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ABSTRACT

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

analges ics and are most COf'MlOI'lly used in combination with local anesthetics

and opioi ds. Spinal noradrenergic ant inodception is mediated primari ly by a 2­

adren oceptors, although 0 l-adrenoceptor-mediated ennnoclceptlon has never

been disprov en. As demonstrated vasoconstJictors. however, there are

concerns rega rding the safety of the spinal administrat ion of 0 1- and 0 2­

agon ists . alone and in combination.

The pupose of thi s study was to determ ine if intrathecal (i.t)

methoxamine (MX) (a C"agonis t) potentiates i.t. dexmedet omidine (OX) (a z­

agonist)-i nduced antinociception . if l.t, Ox.. alone and in combination with MX,

inject ed twice dai ly for fo..r days, causes spinal neurotoxicity , and the effect of a

sub-tox ic combination of Lt. OX and MX on Lt. dynorphin-induced neuro toxicity.

Male, Sprag ue-Oawley rats (300-400g) implanted with i.L catheters (l l

terminat ion ) were used throoghoot.. The i.t i~eclion of dexmedetomidine (0.01.1

1J9) produced dose-dependent antinocicepti on in the tail flick (TF) and paw

pressure (PP) tests (EOso= 45 and 252 ng, respect ive ly). The add ition of a fixed

dose of MX (10 ).lg i.t), which produced <5% maximum percent effect (MPE) in

the TF test and was inactive in the PP test, significantl y shifted the OX dose

respon se ccve to the left (EOso= 8.1 n9; TF test and 10 ng; PP test) but did not



prolong OX's duration of action. A fixed dose combinatio n of OX (0.025 1J9) +

MX(10 1J9)producing near maximal antinociception in the TF test and

intermed iate aet ivlty in the PP test, was near comp letely blocked by prazos in (10

IJ9 u.) or W yeth 27127 (0.51J9 i.t).

Repea ted Lt. injections of high dose OX (10 IJg) and OX+MX (10 IJg each)

produced sedation but no motor dysfunction. no inflammation . haemorrhage or

necrosis of the spina l cord . Immunoh istochemical studies revealed no damage

to or loss of calci tonin-gene-related peptide immunoreactivity(CG RP-IR) in either

the dorsal or ventral horns or substance P immunoreactiv ity (SP-IR) in the

ventral hom as compared to veh ide-treated rats. In contrast , dynorphi n A,.13

(192 IJQ;120 nmol) produced: 1) immediate and irreversible hindlimb para lysis ; 2)

loss of the stepping and tai l flick reflex es; and 3) delayed bladd er and bowe l

dysfunction. Forty-eight hours after dynorphin, immunoh istochemical

examination revea led a marked dep letion of CGRP-IR motor neurons in the

lumbar ventral hom. CGRP-or SP-IR was und"langed in the dorsal hom.

To assess the effect of Lt. OX and MX, alone and in combination, on

dynorph in neurotoxicity , rats were pretr eated with Lt.Ox. MX. a combination of

OX+MX (10 IJQeach ) or saline 15 min before Lt. dynorphin A,.13(1921J9:12O

nmol). In saline pretreated rats, dynorphin produced the same effects as

described above. Pretreatment with i.t. Ox. MX or OX+MX attenuated the

hindl imb paralytic effect of dyn orph in. Twenty..four holXS after inject ion. motor
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reflexes were preserved and accelerating rotarod (RR) scores were similar to

controls (no dynorphi n) in 4 out of 5 OX-, 3 out of 5 MX- pretreated and 4 out of

4 OX+MX-pretreated rats. Histological evaluation of the spinal con::Is obtained

from these rats were cons istent with these functional results , indicative of a

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

corresponding decrease in rectal temperature (up to 3.4°C for OX alone). MX

did not alter rectal temperabse. These results of this study indicate that 1) a

threshold dose of i.t. MX potentiates a z-rnediated antinociception in the rat; 2)

repeated spinal administration of this drug combination has no detectable

neurotoxic effect and 3) pretreatment with these drugs effects neuroprotection

against Lt. dynOrphin in the rat.
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1.0 INTROOUCTION

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

characteriza tion of the adrenoceptor subtypes modu lating nociceptive transmi ssion

in the spina l cord. it was qu ickly realized that a-agonists might exert a direct

antinoci ceptive/analgesic effect. Indeed , the intratheca l (i.t.) admin istration of

agonis ts with selectiv ity for Q 2-adrenoceptors was shown to produce a dose-­

dependent, behavioually~efined elevation of nocicep tive threshold in a variety of

experimental animals. Important ly, th is antinociceptive effect occurs without

demonstratab le motor effects (Kuraishi at al., 1979; Reddy at al.• 1980; Yak$h and

Reddy, 1981; How e et at . 1983). In contrast, doses of o ,-agonists necessary to

achieve antinociception in the rat produc:e<l concurrent hyperr eflexia. cloni c flexion

of the h ind limbs and serpent ine movements of the ta il (HO'Neat at , 1983). The

failure of i.t a 1-agonists to discriminate between sen sory and motor effects has

been used as evidence against the role of a 1-adrenoceptors in spinal

antinociceptiorvanaJgesia. However, the contribution Ofthis a -receptor subtype has

never been disproven. If mJ ltiple a-a drenoceptor subtypes effed antinociception,

then the co-administration of a l - and a 2-agonists in threshold or sub-threshold

doses should yield additive or potentiall y supra~addjtive ennnocrcepnon This

pharm aco logical interad ion has not been investigated.

Whi le segmental and prolonged analgesia can be achieved with perispinal



aug administration, ttWs tectnicJ,Je carries with it an increased risk of drug4nduced

neur otoxicity. Experimental studies of selective drugs given epidurally or

intratheca lly to the rat have frequently noted an abrupt and sustained oecrease in

spinal cnrd b1oo.1 flow' prior to histopathological damage in the spina l ventra l hom.

Current evidence suggests that this neuroto xic effect arises from drug-induced

isdlemic injury . The pronounced vasoconstrictive effect of a 1- and a 2-agonists on

central blood vessels raises important quest ions about the ir safety as spinal

analgesics. especially'Mlen given in combination The safety d such a combination

alone, or in the presence of a known neurotoxin suc:tI as dynOrphin, has not been

assessed. 1he rationale for such an investigation lies in the increasi ng popularity

of 'balanced anesthesi a' in which a mixture of phannaco logica l agen ts. including

a-agonists , with varying receptor select ivities, medlanisms eXaction and adverse

effecr:s, are co-administered to achieve more effective d inical anes thesia\analgesia.

In the present study, the effect of i.t methoxamine (MX; a 1-agonist) on

!hennal (tai l fl ick; TF) and mechan ical (paw pressure ; PP) antinociception elicited

by i.t. dexmedetomidine (OX; Q 2-agonist) was first investiga ted in the rat. A sub­

acute neuro toxicolog ical assessment using behavioura l. morpholog ical and

immunohistochemical indices was subsequently undertaken to investigate the

safety of this drug combinat ion. Lastly, the effect of this combination on l.t.

dynorphin-induced neurotoxi city was determined .



1.2 aooAgonisls as Adjuvants to Loeal Anaesthetics

The spinal administrat ion of a local anaesthetic for the purpose of surgery

was firs t attempted in Gennany in 1899 (Bier, 1899). Bier had noted the success

of reg ional coca ine anaesthesia in lowering the requi rement for general

anaesthesi a but he recog nized the limitations of regional anesthesia for major

surgical operations. In order to -render large areas of the body insens ible to pai n-,

Bier injected coca ine intratheCally in doses ranging from 5 to 15 milligrams (mg) .

A level of anaesthesia sufficient to allow major surgery was achieved in all six

pat ients

The use of epinephrine , a non-selective adrenergic agonist, to prolong spina l

anaesthesia was introduceddinicaJIy in 1900 (Braun, 1914). Braun, Bier and other

contemporaryGerman d inicians began us ing ep ineptrine to prolong the dura tion

of actio n of 1.1. coca ine, thus obviat ing a significant disadvantage of spinal

anaes thesia (Bier and Donitz, 1904 ; Heinke and Lawen, 1905; Braun, 1914).

Bet"Neen 1900 ancl 1940, the use of epinephrine with spina l anaesthesics enjoyed

spo radic popularity but did not attain common acceptance becau se of an earl y

report tha t Lt. epinep hrine caused pronounced ischemia in the spina l cord of

experimental animals (Biberfield, 1907). Using experimental animals under

contro lled conditio ns, Prickett , Gross and Cullen (1945) demon strated that the

addition of 1:10,000 and 1:30,000 (0.1mgJmL and 0.03 mglmL) epineptvine could

pro long the anaesthesic effect of i.t. procaine without permanent damage to



nervous tissue. This study stimulated the re-inYestJgatio of this techn ique . Inc:Ieed,

recent clinical studies have shOwn that the add ition of ep inephrine (0.1 to 0.3 mg)

prolongs the dura tion of action of spinal bupfvaca ine, lidocai ne or tetracaine from

15 to 44% in patients undergoing abdomina l. hip or electi ve surgery of the lower

extremities (Leicht et al ., 1966; Raele et al., 1987; Momose et aI., 1994) . In this

regard. epineptvYle is believed to counteract the arteriolar vasodil at ion ind uced by

local anaesthetics in the spinal cord, thereby de laying absorption and ina-easing

the residence time of the local anaesthetic near the site of injection . Indeed,

epneptvine is a pat en: constrictor of cerebral (LoP acin and Rudy, 1983 ) and spinal

(Partridge. 199 1) blood vessels . Whether this pro longat ion is truly a

pha rmacokine tic interact ion or an independ ent pnarmecodynamic ettect of

epineptYine (see section 1.3) remains controv ersial (Fink et al ., 1978; Denson at

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

select ive adrenerg ic (norep inephri ne), a 1-selecli ve (pheny lephrine) and a2~

selective (donidine) agonists have also pro ven eff ective in prolongi ng the duration

of sp inal anaesthes ia (Mens ink et al., 1987; Racle et al .• 1987; Kishikawa et aI.,

1993 ; Fukuda et aI., 1994 ).

1.3 Spinal Pharmacology of a -Adrenerg ic Antinoclceptlon

Noradrenal ine (NA). re leased from bulbo spinal neu rons during exposure to

noxious stimuli, is an important med iator of the endogenous pain cont rol system.



Thus. focal stimulation of the rat locus coerureus (l CI. a major source d

descending noradrenerg ic neuron s, was shown to inhibit noxious evoked: a)

neu-onal activity in the dorsa l hom (Jones and Gebha rt. 198Gb); b) spina l reflexes

(Jones and Gebhart. 1986a: Janss et at , 1987) and c) comptex nocif ensive

behaviours (Segal and Sandberg, 1977: Sandberg and Segal, 1978; Marga lit and

Sega l. 1979 ). The concentration of NA and the NA metabol ite. 3-methoxy4­

hydroxy..phenethylgycol was also significantly ina-eased in CSF following electrica l

stimulation of the LC (Crawley et al., 1979). The l.t. administra tion of a ­

ad'enocepta antagonists slgnificanUy blocked the antinociceptive effect el icited by

l C ad ivation, suggesting a spinal site of antinocice ption (Jones and Gebhart,

1986 a). Among the series of pharmacological antagonists used (phentolamine,

yohimbine, prazosin. naloxone , methtysergide, atropine and biOJCUlline). only the

non-selective c-eoteecnrst phen tolamine, or the oJ-selectiv e antagonist.

yohimbine. significantly blocked the inc:tease in nociceptive thresho ld el icited by LC

st imulat ion. Similar resu lts were reported by Miller and Proudfi t (1990) .

These ear1y studies of endogenous pain modulation led researchers to

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

produced a sig'lificant dose-dependent irx:rease in response latency in the hot plate

and lail flick tests (Reddy and Yaksh, 1980; Reddy et al., 1980: Howe et at , 1983):

an effect reproduced by other adrenerg ic agonists including OL-a ­

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



dihydro xytolazoline. oxymetazol ine. methoxamine and cirazoli ne (Reddy et at.

1980; Reddy and Yaksh, 1980. Howe and Yaksh, 1982a,b; Howe et ar.. 19B3). ~

Agonists. such as isoproterencl . were without effect even at very high Lt. doses

(Reddy at aI., 1980) .

While the U. administration of either a ,- or a 2..adrenoceptor agonists

increased l'llJOceptive ttYeshoIds in the rat, the doses of a ,-agonists necessary to

achiev e this effect produced conwrrent dose-dependent motor effects such as

hyperreflexia, clonic flexion of the hindlimbs and serpentine movements of the lail

(Howe at at . 1983) . In contrast, antinociceptive doses of either non-selective a ­

agon ists or a 2-seledive agonists inhibited nociceptive beha viours without

demonstratable motor effects (Reddy et at. 1980; Reddy and Yaksh . 1980; Howe

at al., 1983) . largely. on the basis of these observations . and on the variable

effects of a ,..agonists on dorsal hom neurons, it was concluded that spinal

noradrenergicantinociception is mediated by a 2-adrenocept ors. In support of this

dai m, adrenergic agonists with the greatest a 2\a, receptor select ivity (e.g. OX) are

the most effective in acute antinoclceplive tests (fakano and Yaksh, 1993).

Nevertheless, the contribution of a ,-adrenoceptors in spinal adrenergic

antinociceptionlanalgesia has never been disproven.

Early experiments demonstrated that a ,-selective agonists do effect

antinociception following both systemic (Bentley et et., 1983; Hayes et al.• 1986)

and spinal administration (Howe et at , 1983; Yaksh, 1985). In tum,



ph a nnacologi ca l studies of NA-ind uced therma l antinociception , showed that the

that o, -antagon ist. prazosin, was more effective than ~-antagonists in inhi biting

the antinociceptive effects of i t NA (Reddy et at. 1980; Howe et a l., 1983). The se

data are suppo rted by the results of rad iol igand binding stud ies an d quanti tat ive

autoradiography demonstrating the presence of o ,-actrenoceptors ttvoughout the

dorsal grey matt er of the rat spinal cord (Giron et at. 1985 ; Simmon and Jones ,

1988 ; Roud et et al., 1993). and are consistent with the hypo the sis tha t spina l a l ­

adrenoceptors mediate at least some component of nor adrenergic antinociception

in the rat.

If both a ,- and 0 2-adrenergic receptors effect spinal enuncciception through

distind eff ect or mecha nisms, then co-administra tion of an a , -agoni st and an Oz·

agon ist in threshold or Slb-ttreshold doses would be expected to yie ld an additive

or potentially a supra..addit ive ant inociceptive effect. Such an in teraction in VIVo

wo uld be consistent with the non-selectrve nature of NA as an agonist at a­

adrenoceptors .

1.4 Neuroto xic ity of Sp in ally Ad minist ered Drugs

As the practice rAspinal Malgesia has grown , there has been an incr easing

appr eciat ion of the potential for adverse effects with th is technique and the need

fo r systematic neuro toxico log ica l evaluation of drugs intended for sp inal

administration . Th is has proven to be part icu larfy impo rtant for peptide drugs. For



example, 100 ~ of Lt. somatostatin, a cyclic tetradecapeptide thought to be

Involved in the spinal processing of nociceptive informatton, produced severe hind

limb dysti.n:;tion in the rat, up to the time of saaffice 6 days later. There was also

a correspondi ng loss of sensitiv ity to thermal and mechanical nociceptive stimuli.

Histological (light miaosaJPY ) examination of the spinal cords removed from these

an imals revealed mild to severe nudeotysis of ventra l and dorsal ho m neurons with

localized inflammation (Gaumann and Yaksh, 1988). Similarty, pept ide analogues

of substance P (developed as putative neurokinin receptor antagon ists) given i.t,

induced bilateral motor blockade in the hind limbs, and widespread neuronal

necrosis in the lumbar region c:A the rat spinal cord (Post and Paulsson. 1985;

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

endothe lin (HOkfelt et at, 1989), an endotheli~erived vasoconstrict or peptide

(Yanag isawa et at . 1988), Lt. dynorph in A, an endogenous kappa opioid agonist

(Fa den and Jacobs, 1984 ; Herman and Goldstein, 1985; Spampinato and

Oand etettl, 1985; l ong et at . 1988; Stewart and Isaac. 1989 ) and arginine' ·

vasopressin (long et at, 1989b). Table 1 summarizes the neurotoxico logical

resu lts with these peptides.

Although the exact IT'lE!d'la'lisms ISldertying this neurotoxicity remain unclear,

these studies demonstrate : a) the severe and often irreversible damage that can

OCOJ( in the spinal cord after the local administration of biological ly active agents,

induding those found endogenously in neurons of the spinal cord ; and b) the need



for careful toxicological evaluat ion of drugs intended for spinal use.



Table I
Studiesof SpinalNeurotoxicity FollowingIntrathecalAdministration of Peptides in the Rat.

Drug! no.. Tests Histology(Lisht or Immuno-) SpinalNeurotoxicity
Reference

Somatostatin 10, 30 and 100 AN, 6 days after injection: 100~g: temporaryor permanent·
(SST) / .8 auto- 30 ~g SST: mildinflammatory hindlimb motor dysfunction with flaccid
Oaumannand nomic response in4/5 ralS paralysisin most severecases.25% ohats
Yak.h(1988) and 100~g SST: mild or severe died 10min. within injcction.

motor nucleolysis ofventral anddorsal • permanent - up to day 6 when rats were
func- horns in the presenceof sacrificed and perfused
tion inflammatory reaction

Spanlidel 2.8 1,2, and3 days after injection: Bilateralmotor blockadeof the hindlimb.
Freedmanet at , no CGRP·IR inmotoneurons, that did not recover up to timeof
(1989) cresylvioletstaining indicateda perfusion(1,2or 3 day. after injection)

completeabsenceof
motoneurons anda marked
gliosis

DPDTand 2.8 AN 3 days aftcr injcction At half· maximaldose( I~g). all animals
DADTUPost extensivenecrosi, of neuronal showedmotor weaknessof the hindlimb,
andPaulsson bodies in the ventralanddorsal At 2 ~g. all animal, hadpronounced
(1985) horns motor impainnent of the hindlimbs and

non-responsiveness in the tail flickor
pinchingofhindlcgs. Thispersistedup to
timeof perfusion, 3 dayslater.

s



TableI (cont'd)

Drug! Do.. Tests Hislology (Lightor Immuno-) SpinalNeurotolcic:ity
Reference

EndolhelinJ 0.03 ~s or 0.1 24 h after injeclion: 0.03 ~s : Allrau showedcompleteparesil
HOkfelt et u, .8 Fullyparetic rats showeda afterS min. All but one showed full
(1989) marlc.ed 10 51 o(CGRP-lRin recoveryat 3 h. Theonerat remained

moroneerora in(he ventralhom paralytic unlil perfu.ion.
at thetip o( lheeetheter, Sinsle 0.1 .,,8: 3/S rals died, 2 within S min., last
motoneurons appeared rounded within 3 h. SurvivinS rals showed
withoutdeodritic processes. complete parest. until perfusion, 24h

later.

Arginine'· O.S· 1000pmol AN No hislochemicaldifference Dose-related loISof motorfunction in
vasopressin I HD betweencontroland hindlimbs. Someratsdied withinS-10
Longera1.• experimentalanimals min. of peptideinjection due to pulmonary
(198%) edema. Rats recovered hindlimb function

within30min. ofinjection,evenwith 1.0
nmoldole . Flaccid hindlimb paralysis was
eccompenied bylossof flexor or vocal
responses to pinching of thehindlimbsor
tail.

Dynorphin AI 12.5 and25 AN 25 nmol producedhindlimbparalysis and
Spampinatoand amol tail flaccidity laslinsscveralhours.
Candelel1i
(1985)

::



Table I (cont'd)

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

Dynorphinl 14 nmol or Long-lastinghindlimbparalysis (hindlimb
Herman and greater and tail flaccidity)
Goldstein 14 nrnol: paralysis woreoff in2 h
(1985) 20 nmol: paralysis lasted forat leastone

week
50 nmcl: paralysis lasted for at least one
week

Dynorphinl Dyn( I-17) : Allpeptidesproduced dose-relatedflaccid
Fadenand 30omol; hindlimb paralysis with the orderof
Jacobs (1984) Dyn (1-13): potency being DYN (1-17) > Dyn (1-13)

10,30,50 or 100 > a NA .. Dyn (1-8) . Spontaneously
omol reversible overa 48 h period. However,
Dyn( I-8): at highdoses (50 omol), 1/3 of the animals
30,50 or 100 developed paralysisthat was irreversible.
nmcl,
e-neo-
endorphin:
30,50 or 100
nmol

;;;



Table I (cont'd)

Drug! Do" Tests Histology(Light or Immuno-} Spinal Neurotollicity
Reference

DynorphinAI Dyn A(I-I) · AN DynA(I-1)25 nmol: Severe Oyn A(t- IJ) : Dose-relatedlou of motor
Lcng et el., J. I-50 nmol andextensive neuronal injury function in hindlimbs and tail, loss of
(1988) Dyn A()- I) : throogout the lumbosacral flexoror vocal responses 10 pinching of

14 ·56 nmol enlargement . hindlimbs. Motor dysfunction ranged from
transient, mildparaparesis to persistent.
flaccid paralysis of hindlimbs and tail
Recovery was also dose-related. wlrh low
doses (3.1 eod6.2 nmol), recovery
complete within 2 h. Slowerand more
limited recoverywith 12.5 and 25 nmol.
SOnmol: rlt l did not recover neurologic
function, flaccidityoccasionally turned to
spasticity by4 to 7 days after injection.
These animals also had loss of nociceptive
responsiveness, hilldlimbedema, bowel
dysfunction, bladder distension with
infarctionand urinuy incontinence.
Oyn A(3- IJ) : At 28 and 56 nmol, rats
remained flaccidly paralyzed24 h later.

Abbreviations: AN, anlinociception; HO, hemodynamics; CORP-lit, calcitonin gene related peptide.inununoreactivity; DPDT (0 ­
Pro' , O-Trp"' )-subslance P; DADTL(D_Argl , D_Trp7·'). substance P (spantide)

'"
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1.5 Patho phys iology of I.T. PeptidtHnd uced Neurotoxicity

In experimental studies examining the spinal neurot oxic effects of dive rse

peptides such as dynorphi n and endoIheIin (see Tab le I), twogeneral observations

have been consistently reported. First, each peptide induces an abrupt and

sustained dea'ease in spina l cord blood flow (see Table II); an effect that precedes

all behavioural , morphological and ilTV11unoh istoc:hemical measures of spina l

neuro toxicity . second. cell necrosis occurs primari ly in motor neurons of the ventra l

horns. This latter observation is consist ent with the difference in blood supp ly to

ventra l as compared to the dors al hom s of the spinal cord (see Figur e 1A and B),

and the known vulnerability of ventral hom neurons to disruptions in spinal cord

blOOd flow (Cousins and Bridenbaug h, 1988). Indeed, prolonged aorti c cross­

crampi ng and the fai lure to re-establish the blood supp ly to the spinal cord is a

major risk fact or in the development of post-cpereuve paraplegia in patients

und ergoing aneurys m repair (Marini and Cunningha m, 1993).

Studies using radiolabelled mictospheres to quantitate ctalges in blood flow

have reported a decrease in the magnitude of spinal cord perfus ion following the

tt, inject ion of select ed neuro toxic peptid es (Helke et al., 1987 ; l ong et at , 1967;

Thomehill et al., 1969). Because this technique does not allow for the continuous

measurement of blood flow, the magn itude of change was assessed at time point s

cho sen arb itrarily after i.t drug administration. With the advent of laser dopp ler

technology, both the magnitUde and durat ion of change in spinal cord blood flow



could be followedin individualanimals.

15
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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 syst ems: the ventral spinal artery and two
dorsal spinal arteries. These systems extend along the length of the entire cord
gMng 011 . series atbrancI1es that extend i1Io!he sp;naJ cord (centra l arte<y). Two
additiona l longitud inal arterial dlannels are found on the surface of the cord with
less frequency: the med ian dorsal spinal artery, situated at or dose to the dorsal
septum , and two lateral spinal arteries, situated about midway between the
attachm ent of the dors al and that of the ventral roots (Scramin, 1995). (Source:
Figure 7-10, Cou sins and Bridenbaugh , 1988 )
B. Blood Supply of the Spina l Cord, Horizontal Distribution. The "central"
area. suppfied only by the ventral spinal artery , is predominately a motor area . This
area is most vulnerable, since there is only one ventra l artery as opposed to the
dorsal spinal arteries of which there are two (only the left dorsal spinal artery is
dep ided). (Sotrce: Figure 8-10. Cous ins and Bridenbaugh, 1988 )
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As shown in Table II, somatostat in. spant ide, [D-Arg)-substance P,

endothelin, dynorphi n and arginine' -vasopressin all caused an immediat e decrease

in spinal cord blood flow folloNing i t administration . In the case of dynorphi n A (1.

13), the observed decrease in lumbosacral blood flow was also shown to be dose­

related (Long et al..1987) . Using laser doppler f1owmetry, Freedman at al., (1988)

~ that i.t somatostatin and spantide decreased blood flow to 16:t: 4% and 30

± 6% of cont rol , respecti vely . Thi s maximal effect OCOJrTed 10 to 20 min after

injection. Comparable reductions in lumbosacral blood flOW' toIkHiing i.t. [O-ArgJ­

spantide, dynorph in and AVP were reported using radiola belle d micros phere s at

simitar time points (Helke at at. 1987; Long et at, 1987; Long etal.• 1989a ). The

rapid onset of this hemodynamic effect was indicated by deaeases of up to 50%

of control two min after l.t, dynorphin A (1- 13) (Thomehill et at., 1989).

In the case d somatostatin and spartide, a gradual but incomplete recov ery

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

20% of the pre-iniedion base line values . respectively) (Freedman at at , 1988 ). In

contrast, i.l endothelin ind uced a greater than 50 % reduction in spinal cord blood

flow for at least 3 h (Westmark et al ., 1995) . In the only rad iolabell ed microsph ere

study that looked at durat ion, blood flow returned to pre-treatment values 60 min

after Lt. AVP (Long et aI., 1989a).

These hemodynamic stud ies, and the biological diversity of peptides

effect ing spinal neu rotoxicity, sugges t a common phys iological , rather than
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pharmacological or direct toxicological. mechanism. That neurotoxicity 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 prod uced behaviora l

and histopa thological changes qualita tively similar to those induced by i.t,

somatostatin, various substance P antagonists, dynorphin A and AVP (Marsal a and

Yaksh , 1994). Coadministra tion of the vasodilator hyd ralazine (1 IJffiOI i.t ) with a

para lyt ic dose of dynorphin A (20 Mlol i.t) blOCked both the ele vation in lact ic acid

concentration in spinal CSF and the neuropathological effect of dynorph in A

compared to vehicle + dynorphin A-treated controls (Lo ng et at., 1994 ). Lacti c aci d

is a by-product of anaerobic glyoo/ysis indicative of an isdlemic state. Pretreatment

with thry otropin-r ele asing hormo ne (2 mglkg i,v.), 15 min before and immediately

coo- to the i.t. injection of spa ntide, prevented both the spinal vasconstrictive and

neurotoxic effect of spant ide in the rat (Freedm an et at , 1988 ;1989). Similarly . the

selective v-recectcr antagonist [1-(P-mercapt cMl. ~dopentamethylene

prop'lonintc acid) 2- (CHne thyl) tyrosine}-AVP blocked the decrease in lumbosacral

perfusion (Long etal.•1989a)' and the neurotoxiceffed of i.t. AVP in the rat (Long

et at. 1989b). To test the possibility that dynocphin might have a dired. neurotoxic

I It is important to note that the V, receptor antagonist did not alter 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 certa in pathological
conditions associated with vasospasm. compromised blood flow and ischemia
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mechanism. Long exa mined 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 etal. .1994).

Vasoconstriction perse is not automatically detrimental to tissue . However,

when such an event leads to a sustained imbalance between blood flow and

metabolic demand. cel lula" i1uYand necrosiscan OCCU". During normal perfus ion.

ox idative phosphoryiation generates adenos ine triphos phate (ATP), the major

energy source of the cell . In the absence of adequate oxygenat ion and/ or glucose

delivery , neu"OI'lS must resortto anaerobicglycolysis: an alternate and less efficient

means of energy production . As ATP stores are deple ted, vital energy-dependent

mechanis ms (i.e. ion pumps) are strained to maintain cell homeostasis. For

exarll)l e, it has been estimated that the ion gradients mainta ined by these pumps

uti lize 50 - 60% of the ATP supply (Vamucci . t 990) . As these pumps fai l and as

sodium ions accumulate intracell utarly. ischem ic neurons become susceptible to

depolarization. This , in tum, can lead to the aca.muIation of excitatory amino acids

(EM) and other neurotransmitters in the extracellu lar space of the ischemic field

(Shimizu at at , 1993 ; Ueda at at , 1993). Indeed . a neurotoxic dose of i.l dynorph in

A produced a four..fold and three-fold increase in the concentration of glutamate

and aspartate, respectively. in rat spinal CSF (Long et at, 1994 ). The EAA-evoked

influx of calcium through N-methyt-D.aspartate (NMDA)-gatad channels and SOCIilm

through kalnate - and (±}-a-amino-~ydroxy-5-melhy l isoxazol~-proprionic acid
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(AMPA)-gated chamels 010tr0w and Coyle, 1991) can f\.rther aggravate the

lIlStable conditions initiated by iscnemta The rapid influx of ion s may also cause

edema and lysis of the cell membrane. The sensit ivity of spinal neurons to EM

recep tor agonis ts has been demonstrated in vdro. NMDA. AMPA and ka inate

receptor agon ists eacn ind uced the concentrat ion-dependent death of aJltu red

muri ne spina l co rd neurons (Regan . 1996) .

Wi th in the normal cell , calcium is tightly regulated by a combina tion of

energy-dependent ion pumps and d irect binding to the endop lasmic rencalum .

Wh en the pumping mech an isms fail, intracellular stores of ca lciu m are re leased

thereby increasing calcium in the cytoso l ([Cal) to abnOrmally high

concentrations. In fact.the (Ca' is inversely related to ATP concentration duri ng

periods of AT? depletion and resynthesis (Kim-Lee at al. 1993). Such a rise in

[Ca" can have serious metaboI icc:onsequences for the cell (see re view by Krause

el aI., 1988 ). The activ ation of phospholi pase ~. triggered by a rise in (Ca-.J.

initiates the arachidon ic cascade. Prostaglandi ns, Ihromboxanes and leukotr ienes

arising from this pathway trigger the prod uction of oxygen free radica ls that have

been implicated in lipid peroxidation and nucle ic acid damage (Traystman et at ,

1991). The activa tion of calcium-dependent nuclea ses can result in direct lethal

injury to the cell 's DNA (Tullis et at.. 1982). Wi thin seconds of the onset of

ischemia, a calcium-depe ndent, proteolyt ic enzyme converts xanth ine

dehydrogenase from the -0" (NAD-reducing form) to the -0 · oxidase torm (McCo rd
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et at , 1985). Upo n repertueton. the "0· form of this enzyme uses two produ cts of

ATP degrada tion, hypoxa nthine ~ xanth ine. and oxygen to produce a toxic

~ radical (0 21. Of ecorse , the inability to regulate [Ca' will also promote

the further release of EAA's (Figure 2) .

AIthoU';tlOU" trlderstanding r:I the medlanisms of neura l injury triggered by

ische mia has grown consi derably, the number and complex ity of events fo llowing

ischemia has made elucida tion of the exact sequence of events difficu lt

Nevertheless, it is dear that anyth ing that COfl1lI'O'"ises spinal cord blood flow , such

as the i.t. inject ion of the pepudes discu ssed above , has the potential to effect

spinal rle\XOtOxicity, especially in marg ina lly perfused regions like the ventral hom.
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Table 2
Studies of Spinal Cord BloodFlow Following Intrathecal Administration of Peptides inthe Rat.

\i

Drug! Do", Techniquefor Changein Spinal Cord Blood Flow TimeCourse
Reference Measuring

BloodFlow

Somatostalin 30 llg laser doppler Blood flowdecreased immedialely At 60 min. blood flow returned to 60
(SST) /Freedman after injection. The maximum :t.14 % of the pre-injection baseline
ctal. , (I988) reduction of 16:1: 4 'I. of the pre- value.

injection baseline value occurredal
10 min.

SpantideJ 2 .8 laser doppler Blood flow dropped immedtetely There was a gradual but Incomplete \Freedman et aI., after injection and al 20 min was recoveryof spinal cord blood flow.
(1988) 30:1:6% of the pre-injection At 60 min, blood flow was 53± 20

beseline velue. % ofthe pre-injection baseline value.

0 .ArgI.0 .Pr02• 3.J nmol radiolabelled Blood flow decreased41% in the
o-T rp"' , Leu". micrcspheres thoracic and 17 % inlhe
substanceP([D· (reference lumbose&ral spinalcord, IS10 20
Argl·SP)/Heike sampling minafter injection.
et el., (1987) method)

AVPI 1,1 0, SO radiolabelled Al lOmin afteri njection, AVP Lumbosacral blood flow remained
Lcng et al., and 100 microspheres reduced lumbosacral blood flow significantlydecreased30 min after
(l 989a) pmol (reference from 37 10 87 % with doses of 10 the 100 pmol dose. Recovery 10

sampling and lOa pmol, respectively. pre-treatment levels occurred by 60
method) min.



Table 2 (com'd)

~

DN g/ Do" Technique for Change in SpinalCord BloodFlow Time Course
Reference Measuring

Blood Flow

Endothelinl O.31 mM laser doppler The decrease was rapid in onset A greater than SO% reduction in
Weslmark et et., achievinga greater than 500/0 bloodflow wasmaintainedfor at
(199' ) reduction frombaseline. least J h when the animal was

anesthetised and perfused for light
microscopic examination of the
spinal cord.

DynA (I-IJ) 20 nmol radioillbelled Two miretes after injection, blood t
Thornehitl et al, micospheres flow wasdecreasedby up 10 SO%
(1989) (reference in segments 2 em caudal and I cm

sampling rostral to the tip of thecatheter.
method)

Dyn A( I. I3) and DynA( I- radiolabelled DynA (I· 13):Dose-related
DynA () -lJ )I 13): 12.5, microspheres reductions in lumbosacral blood
Long er el., 25 and 50 flow, Lumbosacral blood flow
(1987) nmol was decreased )] · 75 0/.and

DynA (3. thoracic blood flow was decreased
IJ ), ' 0 380/. at 10min post-lniecrion..
nmol Dyn A (3-13): There was an

approximately40 % decrease in
lumbosacral blood flow 10 min
afterinjection.

Abbreviations: i.t., inuathecal; Dyn, dynorphin; AVP.arginine "-vasopressin
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1.6 The Vascular Effects of a - Agon ists

In light of the presumed mechanism of toxicity of i.t, peptides desetibed

above , and the the fad that perispinal routes of administration can expose the

spinal cord to concentrated drug solutions (mM ran ge), it is importa nt to note that

both a ,• and Q 2-adrenergic agonists are potent constrictors of central blood

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

and norad renali ne produced a dose-dependent contraction of vaSOJlar smooth

muscle (Tod a. 1983). The maximum responses were comparable for both drugs

although the ED50 of phenylephrine (1.11 %0.41 X ,Q"l' 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 c ,-receptors. Treatment with prazos in (3 X 10-'0and ' cr­
M) signiflC8ntly attenuated the contractile response to NA (10""' to 10-&M) .

Yohimb ine was without effect in concentrations up to 10"' M (Tode, 1963).

CougNan et al. (1992) showed that isolat ed canine middle cerebral arteries exhibi t

dose-related contractions to the highly selective a 2· agonist , dexmedel omidine (OX;

a 2 to a. ratio of 1620 :1 versus 200 :1 for donidine; Virtane n et aI., 1988 ). At a

concentra tion of 3 X 1~ M, the max imum concentration of OX that could be used

without detectable a 1-mediated vasoconstrictia OX inc1Jceda response equivalent

to 72 .8 ± 5.7% of the max ima l effect evoked by 40 mM KCI.

Large systemic doses of a-agonists can cause cerebra l vasoconstriction..
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For example. 'ZJ::JtroN et a!. (1990 ) demonstrated a 45% cecreese in cerebral blood

flaw in isoflurane-anesthetized dogs following a systemic dose of OX (10 ~g i.v.).

Kartsson et aI. (1990) also demonstrated a 34% deaease in cerebra l blood flow in

halothane-anesthetized dogs using an identical dose of OX. The spinal

admi nistration of 0 , • or a 2.-agonists also impai rs spina l cord blood flow.

P!lenyleplYine (0.3. 0.5%). ......00 .,., the Io.m>ar subaracl1noid space of the dog.

decreased blood flow by 28% and 44%. respectively, 30 minutes after drug

administration (Oohi at at, 1984). In the rat, doses of 20. 100 and 400 nmol of i.t

donidine each reduced SCBF 15 min after inject ion. but gray and white matter

responded differently. In the grey matter of the spinal co rd. the largest decre ases

occurred with the 20 and 100 rmot doses (29 - 44% compared to control ). The 400

nmof dose produced significantdeaeases oI a lesser magnitude (12 - 27%). In the

white matter, the 100 and 400 nmol doses produced reduct ions of 17 - 39%, whi le

the 20 nmol dose was wrthout effect (Cro sby et at, 1990 ). Epi dural donidine (10

and 30 !J9/kg) also affected spin al cord blood flow (SCBF) in the pig (Gordh at al .,

1986a). Reduct ions of 25 % to 35% were observed in the lumbar and thora cic

segments 45 minutes after drug adm inistrati on . The se data clearly indi ca te that c­

adrenergic agon ists can impa ir blOOd flow through cere bral and spin al vessels.

A direct co mparison of the hemodynamic effect of neurotox ic peptides with

that of a -agonists is compl icated by the use of the different me thodologies, speci es

and spinat routes of drug administration. Nevertheless, both classes of drugs have
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been shown to deaease spinal cord blood flow to a comparable deg ree with in the

first 30 min of l.t, drug administration. The 25-35% decrease in blood flow reco rded

45 min after epidxaI donidine (Gordh et al.,1986a) suggests that a-agonists have

a sustained effect . and that they may induce a substantial d isturba nce in spinal

perfusion. Unfortunately. there are no nme-cocrse data by which to judge the

actual dura tion of this disturbance.

The adrenergic nerve supply to most blood vessels ori gi nates in the pre- or

para -ve rtebra l gang lia of the sympathetic nervous system . In the brain. the

innervati on of some blood vessel s may originate from central catecholaminergic

neurons (Edv insson at aI., 1973) . There is great varia tion in the pattern and den sity

of the sympathetic imervation of vascne- smooth muscle (Bumstock, 1975). Large

elastic arteries generall y show a sparse pattern of innerv ation while capillaries.

venutes and small veins have virtually no adrenergic nerve supply . In contrast ,

smaller arteries display an ncreased dens ity of imervation. The y are SlI'TOUnd ed

by a hair~ike net'Nork of sympathetic postgang lioni c nerve fibers infl uenci ng smooth

muscle ce lls. Indeed , each termina l branch of a postganglionic fiber courses across

the surface of one or more vaSOJlar smooth musde ce lls. re leas ing no repineptrine

fro m the vesicles with in its multi ple vancoeftes.

Vasoconstriction is med iated by post-junctiona t 0 1· and o ,-adrenoceptors.

Whereas larger aterio les and venutes are regu lated by both °1• and o z·

ad renoceptors , vasoconstriction in the tenn inal vessels is medi ated prim ar ily by 0,·
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adrenoceptors (Faber , 1988 ). a ,-Adrenoceptor mediated contraction of smooth

muscle relies on the release of intrace llular, rather than on extracellu lar, stores of

Ca'". Thus. agonist occupati on of vascular o r-adrenoceptors activates

pho sphol ipase C wh ich acts on phosphotidyl inosito l bisphosphate, a membrane

phospholipid, to produce two second messengers. Inositol triphosphate (IPJ is

refeased into the cytosol . and d iac:ytglycerol (OAG) remains in the membrane and

activates protein kinase C (PKC). IP~ evokes release of Ca- from intemal stores

withi n the saaopIasmic reticuIun of the muscle cell; PKC sensitizes the contractile

apparatus to Ca" . The net effect of a r-adrenoceptor activation is contract ion of

vescner smooth muscle without the movement of ions across the cell membrane

and with a min imal change in the membra ne potentia l.

The contraction of vascular smooth muscle mediated by 02-adrenocep tors

depen ds almost totally on extrace llular ea- and an increase in the membrane

permeability to this ion. It has been proposed tha t a 2.-adrenoceptor activation may

be coupled. via a pertu ssis toxin-sensitive G - protein (GJ • to phospholipid

hydrolysis involving phospho lipase 0 (PLO) and the fonnation of phosphatidic acid

(Abu1 0 et at. 1995). Once formed. phosphatidic acid may give rise to OAG. via the

act ion of phosphatidate phosphohydrolase , leading to increase of activity of PKC

act iv ity and sUbsequent contraction . Basal influx of extracellular Ca-. and an as

yet unidentified tyrosine kinase , are cri tical regu lators of a 2-adrenocept or coup ling

to phospholipase O.
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