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Abstract

Background—Spasticity and rigidity are serious complications associated with spinal traumatic
or ischemic injury. Clinical studies show that Tizanidine (Tiz) is an effective anti-spasticity agent,
however, the mechanism of this effect is still not clear. Tiz binds not only to ay-adrenoreceptors
(AR) but also to imidazoline (1) receptors. Both receptor systems (AR+I) are present in the spinal
cord interneurons and a-motoneurons. The aim of the present study was to evaluate the therapeutic
potency of systematically or spinally (intrathecally) delivered Tiz on stretch reflex activity (SRA)
in animals with ischemic spasticity, and to delineate supraspinal or spinal sites of Tiz action.

Methods—Animals were exposed to 10 min of spinal ischemia to induce an increase in SRA.
Increase in SRA was identified by simultaneous increase in recorded EMG activity and ankle
resistance measured during computer-controlled ankle dorsiflexion (40°/3 sec) in fully awake
animals. Animals with increased SRA were divided into several experimental subgroups and
treated as follows: i) Tiz administered systemically at the dose of 1 mg kgL, or intrathecally (IT)
at 10 pg or 50 pg delivered as a single dose; ii) Treatment with systemic Tiz was followed by the
systemic injection of vehicle, or by non-selective AR antagonist without affinity for imidazoline
receptors; Yohimbine (Yoh), aoa AR antagonist; BRL44408 (BRL), apg AR antagonist; ARC239
(ARC), non-selective AR and I, receptor antagonist; Efaroxan (Efa), or non-selective AR and I,
receptor antagonist; ldazoxan (lda); iii) Treatment with IT Tiz was followed by the IT injection of
selective apa AR antagonist; Atipamezole (Ati). In a separate group of spastic animals the effect
of systemic Tiz treatment (1 mg/kg) or isoflurane anesthesia on H-reflex activity was also studied.

Results—Systemic and/or IT treatment with Tiz significantly suppressed SRA. This Tiz-
mediated anti-SRA effect was reversed by BRL (5 mg kg™1), Efa (1 mg kg1) and Ida (1 mg kg™).
No reversal was seen after Yoh (3 mg kg'1) or ARC (5 mg kg™1) treatment. Anti-SRA induced by
IT Tiz (50 pg) was reversed by IT injection of Ati (50 pg). Significant suppression of H-reflex was
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measured after systemic Tiz treatment (1mg/kg) or isoflurane (2%) anesthesia, respectively.
Immunofluoresecene staining of spinal cord sections taken from animals with spasticity showed
upregulation of a-2A receptor in activated astrocytes.

Conclusions—These data suggest that apa AR and I receptors, but not aog AR primarily
mediate the Tiz-induced anti-spasticity effect. This effect involves spinal and potentially
supraspinal sites and likely targets aoa receptor present on spinal neurons, primary afferents and
activated astrocytes Further studies using highly selective antagonists are needed to elucidate the
involvement of specific subtypes of the AR and imidazoline receptors in the anti-spasticity effect
seen after Tiz treatment.

Introduction

Spinal cord ischemic or traumatic injury can lead to a time-dependent development of
muscle spasticity and rigidity (Adams and Hicks, 2005). Spasticity is defined as velocity-
dependent increase in muscle tone, i.e., muscle resistance is increasing progressively with
increased velocity of muscle stretch while the rigidity is characterized by the presence of
velocity-independent (i.e., continuous) increase in muscle tone (Lance, 1980, Maurice et al.,
2001). Systematic clinical statistical data show that up to 36% of patients with spinal
traumatic injury show progressive appearance of muscle spasticity or rigidity (Kita and
Goodkin, 2000, Noreau et al., 2000).

Previous experimental data using several animal models of spinal ischemic injury showed
that periods of injurious intervals of spinal ischemia leads to a selective loss of spinal
inhibitory interneurons in previously ischemia-exposed spinal segments (Van Harreveld and
Spinelli, 1965, Matsushita and Smith, 1970, Kakinohana et al., 2006). Functional deficit
resulting from a selective loss of spinal inhibitory neurons is typically expressed as
spasticity and rigidity. Qualitatively similar appearance of muscle spasticity and rigidity in
human patients suffering from spinal ischemic injury has been described (Tarlov, 1967).

In our previous studies we have developed and characterized an aortic balloon occlusion
model of transient spinal cord ischemia in rats. Using this model we have demonstrated i) a
selective loss of spinal GABA-ergic interneurons but persisting survival of a-motoneurons
after 10 min of transient spinal cord ischemia (Taira and Marsala, 1996), ii) a significant
increase in myogenic motor evoked potentials and Hoffmann reflex activity (Marsala et al.,
2004, Kakinohana et al., 2006), iii) progressive appearance of spasticity and rigidity as
measured by a computer-controlled ankle rotational muscle resistance meter (Marsala et al.,
2005), and iv) effective suppression of spasticity, rigidity and H-reflex activity by spinal
delivery of GABA-mimetic compounds such as nipecotic acid, GABA B receptor agonist
baclofen and AMPA receptor antagonist NGX424 (Kakinohana et al., 2006, Hefferan et al.,
2007). In addition, using the same spinal ischemia model, we have characterized in spastic
animals the development of baclofen tolerance after chronic intrathecal infusion of baclofen
(Hefferan et al., 2006) and have demonstrated effective suppression of spasticity in
baclofen-tolerant animals after intrathecal or systemic treatment with AMPA receptor
antagonist NGX424 (Oshiro et al., 2010).

In addition to extensive clinical data demonstrating a potent anti-spasticity effect after
systemic or spinal delivery of baclofen, a comparable success in the use of systemic
tizanidine as an anti-spasticity agent has been reported (Hassan and McLellan, 1980, Sie and
Lakke, 1980). The mechanism of tizanidine-mediated anti-spasticity effect has been
demonstrated to be the result of potentiation of presynaptic inhibition, suppression of flexor
reflexes as well as it direct action on a-motoneurons (Delwaide and Pennisi, 1994). In
addition, using animal experimental models of neuropathic and visceral pain, it has been
demonstrated that intrathecal treatment with tizanidine has a potent anti-nociceptive effect
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suggesting its direct spinal mechanism of action (Danzebrink and Gebhart, 1990, McCarthy
etal., 1990, Leiphart et al., 1995).

At present there are no systematic experimental data available which would define the effect
of intrathecal or systemic tizanidine treatment on spasticity resulting from loss of local
spinal segmental inhibition. Accordingly, the aim of present study was to evaluate the
therapeutic potency of systematically or spinally (intrathecally; IT) delivered Tiz on stretch
reflex activity (SRA) in animals with ischemic spasticity, and to delineate supraspinal or
spinal sites of Tiz anti-spasticity action.

Materials and Methods

All procedures were approved by the Animal Care Committee at the University of
California, San Diego. Male Sprague Dawley rats (300-350 g) were obtained from Harlan
(Indianapolis, IN) and were housed in standard cages with corncob bedding. Animals had
access to food and water ad libitum and were housed separately after surgery. A 12 h light/
dark cycle (lights on at 7:00 A.M.) was used throughout.

Induction of spinal ischemia

Spinal ischemia was induced using the previously described technique (Taira and Marsala,
1996). Briefly, rats were anesthetized with 4% isoflurane in air and maintained with 1.5-2%
isoflurane. Body temperature was maintained at 37°C using a homeothermic blanket system.
Distal arterial blood pressure was monitored by a tail PE-50 artery catheter. The left carotid
artery was cannulated with a 20 gauge polytetrafluoroethylene catheter for blood
withdrawal. To induce spinal ischemia, a 2F Fogarty catheter (Am. V. Mueller, CV 1035;
Baxter, Irvine, CA) was passed through the left femoral artery to the descending thoracic
aorta so that the tip reached the level of the left subclavian artery (10.8-11.4 cm from site of
insertion). The intra-aortic balloon catheter was inflated with 0.05 ml of saline for 10
minutes and occlusion confirmed by an immediate and sustained drop in distal arterial blood
pressure measured in the tail artery. Systemic hypotension (40 mmHg) was induced during
occlusion by a blood withdrawal from the carotid artery to the glass collecting circuit and
kept at 37.5°C. After ischemia, the balloon was deflated, and the blood was reinfused during
a 60 sec period. After blood reinfusion, 4 mg of protamine sulfate was administered
subcutaneously. Stabilization of arterial blood pressure was then monitored for an additional
10 min, after which the arterial lines were removed and wounds were closed. Rats were then
allowed to recover.

Identification of changes in stretch reflex activity (SRA) after ischemia

Seven to ten days after ischemia, animals were tested for changes in SRA. Increase in SRA
was identified as an increase in ankle resistance during computer-controlled ankle
dorsiflexion, which correlated with increased EMG activity measured in the gastrocnemius
muscle during the same time frame (Fig. 1A,B).

Direct measurement of ankle resistance during computer-controlled ankle dorsiflexion was
performed as described previously (Marsala et al., 2005). Briefly, rats with developed spinal
ischemia-induced paraplegia were individually placed in a plastic restrainer, and one
hindpaw was securely fastened to the paw attachment metal plate, which is interconnected
loosely to the “bridging” force transducer (LCL454G, 0-454 g range; or LCL816G, 0-816 g
range; Omega, Stamford, CT). After a 20 min acclimation period, rotational force was
applied to the paw attachment unit using a computer-controlled stepping motor (MDrive 34
with onboard electronics; microstep resolution to 256 microsteps/full step; Intelligent
Motion Systems, Marlborough, CT), causing the ankle to dorsiflex (Fig. 1A). The resistance
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of the ankle was measured during 40° of dorsiflexion during 3 sec (13.3° s'1), and data were
collected directly to a computer using custom software (Spasticity version 2.01; Ellipse,
Kosice, Slovak Republic).

To identify the mechanical component of measured ankle resistance, all animals were
anesthetized with 2.5-3% isoflurane at the end of the experiment and the relative
contribution of mechanical vs. neurogenic component (isoflurane-sensitive) was calculated.
To record EMG activity, a pair of tungsten electrodes were inserted percutaneously into the
gastrocnemius muscle 1 cm apart. EMG signals were bandpass filtered (100 Hz to 10 kHz)
and recorded before, during, and after ankle dorsiflexion. EMG responses were recorded
with an alternating current-coupled differential amplifier (model DB4; World Precision
Instruments, Sarasota, FL) and stored on a computer for subsequent analysis. EMG was
recorded concurrently with ankle resistance measurement during ankle dorsiflexion, and
expressed as the average of three measurements. Digitized EMG signal was full-wave
rectified, and values within given time interval (bin) were averaged and used for statistical
analysis.

Intrathecal catheterization

At 10-15 days after spinal cord ischemia, intrathecal catheters were implanted in some
animals with identified increase in SRA as described previously (Yaksh and Rudy, 1976).
Under isoflurane anesthesia, an 8.5 cm PE-5 catheter (Spectranetics, Colorado Springs, CO)
connected to a 6 cm long polyethylene-10 tube was placed into lumbar intrathecal space
through a cut-opened atlanto-occipital membrane. Polyethylene-10 tube was then
externalized on the neck and plugged with 23G stainless steel wire (2 cm in length) and
animals were allowed to recover.

Hoffman reflex (H-reflex) recording

In some animals H-reflex was recorded as previously described (Schwarz et al., 1994,
Kakinohana et al., 2006). Under ketamine anesthesia (100 mg/kg/hr, i.m.) the right hind
limb of the animal was secured and a pair of stimulating needle electrodes was
transcutaneously inserted into the surroundings of the tibial nerve. For recording a pair of
silver needle electrodes was placed into the interosseous muscles between the fourth and the
fifth or the first and the second metatarsal right foot muscles. The tibial nerve was
stimulated using square pulses with increasing stimulus intensity (0.1-10 mA in 0.5 mA
increments, 0.1 Hz, 0.2 ms; WPI; Isostim A320) and responses were recorded with an A/C-
coupled differential amplifier (Model DB4; DPI, Sarasota, FL). H-reflex was recorded in
spastic animals before and after systemic Tiz treatment (1 mg/kg) and after isoflurane (2%)
anesthesia (n=5).

Immunofluorescence staining

After completion of drug treatment studies, animals (n=9) were deeply anesthetized with
pentobarbital and phenytoin and transcardially perfused with 200 ml of heparinized saline
followed by 250 ml of 4% paraformaldehyde in PBS. The spinal cords were dissected and
postfixed in 4% formaldehyde in PBS overnight at 4°C and then cryoprotected in 30%
sucrose PBS until transverse sections (30-um-thick) were cut on a cryostat and stored in
PBS.

Sections were then placed in primary antibody overnight at 4°C with primary antibodies
made in PBS with 0.2% triton-X100: rabbit anti-glial fibrillary acidic protein (GFAP,
1:1000, Sigma-Aldrich Corp. St. Louis, MO); biotinylated mouse anti-NeuN (Millipore,
Temecula, CA); mouse anti-synaptophysin (SYN; 1:1000; Millipore, Temecula, CA); goat
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anti-a2A-C (C-terminus; 1:200; Santa Cruz Biotechnology); or rabbit anti- a2A-m
(immunogen sequence: KASRWRGRGNREKR; 1:100; Neuromics).

After incubation with primary antibodies, sections were washed 3x in PBS and incubated
with fluorescent-conjugated secondary antibodies raised in donkey (Alexa 488, 546; 647;
1:250; Invitrogen Corp., Carlsbad, CA, USA) and DAPI for general nuclear staining. Once
staining was complete, sections were mounted on slides, dried at room temperature and
covered with Prolong anti-fade kit (Invitrogen Corp., Carlsbad, CA, USA). Images were
captured using a Leica SP2 or Olympus Fluoview 100 confocal microscope. Any image
post-processing was done with Adobe CS3 (Adobe Systems, Inc., San Jose, CA) with equal
changes to any images being compared.

Experimental timeline/drug treatment design

Four principal experimental treatment studies were performed. In all studies animals with
identified increase in SRA were used. Before and after drug treatment changes in SRA were
measured in 10 min intervals for total of 60 min as described.

Study A (n=6), animals were treated systematically with Tiz (1 mg kg1; i.p.)

Study B (n=6 for each dose), animals were treated intrathecally with Tiz (10 pg or 50 pg
delivered as single bolus injection).

Study C (n=6 for each treatment group), animals were treated systematically with Tiz (1 mg
kgL; i.p.) followed by systemic (i.p.) injection of one of the following: i) vehicle, ii) one of
non-selective AR antagonists without affinity for imidazoline receptors: Yohimbine (Yoh; 3
mg kg1; i.p.), apa AR antagonist; BRL44408 (BRL; 5 mg kg1; i.p.), aog AR antagonist;
ARC239 (ARC; 5 mg kg1; i.p.), non-selective AR and I, receptor antagonist; Efaroxan
(Efa; 1 mg kg'L; i.p.), or non-selective AR and I, receptor antagonist; ldazoxan (Ida; 1 mg

kgl ip).

Study D (n=6), animals were treated intrathecally with Tiz (50 pg delivered as single bolus
injection) followed by the IT injection of selective aya AR antagonist; Atipamezole (Ati; 50

1g).

Statistical analysis

Results

Comparisons between treatment groups was performed using t-test with Bonferroni
correction. All results are shown as mean + S.D. P < 0.05 was considered statistically
significant.

Spinal ischemic injury leads to progressive increase in stretch reflex activity (SRA)

Rats previously exposed to 10 min of spinal ischemia showed a progressive increase in SRA
at 4-10 days after ischemic injury. The increase in SRA was identified by i) burst EMG
activity, and ii) concomitant increase in ankle resistance measured during computer-
controlled ankle dorsiflexion from 0-40°(compare Fig. 1A-control to B-ischemic; Active
EMG and Active Ankle Resistance). Systemic treatment with Tizanidine (1 mg kg™1)
suppressed SRA measured during ankle dorsiflexion (Fig. 1C). To identify the mechanical
component contributing to measured ankle resistance during ankle dorsiflexion, animals
were anesthetized with isoflurane at the end of experiment and the magnitude of residual
resistance measured (Fig. 1D-Mechanical Ankle Resistance). In control non-ischemic
animals, only low-level EMG activity (0.1-0.5 mV) was measured before (Background
EMG) and during ankle dorsiflexion and was similar to isoflurane-anesthetized ischemic rats
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(compare Fig. 1A and D). In control naive animals, ankle resistance measured during ankle
dorsiflexion did not exceed 6-10 g (Fig. 1A; Active Ankle Resistance). These data are
similar to our previously reported observations (Marsala et al., 2005, Kakinohana et al.,
2006).

Systemic or intrathecal treatment with Tizanidine leads to a potent anti-spasticity effect

Intraperitoneal injection of Tizanidine (1 mg kg™1) led to a significant suppression in SRA as
identified by changes in EMG activity and ankle resistance measured during ankle
dorsiflexion. A significant effect was measured at 10 min after drug injection and was still
present at 60 min (Fig.2A, B). A similar significant anti-SRA effect was measured after IT
delivery of tizanidine (10 pg or 50 ug), (Fig.2 A, B). In both treatment groups the magnitude
of SRA returned back to baseline at 24 hrs after treatment (not shown).

Reversal of Tizanidine mediated anti-spasticity affect by as-adrenoceptors antagonists

Anti-SRA effect induced by intrathecal Tiz (50 ug) was reversed by IT injection of Ati (50
ng), (Fig.2C, D).

The anti-SRA effect seen after systemic treatment with Tiz (1 mg kg'1) was significantly
reversed by BRL (5 mg kg1), Efa (1 mg kg™1) and Ida (1 mg kg1). No significant reversal
effect was seen after Yoh (3 mg kg'1) or ARC (5 mg kg™1) treatment (Fig. 2E, F).

Systemic treatment with Tizanidine or isoflurane anesthesia leads to a suppression of
spinal Hoffmann reflex

In animals with spinal ischemic injury, a significant increase in H-reflex activity was
measured if compared to control animals (H/M ratio 0.24+0.03 vs. 0.35£0.05 mV; Fig. 3A,
B; Table 1). Injection of systemic Tizanidine (1 mg kg™1) led to a significant suppression of
otherwise increased H-reflex activity (H/M ratio after Tizanidine injection 0.23+0.03; Fig.
3C; Table 1) at 10-15 min after drug injection. No suppression of H-reflex activity in
animals injected with vehicle (saline) only was seen (not shown). In the absence of
Tizanidine treatment isoflurane anesthesia (2%) led to a significant suppression of H-reflex
in spastic animals (H/M ratio 0.35+0.05 vs. 0.20+0.04 mV; Fig. 3D, E; Table 1).

Increased expression of a2A receptor in activated astrocytes in animals with identified
increase in stretch reflex activity

In control naive animals, staining of transverse lumbar spinal cord sections with a2A-c
antibody showed a punctuate-like immunoreactivity in virtually all neurons including small
and medium-sized interneurons and a-motoneurons (Fig. 4A). Co-staining of the same
sections with GFAP antibody showed only weak expression of a2A-c in astrocytes (Fig. 4B,
C). In contrast to control animals, rats with ischemic injury showed a clear increase in a2A-c
expression. This increase was primarily seen in activated astrocytes localized at the peri-
ischemic regions in the vicinity of persisting a-motoneurons (Fig. 4D-H).

Staining with a2A-m antibody showed the presence of a2A-m immunoreactivity on
neuronal membranes of both interneurons and a-motoneurons. No detectable differences in
the staining pattern between control and spinal ischemia-injured animals was seen. Confocal
analysis of a2A-m and synaptophysin co-stained sections show a spatial colocalization of
both proteins (Fig. 5A-F).
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Discussion

Systemic or spinal Tizanidine treatment has a potent anti-spasticity effect in animals with
spinal ischemic spasticity

In our present study, a potent anti-spasticity effect was seen after both systemic or spinal
(intrathecal) treatment with tizanidine and this effect was still present at 60 min after
treatment.

Systemically delivered selective and non-selective AR antagonists with or without I 1/,
receptor affinity were then tested to identify receptor specificity of the systemic tizanidine
anti-spastic effect. While the lack of reversal after yohimbine treatment was unexpected, a
significant reversal was seen after app AR (BRL44408) and | 1/, receptor antagonism
(Efaroxan, ldazoxan).

In addition, the anti-spasticity effect measured after intrathecal tizanidine was effectively
reversed by IT aoa AR antagonist (Atipamezole). Jointly, these data show that the
antispasticity effect seen after tizanidine treatment is mediated in part by the spinal aya
receptor system and potentially by supraspinal and spinal | 1/, receptors. These data are
consistent with previous reports which demonstrate a preferential supraspinal imidazoline
receptor and mixed spinal a, and imidazoline receptor contribution in tizanidine-mediated
suppression of spinal polysynaptic reflexes (Honda et al., 2002, Kino et al., 2005).

Consistent with our current data demonstrating tizanidine-mediated antispasticity effect,
clinical data in placebo-controlled trials show that systemic treatment with tizanidine
reduces muscle tone and the incidence of muscle spasms in patients with multiple sclerosis
(Group, 1994). Comparable anti-spasticity effect in patients with chronic spinal trauma,
traumatic brain injury or stroke was reported after systemic or spinal treatment with
tizanidine or clonidine (Nance et al., 1994, Middleton et al., 1996, Gelber et al., 2001,
Meythaler et al., 2001, Kamen et al., 2008).

Suppression of H-reflex activity after systemic Tizanidine treatment

Previous experimental animal studies using systemically or iontophoretically applied
tizanidine have demonstrated that tizanidine preferentially depresses peripherally evoked
spinal polysynaptic excitation and has modest suppressive effect on spinal monosynaptic
reflexes (Davies, 1982, Corboz et al., 1991, Ono et al., 1993). Clinical electrophysiological
data in patients with multiple sclerosis show a potent suppression of hyperactive stretch
reflexes and ankle clonus after systemic treatment with tizanidine (Lapierre et al., 1987).

In our current study, a significant suppression of H-reflex activity was seen after systemic
tizanidine treatment. While the magnitude of this suppressive effect was not as pronounced
as we have demonstrated after intrathecal baclofen treatment (Kakinohana et al., 2006), this
effect is consistent with a documented tizanidine-mediated potentiation of presynaptic
inhibition, suppression of flexor reflexes as well as its direct action on a-motoneurons
(Delwaide and Pennisi, 1994).

Effective suppression of spasticity and H-reflex activity after isoflurane anesthesia

Induction of isoflurane anesthesia led to potent suppression of spasticity and significant
reduction of H-reflex activity. These data indicate a preferential centrally mediated
mechanism in observed ischemia-induced spasticity. In previous studies we have
demonstrated a selective degeneration of small inhibitory interneurons in animals with
ischemic spasticity and a potent anti-spasticity effect after intrathecal delivery of glycine or
baclofen (GABAg receptor agonist) (Marsala et al., 2004, Kakinohana et al., 2006). Jointly,
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these data show that increased excitability of lumbar a-motoneurons resulting from the loss
of local segmental inhibition is primarily responsible for the observed spasticity response
measured during the period of muscle stretch. Similarly, clinical data show that isoflurane
and sevoflurane anesthesia suppress brisk hyperactive responses during selective dorsal
rhizotomy in children with spasticity (Konya et al., 2009) and suppress the H-reflex
amplitudes by 65% after 1.2MAC isoflurane anesthesia in normal healthy patients (Zhou et
al., 1997, Zhou et al., 1998).

Upregulation of a2A receptor in spinal astrocytes in animals with ischemic spasticity

Previous immunostaining studies in adult rats have shown the presence of the a2A receptors
in small and large DRG neurons, both myelinated and unmyelinated axons of the sciatic
nerve trunk and on the terminals of capsaicin-sensitive, substance P (SP)-containing primary
afferents in the dorsal horn (Stone et al., 1998, Shinder et al., 1999). Similar cellular
distribution of a2A mRNA in the adult rat superficial dorsal horn was seen (Zeng and
Lynch, 1991). In addition to a prevalent expression of a2A receptors on primary afferents,
electrophysiological analysis of extracellularly recorded activity in nociceptive dorsal horn
neurons after treatment with medetomidine (a selective a2 receptor agonist) have suggested
the presence of a2A on these classes of postsynaptic neurons (Pertovaara et al., 1991).
Similarly, in our current study a punctate-like immunoreactivity in spinal cord interneurons
but also a-motoneurons was seen with no apparent differences in the expression profile if
compared between control animals and animals with induced ischemic spasticity.

In addition to neuronal populations expressing a2A receptors, a comparable expression in
astrocytes was reported. Using immunostaining and electron microscopy, a2A receptor was
identified in a subpopulation of hippocampal astrocytes (Milner et al., 1998). A similar
expression in cultured rat astrocytes as measured by [3H]rauwolscine (alpha 2-receptor
antagonist) binding assay, and which was significantly increased after dibutyryl cyclic AMP
treatment, was reported (Enkvist et al., 1996). Comparably, in our current study, prominent
upregulation of a2A receptor in activated astrocytes localized in the vicinity of lumbar a-
motoneurons was seen in spastic animals.

Mechanism of tizanidine anti-spasticity action

Previous studies have demonstrated that adrenergic a pa g ¢ receptors are G protein-
coupled receptors and couple to the Gja subunit (a heterotrimeric G protein subunit).
Activation of Gja subunit inhibits the production of cAMP through adenylate cyclase
inactivation and leads to inhibition of neurotransmitter release (Coward, 1994, Birnbaumer,
2007). Accordingly, several pathological states known to be associated with increased
supraspinal or spinal excitatory transmission have been shown to be effectively modulated
by treatment with a2 adrenergic agonists through presumed decrease in excitatory amino
acid release.

First, noxious afferent stimulation induced by the injection of formalin into the hindpaw
leads to a typical biphasic flinching behavior and a rapid and transient increase in glutamate
concentration measured in the lumbar intrathecal space (Marsala et al., 1995). Biphasic
flinching behavior is effectively suppressed by intrathecal pre-treatment with clonidine
(3-12 nmol) (Hao et al., 2001). Consistent with this behavioral effect, other studies have
demonstrated that a2 adrenoreceptor agonists can hyperpolarize dorsal horn neurons and act
presynaptically on primary afferents to reduce C fiber neurotransmitter release (Davies and
Quinlan, 1985, Yaksh et al., 1993) and diminish glutamate release measured in spinal cord
synaptosomes in vitro (Kamisaki et al., 1993).
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Second, increased primary afferent drive (glutamatergic in nature) has been identified to
play a key role in the evolution and maintenance of spasticity state after spinal trauma or
ischemia. Accordingly, dorsal rhizotomy provides a potent and long lasting anti-spasticity
effect in both human patients and animal models of experimental spasticity. We have
recently demonstrated a potent anti-spasticity effect after systemic or intrathecal treatment
with AMPA receptor antagonist NXG424 (Hefferan et al., 2007, Oshiro et al., 2010). Thus a
potent anti-spasticity effect seen in our current tizanidine study can in part result from
suppression of excitatory amino acid (glutamate) release from primary afferents and
excitatory interneurons.

Third, previous in vitro studies have demonstrated that activation of cultured astrocytes
with NMDA or AMPA leads to a significant increase in intracellular Ca?*, induces
glutamate release from activated astrocytes and that such an increased glutamate release is
associated with increased frequency of AMPA receptor-mediated miniature EPSPs in
neighboring neurons in the hippocampus (Hu et al., 2004, Matsui et al., 2005). Recently, we
have demonstrated a comparable AMPA-evoked glutamate release in cultured astrocytes
which was effectively blocked by the AMPA receptor antagonist NGX424 (Hefferan et al.,
2007). In our current study, a significant upregulation of a2A receptor in activated
astrocytes in animals with ischemic spasticity was seen. Using cultured rat cortical
astrocytes, is has been demonstrated that the a2 agonist dexmedetomidine inhibits forskolin-
induced increases in cyclic AMP, an observation consistent with the demonstrated a2A
receptor-mediated adenylate cyclase inactivation. This effect was abolished by the alpha 2-
receptor antagonist rauwolscine (Enkvist et al., 1996). Thus, decreased glutamate release
from astrocytes after activation of astrocyte-coupled a2A receptors can contribute to the
observed anti-spasticity effect (see Fig.6 drawing).

In summary, our current data using a rat spinal ischemia-induced model of chronic spasticity
demonstrate a potent anti-spasticity effect after systemic or spinal treatment with the a2A
receptor agonist tizanidine. This effect is primarily mediated by apa AR and | receptors, but
not ayg receptors. Increased expression of a2A receptors in astrocytes also suggests that the
tizanidine-mediated anti-spasticity effect can in part be mediated by suppression of
secondary glutamate release from activated astrocytes.
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Fig. 1. Methodology for qualitative and quantitative assessment of changes in stretch reflex
activity in rats with spinal ischemia-induced spastic paraplegia

A, B: At 4-10 days after induction of spinal ischemic injury, a progressive increase in stretch
reflex activity is seen as evidenced by the appearance of burst EMG activity (Active EMG)
and corresponding increase in ankle resistance (Active Ankle Resistance) measured during
computer-controlled ankle dorsiflexion (40°/3 sec).

C: Systemic injection of tizanidine (1 mg kg™1) leads to a potent suppression of active EMG
and active ankle resistance measured during ankle dorsiflexion.

D: To identify the mechanical component in measured ankle resistance (Mechanical Ankle
Resistance) during ankle dorsiflexion, animals are anesthetized with isoflurane at the end of
the experiment and the magnitude of active ankle resistance suppression measured.
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Fig. 2. Potent anti SRA effect after systemic or intrathecal treatment with tizanidine

A, B: Systemic (1 mg kgL; i.p.) or intrathecal injections (10ug or 50 pg) of tizanidine led to
a significant anti-SRA effect at 10-30 min after drug injection if compared to saline-injected
animals. This effect persisted for a minimum of 60 min (*-p<0.05; t-test with Bonferroni
correction).

C, D: Anti-SRA effect measured in animals after intrathecal injections of tizanidine (50 pg)
was near completely reversed by IT injections of selective apa AR antagonist Atipamezole
(Ati; 50 pg). A significant reversal effect was seen at 20-60 min after Ati injection if
compared to saline-injected animals (*-p<0.05; t-test with Bonferroni correction).

E, F: Similarly, in animals treated systematically with Tiz (1 mg kg1), the anti-SRA effect
was reversed by BRL44408 (BRL; 5 mg kg1, i.p.), Efaroxan (Efa; 1 mg kg%; i.p.) and
Idazoxan (Ida; 1 mg kg™L; i.p.) administration if compared to saline-injected (Ctrl) animals.
No significant reversal effect was seen after Yohimbine (Yoh; 3 mg kg%; i.p.), or ARC239
(ARC; 5 mg kg1; i.p.) administration (*-p<0.05; t-test with Bonferroni correction).
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Fig. 3. Systemic treatment with tizanidine or isoflurane anesthesia suppress Hoffmann reflex
activity in animals with spinal ischemic injury

A, B: In comparison to control naive animals (A), rats with spinal ischemic injury, which
showed increase in stretch reflex activity, had significantly increased H-wave response after
electrical stimulation of the tibial nerve (see Table 1 for details).

C: In animals with spinal ischemic injury, systemic administration of tizanidine (1 mg kg1;
i.p.) effectively suppressed otherwise increased H-wave response (Table 1).

D, E: In animals with spinal ischemic injury but without tizanidine treatment isoflurane
anesthesia (2%) lead to a potent reduction in H-reflex amplitude (Table 1).
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H a2Ac

A-H

Fig. 4. Increased expression of @2A-c receptor in activated astrocytes in lumbar spinal cord in
rats with increased stretch reflex activity

A-F: Transverse lumbar (L3) spinal cord section taken from naive non-ischemic animal (A-
C) or from an animal with spinal ischemic spasticity and triple-stained with a2A-c, GFAP
and NeuN antibody. In control naive animals a punctuate-like 0a2A-c immunoreactivity in
virtually all neurons including small and medium-sized interneurons and a-motoneurons can
be seen (A). Co-staining of the same sections with GFAP antibody showed only weak
expression of a2A-c in astrocytes (A, B). In contrast to control animals, in rats with
ischemic injury a clear increase in a2A-c expression in activated astrocytes localized at the
peri-ischemic regions in the vicinity of persisting a-motoneurons can be identified (D-F;
yellow arrows).

G: Confocal images taken from transverse spinal cord lumbar section from an animal with
spinal ischemic injury and stained with a2A-c, GFAP and synaptophysin antibody. A clear
colocalization of a2A-c and GFAP expression in astrocyte processes can be seen (G-yellow
arrows).

H: 3-D image of a2A-c overexpressing astrocytes (green) in the vicinity of lumbar a-
motoneurons (blue).
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A-F

Fig. 5. Expression of a2A-m receptor in lumbar spinal cord interneurons and a-motoneurons
A-F:Transverse lumbar (L3) spinal cord section taken from naive non-ischemic animal (A-
C) or from an animal with spinal ischemic spasticity and triple-stained with a2A-m,
synaptophysin and NeuN antibody. In both control and spinal ischemic animals a punctate-
like a2 A-m immunoreactivity can readily be identified on a-motoneuronal membranes
(yellow arrows). A spatial colocalization of a2A-m punctata and synaptophysin expression
can also be seen (yellow arrows).
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Fig. 6. Schematic diagram of a potential tizanidine-mediated anti-spasticity action

A: Under physiological conditions the magnitude of spinal afferent input and resulting
activation of a-motoneuron activity is under control of local inhibitory GABA-ergic
interneurons (i.e., pre-, post-synaptic inhibition).

B: In animals with spinal ischemic injury there is a significant loss of local inhibitory
GABA-ergic interneurons and resulting loss of pre- and post-synaptic inhibition. In addition,
the presence of activated-hypertrophic astrocytes may be associated with increased
glutamate release from astrocytes and further potentiate a-motoneuron activity.

C: Activation of a2A receptor may induce its anti-spasticity effect by increasing pre- and
post-synaptic inhibition and resulting decrease in glutamate release (Glu) as well as by
blocking astrocyte glutamate release.
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Table 1

Naive Ctrl | Spastic Pre

Spastic Tiz (%)

Spastic Iso (##)

M max (mV) | 861036 | 11.22+1.10 | 9.390.85 9.68+1.03
Hmax (mV) | 2064026 | 394+022 | 215+0.33 1.95 +0.32
H/Mratio [ 024+0.03 [ 0354005 | 0.23+003" | 0.20+0.04™"

#Tizanidine was administered i.p. (1 mg kg '1)

Animals were anesthetized with 2% Isoflurane

*
p<0.05 vs. Naive Control rats

Fk

p<0.05 vs. spastic non-treated animals

FokKk

p<0.05 vs. spastic non-treated animals

(t-test with Bonferroni correction)
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