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ABSTRACT

Alpha (a)-adrenergic agonists represent a novel drug class of spinal

and are most used in ination with local
and opioids. Spinal r i inociception is i primarily by a,-
adrenoceptors, although o, i inoci ion has never
been di . As ictors, however, there are

concerns regarding the safety of the spinal administration of a,- and a,-

alone and in

The purpose of this study was to determine if intrathecal (i.t.)
methoxamine (MX) (a,-agonist) potentiates i.t. dexmedetomidine (DX) (a,-
agonist)-induced antinociception, if i.t. DX, alone and in combination with MX,
injected twice daily for four days, causes spinal neurotoxicity, and the effect of a
sub-toxic combination of i.t. DX and MX on i.t. dynorphin-induced neurotoxicity.

Male, Sprague-Dawley rats (300-400g) implanted with i.t. catheters (L1

) were used . The i.t injection of dexmedetomidine (0.01-1
Hg) produced dose-dependent antinociception in the tail flick (TF) and paw
pressure (PP) tests (EDs, = 45 and 252 ng, respectively). The addition of a fixed
dose of MX (10 pg i.t.), which produced <5% maximum percent effect (MPE) in
the TF test and was inactive in the PP test, significantly shifted the DX dose
response curve to the left (EDg, = 8.1 ng; TF test and 10 ng; PP test) but did not



prolong DX's duration of action. A fixed dose combination of DX (0.025 ug) +
MX (10 pg) producing near maximal antinociception in the TF test and
intermediate activity in the PP test, was near completely blocked by prazosin (10
ug i.t) or Wyeth 27127 (0.5 g iit.).

Repeated i.t. injections of high dose DX (10 pg) and DX+MX (10 ug each)
produced sedation but no motor dysfunction, no inflammation, haemorrhage or

necrosis of the spinal cord. Immunchi: ical studies no damage

to or loss of calcitonin-gene-related peptide immunoreactivity(CGRP-IR) in either
the dorsal or ventral horns or substance P immunoreactivity (SP-IR) in the
ventral hom as compared to vehicle-treated rats. In contrast, dynorphin A, 3

(192 pg;120 nmol) pi 1) i iate and i ible hindlimb is; 2)

loss of the stepping and tail flick reflexes; and 3) delayed bladder and bowel
dysfunction. Forty-eight hours after dynorphin, immunohistochemical

1 a marked ion of CGRP-IR motor neurons in the

lumbar ventral horn. CGRP-or SP-IR was unchanged in the dorsal horn.

To assess the effect of i.t. DX and MX, alone and in combination, on

lynorp net icity, rats were p with i.t. DX, MX, a combination of
DX+MX (10 pg each) or saline 15 min before i.t. dynorphin A, 43(192 ug;120
nmol). In saline pretreated rats, dynorphin produced the same effects as
described above. Pretreatment with i.t. DX, MX or DX+MX attenuated the
hindlimb paralytic effect of dynorphin. Twenty-four hours after injection, motor



reflexes were preserved and accelerating rotarod (RR) scores were similar to
controls (no dynorphin) in 4 out of 5 DX-, 3 out of 5 MX- pretreated and 4 out of

4 DX+MX rats. Hi i ion of the spinal cords obtained

from these rats were i with these i results, indicative of a

neuroprotective effect. For DX and DX+MX pretreated rats, there was a

in rectal (up to 3.4°C for DX alone). MX
did not alter rectal temperature. These results of this study indicate that 1) a
threshold dose of i.t. MX potentiates a,-mediated antinociception in the rat; 2)

repeated spinal administration of this drug combination has no detectable

r ic effect and 3) p with these drugs effects neuroprotection

against i.t. dynorphin in the rat.
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1.0 INTRODUCTION
1.1 Statement of the Research Problem
With the elucidation of pontospinal noradrenergic pathways as components
of the ‘endogenous pain control system’, and the subsequent pharmacological

characterization of the adrenoceptor subtypes modulating nocicepti

in the spinal cord, it was quickly realized that a-agonists might exert a direct

antinociceptive/analgesic effect. Indeed, the intrathecal (i.t.) administration of

with ivity for oy was shown to produce a dose-

P behavi defined ion of noci i in a variety of
experimental animals. Importantly, this antinociceptive effect occurs without
demonstratable motor effects (Kuraishi et al., 1979; Reddy et al., 1980; Yaksh and

Reddy, 1981; Howe et al., 1983). In contrast, doses of a,-agonists necessary to

achieve antinociception in the rat produc 1t hyp ia, clonic flexion

of the hindli and i of the tail (Howe et al., 1983). The

failure of i.t a,-agonists to discriminate between sensory and motor effects has
been used as evidence against the role of a,-adrenoceptors in spinal
antinociception/analgesia. However, the contribution of this a-receptor subtype has
never been disproven. If multiple a-adrenoceptor subtypes effect antinociception,

then the co-administration of a,- and a,-agonists in threshold or sub-threshold

doses should yield additive or i supra-additive antinocit ion. This
pharmacological interaction has not been investigated.

While segmental and prolonged analgesia can be achieved with perispinal



2
drug administration, this technique carries with it an increased risk of drug-induced
neurotoxicity. Experimental studies of selective drugs given epidurally or
intrathecally to the rat have frequently noted an abrupt and sustained decrease in
spinal cord blood flow prior to histopathological damage in the spinal ventral horn.

Current evidence suggests that this neurotoxic effect arises from drug-induced

ic injury. The pr ictive effect of a,- and a,-agonists on
central blood vessels raises important questions about their safety as spinal

ar i ially when given in ination. The safety of such a combination

alone, or in the pr of a known in such as in, has not been
The rati for such an i igation lies in the increasing popularity

of ‘balanced anesthesia’ in which a mixture of ical agents, i di

a-agonists, with varying receptor selectivities, mechanisms of action and adverse
effects, are co-administered to achieve more effective clinical anesthesia\analgesia.

In the present study, the effect of i.t. methoxamine (MX; a,-agonist) on
thermal (tail flick; TF) and mechanical (paw pressure; PP) antinociception elicited
by i.t. dexmedetomidine (DX; a,-agonist) was first investigated in the rat. A sub-

acute net i I using i ical and

immunohistochemical indices was subsequently undertaken to investigate the
safety of this drug combination. Lastly, the effect of this combination on i.t.

dynorphin-induced neurotoxicity was determined.
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1.2 ists as Adji to Local

The spinal ini ion of a local ar ic for the purpose of surgery

was first attempted in Germany in 1899 (Bier, 1899). Bier had noted the success
of regional cocaine anaesthesia in lowering the requirement for general
anaesthesia but he recognized the limitations of regional anesthesia for major
surgical operations. In order to “render large areas of the body insensible to pain”,
Bier injected cocaine intrathecally in doses ranging from 5 to 15 milligrams (mg).
A level of anaesthesia sufficient to allow major surgery was achieved in all six
patients.

The use of epinephrine, a non-selective adrenergic agonist, to prolong spinal
anaesthesia was introduced clinically in 1900 (Braun, 1914). Braun, Bier and other
contemporary German clinicians began using epinephrine to prolong the duration
of action of i.t. cocaine, thus obviating a significant disadvantage of spinal
anaesthesia (Bier and Donitz, 1904; Heinke and Lawen, 1905; Braun, 1914).
Between 1900 and 1940, the use of epinephrine with spinal anaesthesics enjoyed
sporadic popularity but did not attain common acceptance because of an early
report that i.t. epinephrine caused pronounced ischemia in the spinal cord of
experimental animals (Biberfield, 1907). Using experimental animals under
controlled conditions, Prickett, Gross and Cullen (1945) demonstrated that the
addition of 1:10,000 and 1:30,000 (0.1mg/mL and 0.03 mg/mL) epinephrine could

prolong the anaesthesic effect of i.t. procaine without permanent damage to
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nervous tissue. This study stimulated the re-investigation of this technique. Indeed,
recent clinical studies have shown that the addition of epinephrine (0.1 to 0.3 mg)

prolongs the duration of action of spinal bupit i i ine or ine from

15 to 44% in patients undergoing abdominal, hip or elective surgery of the lower
extremities (Leicht et al., 1986; Racle et al., 1987; Momose et al., 1994). In this
regard, epi ine is believed to the arteriolar ilation induced by

local anaesthetics in the spinal cord, thereby ying ion and i ing
the residence time of the local anaesthetic near the site of injection. Indeed,
epinephrine is a potent constrictor of cerebral (LoPacin and Rudy, 1983) and spinal

(Partridge, 1991) blood vessels. Whether this prolongation is truly a

pt inetic i ion or an il amic effect of
epinephrine (see section 1.3) remains controversial (Fink et al., 1978; Denson et

al., 1982, 1983, 1984, Ravindran et al.,1983). However, it is noteworthy that non-

adrenergic (| pinephrine), o, i pl ine) and a,-
selective (clonidine) agonists have also proven effective in prolonging the duration
of spinal anaesthesia (Mensink et al., 1987; Racle et al., 1987; Kishikawa et al.,

1993; Fukuda et al., 1994).

1.3 Spinal P of gl

Nc ine (NA), from inal neurons during exposure to

noxious stimuli, is an important mediator of the endogenous pain control system.
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Thus, focal stimulation of the rat locus coeruleus (LC), a major source of
descending noradrenergic neurons, was shown to inhibit noxious evoked: a)
neuronal activity in the dorsal hom (Jones and Gebhart, 1986b); b) spinal reflexes
(Jones and Gebhart, 1986a; Janss et al., 1987) and c) complex nocifensive
behaviours (Segal and Sandberg, 1977; Sandberg and Segal, 1978; Margalit and
Segal, 1979). The concentration of NA and the NA metabolite, 3-methoxy-4-
hydroxy-phenethyigycol was also significantly increased in CSF following electrical
stimulation of the LC (Crawley et al, 1979). The i.t. administration of a-
adrenoceptor antagonists significantly blocked the antinociceptive effect elicited by

LC activation, suggesting a spinal site of antinociception (Jones and Gebhart,

1986a). Among the series of pt i ists used (pt
yohimbine, prazosin, mett ide, atropine and bicuculline), only the
non- i Q- gonist, pr i or the oy i antagonist,

yohimbine, significantly blocked the increase in nociceptive threshold elicited by LC
stimulation. Similar results were reported by Miller and Proudfit (1990).
These early studies of endogenous pain modulation led researchers to

examine the effect of exogenous NA and other a-agonists. When injected i.t, NA

duced a significant dose- 1t increase in respx latency in the hot plate
and tail flick tests (Reddy and Yaksh, 1980; Reddy et al., 1980; Howe et al., 1983);
an effect reproduced by other adrenergic agonists including DL-a-

methylnorepinephrine; DL-epinephrine, ST-91, clonidine, L-phenylephrine, 3-4-



y ine and cirazoline (Reddy et al.,
1980; Reddy and Yaksh, 1980, Howe and Yaksh, 1982a,b; Howe et al., 1983). B-
Agonists, such as isoproterenol, were without effect even at very high i.t. doses
(Reddy et al., 1980).

While the i.t. administration of either a,- or a,-adrenoceptor agonists
increased nociceptive thresholds in the rat, the doses of a,-agonists necessary to

achieve this effect p do: motor effects such as

hyperrefiexia, clonic flexion of the hindlimbs and serpentine movements of the tail
(Howe et al., 1983). In contrast, antinociceptive doses of either non-selective a-
agonists or a,-selective agonists inhibited nociceptive behaviours without
demonstratable motor effects (Reddy et al., 1980; Reddy and Yaksh, 1980; Howe
etal, 1983). Largely, on the basis of these observations, and on the variable

effects of a,-agonists on dorsal horn neurons, it was concluded that spinal

noradrenergic antinociception is i by a,-adrer In support of this
claim, adrenergic agonists with the greatest a,\a, receptor selectivity (e.g. DX) are

the most effective in acute antinociceptive tests (Takano and Yaksh, 1993).

Nevertheless, the ibuti of ay in spinal adrenergic
antinociception/analgesia has never been disproven.

Early experiments demonstrated that a,-selective agonists do effect

antinociceptit ing both ic (Bentley et al., 1983; Hayes et al., 1986)

and spinal administration (Howe et al, 1983; Yaksh, 1885). In tum,
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pharmacological studies of NA-induced thermal antinociception, showed that the
that a,-antagonist, prazosin, was more effective than o, -antagonists in inhibiting
the antinociceptive effects of i.t. NA (Reddy et al., 1980; Howe et al., 1983). These

data are supported by the results of radioligand binding studies and quantitative

aphy ing the p of a, s the
dorsal grey matter of the rat spinal cord (Giron et al., 1985; Simmon and Jones,

1988; Roudet et al., 1993), and are consistent with the hypothesis that spinal a,-

adrenoceptors mediate at least some of
in the rat.
If both a- and a;; i effect spinal antinocit ion through

distinct effector mechanisms, then co-administration of an a,-agonist and an o,-
agonist in threshold or sub-threshold doses would be expected to yield an additive
or potentially a supra-additive antinociceptive effect. Such an interaction in vivo
would be consistent with the non-selective nature of NA as an agonist at a-

adrenoceptors.

14 icity of Spinally Admis Drugs

As the practice of spinal analgesia has grown, there has been an increasing
appreciation of the potential for adverse effects with this technique and the need
for systematic neurotoxicological evaluation of drugs intended for spinal

administration. This has proven to be particularly important for peptide drugs. For
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example, 100 pg of it in, a cyclic ide thought to be

involved in the spinal ing of nociceptive i i severe hind

limb dysfunction in the rat, up to the time of sacrifice 6 days later. There was also

a corresponding loss of sensitivity to thermal and mechanical nociceptive stimuli.

Hi jcal (light mi ination of the spinal cords removed from these
animals revealed mild to severe nucleolysis of ventral and dorsal hom neurons with
localized inflammation (Gaumann and Yaksh, 1988). Similarly, peptide analogues
of substance P (developed as putative neurokinin receptor antagonists) given i.t.
induced bilateral motor blockade in the hind limbs, and widespread neuronal
necrosis in the lumbar region of the rat spinal cord (Post and Paulsson, 1985;

Freedman et al,, 1989). Comparable outcomes have been reported with i.t.

endothelin (Hokfelt et al., 1989), an ium-derived ictor peptide
(Yanagisawa et al., 1988), i.t. dynorphin A, an endogenous kappa opioid agonist
(Faden and Jacobs, 1984; Herman and Goldstein, 1985; Spampinato and
Candeletti, 1985; Long et al., 1988; Stewart and Isaac, 1989) and arginine®-
vasopressin (Long et al., 1989b). Table 1 summarizes the neurotoxicological

results with these peptides.

Although the exact i ing this icity remain unclear,
these studies demonstrate: a) the severe and often irreversible damage that can
occur in the spinal cord after the local administration of biologically active agents,

including those found endogenously in neurons of the spinal cord; and b) the need
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for careful toxicological evaluation of drugs intended for spinal use.



Table 1

Studies of Spinal 3 Administration of Peptides in the Rat.
Drug/ Dose Tests | Histology (Light or Immuno-) Spinal Neurotoxicity
Reference
Somatostatin 10,30 and 100 | AN, 6 days after injection: 100 pg: temporary or permanent®
(SST)/ M8 auto- | 30 pg SST: mild inflammatory | hindlimb motor dysfunction with flaccid
Gaumann and nomic | response in 4/5 rats. paralysis in most severe cases, 25% of rats
Yaksh (1988) and 100 pg SST: mild or severe died 10 min. within injection.
motor | nucleolysis of ventral and dorsal | * permanent = up to day 6 when rats were
func- | horns in the presence of sacrificed and perfused
tion inflammatory reaction.
Spantide/ 2pug - 1,2, and 3 days after injection: | Bilateral motor blockade of the hindlimbs
Freedman et al., no CGRP-IR in motoneurons, | that did not recover up to time of
(1989) cresyl violet staining indicated a | perfusion (1,2 or 3 days after injection).
complete absence of
motoneurons and a marked
gliosis
DPDT and 2p8 AN | 3 days after injection: At half- maximal dose (1pg), all animals
DADTL/ Post extensive necrosis of neuronal | showed motor weakness of the hindlimbs.
and Paulsson bodies in the ventral and dorsal | At 2 pg, all animals had pronounced
(1985) homs motor impairment of the hindlimbs and

non-responsiveness in the tail flick or
pinching of hindlegs. This persisted up to
time of perfusion, 3 days later.

[+]3



Table 1 (cont'd)

Drug/ Dose Tests | Histology (Light or Immuno-) Spinal Neurotoxicity
Reference
Endothelin/ 0.03 pgor 0.1 - 24 h after injection: 0.03 pg: All rats showed complete paresis
Hokfelt et al., Hg Fully paretic rats showed a after 5 min. All but one showed full
(1989) marked loss of CGRP-IR in recovery at 3 h. The one rat remained
motoneurons in the ventral horn | paralytic until perfusion.
at the tip of the catheter. Single | 0.1 pg: 3/5 r ied, 2 within 5 min., last
motoneurons appeared rounded | within 3 h. Surviving rats showed
without dendritic processes. complete paresis until perfusion, 24 h
later.
Arginine'- 0.5-1000 pmol | AN [ No histochemical difference Dose-related loss of motor function in
vasopressin / HD | between control and hindlimbs. Some rats died within 5 -10
Longetal., experimental animals. min. of peptide injection due to pulmonary
(1989b) edema. Rats recovered hindlimb function
within 30 min. of injection, even with 1.0
nmol dose. Flaccid hindlimb paralysis was
accompanied by loss of flexor or vocal
responses to pinching of the hindlimbs or
tail.
Dynorphin A/ | 12.5 and 25 AN - 25 nmol produced hindlimb paralysis and
Spampinato and | nmol tail flaccidity lasting several hours.
Candeletti

(1985)




Table 1 (cont’d)

Drug/ Dose Tests | Histology (Light or Immuno-) Spinal Neurotoxicity
Reference

Dynorphin/ 14 nmol or - - Long-lasting hindlimb paralysis (hindlimb

Herman and greater and tail flaccidity)

Goldstein 14 nmol: paralysis wore offin 2 h

(1985) 20 nmol: paralysis lasted for at least one
week
50 nmol: paralysis lasted for at least one
week

Dynorphin/ Dyn (1-17): - - All peptides produced dose-related flaccid

Faden and 30 nmol; hindlimb paralysis with the order of

Jacobs (1984) Dyn (1-13): potency being DYN (1-17) > Dyn (1-13)

10,30,50 or 100
nmol

Dyn (1-8):
30,50 or 100
nmol;

@-neo-
endorphin:

30, 50 or 100
nmol

> o NA = Dyn (1-8). Spontaneously
reversible over a 48 h period. However,
at high doses (50 nmol), 1/3 of the animals
developed paralysis that was ir ibl

P

4%



Table 1 (cont’d)

Drug/ Dose Tests | Histology (Light or Immuno-) Spinal Neurotoxicity
Reference
Dynorphin A/ | Dyn A (1-13): AN | Dyn A (1-13) 25 nmol: Severe | Dyn A (1-13): Dose-related loss of motor
Longet al., 3.1-50 nmol and extensive neuronal injury function in hindlimbs and tail, loss of
(1988) Dyn A (3-13): througout the lumbosacral flexor or vocal responses to pinching of
14 -56 nmol enlargement. hindlimbs. Motor dysfunction ranged from

transient, mild paraparesis to persistent,
flaccid paralysis of hindlimbs and tail.
Recovery was also dose-related. With low
doses (3.1 and 6.2 nmol), recovery
complete within 2 h. Slower and more
limited recovery with 12.5 and 25 nmol.
50 nmol: rats did not recover neurologic
function, flaccidity occasionally turned to
spasticity by 4 to 7 days after injection.
These animals also had loss of nociceptive
responsiveness, hindlimb edema, bowel
dysfunction, bladder distension with
infarction and urinary incontinance,
Dyn A (3-13): At 28 and 56 nmol, rats
remained flaccidly paralyzed 24 h later.
HD, k ics; CGRP-IR, calcitonin gene related peptide-immunoreactivity, DPDT (D-
Pro?, D- Trp”)-submnce P, DADTL (D-Arg', D-Trp"*)-substance P (spantide)




15F of L.T. Peptid

In experimental studies examining the spinal neurotoxic effects of diverse
peptides such as dynorphin and endothelin (see Table ), two general observations
have been consistently reported. First, each peptide induces an abrupt and
sustained decrease in spinal cord blood flow (see Table Il); an effect that precedes

all i P g and i i i measures of spinal

neurotoxicity. Second, cell necrosis occurs primarily in motor neurons of the ventral
homs. This latter observation is consistent with the difference in blood supply to
ventral as compared to the dorsal homns of the spinal cord (see Figure 1A and B),
and the known vulnerability of ventral horn neurons to disruptions in spinal cord
blood flow (Cousins and Bridenbough, 1988). Indeed, prolonged aortic cross-
clamping and the failure to re-establish the blood supply to the spinal cord is a

major risk factor in the of post-operati ia in patients

undergoing aneurysm repair (Marini and Cunningham, 1993).

Studies using radit i to itate changes in blood flow

have reported a decrease in the magnitude of spinal cord perfusion following the
i.t. injection of selected neurotoxic peptides (Helke et al., 1987; Long et al., 1987;
Thomehill et al., 1989). Because this technique does not allow for the continuous
measurement of blood flow, the magnitude of change was assessed at time points
chosen arbitrarily after i.t. drug administration. With the advent of laser doppler

technology, both the magnitude and duration of change in spinal cord blood flow
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could be followed in individual animals.
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FIGURE 1

A. Arterial Supply to the Spinal Cord. The arterial supply to the spinal cord
originates from three main longitudinal systems: the ventral spinal artery and two
dorsal spinal arteries. These systems extend along the length of the entire cord
giving off a series of branches that extend into the spinal cord (central artery). Two
additional longitudinal arterial channels are found on the surface of the cord with
less frequency; the median dorsal spinal artery, situated at or close to the dorsal
septum, and two lateral spinal arteries, situated about midway between the
attachment of the dorsal and that of the ventral roots (Scremin, 1995). (Source:
Figure 7-10, Cousins and Bridenbaugh, 1988)

B. Blood Supply of the Spinal Cord, Horizontal Distribution. The “central”
area, supplied only by the ventral spinal artery, is predominately a motor area. This
area is most vulnerable, since there is only one ventral artery as opposed to the
dorsal spinal arteries of which there are two (only the left dorsal spinal artery is
depicted). (Source: Figure 8-10, Cousins and Bridenbaugh, 1988)
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As shown in Table II, il i [D-Arg} P,

endothelin, dynorphin and arginine®-vasopressin all caused an immediate decrease
in spinal cord blood flow following i.t. administration. In the case of dynorphin A (1-
13), the observed decrease in lumbosacral blood flow was also shown to be dose-
related (Long et al.,1987). Using laser doppler flowmetry, Freedman et al., (1988)
showed that i.t somatostatin and spantide decreased blood fiow to 16 + 4% and 30
+ 6% of control, respectively. This maximal effect occurred 10 to 20 min after

injection. C: reductions in blood flow following i.t. [D-Arg}-

spantide, dynorphin and AVP were reported using radiolabelled microspheres at
similar time points (Helke et al., 1987; Long et al., 1987; Long et al., 1989a). The

rapid onset of this ic effect was indic by of up to 50%

of control two min after i.t. dynorphin A (1-13) (Thornehill et al., 1989).
In the case of somatostatin and spantide, a gradual but incomplete recovery

of spinal cord blood flow was observed 60 min after injection (60 + 14% and 53 +

20% of the pre-injection bx ine values, respectively) (F etal, 1988). In
contrast, i.t. endothelin induced a greater than 50% reduction in spinal cord blood
flow for at least 3 h (Westmark et al., 1995). In the only radiolabelled microsphere
study that looked at duration, blood flow returned to pre-treatment values 60 min
after i.t. AVP (Long et al., 1989a).

These hemodynamic studies, and the biological diversity of peptides

effecting spinal neurotoxicity, suggest a common physiological, rather than



pt ical or direct toxicologi ism. That r icity is the result
of an ischemic insult secondary to peptide-induced vasoconstriction in the spinal
cord is also supported by the following experimental studies. In the rat, transient
occlusion of the descending aorta suppling the spinal arteries produced behavioral
and histopathological changes qualitatively similar to those induced by it

various sub: P ists, dynorphin A and AVP (Marsala and

Yaksh, 1994). Coadministration of the lator hy ine (1 pmol i.t.) with a

paralytic dose of dynorphin A (20 nmol i.t.) blocked both the elevation in lactic acid

concentration in spinal CSF and the ical effect of dy in A

compared to vehicle + dynorphin A-treated controls (Long et al., 1994). Lactic acid

is a by-product of i is indicative of an i ic state. P

with thryotropin-releasing hormone (2 mg/kg i.v.), 15 min before and immediately
prior to the i.t. injection of spantide, prevented both the spinal vasconstrictive and
neurotoxic effect of spantide in the rat (Freedman et al., 1988;1989). Similarly, the
selective V,-receptor antagonist [1-(B-mercapto-B, B-cyclopentamethylene
proprioninic acid) 2- (O-methyl) tyrosine]-AVP blocked the decrease in lumbosacral
perfusion (Long et al.,1989a)' and the neurotoxic effect of i.t. AVP in the rat (Long
etal., 1989b). To test the possibility that dynorphin might have a direct neurotoxic
' It is important to note that the V, receptor antagonist did not aiter SCBF when
injected alone. This finding argues against a prominent role of endogenous AVP in the

normal regulation of SCBF. However, AVP may be important in certain pathological
iti i with promised blood flow and ischemia.




20
mechanism, Long examined the effect of dynorphin A on cultured spinal cord
neurons. Concentrations up to 1 mM did not alter the viability of these neurons in

vitro (Long et al., 1994).

\ iction per se is not i detrimental to tissue. However,
when such an event leads to a sustained imbalance between blood flow and
metabolic demand, cellular injury and necrosis can occur. During normal perfusion,
oxidative phosphorylation generates adenosine triphosphate (ATP), the major
energy source of the cell. In the absence of adequate oxygenation and/or glucose
delivery, neurons must resort to anaerobic glycolysis; an altemate and less efficient
means of energy production. As ATP stores are depleted, vital energy-dependent
mechanisms (i.e. ion pumps) are strained to maintain cell homeostasis. For
example, it has been estimated that the ion gradients maintained by these pumps
utilize 50 - 60% of the ATP supply (Vannucci, 1990). As these pumps fail and as
sodium ions accumulate intracellularly, ischemic neurons become susceptible to
depolarization. This, in tum, can lead to the accumulation of excitatory amino acids

(EAA) and other neurotransmitters in the space of the i ic field

(Shimizu et al., 1993; Ueda et al., 1993). Indeed, a neurotoxic dose of i.t. dynorphin
A produced a four-fold and three-fold increase in the concentration of glutamate
and aspartate, respectively, in rat spinal CSF (Long et al., 1994). The EAA-evoked
infiux of calcium through N-methyl-D-aspartate (NMDA)-gated channels and sodium

through kainate- and () ino-3-hydroxy-5 i 4-proprionic acid
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(AMPA)-gated channels (Vomow and Coyle, 1991) can further aggravate the
unstable conditions initiated by ischemia. The rapid influx of ions may also cause
edema and lysis of the cell membrane. The sensitivity of spinal neurons to EAA
receptor agonists has been demonstrated in vitro. NMDA, AMPA and kainate
receptor agonists each induced the concentration-dependent death of cultured
murine spinal cord neurons (Regan, 1996).

Within the nomal cell, calcium is tightly regulated by a combination of
energy-dependent ion pumps and direct binding to the endoplasmic reticulum.
When the pumping mechanisms fail, intracellular stores of calcium are released
thereby increasing calcium in the cytosol ([Ca™]) to abnormally high
concentrations. In fact, the [Ca™}; is inversely related to ATP concentration during
periods of ATP depletion and resynthesis (Kim-Lee et al., 1993). Such a rise in

[Ca™}, can have serious metabolic consequences for the cell (see review by Krause

et al., 1988). The activation of pt i A, tri by arise in [Ca™],
initiates the arachidonic cascade. Prostaglandins, thromboxanes and leukotrienes
arising from this pathway trigger the production of oxygen free radicals that have
been implicated in lipid peroxidation and nucleic acid damage (Traystman et al.,
1991). The activation of calcium-dependent nucleases can result in direct lethal

injury to the cell's DNA (Tullis et al., 1982). Within seconds of the onset of

a calciu t, p ytic enzyme converts xanthine

dehydrogenase from the “D" (NAD-reducing form) to the “O” oxidase form (McCord
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etal., 1985). Upon reperfusion, the “O” form of this enzyme uses two products of

ATP deg! i ine or ine, and oxygen to produce a toxic
superoxide radical (O;). Of course, the inability to regulate [Ca*], will also promote
the further release of EAA’s (Figure 2).

Although our understanding of the mechanisms of neural injury triggered by
ischemia has grown considerably, the number and complexity of events following
ischemia has made elucidation of the exact sequence of events difficuit
Nevertheless, it is clear that anything that compromises spinal cord blood flow, such

as the i.t. injection of the peptides discussed above, has the potential to effect

spinal net icit ially in ginally regions like the ventral hom.
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Figure 2 Proposed cycle of ischemia-mediated neurotoxicity.
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Table 2

Studies of Spinal Cord Blood Flow Following Intrathecal Administration of Peptides in the Rat,

method)

Drug/ Dose Technique for | Change in Spinal Cord Blood Flow Time Course
Reference Measuring
Blood Flow

Somatostatin 30pg | laser doppler | Blood flow decreased immediately | At 60 min, blood flow returned to 60
(SST) /Freedman after injection. The maximum 4 14 % of the pre-injection baseline
etal., (1988) reduction of 16 + 4 % of the pre- | value.

injection baseline value occurred at

10 min.
Spantide/ 2pg laser doppler Blood flow dropped immediately | There was a gradual but incomplete
Freedman et al., after injection and at 20 min was recovery of spinal cord blood flow.
(1988) 30 + 6% of the pre-injection At 60 min, blood flow was 53 £ 20

baseline value. % of the pre-injection baseline value.
D-Arg'-D-Pro*- 3.3 nmol Blood flow d d 41% in the -
D-Trp™®, Leu'- microspheres | thoracic and 17 % in the
substance P ([D- (reference lumboscaral spinal cord, 15 to 20
Arg]-SP)/Helke sampling min after injection.
etal., (1987) method)
AVP/ 1, 10,50 | radiolabelled At 10 min after injection, AVP Lumbosacral blood flow remained
Long et al., and 100 icrosp reduced | I blood flow igni d d 30 min after
(1989a) pmol (reference from 37 to 87 % with doses of 10 | the 100 pmol dose. Recovery to

sampling and 100 pmol, respectively.

pre-treatment levels occurred by 60
min.

(4




Table 2 (cont’d)

Drug/ Dose Technique for | Change in Spinal Cord Blood Flow Time Course
Reference Measuring
Blood Flow
Endothelin/ 037mM | laser doppler | The decrease was rapid in onset A greater than 50 % reduction in
Westmark et al., achieving a greater than 50 % blood flow was maintained for at
(1995) reduction from baseline. least 3 h when the animal was
anesthetised and perfused for light
microscopic examination of the
spinal cord.
Dyn A (1-13) 20nmol | radiolabelled | Two minutes after injection, blood -
Thornehill et al., micospheres | flow was decreased by up to 50 %
(1989) (reference in segments 2 cm caudal and 1 cm
sampling rostral to the tip of the catheter.
method)
DynA(1-13)and [ Dyn A (1- | radiolabelled | Dyn A (1-13): Dose-related -
Dyn A (3-13)/ 13): 12.5, i ions in blood
Long et al,, 25 and 50 flow. Lumbosacral blood flow
(1987) nmol was decreased 13 - 75 % and
Dyn A (3- thoracic blood flow was decreased
13): 50 38% at 10 min post-injection..
nmol Dyn A (3-13): There was an
approximately 40 % decrease in
lumbosacral blood flow 10 min
after injection.

Dyn,

AVP, arginine *-vasopressin

ST
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1.6 The Vascular Effects of a- Agonists
In light of the presumed mechanism of toxicity of i.t. peptides described
above, and the the fact that perispinal routes of administration can expose the
spinal cord to concentrated drug solutions (mM range), it is important to note that
both a,- and a,-adrenergic agonists are potent constrictors of central blood

vessels. In a study using isolated cerebral arteries from the monkey, phenylephrine

and r i a dos: ion of vascular smooth

muscle (Toda, 1983). The i were p for both drugs

although the ED, of phenylephrine (1.11 £0.41 X 10° M) was 5.6 times greater
than that of norepinephrine. Although, NA is a non-selective a-agonist, the

contractions induced by NA using isolated human and monkey cerebral arteries

appear to be mediated by o Treatment with in (3 X 10" and 10°
M) significantly attenuated the contractile response to NA (107 to 10°° M).

Yohimbine was without effect in concentrations up to 10° M (Toda, 1983).
Coughlan et al. (1992) showed that isolated canine middle cerebral arteries exhibit
dose-related contractions to the highly selective a,-agonist, dexmedetomidine (DX;
a, to o ratio of 1620:1 versus 200:1 for clonidine; Virtanen et al., 1988). Ata

concentration of 3 X 10°° M, the maximum concentration of DX that could be used

without ay T iction, DX induced a response equivalent
to 72.8 + 5.7% of the maximal effect evoked by 40 mM KCI.

Large systemic doses of a-agonists can cause cerebral vasoconstriction.
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For example, Zomow et al. (1990) demonstrated a 45% decrease in cerebral blood
flow in isoflurane-anesthetized dogs following a systemic dose of DX (10 pg/kg i.v.).
Karisson et al. (1990) also demonstrated a 34% decrease in cerebral blood flow in
halothane-anesthetized dogs using an identical dose of DX. The spinal
administration of a,- or a,-agonists also impairs spinal cord blood flow.

Phenylephrine (0.3, 0.5%), injected into the lumbar subarachnoid space of the dog,
decreased blood flow by 28% and 44%, respectively, 30 minutes after drug
administration (Dohi et al., 1984). In the rat, doses of 20, 100 and 400 nmol of i.t.
clonidine each reduced SCBF 15 min after injection, but gray and white matter
responded differently. In the grey matter of the spinal cord, the largest decreases
occurred with the 20 and 100 nmol doses (29 - 44% compared to control). The 400
nmol dose produced significant decreases of a lesser magnitude (12 - 27%). In the
white matter, the 100 and 400 nmol doses produced reductions of 17 - 39%, while
the 20 nmol dose was without effect (Crosby et al., 1990). Epidural clonidine (10
and 30 pg/kg) also affected spinal cord blood flow (SCBF) in the pig (Gordh et al.,
1986a). Reductions of 25% to 35% were observed in the lumbar and thoracic
segments 45 minutes after drug administration. These data clearly indicate that a-

adrenergic agonists can impair blood flow through cerebral and spinal vessels.

A direct ison of the ic effect of ic peptides with
that of a-agonists is complicated by the use of the different methodologies, species

and spinal routes of drug administration. Nevertheless, both classes of drugs have
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been shown to decrease spinal cord blood flow to a comparable degree within the
first 30 min of i.t. drug administration. The 25-35% decrease in blood flow recorded
45 min after epidural clonidine (Gordh et al., 1986a) suggests that a-agonists have
a sustained effect, and that they may induce a substantial disturbance in spinal
perfusion. Unfortunately, there are no time-course data by which to judge the
actual duration of this disturbance.

The adrenergic nerve supply to most blood vessels originates in the pre- or
para-vertebral ganglia of the sympathetic nervous system. In the brain, the
innervation of some blood vessels may originate from central catecholaminergic
neurons (Edvinsson et al., 1973). There is great variation in the pattern and density
of the sympathetic innervation of vascular smooth muscie (Burnstock, 1975). Large
elastic arteries generally show a sparse pattern of innervation while capillaries,
venules and small veins have virtually no adrenergic nerve supply. In contrast,
smaller arteries display an increased density of innervation. They are surrounded
by a hair-like network of sympathetic postganglionic nerve fibers influencing smooth
muscle cells. Indeed, each terminal branch of a postganglionic fiber courses across
the surface of one or more vascular smooth muscle cells, releasing norepinephrine
from the vesicles within its multiple varicosites.

Vasoconstriction is mediated by post-junctional a,- and a,-adrenoceptors.
Whereas larger aterioles and venules are regulated by both a,- and a,-

adrenoceptors, vasoconstriction in the terminal vessels is mediated primarily by o,



adrenoceptors (Faber, 1988). a i ion of smooth

muscle relies on the release of i {lular, rather than on stores of

Ca*™. Thus, agonist occupation of vascular a,-adrenoceptors activates

phospholipase C which acts on idylinositol bispt a

phospholipid, to produce two second gers. Inositol tri (IPy) is
released into the cytosol, and diacylglycerol (DAG) remains in the membrane and
activates protein kinase C (PKC). IP, evokes release of Ca* from internal stores

within the sacroplasmic reticulum of the muscle cell; PKC sensitizes the contractile

apparatus to Ca™. The net effect of a, ivation is contraction of
vascular smooth muscle without the movement of ions across the cell membrane
and with a minimal change in the membrane potential.

The contraction of vascular smooth muscle mediated by a,-adrenoceptors
depends almost totally on extracellular Ca** and an increase in the membrane
permeability to this ion. It has been proposed that a,-adrenoceptor activation may
be coupled, via a pertussis toxin-sensitive G - protein (G,) , to phospholipid
hydrolysis involving phospholipase D (PLD) and the formation of phosphatidic acid
(Aburto et al., 1995). Once formed, phosphatidic acid may give rise to DAG, via the
action of phosphatidate phosphohydrolase, leading to increase of activity of PKC
activity and subsequent contraction. Basal influx of extraceliular Ca™, and an as
yet unidentified tyrosine kinase, are critical regulators of a,-adrenoceptor coupling

to phospholipase D.
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Clearly, the smooth muscle of central biood vessels contains both a,- and
ag-adrenoceptors. Each of these receptor subtypes is coupled to a distinct effector
mechanism that mediates vasoconstriction. The spinal administration of either a,-
or a,-agonists could be neurotoxic if prolonged vasoconstriction and thus a
sustained ischemic state were to arise.

As summarized in Table lll, current experimental evidence suggests that the
spinal administration of individual a-adrenergic agonists is without
neurotoxicological effects. However, the safety of a spinal a,- + a,-agonist

combination, ing independent i mechanisms, has not been

investigated.



Table 3

Studies of Spinal | or Epidural A of a-Ad Agonists.
Drug/ Route/Reference | Species Dose Test Histology Spinal
Neurotoxicity
clonidine/epidural/ sheep daily dose on weekly SEP, HD Light No
Eisenach et al. (1984) schedule from 0.1 to 0.6
mg/kg/day
clonidine/epidural/ sheep total dose of 201028 | AN, HD, Light No
Eisenach et al. (1984) mg/kg BG
clonidine/epidural/ sheep daily dose on weekly SEP, HD Light No
Coombs et al. (1984a) schedule from 0.1 to 0.6
mg/kg/day
clonidine/intrathecal/ dog 12.5 0r 25 ug/kg once | Behaviour | Light No
Gordh et al. (1984) daily for 14 days
Weight
clonidine/ intrathecal/ rat 1.63 or 16.3 ug once Behaviour | Light + EM No
Gordh et al. (1986b) daily for 14 days Locomotion
ST-91/ intrathecal/ cat 2000 pg once daily for 7 | - Light No
Yaksh and Reddy (1981) days
ST-91/intrathecal/ monkey 4000 pg AN - -
Yaksh and Reddy (1981) Behaviour*

*Tendon reflexes, locomotion, muscle strength, food and water consumption

e



Table 3 (cont’d)

Drug/ Route/Reference | Species Dose Test Histology Spinal
Neurotoxicity

guanfacine/ intrathecal/ | rat 16.3 or 75 pg once daily | - Light +EM | No
Gordh et al. (1986b) for 14 days
oxymetazoline/ rat 100 nmol twice daily for | AN Light + No
intrathecal/ Loomis et al. three days or 200 or 300 Immunohisto-
(1992¢) nmol once daily for chemistry

three days

Abbreviations: AN, antinociception; BG, blood gases; HD, hemodynamics; S

EP, somatosensory evoked potentials

€
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1.7 Combination Drug Therapy
While spinal opioids and local anesthetics can achieve clinically effective

acute pain control, none do so without attendant adverse effects. Spinal opioids

can produce respiratory depression (i di: or delayed), neL
abnormalities (i.e. confusion), urinary retention and pruritis. Spinal local
anesthetics cause postural hypotension, bradycardia and urinary retention. Elderly
patients or patients with chronic obstructive pulmonary disease are also at risk of
local anesthetic-induced respiratory depression (Cousins and Bridenbaugh, 1988).
To minimize the problem of adverse effects and toxicity, alternate strategies have
evolved in acute pain management. One example is the concept of balanced spinal
anesthesia. This is achieved by administering low dose combinations of the
analgesic drugs, each with separate and potentially synergistic mechanisms of
action. In appropriate doses, these combinations produce a level of
anesthesia/analgesia comparable to that of a large dose of a single drug while
minimizing their individual adverse effects.

a-Adrenergic agonists represent a novel drug class of spinal analgesics.
Used alone, analgesic doses produce pronounced hypotension and bradycardia.
Additionally, the variability in the analgesic efficacy of a-agonists in humans makes
their independent use unreliable. However, when used in combination with local
anesthetics and opioids, the spinal administration of a-agonists has been

demonstrated to have positive pharmacokinetic and pharmacodynamic effects. For
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example, i.t. clonidine, at doses which were otherwise inactive, prolonged the
duration of action of tetracaine in laboratory animals (Bedder et al., 1986; Mensink
et al., 1987) and of bupivacaine in humans (Racle et al., 1987; Racle et al., 1988).
This effect, which was dose-related (Bonnet et al., 1992), is suggestive of a
pharmacokinetic interaction. In contrast, it. clonidine or norepinephrine
significantly reduced the EDs, of i.t. morphine or DPDPE in mice (Roerig et al.,
1992). Intrathecal metomidine and oxymetazoline produced a similar interaction
with i.t. morphine in rats (Sherman et al., 1988; Ossipov et al., 1990a). In humans,
the combination of epidural clonidine and fentanyl produced additive analgesia in
a study of cesarean section (Eisenach et al. 1994). Clinical studies have also
shown a synergism between opioids and a,-agonists in the treatment of opioid
refractory cancer pain (Polati et al., 1996). These results suggest a
pharmacodynamic interaction between a-agonists and opioids, consistent with their
antinociceptive/analgesic activity. Interestingly, clonidine has been shown to
prolong the duration of analgesia of epidural morphine and fentanyl in humans
(Motsch et al., 1990; Rostaing et al., 1991). These data suggest that both
pharmacodynamic and pharmacokinetic factors underly the interaction of a-
agonists with spinal opioids.

The combination of low dose local anesthestics and opioids in spinal
anesthesia/analgesia has also become popular (Miller, 1994). For example, Cullen

et al. (1985) studied a mixture of morphine (0.01%) and bupivacaine (0.1%) in the
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control of major post-operative pain. In this double-blind study, pain scores in the

morphine alone and the i i i ination groups were

significantly reduced to those of i ine alone. Mi of epidural
sufentanil (0.1-0.2 pg/ml) or fentanyl (1 pg/ml) with 0.125% bupivacaine are now
commonly used during labour (Youngstrom et al., 1984; Vertomman et al., 1991).
Interestingly, the addition of epinephrine (diluted 1:800,000 to a final concentration
of 1.45 pg/ml) prolonged the duration of action of a bupivacaine-fentanyl

combination, thereby ing the need for y doses to sustain pain

control (Grice et al., 1990).

1.8 Rationale and Specific Objectives

Low dose combinations of analgesic and/or anesthetic drugs are being used
increasingly to optimize pain control while minimizing the problem of adverse
effects. a-Agonists such as epinephrine and phenylephrine are routinely used in
combination with spinal local anesthetics (Cousins and Bridenbaugh, 1988) and
ay-agonists are being used adjunctively with spinal opioids. Thus, it is increasingly

likely that a-agonists with varying ivity for a,- and a, will be

(either or serially) as components of a
multiple drug approach to pain control.
Current evidence suggests that a,- and g -adrenergic agonists possess

discrete antinociceptive mechanisms (see section 1.3). Thus, their co-
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administration in the spinal cord raises several important pharmacological

questions. Does the ination of i.t. a,- and a,- gic agonists effect an
additive or supra-additive antinociceptive interaction? Can a spinal antinociceptive
combination of a, - and a,- agonists be used without risk of ischemic toxicity given
their potent vasoconstrictive effects and the overt neurotoxicity induced by i.t.
peptides that cause localized vasocontriction in the spinal cord? Could an a,- and
a,-agonist combination exacerbate the adverse effect of a known spinal
neurotoxin? The purpose of this research was to investigate these questions in an
animal species (rat) whose spinal blood supply resembles that of humans, and with
a known ility to i i icity. The specific objectives of this
research were:

1) To determine the dose-response relationship of i.t. DX, alone and in
ccombination with a fixed dose of MX (10 ug), in the tail flick and paw

pressure tests.

2) To determine if a combination of i.t. DX and MX, injected twice a day

for four consecutive days, induces spinal neurotoxicity.

3) To determine the effect of a combination of i.t. DX and MX on i.t.

dynorphin-induced neurotoxicity.



2.0 METHODS AND MATERIALS
2.1 Animals

All experiments were conducted using virus antibody free (VAF), male,

Dawley rats weighi 300 to 400 grams at the time of
experimentation (Charles River Inc., St. Constant, Que., Canada). Animals were
housed in a climate controlled room (22 °C) with a 12 hour (h) light-dark cycle
(lights on at 07:00 h). Purina® laboratory rat chow and tap water were provided ad
libitum. Rats were housed in group cages prior to surgery for a minimum of one
day. All procedures were approved by the Animal Care Committee of Memorial

Uni ity in with the Guidelines of the Canadian Council on Animal

Care.

The rat was chosen as the experimental model for this thesis as the rat
spinal cord arterial supply bears an almost exact resemblance to that of humans
(Scremin, 1995). Given the focus of the thesis and the experimental use of
dexmedetomidine in clinical trials, extrapolation of the results of the
neurotoxicological evaluation of this drug to the use in humans would be best
achieved using an animal model that closely resembled the human condition.
Additionally, in the choice of a positive control for this thesis, it was important to
select both a model and a drug, that had been well documented in the literature,
against which to gauge the neurotoxicity of the drug(s) being evaluated. As, the
majority of spinal neurotoxicity studies has been done in the rat, it was chosen as

the model for the experimental work.



2.2 Surgical Procedures

221 of Ci

Rats were implanted with intrathecal catheters using the method of Yaksh
and Rudy (1976) as modified by Sherman et al (1988). Intrathecal catheters were
prepared from polyethylene tubing (PE 10) stretched to approximately 1.5X its
original length. A small loop was made approximately 4 cm from one end of the
catheter and fixed with adhesive. The section of the catheter below the loop was
trimmed to a length of 7.5 cm. Immediately prior to implantation, the catheter was
flushed with sterile (0.9%) saline (Astra Pharma Inc.).

Anaesthesia was induced with 4% halothane (Halocarbon Laboratories,
River Edge, N.J.) in oxygen (100%) and the rat was placed in a stereotaxic
apparatus (Narishige Type SN-2, Tokyo, Japan). Anaesthesia was maintained with
2.0-2.5% halothane. Atransvefsecul;llas made at the base of the head and the
atlanto-occipital membrane was exposed. The catheter was inserted through a
small slit in the cisternal membrane, and guided carefully through the spinal
subarachnoid space so that the tip was positioned near the lumbar enlargement.
The catheter loop was sutured to the overlying muscle and the rostral end of the
catheter was then passed under the skin and externalized on the top of the skull.
The catheter was flushed with 10 pi of sterile saline to clear the catheter of any
blood or debris, and sealed with a stainless steel plug. The incision was then

closed with sutures and halothane was discontinued.
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Animals were housed individually after surgery and allowed to recover for at
least four days before experimentation. The i.t. catheter were flushed the next day
with sterile saline and the surgical incision was cleansed with 10% hydrogen
peroxide (H,0,) and treated with an anti-inflammatory cream (Viaderm K.C. Cream
(Taro)). Only animals with normal posture and gait, and exhibiting normal eating,
drinking and grooming behaviour were used for experiments.

222 of C

Jugular vein catheters were made from two sizes of Silastic® tubing, 0.020"
X 0.037" X 0.0085" and 0.040" X 0.085" X 0.0225". Two 7 millimeter (mm)
segments of the larger tubing were cut and each was threaded with a 3 centimeter
(cm) length of nonabsorbable surgical suture (B-186 Ethicon, Peterborough,
Ontario, Canada). A 12-cm length of the smaller tubing was then threaded through
the two larger tubing segments. The first segment was positioned 4-cm from the
end of the smaller tubing. Animals were anaesthetized with sodium pentobarbital
(50mg/kg i.p.) and the left jugular vein was exposed. The proximal end of the
smaller tubing was inserted into the jugular vein in the direction of the heart. The
position of the catheter, in the vein, was then secured by tying the sutures of the
overlying tubing segment to the surrounding musculature. As the tubing exited the
jugular, a half-loop was formed so that the catheter could be passed
subcutaneously to the back of the neck and externalized on the back of the skull.

The loop was secured by positioning and tying the second overlying tubing segment
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to the nearby musculature. The extemnalized portion of the catheter was trimmed
to a final length of 3-cm and sealed with a stainless steel plug. Animals were
allowed to recover for 48 h prior to the experiment and patency of the catheter was
maintained by twice daily injections of 50 pl of sterile saline containing heparin (100

L.U./mi).

2.3 Antinociceptive Testing

Antinociception was assessed using the tail flick (TF) and paw pressure (PP)
tests. For both of these tests, rats were lightly restrained by hand using a cloth to
cover the head. This minimized exploratory behaviour and visual stimuli during
testing. Rats were acclimatized to the TF and PP apparati the day before
experimentation began. The mean of three consecutive measurements in the TF
and PP tests was determined at each time point.

In the TF test (D'Amour and Smith, 1941), the ventral portion of the tail was
placed over the 1-cm opening of the tail flick analgesia meter (Muromachi Kikai
Company, Ltd. Tokyo, Japan). Radiant light from an 8V 50W light bulb, focussed
using a reflector through the opening, was used as the heat source. The time
between the onset of the heat source and reflex withdrawal of the tail (termed the
"response latency") was automatically recorded. The light intensity was adjusted to
yield control responses of 3-5 seconds (sec). In the absence of a response, the

noxious stimulus was terminated after 10 sec and the cutoff latency recorded.
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Paw pressure threshold (PP) was measured using a Ugo Basile Analgesy
Meter (Ugo Basile, Italy) according to the method of Randall and Selitto (1957).
The non-inflamed hind paw was placed on a Teflon plinth having a very low friction
coefficient. A cone-shaped plunger was placed directly above the dorsal surface
of the rat's paw. The force exerted on the paw was gradually increased at a fixed

rate until a i or wi attempt was made. The force

eliciting a reflex wi was then . A cutoff p of 1250 grams

was used in all experiments to prevent injury and inflammation.
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2.4 Motor Function Testing

To assess motor function and coordination, animals were tested using an
accelerating rotarod (RR) treadmill for rats (Ugo Basile, Italy) according to the
method of Jones and Roberts (1968). The apparatus consists of four 7-cm
diameter drums, machined to provide suitable grip for the rats. The drum was
divided by five flanges enabling four rats to be tested simuitaneously. The drum
accelerated from 4 to 40 r.p.m. in a period of 5 minutes (min). The duration on the
rota-rod (in sec) was automatically recorded for each animal. Animals were trained
on the apparatus for one day prior to experimentation (one training trial in the
morning and one in the aftemoon). Animals were considered trained when they
could remain on the rota-rod for a minimum of 60 sec on two consecutive training
trials; a cutoff of 300 sec was used. Rota-rod performance was caiculated as the

mean of two consecutive rota-rod measurements.

2.5 Immunohistochemistry

At the end of the experimental period, rats were anaesthetized with

pentobarbital (100 mg/Kg, injected intra i ) and perfused ially
with 50 mL of ice-cold heparinized saline (5 I.U. heparin/ mL) followed by 200 mL

of 4% paraformaldehyde at 120 mm Hg. The spinal cord was excised and

for signs of i ion and 1age, and the position of the i.t.

catheter was determined. Animals were excluded if the tip of the catheter was not
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found in the subarachnoid space near the L1 segment.
Spinal cords were post-fixed in the same fixative solution at 4°C for 16 to 24
h. The segment of the cord adjacent to the tip of the catheter (L1) was taken for
immunohistochemical staining. Forty-um thick transverse sections of the spinal
cord were processed for substance P (SP)- or calcitonin gene related peptide
(CGRP)-like immunoreactivity (IR), using the peroxidase-antiperoxidase (PAP)

method (Stemberger, 1979).

were i i in: 1) 10% normal goat serum
containing 0.3% H,0, and 0.4% Triton X-100; 2) either rabbit antiserum to SP
(1:2000 dilution; Incstar Corp.) or CGRP (1:10,000 dilution; Amersham); 3) 1:150

dilution of goat-anti-rabbit-IgG serum inger Mannheim Bit i 4)

1:300 dilution of rabbit PAP (Stemberger Meyer Immunochemicals); and 5) 3',3'
diamino-benzidine HCL (0.5 mg/mL), glucose oxidase (3.8 U/mL, Aspergillus niger
type V; Sigma Chemicals) and D-glucose (2 mg/mL) in 0.1 M phosphate buffer (pH
7.2). Between incubations, sections were washed three times each for 15 min in

phosphate buffered saline. Sections were then mounted on gelatin-coated slides.

P iy icrographs of each group are pl in
the thesis.
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2.6 Drugs and Drug Administration
2.6.1 Drugs
The ing drugs were provi by their

dexmedetomidine HCL (Orion Corp. Farmos, Turku, Finland); methoxamine HCL
(Burroughs Wellcome Ltd., Kirkland, P.Q., Canada); prazosin HCL (Pfizer Canada
Inc., Kirkland, P.Q., Canada); and Wyeth 27127 HCL (Wyeth Ltd., Philadelphia, PA,

USA). Porcine dynorphin A (1-13) was i from Penil L ies Inc.

(Belmont, Califomia, USA). Dexmedetomidine (DX; (4)(5)-[2,3-dimethylphenyl)
ethyl]-imadazole) was selected as the a,-agonist as it is a highly potent and

selective a,-agonist (a, to a, ratio of 1620: 1 versus 200:1 for clonidine; Virtanen

et al., 1988). ine (MX; 2-amino-1-(2,5-di propan-1-ol
hydrochloride) was chosen as the a-agonist because it produces fewer motor

effects than the other a,-agonists available and because it has a slightly greater

ayla, ivity ratio in di ing [PH] in and [*H]p-ami i from

binding studies in rat spinal cord membranes (Simmons and Jones, 1988). Wyeth

27127, a di i inolizi P which is equipotent with
in blocking o, in isolated smooth muscle preparation, was
used its ayay ivity ratio is i greater than i (Bill

etal., 1986). Prazosin is a classical a,-selective antagonist which has been used

to i gic binding sites and functional a-

adrenoceptors. The neurotoxin used in this study was dynorphin A (1-13), a
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naturally occurring thirteen amino acid peptide known to produce behavioral and
histological neurotoxicity following i.t. injection in the rat (Faden and Jacobs, 1984;
Herman and Goldstein, 1985; Spampinato and Candeletti, 1985; Long et al., 1988;
Stewart and Isaac, 1989). All drugs were dissolved in sterile saline (Astra Pharma)
except prazosin which was dissolved in dimethyl suifoxide (DMSO). All drugs were
prepared on the day of the i Doses are as the salt.

2.6.2 Drug Administration

All the i.t. drugs, except the pre-treatment injections in the dose response
experiments and dynorphin, were injected through the i.t. catheter in a volume of
10 pL followed by 10 pL of saline using a hand-held 10-uL Hamilton syringe. For

the i.t. i the gic antagonists were injected in a

volume of 5.0 pL followed by a 10 pL saline flush using a 10 pL Hamilton syringe.
Dynorphin was injected in a volume of 5 pL, using a hand-held 5-uL dead volume

Hamilton syringe, followed by a 10 pL saline flush. Injectates were gradually

infused over 30 sec to minimize the i in CSF pr . Ir drug
injections were given in a volume of 0.1 mL followed by a 0.1-mL saline flush. For
all drug injections, rats were placed in a cloth restrainer (Owen et al., 1984) to

which they had been previously acclimatized.



2.7 Experimental Protocols
2.7.1 Dose-Response Experiments

The effect of i.t. inistration of idine (DX), in doses ranging

from 10 ng to 1 pg, on tail flick latency and paw pi was
Tail flick latency and paw pressure threshold were determined immediately prior
to and 15, 30, 60 and 90 min following the i.t. injection.

The dose i was using a fixed dose of 10 pg of

methoxamine (MX) with the various doses of i.t. DX. Tail flick latency and paw
pressure threshold were again determined at the same time points as the initial
experiment.

Toct ize the jical i ion between i.t. DX and MX, a-

adrenergic antagonists were given 10 min before a fixed dose combination of 0.025
Hg DX + 10 pug MX. This dose combination was selected for the antagonism
experiments because it yielded a near maximal effect (88% + 19.2% maximum
possible effect (MPE), mean + SD; n=19) in the tail flick test, and an intermediate
effect (41.9% + 30.5% MPE; mean + SD; n=19) in the paw pressure test. Tail flick
latency and paw pressure threshold were determined immediately prior to the
injection of the a-antagonist and 15, 30, 60 and 90 min following the injection of the
DX/MX combination.

2.7.2 Single and Repeated Intrathecal Dosing with DX and DX + MX

As part of the neurotoxicological assessment, tail flick latency and rota-rod
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performance were determined after each of eight consecutive i.t. injections. For the
purpose of neurotoxicological assessment, maximal drug doses over and above
that of pharmacological indices would have to be administered. The doses chosen
were 10 pg DX and 10 pg DX + 10 pyg MX which represent a 100 and 25 fold
increase over the TF and PP EDg,'s, respectively. The injections were done twice
a day (one in the moming and one in the aftemoon) for four consecutive days. The
treatments were injected in a 10 pL volume followed by a 10 pL saline flush. The
i.t. injections were gradually infused over 30 sec to minimize the increase in CSF
pressure. Tail flick latency was determined immediately prior to and 15 and 60 min

after the injections. Rota-rod was i i i prior to and

15, 30, 60 and 90 min after the i.t. injections.
2.7.3 Acute Intravenous Study

The effect of i.t doses given by i.v. injection was also determined in rats fitted
with indwelling jugular vein catheters. The treatment groups were saline, 0.025 ug
DX + 10 pg MX, 0.25 g DX + 10 pg MX and 10 pg DX + 10 ug MX. The treatments

were injected in a 0.1 mL volume followed by a 0.1 mL saline flush. Both tail flick

latency and rota-rod were i i i prior to and 15 and
60 min after the i.v. injections.
2.7.4 Pre-treatment Study

The effect of pre-treatment of rats with i.t. DX, MX or DX + MX before ani.t.

injection of dynorphin A, a known neurotoxin, was examined. Saline, 10 ug DX, 10
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Hg MX, or 10 pg DX + 10 ug MX were intrathecally injected 15 min before an i.t.
injection of dynorphin A (1-13). Initial dose response experiments using 60, 80, 120

and 150 nmol of i.t. dynorphin, were done to establish a neurotoxic dose for this

study. A dose of 60 nmol (96 pg) p
loss of the tail flick reflex and no histological evidence of spinal neurotoxicity. At

120 nrmol (193 pg), i i i ible hindlimb

and loss of the stepping and tailflick reflexes (data not shown). The pre-treatments
were injected in a 10 pL volume followed by a 10 pL saline flush while dynorphin
A was injected in a 5 pL volume followed by a 10 pL saline flush.

Tail flick ies were i i i prior to the pi i,

15 min after the p: (and i I prior to the dynorphin injection), 5
min and 24 h after the dynorphin injection. Rota-rod performance was determined

prior to the p 1t injections and 24 h after the dynorphin
injection.

Motor function was assessed using the rotarod and stepping reflex tests.
Testing was done immediately prior to the injections and 24 h following the
injection.

2.7.5 Hypothermia Study

The effect of i.t. administration of DX and DX + MX on body temperature was

examined. 10 ug DX , 10 pg MX or 10 g DX + 10 pg MX was injected it. The

treatments were injected in a 10 uL volume followed by a 10 pL saline flush.
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Rectal temperature was recorded using a Harvard Homothermic Blanket Control

Unit rectal temp probe. T was i i prior to
injection and 15, 30, 60, 90,120, 150, 180, 210 and 240 min.
2.7.6 Neurotoxicity Study

As part of the neurotoxicological assessment, the spinal cords of rats in both

the sub-chronic ir and the p studies were excised and

staining for P (SP) and calcitonin gene related

peptide (CGRP) done. From the sub-chronic i.t. behavioural study, processing of
the rats, for staining, began 12 h after the last injection of saline, DX and DX + MX
and 48 h after the injection of dynorphin. From the pre-treatment behavioural study,
processing of all animals began 48 h after the injection of dynorphin. (See Section

2.5 for Immunohistochemistry details).

2.8 Data Analysis

Both the tail flick and paw results were exp as percent of %

MPE which was calculated as

post drug response - pre drug control
cut off time - pre drug control

% MPE = X 100

Rotarod results were also plotted using the 15 time point values and are expressed

as percent of the baseline (% baseline) which was calculated as
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% baseline = POSt drug response , .,
pre drug response

The mean and standard deviations of the TF, PP and RR results were calculated.
Dose response curves were constructed from the time course data using the
maximum response obtained in the tail flick and paw pressure tests which occurred
at the 15 min time point. EDg, values and 95% confidence intervals for the dose
response curves were calculated using the method of Tallarida and Murray (1986).
For the graphs for the repeated i.t. doses and the i.v. studies, means and standard
deviations of the MPE'’s and % baseline’s at the 15 min time point were used.

For the dose response and pre-treatment studies, statistical analysis across

the treatment groups was conducted using one-way analysis of variance (ANOVA)

followed by N Keuls test for a signit F-ratio (p<0.05). For comparisons

between two treatment groups, the student's t-test was used.

For the repeated i.t dosing study, istical diffe were
using the Mann-Whitney two sample test.

For the i.v. study, between group repeated measures ANOVA followed by
Newman-Keuls and within group repeated measures ANOVA followed by Newman-

Keuls were used to determine statistical significance.



3.0 RESULTS

3.1 Dose-Response Relationships of DX and MX in the Tail Flick and Paw
Pressure Tests

Intrathecal DX (10 ng - 1 pg) significantly increased tail flick latency and paw
pressure threshold. The time of peak antinociceptive activity ranged from 15 to 30
min after injection, depending on the dose (data not shown). The duration of action
for a near maximal dose (0.75 pg) was 90 min. As shown in Figure 3, the
antinociceptive effect of it DX was dose-dependent The EDg's and 95%
confidence intervals of i.t. DX in the tail flick and paw pressure tests are
summarized in Table IV.

TABLEIV EDg's and 95% Confidence Intervals (ng) of Intrathecal
Dexmedetomidine Alone and in Combination with Intrathecal

Methoxamine.
TREATMENT TAIL FLICK TEST PAW PRESSURE TEST
Dexmedetomidine 445 (17.9-110) 252 (149 - 425)
Dexmedetomidine + 8.12(6.56 - 10.1) 10(9.0-11.6)

Methoxamine

The co-administration of a fixed dose of i.t. MX (10 g i.t.) with DX produced
a significant leftward shift in the DX dose-response curve (Figure 3), and a
corresponding 5.5-fold increase in the potency of DX in the tail flick test, and a 25-
fold increase in the paw pressure test (see Table IV). Methoxamine (10 pg i.t) itself

yielded less than a 5% increase in the maximum percent effect (MPE) in the tail flick



52
test, and no change (0% MPE) in the paw pressure test (data not shown). Mild

hyp ia and i ine tail were observed immediately
after i.t. MX but these generally lasted less than 5 min.

Intrathecal prazosin (25 or 10 ug) significantly attenuated the
antinociceptive effect of the DX + MX combination compared to dimethyl sulfoxide
(DMSO)-pretreated rats (Figure 4). Indeed, complete blockade was observed with
the higher dose of prazosin in the paw pressure test. Intrathecal DMSO, the
injection vechicle for prazosin, had no effect on the interaction when compared to
naive or saline-pretreated rats. The a,-antagonist, Wy 27127 (0.5 ug it)

blocked the antinocit ive effect of i.t. DX + MX in both tests. The

residual effect observed after prazosin (10 pg) blockade in the tail flick test was

equivalent to that of 0.025 ug DX alone (see figure 3). These data are consistent

with the i role of a; in the g ion of
spinal noci ive transmission, and the i 1t of spinal o, in the
+ ine i

3.2 Effect of Single and Repeated Dosing of DX + MX on Rota-Rod
Performance and Tail Flick Latency

The i.t. injection of DX (10 ug) completely inhibited rota-rod performance in
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tail flick and paw pressure tests. Dmaareexprassedasmemsantsb of 5- 10
rats. EDg's and 95% confidence intervals are ized in Table IV. A
itself yielded < 5% MPE in the tail flick test, and no change (0%) |n the paw
pressure test (data not shown).




54

TAIL FLICK
& 100
s
¥
3
B
504
S
w
n
=
2
&
[ 4 ° v s e wres
whe  mhemaa e
PAW PRESSURE

§

THRESHOLD (%MPE)
o
-]

v s 1w wres
- . e -
2 OXOMK CXoMX L2013

Figure 4 The effect of i.t. prazosin (PZ; 2.5 and 10 pg), Wyeth 27127 (WY; 0.5 pg)
or DMSO (vehicle) injected 10 min before i.t. dexmedetomidine (DX; 0.025 ug) +
methoxamine (MX; 10 pg). Data are expressed as the percent of maximum possible
effect (%MPE) determined 30 min after a-agonist injection and represent the mean
+ SEM of 5-19 rats. All pretreatments were significantly different from V + DX + MX
as determined using y ANOVA and N Keuls (p < 0.05).
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this study (Figure 5), and produced a maximal increase in tail flick latency (Figure
6). Rats were clearly sedated (absence of a righting reflex, no startle reflex) at this
dose with recovery occurring 120 min after injection. There was no evidence of
permanent motor dysfunction or other adverse effects as the drug treatment effects
were completely reversible. Beginning at approximately 120 min post injection, the
animals regained the righting and startle reflexes, normal body posture and
resumed grooming, feeding and drinking and exploratory behaviour. These effects
were unchanged by the addition of MX (10 pg i.t.) (Figures 7 and 8).

Repeated dosing with DX and with DX + MX produced the same effects as
the initial injections. Rotarod performance was completely inhibited (see Figure's
5 and 7) and a maximal increase in tail flick latency was produced (see Figure's 6
and 8). The effects were completely reversible after each dose of either DX or DX
+MX. While the animals exhibited the same magnitude of effects in the RR and
TF tests between the first and the eighth injections, the duration of the effects
decreased suggesting some degree of tolerance (refer to the upper two graphs in
Figures 5 to 8).

There was no evi of ive toxicity as the 1ce, behaviour

and overall activity of the animals was the same in the saline animals and those
animals that had received both DX and DX + MX, even after a full course of eight
injections. Animals looked healthy and exhibited normal grooming, feeding and

drinking and locomotor behaviours.
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In summary, each i.t. injection of 10 ug DX and 10 ug DX+ 10 pg MX elicited

the ical effects as using sensory and motor tests.

Aithough, this testing might seem unnecessary given that the doses chosen
represent a 100 fold (tail flick) and 25 fold (paw pressure) increase over the EDg,'s

(see Table IV), it was y to in that each i.t. injection was exerting a

pharmacological effect. The animals exhibited the same magnitude of effects in the
RR and TF tests between the first and eighth injections for both the DX and DX +
MX treated groups. There appeared to be some small measure of tolerance as the
recovery from the injections was faster after the eighth injection as compared to the
first injection. In the it of the animals’ i the rep: dosing did

not appear to result in any cumulative toxicological effects as the animals appeared
healthy and exhibited normal grooming, eating and drinking and exploratory

behaviour.
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Figure 5 The effect of i.t dexmedetomidine on rota-rod performance. Lower
figure: The effect of i.t. dexmedetomidine (10 pg) or saline on rota-rod performance
determined 15 min after each of eight consecutive injections (two injections per day
for 4 days; one in the morning and one in the afternoon). Data are expressed as
the percent of baseline performance (e.g. rota-rod performance before each
injection). The solid triangles represent the mean £ S.D. of 5 rats; the open and
solid circles individual saline-treated controls. All time points for the
dexmedetomidine treated animals were significantly different (p < 0.05) from the
saline treated animals (Mann-Whitney Two Sample test). Upper figure: The time
course of rota-rod performance after the first and last injection of it
dexmedetomidine (10 pg).
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Figure 6 The effect of i.t dexmedetomidine on tail flick latency. Lower figure:
The effect of i.t. dexmedetomidine (10 pg) or. sallne on tail ﬂlck latency determined
15 min after each of eight (two i { per day; one
mpdmnlnﬂ'vemommgandonemlheaﬁemoon) Data are expressed as the
maximum percent effect (% MPE). The solid triangles represent the mean + S.D.
of 4 rats; the open and solid circles represent individual saline-treated controls. All
time points for the dexmedetomidine treated animals were significantly different (p
< 0.05) from the saline treated animals (Mann-Whitney Two Sample test). Upper
figure: The time course of tail flick latency after the first and last injection of i.t.
dexmedetomidine (10 pg). Data are expressed as the mean of the raw tail flick
scores with the cutoff time being 10 sec.
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Figure 7 The effect of i.t and ine on rota-rod

performance. Lower figure: The effect of it. dexmedetomidine (10 pg) +
methoxamine (10 ug) or sahne on rota—rod pefformarm determined 15 min after
each of eight (two i per day for 4 days; one in the
moming and one in the aftemoon). Dataareexpvesssd as the percent of baseline
performance (e.g. rota-rod 1ce before each i i The solid triangles
represent the mean + S.D. of 8 rats; meopenandsohdurdesmprasem mdlv:dual
saline-treated controls. All time points for the e and

treated animals were significantly different (p < 0.05) from the saline treated
animals (Mann-Whitney Two Sample test). Upper figure: The time course of rota-
rod performance after the first and last injection of i.t. dexmedetomidine (10 ug) +
methoxamine (10 pg).
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Figure 8 The effect of i.t d ine and h ine on tail flick

latency. Lower figure: The effect of i.t. dexmedetomidine (10 ug) + methoxamine
(10 pg) or saline on tail flick latency determined 15 min after each of eight
consecutive injections (two injections per day; one injection in the morning and one
in the afternoon). Data are expressed as the maximum percent effect (% MPE).
The solid triangles represent the mean + S.D. of 4 rats; the open and solid circles
represent individual saline-treated controls. All time points for the
dexmedetomidine and methoxamine treated animals were significantly different (p
< 0.05) from the saline treated animals (Mann-Whitney Two Sample test). Upper
figure: The time course of tail flick latency after the first and last injection of i.t.
dexmedetomidine (10 pg) + methoxamine (10 pg). Data are expressed as the mean
of the raw tail flick scores with the cutoff time being 10 sec.
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3.3 Effect of i.v. D + on Tail Flick Latency
and Rota-Rod Performance
To assess the ility of peripheral antinocit ive and motor effects of

the DX + MX combination, i.t. doses (0.025 ug DX + 10 g MX, 0.25 ug DX + 10 ug
MX, 10 pg DX + 10 pg MX) were injected i.v. and tail flick latency (Figure 9) and

rota-rod ce (Figure 10) ined. Low doses of DX (0.025-0.25 pg) in

combination with MX (10 pg) had no effect on tail flick latency or rota-rod
performance. In contrast, high dose DX (10 pg) in combination with MX (10 ug)
almost completely inhibited rota-rod performance (Figure 10) and significantly

increased tail flick latency (Figure 9).
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Figure 9 The effect of i.v. saline or on tail
flick latency. Doses of 0.025 ug DX + 10 pg MX, 025ung+10 Hg MX, 10 ug
DX + 10 pg MX or saline was injected intravenously and tail flick latency determined
15 and 60 min after injection. Data are expressed as a percent of the maximum

ible effect with each bar representing the mean £+ S.D. of 5 - 10 rats. Statistics:
(1) Between groups repeated measures ANOVA followed by Neuman-Keuls. The
15 and 60 min readings of the 10 g DX + 10 g MX dose are significantly different
from the three other groups (ANOVA:p<0.0001; Neuman-Keuls:99% confidence).
(2) Within group repeated measures ANOVA followed by Neuman-Keuls. Only the
10 pg DX + 10 pg MX's 15 and 60 min values are different from the baseline
(ANOVA: p<0.0001; Neuman-Keuls:89% confidence).
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Figure 10 The effect of i.v. saline or
rota-rod performance. Doses of 0.025 pg DX + 10 ug MX, 025 pg DX + 10 ug
MX, 10 ug DX + 10 pg MX or saline was injected intravenously and rota-rod
performance determined 15 and 60 min after injection. Data are expressed as a
percent of the baseline performance (e.g. rota-rod performance before injection)
with each bar representing the mean + S.D. of 5 - 10 rats. Statistics: (1) Between

repeated measures ANOVA followed by Neuman-Keuls. The 15 and 60 min
readings of the 10 ug DX + 10 ug MX dose are significantly different from the three
other groups (ANOVA:p<0.0001; Neuman-Keuls:99% confidence). (2) Within group
repeated measures ANOVA followed by Neuman-Keuls (a) 0.25 pyg DX + 10 pg MX:
The 60 min reading is significantly different from the baseline reading (ANOVA: p
< 0.05; Neuman-Keuls; 99%). (b) 10 pg DX + 10 pg MX: the 15 and 60 min
readings are significantly different from the baseline (ANOVA: p<0.0001; Neuman-
Keuls: 99% confidence).
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34 Evaluation of Spinal Cords F LT.
and Methoxamine Administration.

Inspection of the spinal cords from rats treated with it saline,

idine (10 pg) or idine (10 pg) + ine (10 pg) twice

daily for four days no evi of i i or

necrosis near L1 (adjacent to the tip of the i.t. catheter). There was no detectable
change in the staining pattemn or intensity of substance P-immunoreactive (SP-IR)

structures in the dorsal hom of idine or idine +

methoxamine treated rats as compared to saline controls and no loss or damage

to itonin gene related peptide-i ive (CGRP-IR) motor neurons in the

ventral hom (Figure 11). However, 48 h after a single i.t. injection of dynorphin A
(1-13) (120 nmol) there was extensive damage to and loss of CGRP-IR neurons.
The motor neurons remaining in the ventral hom were abnormally shaped, small in
size and weakly staining for CGRP. SP-IR staining of fibers in laminae | and Il of
the dynorphin treated rats was unchanged from that of the saline-treated rats
indicating a neurotoxicity that was selective for the motor neurons in the ventral

horn only. Hindlimb paralysis and irreversible loss of the tail flick reflex were

almost i after the dynorphin injection in these animals.



65

Figure 11 F i of P-imm ivity in the dorsal hom
(bﬁwhnn)mdcdmumgmsralabdpemde(CGRP)—mmeaawnymm
neurons (right column) of spinal cord sections (L1 segment) from animals treated
with: A and B) intrathecal (i.t.) saline twice daily for four days; C and D) it
dexmedetomidine (10 pg) twice daily for four days; E and F) i.t dexmedetomidine
(10 pg) + i.t. methoxamine (10 pg) twice daily for four days and G and H) a single
injection of dynorphin A (1-13) (120 nmol, 193 pg). Magnification bar is 200 um.
There was extensive damage to and loss of CGRP-IR motor neurons in the ventral

hom of i.t. dynorphin - treated rats. There was no detectable change in the staining
pattem in SP-IR structures in the dorsal hom of either the a-agonist or dynorphin
treated rats as compared to the saline controls.
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3.5 Effect of DX or DX + MX on i.t. Dy

Initial dose-response experiments using 60, 80, 100, 120 and 150 nmol of
i.t. dynorphin showed that a 60 nmol (96 pg) dose produced no evidence of

behavioural or immunohi: i { of net icity. At 120 nmol (193

ug), dynorphin p i ible hindlimb is, loss of the stepping and

tail-flick reflexes and loss of CGRP-IR neurons in the spinal cord (see Section 3.4).
The 150 nmol dose was lethal. In testing the effect of pre-treatment with i.t. a-
agonists on dynorphin toxicity, we observed evidence of neuroprotection against
the 120 nmol dose. Thus all saline pre-treated rats injected with dynorphin (120

nmol) exhibited i ible hind limb is, making them incapable of

performing the rotarod test 24 h after injection (Figure 12). There was a

corr ing loss of the stepping reflex (Figure 12) and the TF reflex (data not
shown) that preceded the development of bladder and bowel dysfunction. In
contrast, pre-treatment with i.t. DX, MX or DX + MX (10 ug each) attenuated the
hind limb paralytic effect of i.t dynorphin. These doses were selected from the
previous single and repeated i.t. dosing study.

As shown in Figure 12, the 24 h rotarod scores for all three a-agonist pre-
treated groups were only marginally below their baseline values (or those of saline-
treated rats that did not receive dynorphin), and significantly different from the
saline-dynorphin group. All four rats receiving the DX + MX combination, three of

five rats receiving DX, and three of four rats receiving MX had a normal stepping
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reflex, 24 h after dynorphin (Figure 12). A similar trend was observed with the TF
reflex (data not shown). In rats pre-treated with i.t. DX, the rectal temperature
decreased by 3.3 +0.4°C below baseline 5 min after injection and remained below
baseline for up to 4 h. In rats pre-treated with i.t. DX + MX, the rectal temperature

decreased by 3.4 £ 0.3 °C. Mett ine did not rectal
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Figure 12 The effect of intrathecal dynorphin A (1-13) (DYN; 193 ug; 120 nmol) on
rota-rod performance and the stepping reflex in rats pretreated with: i.t. saline
(SAL); dexmedetomidine (DX; 10 pg) + methaxamnne (MX; 10 ug) DX alone (10 pg)
or MX alone (10 pg). Rota-rod pe
(open symbols; 0) and 24 h (closod symbols; 24) after dynorphin admmtstranon
Separate symbols are used for each treatment group and each symbol represerits
an individual animal score. There were no differences in baseline rota-rod scores
among the four treatment groups (ANOVA; p = 0.68). All pretreatments were
injected 15 min before dynorphin. The + symbol over the 24 h data represents the
mean rota-rod performance in a separate group of rats that received only the pre-

(no The above the groups at the top of
the fi igure represent the ratio of anlmals exhibiting a normal stepping reflex after
ion. The mean and 24 h rota-rod scores are indicated by

drug
the - symbol.



Table V

Effect of p1 with i saline, d and alone and in
on dynorphin treated rats.
Saline/ | Saline/ DX+MX/ | DX/ (n=5) MX/ (n=4)
Saline | Dynorphin | Dynorphin | Dynorphin Dynorphin
Non- Non-
Protected Protected | Protected | Protected
(n=3) (n=2) (n=4) (n=3) (n=2) (n=3) (n=1)
Mean TF 54+ | 29+042 1000 1000 1000 18.9£23.1 46.3
Latency at 15 5.0
min (MPE)
Mean TF 2% 100£0 |948+103 1000 100£0 |[483£257 100
Latency at 20 23
min (MPE)
Mean TF 25% 100+ 0 144+184 29%25 1000 173 13.1 100
Latency at 24 128
hrs (MPE)
Mean RR at 24 70.7+ 00 69.9£223 | 100.9+44.5 00 95133 0
hrs (% baseline) 17.1
Hind limb _ + (48 hrs) _ _ weakness o #
paralysis (48 hrs)

oL
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36 istry of D Treated Rats Pretreated With
D i and

Compared to saline controls (no dynorphin, Figure 13-A), there was a near
total loss of CGRP-IR in the ventral hom of rats receiving saline + dynorphin
(Figure 13-B). The few remaining CGRP-IR fibers were punctate in appearance,

consistent with the severe motor dysfunction observed in these animals.

D in-induced icity was i to spinal motor neurons. SP-IR
fibers in the dorsal homn of rats treated with saline + dynorphin (Figure 14-B) were

normal in and indistinquishable from those in saline controls (Figure

14-A).

Pretreatment with it. DX + MX, DX, or MX (Figures 13-C, D and E,
respectively) attenuated the neurotoxic effect of it. dynorphin. The number of
CGRP-IR neurons and the intensity of staining in the ventral hom were intermediate
between that of saline + saline and saline + dynorphin groups. These results are
consistent with the behavioural data for these groups (Table V). SP-IR fibers in the
dorsal hom of dyn-pretreated rats treated with i.t. DX + MX, DX or MX were normal
in appearance and indistinquishable from those in saline controls ( Figures 14-C,

D, and E respectively).



Figun 13 P i of itonin gene related peptide (CGRP)-
immunoreactivity in molor nsumns (L1 segment) in the ventral horn after the
intrathecal (i.t) injection of saline (plate B), dexmedetomidine (10 pg) +
methoxamine (10 pg) (plate C), dexmedetomidine (10 pg) (plate D) or methoxamine
(10 ug) (plate E) followed 15 minutes later by the i.t. injection of dynorphin A (1-13)
(193 g, 120 nmol). Control rats (plate A) were pretreated with i.t. saline followed
15 minutes later by a second injection of i.t. saline. Rats were perfused 48 h after
the dynorphin injection. Scale bar = 100 ym. Photomicrographs A and C-E were
prepared using TMAX (Kodak) film. Because of the severe toxicity with dynorphin
in group B, pt i B was prep using Technical Pan (Kodak) to
provide better contrast
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Figure 14 Photomicrographs of substance P (SP)-immunoreactivity in the dorsal
horn (L1 segment) of the rat spinal cord after the intrathecal (i.t.) injection of saline
(plate B), dexmedetomidine (10 pg) + methoxamine (10 ug) (plate C)
dexmedetomidine (10 pg) (plate D) or methoxamine (10 pg) (plate E) followed 15
minutes later by the i.t. injection of dynorphin A (1-13) (193 pg, 120 nmol). Control
rats (plate A) were pretreated with i.t. saline followed 15 minutes later by a second
injection of i.t saline. Rats were perfused 48 h after the dynorphin injection. Scale
bar = 100 pm. All photographs were prepared using TMAX (Kodak) film



4.0 DISCUSSION

4.1 F i D i Spinal
Antinociception

DX

p potent, d inociception in both

thermal and mechanical nociceptive assays with EDgs of 0.044 and 0.25 pg,

respectively. Atdoses < 1 g, this effect was without
of sedation or motor dysfunction. Qualitatively similar results with i.t. DX have been
reported in the rat tail flick test (Fisher et al., 1991), as well as in other animal
species (i.e. dog) using different nociceptive tests (i.e. thermal skin twitch response
latency and paw withdrawal to mechanical pinch) (Sabbe et al., 1994). These data
are consistent with the well recognized and selective effect of i.t. a,-agonists on
spinal nociceptive transmission (see review by Maze and Tranquilli, 1991).
However, DX was found to be more potent in the present study. For
example, EDgs ranging from 1.8 ug (0.2- 11.6 pg) to 4.3 g (1.7 -10.8 pg) were
reported by Sabbe et al. (1934) in the thermal skin twitch and paw withdrawal tests
in the dog. In the rat, Fisher et al. (1991) observed that 3 or 10 ug of i.t. DX
increased hot plate and tail flick latencies to cutoff values (6 sec) within 15 min.
Animals receiving doses of 1 pg did not exhibit any significant antinociception
compared to control. Similar resuits were reported by Kalso et al. (1991). Maximal
increases in the rat tail flick latency (5 sec cut-off - 100% MPE) were induced by i.t.
doses of > 3 pg. In the rat hot plate (52.5°C) test, Takano and Yaksh (1991) found
the EDs, (95% CI) of i.t. DX to be 3.1 (0.50 - 17) ug, compared to that of clonidine
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and ST-91 with EDg,'s of 27.6 (12-71.3) and 5.3 (0.33-60.9) g, respectively. The
order of magnitude difference between the potency of DX in the TF assay in this
study and that of Kalso et al. (1991) and Fisher et al. (1991) might be explained by

differences in instn i stimulus i ities (as by the
baseline latency) and maximum duration of exposure (as determined by the cut-off
value) used to determine the tail flick response. Factors such as radiant heat
temperatures are known to significantly affect baseline latency and the observed
antinociceptive activity (Kawakita, 1987; d’Amore et al., 1992). In the present study,
all experments were conducted using the same instrument under indentical testing
conditions. Therefore, while differences exist in the absolute potency of DX
between these studies, the significant potentiation of DX by MX in the present study
is unlikely to be an artifact of the experimental protocol.

The addition of a fixed dose of i.t. MX (10 ug) significantly increased the
potency of i.t. DX as illustrated by the leftward shift in the dose-response curve.
This corresponded to a 5.5-fold and 25-fold increase in the potency of DX in the tail

flick and paw p tests, i Mett ine was chosen for this study

for two reasons. First, it produced fewer motor effects in the spinal cord than
phenylephrine. Second, it has a slightly greater a,/a, selectivity ratio as determined

by the displacement of [°H] prazosin and [*H] p-aminoclonidine from rat spinal cord

membranes (Simmons and Jones, 1988). Itis i to note that a inactiv

dose of MX was used. By itself, MX (10 pg i.t.) yielded less than 5% MPE in the tail
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flick test and was completely inactive (0% MPE) in the paw pressure test. This
helped to minimize the unwanted motor effects induced by i.t. a,-agonists (Howe
et al., 1983; Yaksh, 1985), and to distinguish between a possible additive or supra-
additive interaction with DX?. The results obtained are consistent with: 1) a supra-
additive interaction between DX and MX; and b) a spinal site of action. Thus,
pretreatment with either i.t. prazosin (2.5 pg) or Wyeth 27127 (0.5 pg) significantly
attenuated the interaction between DX and MX confirming the involvement of both
major a-adrenoceptor subtypes and presumably the antinociceptive mechanisms
to which these two receptor subtypes are coupled. The failure of the low i.t. doses
of DX and MX (0.025 pg DX + 10 pg MX and 0.25 ug DX + 10 ug MX), given i.v.,
to effect antinociception strongly suggests a spinal site of action. This conclusion
was further supported by the ability of low dose i.t. antagonists to blunt the
potentiation between i.t. DX and MX.

The mechanisms by which a,-agonists inhibit nociceptive transmission in the
spinal cord have been extensively investigated. For example, spinal o,-
adrenoceptors have been shown to inhibit glutamate release from the central
terminals of nociceptive primary afferent fibers in the rat (Ueda et al., 1995), and to

depress high threshold stimulus-evoked activity in nociceptive specific and/or wide

? Isobolographic analysis is the preferred method for determining the nature

and magnitude of drug interactions but it requires a reliable estimate of the ED,, and
95% Cl for each drug. Unfortunately, the motor dysfunction induced by i.t. &,-agonists
precludes an accurate determination of the EDy, in behavioural tests of nociception.
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dynamic range neurons in the cat dorsal hom (Fleetwood-Walker et al., 1985;

Omote et al., 1991). ivation of Q. results in the opening

of directed K This causes a iation of the cell, which

results in the suppression of neuronal firing (Nakamura et al., 1981; Egan et al.,
1983). As well, a,-adrenoceptor activation can inhibit voltage sensitive calcium
channels (Williams and North, 1985), thereby suppressing Ca™ influx and the
fusion of neurotransmitter-filled vesicles with a synaptic membrane. These actions

on ion are beli to be i through a G-protein (Dunlap et al.,
1987). As well, a common feature of all a, adrenergic receptors is the ability, when
activated, to inhibit adenylate cyclase. This latter effect also appears to be

important in transmembrane signaling.

In contrast, the mechani ur ing a, p
antinociception is less clear. a,-Adrenoceptors have been shown to regulate the

level of excitability of neurons rather than participating in the transmission of rapid

signals. ivation of a,-adrer i i i of

Ca™ by several distinct mechanisms. The best understood involves the G-coupled

1 of pt i C with the ydrolysis of two second
messengers - diacylglycerol and inositol-1,4,5 triphosphate (IP;). The latter

release of ir Ca** which i a broad range of
cellular responses (Goodman and Gilman, 1990). As a,-adrenoceptors are

excitatory in the CNS (Aghajanian and Rogawski, 1983), the ability of a,-agonists
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to effect spinal antinocit ion strongly that they activate, or at least

facilitate, an inhibitory neural input on primary afferent and/or projection neurons
in nociceptive pathways. Enkephalin-containing neurons are the most likely

candidate for this inhibitory neuron. Enkephalin, one of the three major

endogenous opioid peptides, is known to i dul
transmission in the spinal cord (Yaksh, 1993). Additionally, enkephali ining

neurons are present in a dense concentration within lamina | and Il, which,

significantly S to the i ination of nociceptive C fibers in the

spinal cord (Hunt et al., 1980; Bresnahan et al., 1984). The well-demonstrated

potentiation of opioid spinal ia, i ing that i with

analogues, with a-agonists in both animal (Ossipov et al., 1990a; 1990b; Omote et
al., 1991; Roerig et al., 1992) and human studies (Motsch et al., 1990; Gordon et
al., 1992; Siddall et al., 1994) lend support to the possibility of an interaction
between a,-adrenoceptors and enkephalin neurons in the modulation of
nociception. Indeed, Bautista (1996) has recently demonstrated that i.t. NE, but not

DX, exhibits cross-tolerance to i.t. DADLE (a 5-selective opioid agonist) in the rat,

ing an spinal i it i in o
anitnociception. Overall, these results indicate that a,- and a,-adrenoceptors
utilize distinct antinociceptive mechanisms thereby fulfilling a critical requirement
for a supra-additive interaction.

Recent molecular biological data point to the existence of multiple subtypes
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of a,- and a,-adrenoceptors (i.e. Oya ygand1c: U2a 28, ana2c) (Bylund, 1985, 1988). In
this regard, pharmacological studies have shown that spinal antinociception is
mediated by more than one a,-adrenoceptor subtype. For example, i.t. DX appears
to effect antinociception through a,, receptors while the effects produced by ST-91
appear to be mediated by a,, receptors (Takano et al., 1992). It was not the
intention of the present study to elucidate the specific receptor subtypes underlying
the antinociceptive interaction. Of relevance to this discussion, however, is the
report that prazosin does exhibit antagonist activity at certain a,-adrenoceptors
(Atnona) (Takano and Yaksh, 1992). However, this effect was observed at an i.t.
EDs, dose of 38 ug for ST-81 and doses exceeding 100 pg for DX and clonidine
(Takano and Yaksh, 1992); doses 3 - 10 times greater than that used here. While
this is admittedly a relatively small difference in absolute terms, the range of
effective doses that can be administered i.t. is limited. Regardless, the fact that we
are using a low dose of MX, a selective a,-agonist not known to bind to a,-
adrenoceptors (Timmermans et al., 1984) does suggest an interaction between
distinct subtypes of a,- and a,-adrenoceptors. However, these data do not exclude
the possibility of an antinociceptive interaction between subtypes of the a,-
adrenoceptor. This remains to be explored.

While it is unknown if the supra-additive interaction observed in this study
also occurs in humans, these results suggest that there could be merit in using a

combination of a,- and o, -agonists for spinal analgesia. At the very least, this
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combination would allow a reduction in the analgesic dose of the a,-agonist; an
important advantage given the marked bradycardia and hypotension that routinely
occur after the i.t. or epidural administration of o,-agonists (Pettinger, 1980;
Redmond, 1981; Virtanen, 1985). Equally important is the potential for improved
analgesic effectiveness with such a combination. This effect might even be further
improved by the addition of a low dose opioid or other non-adrenergic analgesic
drug. The use of a long acting non-selective a-agonist, although more convenient,
is unlikely to be as effective as using a combination of ;- and a,-agonists. The
relative contribution of a,- and o,-activity would effect the nature of the analgesic
interaction. This factor would be extremely difficult to control using a single non-
selective agonist. These issues remain to be investigated and could be the subject

of future research.

4.2 Ref d Doses of | h | DX, Alone and in Combination with MX,
Do Not Cause Spinal Neurotoxicity

In view of the safety issues related to spinal drug administration, the effect
of repeated i.t. injections of DX, alone and in combination with MX, on gross motor
function and spinal immunohistochemistry was investigated. This concern was
predicted on the following facts. DX is a potent vasoconstrictor. Coughlan et al.,
(1992) demonstrated dose-dependent constriction of dog middle cerebral arteries

(72.8 + 5.7% of the maximal response induced by 40 mM KCI). Interestingly, the



ay ic antagonist ati only partially blocked this effect at
DX concentrations > 10° M, suggesting some activation of a,-adrenergic receptors.
Rat cerebral blood vessels contain post-junctional a,-adrenoceptors that mediate

contraction of vascular smooth muscle (McCulloch and Edvinsson, 1984).

ay-and ay cause iction through i

effector mechanisms (see Section 1.6); an important fact considering the possible

use of a,- and a,-agonist inations. The physi i of this effect
is illustrated by the >45% reduction (p< 0.05) in cerebral blood flow induced by DX,
with little or no effect on the cerebral metabolic oxygen demand in anesthetized
dogs (Zomow et al., 1990). At the spinal level, a-adrenoceptor agonists decrease
SCBF in experimental animals by as much as 44% (see Section 1.6), and non-
adrenergic agents that cause a comparable reduction in SCBF are known to
produce sensory, autonomic and motor dysfunction as well as histopathological
damage to spinal cord cells (see Sections 1.4 and 1.5). For example, i.t. endothelin
(0.03 pg) induced complete motor paralysis with a marked loss of CGRP-IR in
spinal motoneurons of the rat (Hokfelt et al., 1989). Finally, cells in the spinal

ventral hom are ially sensitive to i il in SCBF since the left and right

sides of the ventral grey matter are supplied by only one spinal artery (anterior
spinal artery) (Cousins and Bridenbaugh, 1988).
Twice daily injections of i.t. DX or DX + MX for four days produced no

behavioral evidence of spinal neurotoxicity in the rat. Thus, rats exhibited normal



83

posture, gait and motor reflexes 2 h after the last (8th) injection of DX or DX+MX,
as compared to saline controls. While both treatments (10 g DX and 10 pg DX +
10 pg MX) produced severe sedation (100% MPE in the tail flick test and an
inability to perform the rota-rod test), animals completely recovered after each
injection. The same doses, given i.v., yielded a similar effect. These results, and
the fact that sedation is mediated supra-spinally, indicate a vascular redistribution
of DX from the spinal cord. DX is highly lipophillic (Savola et al., 1986) and
therefore is able to readily cross blood brain barrier.

Gross examination of the spinal cords from these animals revealed no

of i { or is near L1 (adjacent to the tip

of the catheter). i i ical staining no

change in either the pattern or intensity of SP- and CGRP-IR in the dorsal hom of
DX or DX + MX treated rats as compared to the saline-treated controls. CGRP-IR
in motoneurons in the ventral hom also remained unchanged from that of the saline
controls. In contrast, a single neurotoxic dose of it dynorphin produced
irreversible loss of the stepping and tail flick reflexes. Gross examination of the
spinal cords from these rats revealed haemmorrhaging around the L1 segment.
Although SP-and CGRP-IR fibers in the dorsal hom of rats treated with dynorphin
were normal in appearance and indistinquishable from those in saline controls,
there was a near total loss of CGRP-IR motor neurons. The few remaining CGRP-

IR fibers were in i with the severe motor
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is beli to cause icity through a
deleterious vasoconstrictive effect (Long et al., 1987; Thornehill et al., 1989; Long
etal., 1994) and therefore was a suitable positive control for this study. The results
with dynorphin confirm our ability to detect spinal neurotoxicity following i.t. drug
administration, and to localize the injury to a discrete region and type of neuron.

Indeed, localized decreases in CGRP-IR, reflecting damage to specific
CGRP-containing neurons, have been observed in the DRG and/or spinal cord of
experimental animals following dorsal rhizotomy, (Pohl et al., 1990), lumbar
sympathectomy (Sekiguchi et al., 1996), transection of the sciatic nerve (Groves et
al., 1996), chronic constriction injury or crushing of a peripheral nerve (Sommer and
Myers, 1995), or treatment with selected neurotoxins (capsaicin - Pohl et al., 1990;
cisplatin - Whitaker-Azmitia et al., 1995). Similar changes in spinal CGRP-IR have
been reported in humans who sustained traumatic spinal cord injury (Melinek et al.,
1994). Thus, CGRP-IR has been used as an immunohistochemical marker of
neuropathy and neurotoxicity arising from a range of insults. Of relevance to the
present study is the reported decrease in CGRP-IR in spinal motoneurons after
local vasoconstrictive injury (Hokfelt et al., 1989).

To assess possibie neurotoxic injury to primary afferent terminals in the
dorsal homn, changes in both SP-IR and CGRP-IR were examined. However, as
SP-IR sensory fibers have been demonstrated, in vitro, to be more senstitive to

capsaicin than CGRP-IR sensory fibers (Jeftinija et al., 1992), SP-IR was chosen
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as the primary marker to ine the i icity of a-agonists to
primary afferent fibers. Substance P is a undecapeptide that is densely localized
in the superficial laminae of the dorsal horn of the spinal cord (Morhland, 1982),
specifically in small diameter sensory afferent fibers (Hokfeit et al., 1975, Hunt,
1983). Substance P levels in the dorsal hom are dramatically reduced following
dorsal root rhizotomy (Pohl et al., 1990), unilateral dorsal root ganglionectomy

(Howe et al., 1987) or to the ive r i icin (Nagy et al.,

1983; Pohl et al., 1990) changes that with di in

(Abelli et al., 1993). CGRP is also present in small diameter primary afferent fibers
and, like SP, is depleted from these fibers by pretreatment with capsaicin (Pohl et
al, 1990). Thus, injury to small diameter primary afferent fibers by sub-acute
administration of a-agonists should have been detectable using these
immunohistochemical markers.

The absence of toxicity in this study was not due to problems of spinal drug
delivery. Indeed, antinociception and motor function were assessed after each

dose confirming effective drug inistration and i pt

activity throughout the schedule. i , there

P tobe an
absence of significant tolerance to the multiple injections of DX and DX + MX.
There was a modest reduction in the time course of motor effects (rota-rod test) but

the

app it of antinocit i i ur However, the

dose of DX used in the neurotoxicity study exceeded 100% MPE in the tail flick test
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thereby limiting the detection of tolerance on the basis of magnitude. The apparent
lack of tolerance in this study is in agreement with a recent study by Hayashi et al.
(1995). After seven days of continuous subcutaneous infusion of DX, the anaigesic
response to an median effective dose of DX in the tail fiick test remained unaltered
compared to that of saline-infused rats. Thus, the absence of pharmacodynamic
tolerance to twice daily injections of i.t. DX for four days in the present study is not
surprising.

Drug dose is a critical factor in any neurotoxicity study. There were no
published neurotoxicity data for a-agonists (see Section 1.6) from which to select
a dose of i.t. DX for this study. Exposure of experimental animals to toxic agents
in high doses is a necessary and valid method of discovering possible hazards in
humans (Klaassen, 1995). Therefore, a dose of 10 g, equivalent to 100 times the
ED, in the tail flick test, and 25 times the ED,, in the paw pressure test, was used.
This satisfied the requirement for a high dose while remaining within a realistic
range of cinical analgesic doses of i.t. clonidine (calculated per kg of body weight)
(Racle et al., 1988). Of course, the absence of toxicity at 10 ug does not exclude
its possibility at higher doses. However, the latter would certainly exceed the upper
range for clinical analgesia of a-agonists and so the relevance of such studies
would be questionable. Since it was not our intention to asess the safety of i.t. MX
per se, but rather to investigate the safety of a threshold dose of MX co-injected

with i.t. DX, the dose of MX in the neurotoxicity study remained unchanged at 10
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Hg. The absence of toxicity with this inati that the ivation of

a,-and a,-adrenoceptors, at least at these doses, does not exceed a threshold for

vasocontriction-induced spinal neurotoxicity in the rat.

4.3  Pretreatment With Intrathecal DX, MX and DX + MX Protects Against
i Spinal

The demonstrated lack of neurotoxicity with i.t. DX and MX in this animal
model raised an important issue; namely the safety of these a-agonists in
combination with a drug known to adversely affect SCBF and neuronal viability.
Thus, the influence of i.t. DX and MX on a neurotoxic dose of i.t. dynorphin was
investigated using the same behavioral and immunohistochemical indices as used
in DX and MX neurotoxicity study.

In saline pretreated rats, i.t. dynorphin resuited in a permanent loss of the tail
flick and stepping reflexes, permanent hindlimb paralysis rendering the rats unable
to perform the rota-rod test, and marked cellular necrosis in the ventral hom. These
results were identical to those observed in the DX and MX neurotoxicity study. In
contrast, pretreatment with i.t. DX, MX or DX+MX significantly attenuated the
neurotoxic effect of dynorphin. All four rats receiving the DX+MX combination,
three of the five receiving DX and three of four receiving MX had a normal stepping
reflex and normal gait, 24 h after dynorphin. In those animals exhibiting protection

from dynorphin toxicity, their 24 h rota-rod scores were only marginally below their
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baseline values and significantly different from those of the saline-dynorphin group.
A similar trend was observed with the tail flick reflex. Immunohistochemically, the
number of CGRP-IR neurons and the intensity of staining in the ventral hom were
intermediate between that of the saline+saline and saline+dynorphin groups.
CGRP- and SP-IR in the dorsal hom was equivalent among all the treatment
groups. Thus, rather than ling the icity, pr it with i.t. DX

and/or MX blunted the insult inflicted by i.t. dynorphin up to 48 h after injection.
In view of the well-established effect of a-agonists on vascular smooth

muscle, there was a real possibility that i.t. DX and MX might augment the

vasoconstrictive and thus ic effect of i.t. in. Th , an attempt

‘was made to identify a threshold dose of dynorphin that would induce minimal but

ity. In a preliminary dose-response experiment, 60 nmol (96

Hg) failed to produce any behavioural or immunohistochemical evidence of toxicity.
The 80 (128 pg) dose ient hindlimb p: i ible loss of the

tail fiick reflex but no histopathological evidence of spinal toxicity. The 100 (160 pg)
dose resulted in hindlimb dyfunction that lasted up to the time of perfusion (48 h),
irreversible loss of the tail flick reflex but still no imunohistochemical evidence of
toxicity. Ata dose of 120 nmol (193 pg), i.t. dynorphin resulted in paralysis that
persisted up to the time of perfusion 48 h later, irreversible loss of the stepping and
tail flick reflexes and an attenuation of CGRP-IR neurons in the vental hom. These

data indicate the absence of a distinct dose-response relationship using both
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and i i ical indices. Rather, dynorphin neurotoxicity

appears to be an all-or-none phenomenon, consistent with the proposed

this (see section 4.5).

44 of icity With DX and MX

There are several possible explanations that might account for the absence
of spinal neurotoxicity with these potent vasoconstrictors. One is that the degree of

vasoconstriction induced by it. DX and MX was not sufficient to trigger the

secondary events that underly icity. The in SCBF
(extent/duration) required to elicit spinal neurotoxicity has not yet been defined in
hemodynamic studies. In studies of cerebral blood flow, it has been suggested that
any perifocal tissue with a blood flow of <50% of control is at risk of injury/death
(Siesj6, 1992a). However, these results are based on short term (1 -7 day) studies.
As reviewed in Section 1.6, antinociceptive doses of i.t. gonists SCBF

by up to 39%; an effect lasting for up to 45 min (Gordh et al., 1986a; Crosby et al.
1990). These changes are comparable in magnitude to those caused by neurotoxic
doses of i.t. dynorphin and suggest that the ventral spinal cord may be more

sensitive to decreases in SCBF than either the dorsal spinal cord or cerebral tissue.

Alternatively, a-agonists could benefit from physiological compensatory
mechanisms (autoregulation of blood flow) and/or concurrent pharmacological
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effects (hypothermia, direct inhibition of neuronal activity) that prevent the metabolic
disturbances leading to ischemic cell death. Cerebral and spinal blood vessels
have the inherent capacity to regulate blood flow in the face of changing arterial

blood pressure (West, 1985). This 1 is known as gulati In the

rat, autoregulation of SCBF occurs between 60 to 120 mm Hg (mean arterial
pressure) (Hickey et al., 1986). This is consistent with autoregulation of cerebral
blood flow in the range of 70 to 150 mm Hg (Rapela and Green, 1964; Agnoli et al.,
1968; Strandgaard et al., 1974; Hemandez-Perez et al., 1975). As a result, local
autoregulatory mechanisms could compensate for a-agonist induced changes in
vascular tone, thereby maintaining adequate tissue perfusion and cell homeostasis.

The two most obvious pharmacological effects of a,-agonists that would

prevent ischemic injury are: a) hypothermia; and b) direct neuronal inhibition. The

of P on i ic brain injury and the protective effect of

are well i (see review by Colbourne et al., 1997). For
example, brief post-ischemic decreases of 3-4°C (rectal temperature) in the gerbil

yielded hi i i of cerebral p ion in the CA1 region of the

hippocampus up to 7 days post-ischemia (Buchan and Pulsinelli, 1990; Chopp et
al., 1991). Of relevance to the present study is the well known neuroprotective
effect of mild to moderate intra-ischemic hypothermia (Busto et al., 1987; Chopp et
al., 1989; Minamisawa et al., 1990a,b; Welsh et al., 1990; Iwai et al., 1993).

Indeed, intra-ischemic hypothermia (30°C brain temperature) unequivocally



91
protected neurons in the CA1 region of the gerbil on the basis of behavioral,
and hi i ints (Nurse and Corbett, 1984). Protection was

still evident 3 weeks after carotid artery occlusion (Nurse and Corbett, 1994). Using

histological indices, Dietrich et al. (1993) rep: significant neurop ion with
intra-ischemic hypothermia for up to two months in the rat. In a similar study,
permanent neuroprotection was reported in the rat using a battery of behavioral and
functional tests (Green et al., 1992). In this regard, the systemic administration of
a,-agonists has been shown to cause dose-dependent hypothermia in rodents
(Minor et al.,1989; Menon et al., 1990; MacDonald et al., 1991). Decreases in
rectal temperature ranged from 3-6°C and persisted for up to 3 h after injection.
That this effect is centrally mediated is indicated by the failure of the peripherally-
selective a,-antagonist, L-659,066 to block i.p. clonidine-induced hypothermia
(Menon et al., 1990). In the present study, i.t. DX, alone and in combination with
MX, decreased rectal temperature by 3.4 + 0.3°C and 3.3  0.4°C, respectively for
up to 4 h. Such temperature changes should be sufficient to attenuate any adverse
vasoconstrictive effects induced by the perispinal administration of a-agonists,
based on the neuroprotective effect of intra- and post-ischemic hypothermia in
animal models of global ischemia.

In the CNS, the activation of a,-adrenoceptors hyperpolarizes the cells upon
which they reside, thereby inhibiting voltage sensitive calcium channels, Ca™ influx,
and neuronal firing (see Section 4.1). That an elevation in cytosolic calcium during
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ischemia contributes to cell injury is well recognized (Choi et al., 1990a,b; Siesj6,
1992a,b). Therefore, attenuation of this calcium overload would be expected to
ameliorate neuronal injury. The activation of a,-adrenoceptors has been shown to
inhibit calcium conductance in neurons (Dunlap and Fichbach, 1981; Lipscomb et
al., 1989; Boehm and Huck, 1991), and to decrease the duration of the calcium-
dependent action potentials in vitro (Dunlap and Fichbach, 1981; Canfield and
Dunlap, 1984). Of relevance to the present study is the report by Bickler and
Hansen (1996) that the a,-agonists, mivazerol (1 M) and clonidine (0.1 M),
significantly inhibited the early rise in cytosolic calcium concentration in rat
hippocampal brain slices evoked by glutamate (3 mM) during hypoxia; conditions

used to mimic those of i It i and idi also

glutamate release and cellular damage as assessed by leakage of lactate
dehydrogenase. In an in vivo study, the i.p. administration of 10 and 100 ug/kg DX
reduced the infarct size in a rat model of incomplete cerebral ischemia (Hoffman et
al., 1991b). Normal brain temperature (37°C) was maintained throughout the

experiment thereby i hypott i i r ion and a

supporting a role for direct a,-mediated neuronal inhibition. These results, and
those of the present study indicate that a,-adrenergic agonists elicit at least two
concurrent pharmacological effects that are capable of offsetting adverse

hemodynamic changes in the CNS.
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45 i of Spinal

The necrosis arising from the spinal injection of dynorphin does not appear
to be a direct toxic effect of the drug. Addition of dynorphin to cultured spinal cord
neurons (yielding a final concentration of up to 1 mM) did not alter cell viability
(Long et al., 1994). Rather, dynorphin neurotoxicity appears to result from drug-
induced spinal cord ischemia. Using radiolabelled microspheres, Long et al. (1987)
reported a dose-related decrease in rat SCBF 10 min after the i.t. injection of
dynorphin A (1-13). The greatest reduction occurred in the spinal segments closest
to the tip of the i.t. catheter (lumbosacral, 37-75% and thoracic, 38%). In a similar
study, 20 nmol of i.t. dynorphin A (1-13) significantly decreased SCBF (up to 50%)
in segments 2 cm caudal and 1 cm rostral to the tip of the catheter (Thomehill et al.,
1989). These hemodynamic changes were temporally associated with a 2.6-2.8
fold increase in lactate concentration in the spinal CSF (Long et al., 1994),

indicative of an increase in i i Interestingly, inistration

ofthe i hy ine reduced the ion in lactic acid concentration and

eliminated the paralytic and neuropathological effect of dynorphin A (Long et al.,
1994).

A sustained imbalance between blood flow and metabolic demand in the
CNS elicits a cascade of events that results in cell death. One of these events is
the accumulation of excitatory amino acids in the extracellular fluid. The CSF

concentration of glutamate increased 4-fold (6.4 uM) and aspartate 3-fold (6.3 M)
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in rat spinal cord following a neurotoxic dose (20 or 40 nmol) of i.t dynorphin A
(Long et al., 1994). This increase was not due to the proteolysis of exogenous
dynorphin as glutamate is not a constituent of this peptide. Even if it were, a 2040
nmol dose of dynorphin A would not yield a concentration of glutamate in the uM
range, a conservative estimate at best. Dynorphin could enhance the release of

EAAs by a direct interaction with presynaptic neurons and/or as a resuit of local

ischemia caused by dynorpin-induced iction. However, the ilar
concentration of giutamate and aspartate remained unchanged in spinal cord cell
cultures exposed to 100 and 500 pM of dynorphin A (Long et al., 1994). These

resuits indicate that exposure to dynorphin in vivo, but not in vitro, triggers the

release of EAAs thereby ing that acct ion is an i ic-related event.

Excitatory amino acids have been implicated in many forms of spinal cord

injury through their activation of N-methyl- D- (NMDA)

and Garthwaite, 1990; Long et al., 1994). In this regard, the motor dysfunction and
neuropathology induced by i.t. dynorphin appears to be mediated, at least in part,
by NMDA-receptors. This is indicated by the long term protective effect afforded by
a series of competitive and non-competitive NMDA-receptor antagonists (ketamine,
dextromethorphan or MK-801) against dynorphin toxicity in the rat. None of these
antagonists altered the effect of i.t. dynorphin on lumbosacral blood flow or the
subsequent increase in lactic acid concentration. Thus, in the absence of any

change (body temp was not monitored by Long et al., 1994), the
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effect is best il by the of NMDA P whose
excessive activation by EAAs elicits secondary pathophysiological events. The
binding of EAA’s to NMDA-receptors causes a rise in intracellular calcium and

sodium (Vomow and Coyle, 1991; see section 1.5). Such a change would clearly

an already ition initiated by it ia (i.e. ATP depletion,

ion of i to and integrity,
production of metabolic acids) leading to cellular edema and lysis.

There are three other possible ways by which dynorphin may effect

neL icity via the NMDA ptor-channel complex. Dynorphin may bind to a

site on the complex to increase EAA binding at the NMDA receptor (i.e. an allosteric
effect) thereby opening the ion channel. In fact, dynorphin has been shown to
enhance the binding of the NMDA-selective ligand ([*H]CGP-39653) to rat brain
membranes in vitro (Dumont and Lemaire, 1994). If a comparable effect occurs with
glutamate/aspartate in vivo, dynorphin would not only lead to the accumulation of
EAAs, but would also enhance their binding to the NMDA-receptor (and presumably
their ability to open the ion channel). Alternatively, dynorphin may facilitate the
opening of the channel by binding directly to the NMDA receptor. Topical
application of dynorphin to the spinal cord potentiated a C-fiber evoked, NMDA-
mediated reflex in the rat (Caudle and Isaac, 1988). This effect is known to
precede: a) the permanent loss of this reflex (Caudle and Isaac, 1988); b) motor

paralysis (Skilling et al., 1992); and c) the extracellular accumulation of EAAs
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(Skilling et al., 1992) induced by dynorphin. Given that dynorphin A, is also
known to displace L-’H] glutamate binding from rat cortical membranes in vitro

(Massardier and Hunt, 1989), these resulits are i with a direct it

of dynorphin at the NMDA-receptor. Lastly, dynorphin may facilitate channel
opening by binding to a separate non-opioid (PCP?) site on the NMDA-receptor ion
channel complex. Fragments of dynorphin (e.g. A,;) that do not bind to k-opioid
receptors induce NMDA-sensitive spinal neurotoxicity in the rat (Bakshi and Faden,
1990). Although these results do not differentiate between NMDA- versus other
non-opioid sites on the complex, in vitro binding data support an interaction
between dynorphin and the PCP receptor (Shukia et al., 1992). The relevance of

these data to dynorphin toxicity is supported by the observation that metaphit, a

PCP receptor antagonist, blocked the motor ion induced by
(Shukia et al., 1992). These possible interactions are illustrated in Figure 15.

In summary, current evidence suggests that the pathophysiological effects
triggered by i.t. dynorphin are related to some modulation of spinal NMDA receptor
activity. However, the nature of the interaction between dynorphin and the NMDA-
receptor ion channel complex, and thus the precise mechanism(s) of neurotoxicity

have not yet been determined.
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::Q/%”m

membrane PCP
Na* and Ca**
excitatory and/or excitotoxic effects

Figure 15 Possible mechanisms of action of dynorphin on the NMDA receptor
complex. The facilitatory effects of dynorphin A and related peptides on NMDA
receptor-mediated activity may be due to a direct interaction of the peptide with the
receptor complex. Dynorphin was found to interact with both phenycyclidine (PCP)
and NMDA receptors on the postsynaptic neuron. Dynorphin may also enhance the
release of glutamate either by a direct interaction with presynaptic neurons or as
a result of local ischemia caused by the constriction of small blood vessels. EAA,
excitatory amino acids. (Source: Figure 2, Shukla and Lemaire, 1994)
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4.6 Possible Neuroprotective Mechanisms of i.t. DX and MX Against
Dy il sﬁnﬂ i

Although i.t. DX and MX proved free of neurotoxicity when given alone (see

section 4.4), there was concemn that these drugs, as vasoconstrictors, might

exacerbate the neurotoxic effect of i.t. in. isil pi 1t with
i.t. DX and/or MX provided functional and histological protection for up 48 h after
i.t. dynorphin. The mechanisms by which DX and MX might ameliorate it
dynorphin toxicity may or may not be the same as those responsible for the
apparent safety of these drugs when given alone (autoregulation of blood fiow,
hypothermia, hyperpolarization - see section 4.4).

Normal autoregulatory mechanisms are clearly overwhelmed by i.t.
dynorphin. A sustained decrease in SCBF and the accumulation of lactate acid and
excitatory amino acids in spinal CSF have been consistently observed in it.
dynorphin-treated animals (see section 4.5). As vasoconstrictors, a-agonists would
be expected to place additional stress on this compensatory process. Thus,
autoregulation of blood flow is unlikely to play a role in the neuroprotective effect

of a-agonists.

4.6.1 Hypothermia
Hypothermia, a side-effect of a,-agonist administration, is a possible

mechanism for the a,-agonist mediated neuroprotection from dynorphin toxicity



99
(see section 4.4). a,-Agonists induce hypothermia in rodents by altering peripheral
blood flow and by ing ivering is (LoPachin and Rudy,

1983). These effects are centrally mediated. In the present study, i.t. DX and DX
+MX decreased rectal temperature by 3.4 + 0.3°C and 3.3 £ 0.4°C, respectively.
The neuroprotective effect of hypothermia is well recognized (section 4.4) and has
been used clinically for spinal cord protection during aortic occlusion (Pontius et al.,
1954) and following spinal surgery (Albin et al., 1968). The precise mechanisms
underlying this neuroprotection are unknown. However, hypothermia has been
shown to: a) increase SCBF by 24-37% in pentobarbital anesthetized rats (Iwai et
al., 1991); b) decrease glutamate and aspartate release in the peri- and/or post-
ischemic period (Globus et al., 1988; Busto et al., 1989; Baker et al., 1992); c)
reduce metabolic activity, thereby decreasing the rate of ATP depletion and the

associated accumulation of inorganic phosphate and lactic acid (Sutton et al., 1991;

Yager and Asselin, 1996); d) inhibit certain i lci

such as lipases and proteases; and e) preserve the activity of other calcium-
dependent enzyme systems (e.g. calcium/caimodulin dependent protein kinases,
protein kinase C) (Simon et al., 1984; Vematsu et al., 1988; Churn et al., 1990a;
1980b; Cardell et al., 1991; Scheinberg, 1991) and the synthesis of ubiquitin, an
important factor in the disposal of proteins arising from hypoxia and ischemia
(Yamashita et al., 1991). All these effects would serve to protect cells from

ischemic injury.



4.6.2 Hyperpolarization
Direct inhibition of neuronal activity is also a possible mechanism by which

a@z-agonists may protect against hin toxicity. The p

of presynaptic a,-adrenoceptors has been found to inhibit the release of excitatory
amino acids in rat spinal cord slices (Ueda et al., 1995) by inhibiting voltage
sensitive Ca*™ channels (Williams and North, 1885). Thus, co-administration of DX

with dynorphin would be expected to inhibit the release of EAA that is known to

oceur with dynorphin-induced i ja. Post i ay
hyperpolarize cells by opening outwardly directed K* channels (Williams and North,
1985). Both of these effects would serve to attenuate the potentially catastrophic

influx of Na* and Ca"* evoked by the acct ion of and (see

section 4.4).
Stimulation of presynaptic a,-adrenoceptors by DX has also been shown to
inhibit ine release (. and EF 1988). During cerebral

there is il release of phrine and dopamine (Globus et

al., 1988; Globus et al., 1989; Gustafson et al., 1991), and NE, applied topically to
the CNS, has a direct toxic effect on cortical neurons (Stein and Cracco, 1982). If
the ischemia induced by i.t. dynorphin triggers a toxic release of catecholamines,
then DX would be expected to attenuate both the release and the associated

toxicity. Pretreatment with i.p. DX (30 min before carotid artery ligation and

hemorrhagic ion) imp r ical outcome in the rat, and
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plasma ine ion in a dose-dependent manner

(Hoffman et al, 1991b). This neuroprotective effect was blocked by co-
administration of atipamezole, an a,-adrenergic antagonist. Postischemic
administration of DX (10 min after arterial occlusion) also had a protective effect in
a rabbit model of focal cerebral ischemia however the relevant receptors were not
identified in this study (Maier et al., 1993).

463

The neuroprotective effect of DX could be mediated by receptors other than
those of the a,-subtype. Hoffman and colleagues (1991a,b) demonstrated that

with i.v. i ori.p. DX imp the gic outcome in rats
subjected to incomplete global ischemia, an effect replicated by the a,-antagonist,
idazoxan (Gustafson et al., 1989; 1990). This apparent paradox could be

reconciled by the fact that idazoxan, clonidine and DX have affinity for the

P ing receptor. ivation of this rergic receptor

has been shown to exert a protective effect against focal cerebral ischemia in the

rat (Maiese et al., 1992). ingly, the i imi > te
SKF 86466 did not protect against ischemia (Maiese et al., 1992). The imidazole
receptor complex is indeed functionally coupled as demonstrated by the

hypotension evoked by the binding of idi i or ril idine to

imidazole receptors in the RVLM (Reis et al., 1992). [*H] Dexmedetomidine has
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also been shown to bind to a novel imidazole binding site in the aduit rat spinal cord
(Savola and Savola, 1996). Thus, the imidazole-preferring receptor, and not a,-
adrenoceptors, may elicit the neuroprotective effect of DX and DX+MX in the spinal
cord.

The exact mechanisms L ing the neurop ive effect are

but at least two possibilities exist. Imidazole compounds such as 1-(2-

tri imi (TRIM) have been shown to inhibit mouse

nitric oxide (NOS) activity in vitro (ICs = 0.32
UM)(Handy et al, 1996; Handy and Moore, 1997). Under the experimental
conditions used, TRIM appeared to compete with the substrate L-arginine for NOS.
This observation could be important given the putative role of NO in neurotoxicity
following excessive NMDA receptor activation (Dawson et al., 1991,1993) and the
demonstrated neuroprotective effect of NOS inhibition (Maiese et al., 1997).

Alternatively, imi ivati i ial |, in

astrocytes may reduce Ca"™ uptake into neurons by stimulating the uptake of Ca*™
into astrocytes (Reis et al., 1994). The deleterious effects of [Ca**}; are summarized

in section 1.5.

464 i of MX

Unlike the protection afforded by pretreatment with DX and DX+MX, the

neuroprotection observed with MX against dynorphin's spinal toxicity is surprising
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and difficult to explain. MX is an a,-selective adrenoceptor agonist (Simmons and
Jones, 1988) with a predominantly depolarizing effect on neurons. Thus, direct
post-synaptic neuronal inhibition as induced by a,-agonists cannot account for the

protective effect of MX. However, indirect inhibition secondary to the facilitation of

other inhibitory inputs (e.g. i ic i ition) by MX is ible. Indeed,
i.t. MX-induced facilitation of spinal enkephalinergic inputs has been implicated in
the potentiation of DX antinocieption (see section 4.1; Loomis et al., 1992a,b).
Such a facilitation could modulate the toxic release of excitatory amino acids in the
spinal cord. The activation of w/&-opioid receptors by enkephalin has also been

shown to ize neurons in the ia gelatinosa of rat spinal cord slices

(Yoshimura and North, 1983).

The central administration of MX does not reduce body temperature in
experimental animals (see Results). Thus, MX lacks a putative and presumably
important neuroprotective feature of DX. In addition, drugs lacking an imidazole
moiety like MX have extremely low affinities for the I,-imidazole receptor (Hosseini
etal., 1997). This observation argues against a non-adrenergic imidazole-mediated
neuroprotective effect like that attributed to a,-agonists like DX.

As introduced in Section 1.5, the metabolic consequences of ischemia are
numerous and complex. Thus, the amelioration of dynorphin toxicity by MX could
occur at one or more of the secondary events arising from ischemia (see Figure 2).

To our knowledge, this is the first report describing a neuroprotective effect with
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centrally administered a,-agonists. The resuits provide no information about the
mechanism(s) underlying this effect and there is a paucity of information in the
literature to account for such a result. Before detailed mechanistic studies are
undertaken, it will be necessary to test the effects of MX and other a,-agonists in

selected animal models of i ia. These i would ine: 1) the

duration of neuroprotection afforded by these drugs; 2) if the neuroprotection is
unique to i.t. dynorphin or if it is effective against general ischemic injury; and 3) if
the neuroprotective effect extends to all a,-agonists with differing physicochemical
properties. Given the multitude of potential sites of action of MX, the elucidation of
the exact mechanism(s) is likely to involve a significant investment of time and

resources.

4.7 Summary

The results of the present study raise a number of other important questions.
Is the duration of neuroprotection afforded by a-agonists permanent or do they only
delay the development of neurotoxicity? How soon must these drugs be given after
dynorphin to modify the toxicity? What is their spectrum of activity against other
forms of ischemic insult? What are the relative contributions of direct inhibitory
versus indirect hypothemic effects of a,-agonists in preserving neuronal function?
Additionally, does the lack of neurotoxicity extend to other species, including

humans? Answers to these question could provide important clues to the design



105

of other

P ive agents, or inati of agents in the treatment of
ischemic injury. At the very least, the results of this study provides further evidence
for the safety of i.t. a-agonists using an animal model that is vulnerable to ischemic

injury in the spinal cord, and for their potential use as neuroprotective agents.
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