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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



9
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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