-[II of the dorsal horn, while the
principal site of action of tizanidine is at [1-receptors distributed in a network of neurons throughout
the CNS, particularly in motor neurons. At comparable analgesic mid doses, it is suggested that
these principal sites would be optimally activated, contributing to the disparity in motor effects
between the two drugs. Another consideration for determining the distribution of drug within the
body is the route of administration. It is relevant to the onset, intensity and duration of drug action
and may be either enteral, involving the GI tract, or parenteral, bypassing the GI tract. Common
routes of administration include oral, intraperitoneal and intrathecal routes. (39, 50, 124, 126)

The oral route has the advantages of ease, convenience and non-invasiveness. By enteral

administration, many factors determine the availability of drug within the body, including: drug
permeability through the gut wall, solubility in GI fluids and other GI parameters, such as gastric

emptying or food effects. Potential disadvantages of this route include: gastric irritation, slow or
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unpredictable drug absorption and difficulties in quantifying plasma drug concentrations. As a
result, oral dosing in the rat may be facilitated by gastric intubation (gavage) or a solution or
suspension, or dilution of a drug in a food mixture. An additional consideration in the drug-diet
mixture is that it requires uniform distribution of the drug throughout the mixture and
establishing a feeding pattern for the drug-diet mixture and may necessitate enhancing
palatability to ensure drug delivery.

In contrast, the i.p. route bypasses the GI tract while maintaining the advantages of ease
of application and convenience. Disadvantages include: a relatively slow onset of drug action, the
potential for drug overdose resulting from a bolus injection in sensitive animals, drug absorption
from the peritoneal cavity, hepatic inactivation of the drug before it reaches its site of action or
pronounced volume effects in small animals unrelated to any pharmacologic effects of the drug.
Another parenteral route of administration is the intrathecal route. Advantages include a rapid
onset of drug action, a direct effect on the spinal cord and suitability for drugs that cross the
blood-brain barrier slowly. Potential disadvantages of this route include invasiveness of the
catheterization procedure or for direct injection to the subarachnoid space.

In this study, drugs were administered intraperitoneally, controlling for overdose and volume
effects, and produced activation of both spinal and supraspinal sites.

Most drug-receptor interactions display numerous levels of drug action. “Interaction of a
drug with its molecular target then has effects on the cell, subsequently on a tissue, eventually on an
organ system and ultimately on the intact organism.” (14) Hence, to identify the site of drug activity
attributing to an altered behavioural pattern, experimentation at various levels of organization is

required. In this study, only one level is considered, the whole animal or behavioural response. A
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further investigation to localize the discrete site of drug action would consider isolated organ
systems, tissue systems or cellular preparations. Considering the observed behavioural effects in this
study in addition to the literature on these additional levels of investigation, a number of suggestions
were made to explain the results obtained in the in vivo animal system. Both tizanidine and baclofen
demonstrated the characteristic relationship between dose and pharmacologic response in sensory
and motor tests. Limitations in analyzing drug-receptor interactions based on dose response curves
include the importance of plasma concentration, rather than the dose administered, to the
pharmacologic effect. Further, the complex non-linear relationship between a physiological response
and receptor occupancy, and the lack of information on the actual concentration of drug at receptors
requires careful consideration of dose response curves in extrapolating the affinity of a drug for its
receptors. As shown by the graded response curves, in which a low dose produced a small effect
with larger doses producing greater effects, it follows that *‘the response of the drug is directly related
to the number of receptors with which the drug effectively interacts.” (22) Experimental literature
reveals specific binding of tizanidine to I1-R and a2-AR in binding assays. [t is suggested that at
low doses, tizanidine interacts primarily with the higher affinity [1-R site; however, at increasing
doses, tizanidine would produce a greater amount of non-specific binding, including activation of
al-AR similar to the results in spinal rats in which tizanidine had a weak facilitatory effect on
reflexes. Antagonist studies with phaclofen show selectivity of baclofen for the GABAD site, which
explains results at low and moderate doses, while in vitro studies suggest non-specific binding may
be attributed to activation of central a2-AR at high baclofen doses. The observations in this study
lead to further questions on multiple functional systems, such as whether the principal sites of action

were saturated at the mid analgesic doses tested.
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Additional considerations not explored in this study are the development of tolerance with
repeated receptor activation associated with chronic application, the synergistic effects of tizanidine

and baclofen or analgesic differences produced at comparable motor dosages.

5.5 Model of sensorimotor integration

Sensory and motor responses mutually modulate each other through motor control of sensory
input and sensory feedback of the effects of motor activity, allowing refinement of both sensitivity
and movement. (34) “Swimming requires the integration of multisensory inputs, a rapid processing
of information, and a subtle balance control.” (54, 121) It is a dynamic activity that involves both
ankle extensors and flexors in the coordinated cycling of legs in this motor task. (48, 121) These
characteristics made it a suitable model to test the functional integration of strength, endurance and
coordination. (54, 121) In this study, complex reflexes are studied from behavioural responses. The
swim task involved a trained motor task, in which forelimbs remained in an outstretched position
for support, in contrast to other studies in which lesioned guinea pigs or guinea pigs receiving high
doses of baclofen swam using all four limbs. (121) Potential factors limiting muscle performance
include: oxidative metabolism, or maximal oxygen uptake, muscle wasting and impaired muscle
activation in the central nervous system. (83) However, it is not expected that fatigue or
deterioration of the muscle had a significant role in accomplishing the motor task. Another potential
confounding factor was the effect of stress-induced analgesia associated with forced swimming as
described previously. (163) It has been noted that antinociception induced by an interaction of stress
and GABA agonists is greater than the analgesic response of the GABA agonist alone. The evidence

is not in complete agreement with respect to the involvement of GABAergic systems in this
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response, but it is agreed that swim stress does not affect the GABAD receptor mechanism. (163,
180) Since the present study did not involve the GABAa system, and did involve a trained motor
task, stress was not expected to be a relevant factor. A further confounding factor was the ability of
certain doses to produce a motor-sensory confound, or the impaired ability of a subject to produce
a motor response associated with a nociceptive stimulus at certain doses. It is expected that
establishing a cut off time in the sensory evaluation and selecting doses below this level, limited this
confounding factor. A third confounding factor may have been the effect of temperature. While
precautions were taken to ensure a constant environmental temperature in this study, by using warm
water in the swim tank at the normal body temperature, there is evidence that tail flick temperature,
as measured by increasing and decreasing tail temperature, and core body temperature, as indicated

by colonic temperature, had a negligible effect on latencies in the tail flick test. (86).

5.6 Scientific contribution
5.6.1 Significance of resuits
Based on findings of this study, we can accept the hypothesis that tizanidine and baclofen

produce a dose-dependent difference in motor performance but only at moderate doses.

5.6.2 Final Comment

In summary, the physiology and pharmacology of tizanidine and baclofen were considered
for two integrated behaviours: analgesia and motor performance. The integrated sensorimotor model
used in this study was an effective way to compare these two drugs with distinct pharmacological

profiles and mechanisms. The findings from this study confirm previous evidence of the analgesic
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and myorelaxant properties of baclofen and tizanidine. A comparative difference in the effects of
tizanidine and baclofen on motor performance at a moderate, selected, comparable analgesic dosage
was demonstrated, while not at extreme low or high doses. This suggests the interaction of multiple
mechanisms or different receptor involvement, in the motor response compared to the analgesic

response.

71



References

1 Abdelmalki A, Merino D, Bonneau D, Bigard AX, Guezennec CY. Administration of a
GABAD agonist, baclofen, before running to exhaustion in the rat: effects on performance and
some indicators of fatigue. Int J Sports Med. 1997; 18: 75-78

2 Allerton CA, Boden PR, Hill RG. Actions of the GABAB agonist, (-)-baclofen, on neurones
in deep dorsal horn of the rat spinal cord in vitro. Br J Pharmacol. 1989 Jan; 96(1): 29-38.

3 Anden NE, Jukes MG, Lundberg A, Vyklicky L. The effect of DOPA on the spinal cord. 1.
Influence on transmission from primary afferents. Acta Physiol Scand 1966; 67 (3): 373-86

4 Arvola A. A slipping test for measuring level of alcohol intoxication in the mouse. Quart J
Stud Alcohol 1961; 22: 575-9

5 Ballal PM, Mandhane SN, Chopde CT, Muthal AV. GABAergic agents modify imipramine
analgesia. Indian J Physiol Pharmacol. 1996 Jan; 40(1): 95-7

6 Barbeau H, Rossignol S. Enhancement of locomotor recovery following spinal cord injury.
Current Opinion in Neurology 1994; 7: 517-524

7  Barber RP, Vaughn JE, Saito K, McLaughlin BJ, Roberts E. GABAergic terminals are
presynaptic to primary afferent terminals in the substantia gelatinosa of the rat spinal cord. Brain
Res 1978 Feb 3; 141(1): 35-55

8 Bass B, Weinshenker B, Rice GPA, Noseworthy JH, Cameron MGP, Hader W, Bouchard S,
Ebers GC. Tizanidine versus Baclofen in the Treatment of Spasticity in Patients with Multiple
Sclerosis. Can J Neurol Sci 1988; 15: 15-19

9 Bormann J, Hamill OP, Sakmann B. Mechanism of anion permeation through channels gated
by glycine and gamma-aminobutyric acid in mouse cultured spinal neurones. J Physiol (Lond).
1987 Apr; 385: 243-86

10 Bourbonnais, D and Vanden Noven, S. Weakness in patients with hemiparesis. AmJ
Occup Ther. 1989, 43 (5): 313-319

11 Bowery, N.G., Hill, D.R.,, Hudson, A.L., Doble, A., Middlemiss, D.N., Shaw, J., Turnbull,
M., (-)Baclofen decreases neurotransmitter release in the mammalian CNS by an action at a
novel GABA receptor. Nature 1980 Jan 3; 283(5742): 92-4

12 Brenner R, Hyman N, Knobler R, O’Brien M, Stephan T. An approach to switching
patients from baclofen to tizanidine. Hosp Med 1998; 59 (10): 778-782

72



13 Carpenter, MB. Core Text of Neuroanatomy, 4" Edition. Baltimore: Williams & Wilkins,
1991

14  Carruthers SG, Hoffman BB, Melmon KL, Nierenberg DW. Clinical Pharmacology, 4"
Edition. McGraw-Hill Companies, Inc., New York, 2000

15 Castro AJ. Motor performance in rats. Brain Res. 1972; 44: 313-323

16 ChanSL. Clonidine-displacing substance and its putative role in control of insulin
secretion: a minireview. Gen Pharmacol 1998, 31 (4): 525-9

17 Chen DF, Bianchetti M, Wiesendanger M. The adrenergic agonist tizanidine has
differential effects on flexor reflexes of intact and spinalized rat. Neuroscience 1987; 23 (2):
641-647

18 Cohen, Rossignol, Grillner - Eds. Rhythymic Movements in Vertebrates. New York: John
Wiley & Sons, 1988

19 Cooper JR, Bloom FE, Roth RH. The Biochemical Basis of Neuropharmacology - Sixth
Edition. New York/Oxford: Oxford University Press, 1991

20 Corboz M, Palmer CI, Palmeri A, Weisendanger M. Tizanidine-Induced Depression of
Polysynaptic Cutaneous Reflexes in Nonanaesthetized Monkeys is Mediated by an a2-
Adrenergic Mechanism. Exp Neurol. 1991 Feb; 111(2): 210-6

21  Coward DM. Tizanidine: Neuropharmacology and mechanism of action. Neurology, 1994,
44 (11 suppl 9): S6-S11

22 Craig CR, Stitzel RE. Modem Pharmacology - 3" Edition. Little, Brown and Company,
Boston, 1990

23 Creutzfeldt O, Schmidt RF, Willis WD. Sensory-Motor Integration in the Nervous System.
Exp Brain Research Supplementum 9, Springer-Verlag, Toronto, 1984

24 Curtis DR, Leah JD, Peet MJ. Spinal interneurone depression by DS 103-282. BrJ
Pharmac. 1983; 79: 9-11

25 D’Amour FE, Smith DL. A method for determining loss of pain sensation. J Pharmacol
Exp Ther 1941, 72:74

26 Davies J. Selective depression of synaptic excitation in cat spinal neurones by baclofen: an
iontophoretic study. BrJ Pharmacol. 1981; 72 (2): 373-384

73



27 Davies J. Selective depression of synaptic transmission of spinal neurones in the cat by a
new centrally acting muscle relaxant, 5-chloro-4-(2-imidazolin-2-yl-amino)-2, 1,
3-benzothiodazole (DS103-282). Br J Pharmacol. 1982 Jul; 76(3): 473-81

28 Davies J, Johnston SE, Lovering R. Inhibition by DS 103-282 of D-(3H) Aspartate release
from spinal cord slices. Br J Pharmacol (Proceedings) 1983; 78: 2P

29 Davies J, Johnston SE, Hill DR, Quinlan JE. Tizanidine (DS103-282), a centrally acting
muscle relaxant, selectively depresses excitation of feline dorsal hom neurones to noxious
peripheral stimuli by an action at a2-adrenoceptors. Neurosci Lett 1984 Jul 27, 48(2): 197-202

30 Davies J and Johnston SE. Selective antinociceptive effects of tizanidine (DS 103-282), a
centrally acting muscle relaxant, on dorsal horn neurones in the feline spinal cord. Br J
Pharmacol. 1984 Jun; 82(2): 409-21

31 Davies J and Quinlan JE. Selective inhibition of responses of feline dorsal horn neurones

to noxious cutaneous stimuli by tizanidine (DS 103-282) and noradrenaline: involvement of a2-
adrenoceptors. Neuroscience 1985; 16 (3): 673-682

32 DeSarro GB, DeSarro A. Antagonists of Adenosine and Alpha 2-Adrenoceptors Reverse

the Anticonvulsive Effects of Tizanidine in DBA/2 Mice. Neuropharmacology 1989; 28(3): 211-
215

33 Davies J. Effects of tizanidine, eperisone and afloqualone on feline dorsal horn neuronal
responses to peripheral cutaneous noxious and innocuous stimuli. Neuropharmacology 1989 Dec;
28(12): 1357-62

34 Dethier and Stellar. Animal Behavior - 2™ Edition. Foundations of Modem Biology
Series, 1984; New Jersey: Prentice-Hall, Inc.

35 Delwaide PJ. Electrophysiological analysis of the mode of action of muscle relaxants in
spasticity. Ann Neurol 1985; 17: 90-95

36 DeVosH, Bricca G, De Keyser J, De Backer JP, Bousquet P, Vauquelin G. Imidazoline
receptors, non-adrenergic idazoxan binding sites and alpha 2-adrenoceptors in the human central
nervous system. Neuroscience 1994; 59 (3): 589-98

37 Dickenson AH. Spinal cord pharmacology of pain. British Journal of Anesthesia 1995; 75:
193-200

38 Dirig DM, Yaksh TL. Intrathecal baclofen and muscimol, but not midazolam, are
antinociceptive using the rat-formalin model. J Pharmacol Exp Ther 1995 Oct; 275(1): 219-27

74



39 Dressman JB, Lennerhas H. Oral Drug Absorption Prediction and Assessment, Drugs and
the Pharmaceutical Sciences, v. 106, Marcel Dekker, Inc., New York, 2000

40 Dutar P, Nicoll RA. A physiological role for GABAB receptors in the central nervous
system. Nature 1988 Mar 10; 332(6160): 156-8

41 Eyssette M, Rohmer F, Serratrice G, Warter JM, Boisson D. Multi-centre, double-blind

trial of a novel antispastic agent, tizanidine, in spasticity associated with multiple sclerosis. Curr
Med Res Opin 1988; 10 (10): 699-708

42  Fagg GE, Foster AC. Amino acid neurotransmitters and their pathways in the mammalian
central nervous system. Neuroscience 1983; 9: 701-719

43  Flint BA, Ho IK. Tolerance development to phencyclidine by chronic administration. Prog
Neuropsychopharmacol 1980; 4 (3): 233-239

44 Foreman JC, Johansen T. Textbook of Receptor Pharmacology. CRC Press, Inc., New
York, 1996

45 Fung SJ, Barnes CD. ‘Locus coeruleus Control of Spinal Cord Activity,” Chapter 5 -
Brainstem Control of Spinal Cord Function. Academic Press, 1984

46 Fung SC, Swarbrick MJ, Fillenz M. Effect of baclofen on in vitro noradrenaline release

from rat hippocampus and cerebellum : an action at an a2-adrenoceptor. Neurochem. Int. 1985 ;
7:155-163

47  Gaiser EG, Trendelenburg AU, Starke K. A search for presynaptic imidazoline receptors at
rabbit and rat noradrenergic neurones in the absence of alpha 2-autoinhibition. Naunyn
Schmiedebergs Arch Pharmacol 1991; 359 (2): 123-132

48  Gisiger V, Sherker S, Gardiner PF. Swimming training increases the G4
acetylcholinesterase content of both fast ankle extensors and flexors. FEBS 1991; 278 (2): 271-
273

49 Glavin GB, Smyth DD. Effects of the selective I1 imidazoline receptor agonist,

moxonidine, on gastric secretion and gastric mucosal injury in rats. Br J Pharmacol 1995; 114
(4):751-4

50 Gleeson RM, Atrens DM. Chlorpromazine hyperalgesia antagonizes clonidine analgesia,
but enhances morphine analgesia in rats tested in a hot-water tail flick paradigm.
Psychopharmacology (Berl) 1982; 78 (2): 141-146

51 Green HJ. Mechanisms of muscle fatigue in intense exercise. J Sports Sci 1997; 15 (3):
247-256

75



52 Goodman and Gilman, The Pharmacological Basis of Therapeutics, 8th Edition, Pergamon
Press, 1990

53 Grillner S. Locomotion in vertebrates: Central mechanisms and reflex interaction. Physiol
Rev 1975; 55: 247-304

54 Gruner JA, Altman J. Swimming in the rat: analysis of locomotor performance in
comparison to stepping. Exp Brain Res 1980; 40: 374-382

55 Hall PV, Smith JE, Campbell RL, Felten DL, Aprison MH. Neurochemical correlates of
spasticity. Life Sciences 1976; 18: 1467-1472

56  Hamill OP, Bormann J, Sakmann B. Activation of multiple-conductance state chloride
channels in spinal neurones by glycine and GABA. Nature 1983 Oct 27-Nov 2; 305(5937): 805-8

57 Hassan N, McLellan DL. Double-blind comparison of single doses of DS103-282,
baclofen and placebo for suppression of spasticity. J Neurol Neurosurg Psychiatry 1980 Dec;
43(12): 1132-6

58 Headley PM, Duggan AW, Griersmith BT. Selective reduction by noradrenaline and 5-
hydroxytryptamine of nociceptive responses of cat dorsal horn neurones. Brain Res 1978; 145:
185-189

59 Heckman CJ. Alterations in synaptic input to motoneurons during partial spinal cord
injury. Med Sci Sports Exerc. 1994; 26(12): 1480-1490

60 Heemskerk FM, Dontewill M, Greney H, Vonthron C, Bousquet P. Evidence for the

existence of imidazoline-specific binding sites in synaptosomal plasma membranes of the bovine
brainstem. J Neurochem 1998; 71 (5): 2193-2202

61 Hieble JP, Ruffolo RR. Possible structural and functional relationships between
imidazoline receptors and alpha2-adrenoceptors. Ann NY Acad Sci 1995; 763: 8-21

62 Hodge CJ, Apkarian AV, Stevens R, Vogelsang G, Wisnicki HJ. Locus coeruleus
modulation of dorsal horn unit responses to cutaneous stimulation. Brain Res 1981; 204: 415-
420

63 Hoogstraten MC, van der Ploeg RJO, van der Burg W, Vreeling A, van Marie S,
Minderhoud JM. Tizanidine versus baclofen in the treatment of spasticity in multiple sclerosis
patients. Acta Neurol Scand 1988; 77: 224-230

76



64 Howe JR, Sutor B, Zieglgansberger W. Baclofen reduces post-synaptic potentials of rat
cortical neurones by an action other than its hyperpolarizing action. J Physiol (Lond). 1987 Mar;
384: 539-69

65 Jankowska E, Riddell JS, Skoog B, Noga BR. Gating of transmission to motoneurones by

stimuli applied in the locus coeruleus and raphe nuclei of the cat. J Physiol (Lond) 1993; 461:
705-722

66 Jasmin BJ, Gardiner PF. Patterns of EMG activity of rat plantaris muscle during swimming
and other locomotor activities. J Appl Physiol 1987; 63 (2): 713-718

67 Jones BJ, Roberts DJ. The quantitative measurement of motor incoordination in naive
mice using an accelerating rotarod. J Pharm Pharmacol 1968; 20 (4): 302-4

68 Kameyama T, Nabeshima T, Sugimoto A, Matsuno K, Yamada S. Antinociceptive action
of tizanidine in mice and rats. Naunyn-Schmiedebergs Arch Pharmacol. 1985; 330: 93-96

69 Kaneko T, Ono H, Fukuda H. Simultaneous evaluation of drug effects on both the spinal
cord and the descending pathways in rats. Arch Int Pharmacodyn Ther. 1987 Jun; 287(2): 203-10

70 Kangrga [, Minchun J, Randic M. Actions of (-) - baclofen on rat dorsal horn neurons.
Brain Research 1991; 562: 265-275

71 King PR, Grunlach AL, Louis WJ. Quantitative autoradiographic localization in rat brain
of alpha2-adrenergic and nonadrenergic [-receptor binding sites labelled by [3H]rilmenidine.
Brain Res 1995; 675 (1-2): 264-278

72 Kirk RE. Experimental design: Procedures for the Behavioral Sciences. Belmont Calif.,
Brooks/Cole Publ. Co., 1968

73 Klockgether T, Schwarz M, Wullner U, Turski L, Sontag KH. Myorelaxant effect after
intrathecal injection of antispastic drugs in rats. Neurosci Lett. 1989 Feb 13; 97(1-2): 221-6.

74  Knutsson E, Mortensson A, Gransberg L. Antiparetic and antispastic effects induced by
tizanidine in patients with spastic antiparesis. J Neurol Sci 1982; 53: 187-204

75 Kremer E, Lev-Tov A. GABA-receptor-independent dorsal root afferents depolarization in
the neonatal rat spinal cord. J Neurophysiol 1998; 79 (5): 2581-2592

76  Kroin JS, McCarthy RJ, Penn RD, Lubenow TR, Ivanovich AD. Intrathecal Clonidine and
Tizanidine in Conscious Dogs: Comparison of Analgesic and Hemodynamic Effects. Anesth
Analg 1996; 82: 627-635

77



77 Lafontan M, Langin D, Portillo M, Paris H. Imidazoline binding sites in fat cells.
Localization and pharmacologic differentiation from alpha2-adrenergic receptors. Am J
Hypertens 1992; 5 (4 Pt. 2): 72s-79s

78 Lataste X, Emre M, Davis C, Groves L. Comparative profile of Tizanidine in the
management of spasticity. Neurology 1994; 44 (suppl 9): s53-s59

79 Lehmann J, Koenig-Berard E, Vitou P. The imidazoline-preferring receptor. Life Sci 1989;
45 (18): 1609-1615

80 Leiphart JW, Dills CV, Zikel OM, Kim DL, Levy RM. A comparison of intrathecally
administered narcotic and nonnarcotic analgesics for experimental chronic neuropathic pain. J
Neurosurg. 1995 Apr; 82(4): 595-9

81 Leidtke CM, Furin J, Emsberger P. Alpha2-adrenergic but not imidazole agonists activate
NaCl cotransport in rabbit trachael epithelial cells. Am J Physiol 1993; 264 (3 Pt. 1): c568-c576

82 Lev-Tov A, Meyers DE, Burke RE. Activation of type B gamma-aminobutyric acid
receptors in the intact mammalian spinal cord mimics the effects of reduced presynaptic Ca2+
influx. Proc Natl Acad Sci USA. 1988; 85 (14): 5330-5334

83 Lewis SF, Haller RG. Physiologic measurement of exercise and fatigue with special
reference to chronic fatigue syndrome. Rev Infect Dis. 1991; 13 (Suppl 1): S98-S108

84 Lewis SF; Haller RG. Skeletal muscle disorders and associated factors that limit exercise
performance. Exerc Sport Sci Rev. 1989; 17: 67-113

85 Levy RA, Proudfit HK. The analgesic action of baclofen [beta-(4-chlorophenyl)
-gamma-aminobutyric acid]. J Pharmacol Exp Ther 1977 Aug; 202(2): 437-45

86 Lichtman AH, Smith FL, Martin BR. Evidence that the antinociceptive tail-flick response

is produced independently from changes in either tail-skin temperature or core temperature. Pain
1993; 55 (3): 283-295

87 Lorenc-Koci E, Ossowska K, Wardas J, Konieczny J, Wolfarth S. Involvement of the
nucleus accumbens in the myorelaxant effect of baclofen in rats. Neurosci Lett. 1994; 170 (1):
125-128

88 Lundberg A. Reflex control stepping. In: Nansen Memorial Lecture to Norwegian
Academy of Sciences and Letters. Universtetsforlaget, Oslo, 1969, p. 1-42

89 Mackel R, Brink EE, Nakajima Y. Action of tizanidine on responses of forearm flexors

and extensors to torque disturbances. Journal of Neurology, Neurosurgery and Psychiatry 1984;
47: 1109-1116

78



90 Malcangio M, Bowery NG. Gamma-aminobutyric acidB, but not gamma-aminobutyric
acidA receptor activation, inhibits electrically evoked substance P-like immunoreactivity release
from the rat spinal cord in vitro. J Pharmacol Exp Ther. 1993; 266 (3): 1490-1496

91 Mathias CJ, Luckitt J, Desai P, Baker H, el Masri W, Frankel HL. Pharmacodynamics and
pharmacokinetics of the oral antispastic agent tizanidine in patients with spinal cord injury. J
Rehabil Res Dev 1989; 26 (4): 9-16

92 McLellan DL. The drug treatment of spasticity. Int Rehabil Med 1983; 5 (3): 141-142

93 McCarthy RJ, Kroin JS, Lubenow TR, Penn RD, Ivankovich AD. Effect of intrathecal
tizanidine on antinociception and blood pressure in the rat. Pain 1990 Mar; 40(3): 333-8

94 Metz GA, Dietz V, Schwab ME, van de Meent H. The effects of unilateral pyramidal tract
section on hindlimb motor performance in the rat. Behav Brain Res 1998; 96 (1-2): 37-46

95 Michel MC, Emsberger P. Keeping an eye on the I-site: imidazoline-preferring receptors.
Trends Pharmacol Sci 1992; 13 (10): 369-370

96 Miya D, Giszter S, Mori F, Adipudi V, Tessler A, Murray M. Fetai transplants alter the
development of function after spinal cord transection in newborn rats. J Neurosci 1997; 17 (12):
4856-72

97 Miyata Y, Otsuka M. Quantitative histochemistry of gamma-aminobutyric acid in cat spinal
cord with special reference to presynaptic inhibition. J Neurochem. 1975 Sep; 25(3): 239-44

98 Moura D. Imidazoline receptors. Historic review and current status of knowledge. Acta
Med Port 1993; 6 (12): 599-604

99  Muramatsu [, Kigoshi S. Tizanidine may discriminate between imidazoline-receptors and
a2-adrenoceptors. Jpn J Pharmcol. 1992; 59 (4): 457-459

100 Musgrave IF, Krautwurst D, Schultz G. Imidazoline binding sites and signal transduction
pathways. Clin Exp Pharmacol Physiol 1996; 23 (10-11): 990-994

101 Nabeshima T, Matsuno K and Kameyama T. Involvement of spinal and supraspinal
structures in tizanidine-induced antinociceptive action. Neurosci Lett. 1986; 63 (1): 1-4

102 Nabeshima T, Yamada S, Sugimoto A, Matsuno K, Kameyama T. Comparison of

Tizanidine and Morphine with regard to Tolerance-Developing Ability to Antinociceptive
Action. Pharmacology, Biochemistry and Behavior 1986; 25: 835-841

79



103 Nabeshima T, Matsuno K, Sugimoto A, Kameyama T. Antinociceptive activity induced by
tizanidine and a2-adrenoceptors. Neuropharmacology 1987; 26 (10): 1453-1455

104 Nance PW, Sawynok J. Substance-P long-term blockade of spinal adrenergic analgesia:
Reversal by morphine and naloxone. J Pharmacol Exp Ther 1987; 240(3):972-977

105 Nance PW, Bugaresti J, Shellenberger K, Sheremata W, Martinez-Arizala A. Efficacy and
safety of tizanidine in the treatment of spasticity in patients with spinal cord injury. North
American Tizanidine Study Group. Neurology 1994 Nov; 44(11 Suppl 9): S44-52

106 Nance PW. Tizanidine: an alpha2-agonist imidazoline with antispasticity effects. Today’s
Therapeutic Trends 1997; 15 (1): 11-25

107 Nance PW, Sheremata WA, Lynch SG, Vollmer T, Hudson S, Francis GS, O'Connor P,
Cohen JA, Schapiro RT, Whitham R, Mass MK, Lindsey JW, Shellenberger K. Relationship of
the antispasticity effect of tizanidine to plasma concentration in patients with multiple sclerosis.
Arch Neurol 1997 Jun; 54(6): 731-6.

108 Neal MJ, Shah MA. Baclofen and phaclofen modulate GABA release from slices of rat
cerebral cortex and spinal cord but not from retina. Br J Pharmacol 1989 Sep; 98(1): 105-12

109 Newman PM, Nogues M, Newman PK, Weightman D, Hudgson P. Tizanidine in the
treatment of spasticity. Eur J Clin Pharmacol 1982; 23: 31-35

110 Noga BR, Bras H, Jankowska E. Transmission from group II muscle afferents is depressed
by stimulation of locus coeruleus/subcoeruleus, Kolliker-Fuse and raphe nuclei in the cat. Exp
Brain Res 1992; 88 (3): 502-516

111 Novack GD. Studies on the Efficacy and Depressant Potential of Muscle relaxation in
mice. Drug Development Research 1982; 2: 383-386

112 Ono H, Matsumoto K, Kato K, Kato F, Miyamoto M, Mori T, Nakamura T, Oka J, Fukuda
H. Effects of tizanidine, a centrally acting muscle relaxant, on motor systems. Gen Pharmacol.
1986; 17(2): 137-42

113  Ono H, Fukushima C, Fukuda H. Effect of the centrally acting muscle relaxant tizanidine
on spinal reflexes: involvement of descending noradrenergic systems. Jpn J Pharmacol 1993
Aug; 62(4): 357-62

114 Ono H, Fukuda H. Pharmacology of descending noradrenergic systems in relation to
motor function. Pharmac Ther 1995; 68: 105-112

80



115 Ono H, Mishima A, Ono S, Fukuda H, Vasko MR. Inhibitory effects of clonidine and
tizanidine on release of substance P from slices of rat spinal cord and antagonism by a-
adrenergic receptor antagonists. Neuropharmacology 1991; 30 (6): 585-589

116 Ono H, Satoh M, Fukuda H. a2-agonist-induced reduction of noradrenaline release from
descending noradrenergic terminals in rat spinal cord: functional relation to motor system.
Biomedical Research 1988; 9(2): 169-176

117 Palmeri A, Weisendanger M. Concomitant depression of locus ceruleus neurons and of

flexor reflexes by an a2-adrenergic agonist in rats: a possible mechanism for an «2-mediated
muscle relaxation. Neuroscience 1990; 34 (1): 177-187

118 Pappas BA, Breese GR, Mailman RB, Mueller RA. Importance of the Locus coeruleus
and involvement of alpha-adrenergic receptors in the post-decapitation reflex in the rat.
Psychopharmacology (Berl) 1980; 69 (2): 163-71

119 Penner SB, Smyth DD. Sodium excretion following central administration of an I1
imidazoline receptor agonist, moxonidine. Br J Pharmacol 1994; 112 (4): 1089-94

120 Pedersen SW, Oberg B, Larsson LE, Lindval B. Gait analysis, isokinetic muscle strength
assessment in patients with Parkinson’s disease. Scand J Rehabil Med. 1997, 29 (2): 67-74

121 Petrosini L. Task-dependent rate of recovery from hemilabyrinthectomy: an analyses of
swimming and locomotor performances. Physiol Behav 1984; 33 (5): 799-804

122 Piletz JE, Chikkala DN, Emsberger P. Comparison of the properties of agmatine and
endogenous clonidine-displacing substance at imidazoline and alpha-2 adrenergic receptors. J
Pharmacol Exp Ther 1995; 272 (2): 581-7

123  Piletz JE, Zhu H, Chikkala DN. Comparison of Ligand Binding Affinities at Human I1-
Imidazoline Binding Sites and the High Affinity State of Alpha-2 Adrenoceptor Subtypes. The
Journal of Pharm and Exp Ther 1996; 279(2): 694-702

124 Power FR. Animal Experiments in Pharmacological Analysis. Charles C Thomas
Publisher, Springfield, Illinois, 1971

125 Powers RK, Rymer WZ. Effects of acute dorsal spinal hemisection on motoneuron

discharge in the medial gastrocnemius of the decerebrate cat. J Neurophysiol. 1988; 59 (5):
1540-1556

126 Price GW, Wilkin GP, Tumbull MJ, Bowery NG. Are baclofen-sensitive GABAB

receptors present on primary afferent terminals of the spinal cord? Nature 1984 Jan 5-11;
307(5946): 71-4

81



127 Rang HP, Dale MM, Ritter JM, Gardner P. Pharmacology. Churchill Livingstone Inc.,
New York, 1995

128 Rang HP, Urban L. New molecules in analgesia. British Journal of Anaesthesia 1995; 75:
145-156

129 Reis DJ, Regunathan S, Wang H, Feinstein DL, Meeley MP. Imidazoline receptors in the
nervous system. Fundam Clin Pharmacol 1992; 6 (Suppl 1): 23s-29s

130 Rice GPA. Pharmacotherapy of spasticity: Some theoretical and practical considerations.
Can J Neurol Sci 1987; 14: 510-512

131 Rice GP. Tizanidine vs. Baclofen in the treatment of spasticity in patients with multiple
sclerosis. Can J Neurol Sci 1989; 16 (4); 451

132 Riddell JS, Jankowska E, Eide E. Depolarization of group II muscle afferents by stimuli
applied in the locus coeruleus and raphe nuclei of the cat. J Physiol (Lond) 1993; 461: 723-741

133 Roberts LA, Beyer C, Komisaruk BR. Nociceptive responses to altered GABAergic
activity at the spinal cord. Life Sci 1986 Nov 3; 39(18): 1667-74

134 Ruggiero DA, Regunathan S, Wang H, Milner TA. Immunocytochemical localization of
an imidazoline receptor protein in the central nervous system. Brain Res 1998; 780 (2): 270-293

135 Rylands JM. A Swimming test for assessing effects of drugs upon motor performance in
the guinea-pig (cavia porcellus). Neuropharmacology 1982; 21: 1181-1185

136 Sabetkasai M, Doost-Mohammady R, Zarrindast MR. Opposite influences of different
adrenoceptors on baclofen-induced antinociception in mice. Pharmacol Toxicol. 1997; 80(1): 6-
10

137 Sabetkasai M, Khansefid N, Yahyavi SH, Zarrindast MR. Baclofen and antidepressant-
induced antinociception in formalin test: possible GABAb mechanism involvement.
Psychopharmacology (Berl) 1999; 142 (4): 426-431

138 Sabetkasai M, Ahang S, Shafaghi B, Zarrindast MR. Baclofen-induced antinociception
and nicotinic receptor mechanism(s). Pharmacol Toxicol 1999; 85 (5): 247-251

139 Schwarz M, Schmitt T, Pergrande G, Block F. N-methyl-D-aspartate and a2-adrenergic

mechanisms are involved in the depressant action of flupirtine on spinal reflexes in rats. EurJ
Pharmacol. 1995; 276 (3): 247-255

82



140 Sakitama K. The effects of centrally acting muscle relaxants on the intrathecal
noradrenaline-induced facilitation of the flexor reflex mediated by group II afferent fibers in rats.
Jpn J Pharmacol. 1993 Nov; 63(3): 369-76.

141 Sakmann B, Bormann J, Hamill OP. Ion transport by single receptor channels. Cold Spring
Harb Symp Quant Biol 1983; 48 Pt 1: 247-57

142 Sahgal V, Subarami V, Rodriguez M, Wurster C. Quarternary and Monoamine Imbalance
After Spinal Transection (A Possible Mechanism of Spasticity) - Chapter 8: 103-114

143 Sawynok J. GABAergic mechanisms in antinociception. Prog Neuropsychopharmacol
Biol Psychiatry 1984; 8 (4-6): 581-586

144 Sawynok J, Dickson C. Evidence for the involvement of descending noradrenergic
pathways in the antinociceptive effect of baclofen. Brain Res. 1985; 335 (1): 89-97

145 Sawynok J, Reid A. Role of ascending and descending noradrenergic pathways in the
antinociceptive effect of baclofen and clonidine. Brain Res 1986; 386 (1-2): 341-350

146 Sawynok J. GABAergic mechanisms of analgesia: an update. Pharmacol Biochem Behav.
1987; 26 (2): 463-474

147 Sawynok J, Reid A. Role of ascending and descending serotonergic pathways in the

antinociceptive effect of baclofen. Naunyn Schmiedebergs Arch Pharmacol. 1988; 337 (4): 359-
365

148 Sayers AC, Burki JR, Eichenberger E. The pharmacology of 5-chloro-4-(2-imidazolin
-2-yl-amino)-2,1,3-benzothiadiazole (DS 103-282), a novel myotonolytic agent.
Arzneimittelforschung 1980; 30(5): 793-803.

149 Shik ML, Orlovsky GN. Neurophysiology of locomotor automatism. Physiol Rev 1976;
56: 465-501

150 Siarey RJ, Long SK, Evans RH. Th effect of centrally acting myorelaxants on NMDA

receptor-mediated synaptic transmission in the immature rat spinal cord in vitro. Br J Pharmacol.
1992; 107 (2): 628-633

151 Siarey RJ, Long SK, Tulp MH, Evans RH. The effects of central myorelaxants on

synaptically-evoked primary afferent depolarization in the immature rat spinal cord in vitro. BrJ
Pharmacol 1994; 111: 497-502

152 Skoog B. A comparison of the effects of two antispastic drugs, tizanidine and baclofen, on

synaptic transmission from muscle spindle afferents to spinal interneurones in cats. Acta Physiol
Scand. 1996; 156 (1): 81-90

83



153 Smith DF, Vestergaard P. The role of monoamines for the central effects of baclofen on
behavior of rats. Neural Transm 1979; 46 (3): 215-223

154 Smith RD, Turek FW, Slater NT. Bicuculline and picrotoxin block phase advances
induced by GABA agonists in the circidian rhythm of locomotor activity in the golden hamster
by a phaclofen-insensitive mechanism. Brain Res. 1990; 530 (2): 275-282

155 Smolenski C, Muff S, Smolenski-Kautz S. A double-blind comparative trial of the new
muscle relaxant, tizanidine (DS 103-282), and baclofen in the treatment of chronic spasticity in
multiple sclerosis. Curr Med Res Opin. 1981; 7 (6): 374-383

156 Stamford JA. Descending Control of Pain. British Journal of Anaesthesia 1995; 75: 217-
227

157 Stien R, Nordal HJ, Oftedal SI, Slettebo M. The treatment of spasticity in multiple
sclerosis: a double-blind clinical trial of a new antispastic drug tizanidine compared with
baclofen. Acta Neurol Scand 1987; 75: 190-194

158 The Medical Letter. 1997 Jul; 39 (1004)

159 Thomas RJ. Excitatory amino acids in heaith and disease. J Am Geriatric Soc 1995; 43
(11): 1279-1289

160 Thomas DA, McGowan MK, Hammond DL. Microinjection of baclofen in the

ventromedial medulla of rats: antinociception at low doses and hyperalgesia at high doses. J
Pharmacol Exp Ther. 1995; 275 (1): 274-284

161 Todd AJ, Spike RC. The localization of classical transmitters and neuropeptides within
neurons in laminae [-III of the mammalian spinal dorsal hom. Prog Neurobiol. 1993; 41(5):
609-45

162 Todd AJ, Sullivan AC. Light microscope study of the coexistence of GABA-like and
glycine-like immunoreactivities in the spinal cord of the rat. J Comp Neurol. 1990 Jun 15;
296(3): 496-505

163 Tokuyama S, Takahashi M, Kaneto H. Participation of GABAergic systems in the
production of antinociception by various stresses in mice. Jpn J Pharmacol. 1992; 60 (2): 105-
110

164 Tunks E. ‘Pain in spinal cord injured patients’, Management of Spinal Cord Injuries - Eds.
RF Block and M Basbaum. Baltimore: William and Wilkins, 1986

84



165 Turski L, Klockgether T, Schwarz M, Turski W, Sontag K. Substantia nigra: a site of
action of muscle relaxant drugs. Ann Neurol 1990; 28 (3): 341-348

166 UK Tizanidine Trial Group. Neurology 1994; 44 (suppl 9): S70-S78

167 Wagstaff AJ, Bryson HM. Tizanidine. A review of its pharmacology, clinical efficacy and
tolerability in the management of spasticity associated with cerebral and spinal disorders. Drugs
1997 Mar; 53(3): 435-52

168 Waldmeier PC, Baumann PA. Presynaptic GABA receptors. Ann N Y Acad Sci. 1990;
604: 136-51

169 Wallace JD. Summary of combined clinical analysis of controlled clinical trials with
tizanidine. Neurology 1994 ; 44 (supp! 9) : s60-s69

170 WangJJ, Ho ST, Hu OY, Chu KM. An innovative tail-flick test: the cold ethanol tail-flick
test. Anesth Analg 1995; 80 (1): 102-107

171 Westlund KN, Bowker RM, Ziegler MG, Coulter JD. ‘Organization of Descending

Noradrenergic Systems,” Norepinephrine - Eds. Ziegler. Lake. Baltimore: Williams & Wilkins,
1984

172 White RS, Neuman RS. Pharmacological antagonism of facilitatory but not inhibitory
effects of serotonin and norepinephrine on excitability of spinal motoneurons.
Neuropharmacology 1983; 22(4): 489-494

173 Wiesendanger M, Corboz M, Palmeri A, Chen DF, Palmer Cl. Noradrenergic mechanisms
involved in muscle relaxation: significance for the treatment of spasticity. Schweiz Arch Neurol
Psychiatr 1991; 142(2): 132-4

174 Willis WD, Coggeshall RE. Sensory Mechanisms of the Spinal Cord, 2" Edition. New
York: Plenum Press, 1991

175 Willis WD, Westlund KN. Neuroanatomy of the Pain System and of the Pathways that
modulate Pain. Journal of Clinical Neurophysiology 1997; 14(1): 2-34

176 Wilson PR, Yaksh TL. Baclofen is antinociceptive in the spinal intrathecal space of
animals. European Journal of Pharmacology 1978; 51: 323-330

177 Yaksh TL. The effects of intrathecally administered opioid and andrenergic agents on

spinal function. In: Spinal afferent processing. Ed. Yaksh TL. New York: Plenum Press, 1986:
505-540

85



178 Young RR. Role of Tizanidine in the treatment of spasticity. Neurology 1994; 44 (suppl
9): S4-85

179 Zarrindast MR, Rezayat M, Ghanipoor N, Parvini S. Interactions between antinociception
induced by cholecystokinin antagonists and GABA agonists in the tail-flick test. Pharmacol
Toxicol. 1998; 83 (4): 143-148

180 Zarrindast, MR and Sabetkasai, M. Stress-induced antinociception and GABAergic
mechanisms. Arch Int Pharmacodyn Ther. 1992; 318: 5-12

86





