
••• National library
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquisitions el
Bibliographie services Branch des services bibliographiques

39S Wellington Street 395. t\JC WCnlO9lon
Otlawa. Col.no Onawa (On'.no)
K1AON4 K1AON4

NOTICE AVIS

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Sorne pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c. C-30, and
subsequent amendments.

Canada

La qualité de cette microforme
dépend grandement de la qualité
de la thèse soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser à
désirer, surtout si les pages
originales ont été
dactylographiées à l'aide d'un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, même partielle,
de cette microforme est soumise
à la Loi canadienne sur le droit
d'auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



•

•

l'<"EUROPHYSIOLOGICAL Al,"]) NElJROCHEMICAL BASES OF

MODULATION OF NOCICEPTIVE REFLEXES EVOKED BY IDGH

INTENSITY, LOW FREQUENCY ACTIVATION OF SENSORY FIBRES

IN THE RAT

BY

VITO VmORIO ROMITA

SUBMITIED TO

THE FACULTY OF GRADUATE STUDŒS AND RESEARCH

IN PARTIAL FULFILM;:;NT OF THE REQUIREMENTS

FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF PHYSIOLOGY

FACULTY OF MEDICINE

MCGILL UNIVERSITY

MONTRÉAL, QUÉBEC, CANADA

JULY,I995

evITO vmORIO ROMITA



.+. National Ubrary
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquisitions et
Bibliographic services Branch des services bibliographiques

395 Wellington Street 395. l'lJe Wellington
Dnawa.Ontano Onawa (Ontano)
K1AON4 K1AON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
hisjher thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in hisjher thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
hisjher permission.

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-12468-1

Canada



•

•

This thesis is dedicated to the loving spirits of my Cather and mother
Arturo Augusto Romita and Antonia Maria Cihoratic Romita



•

•

ABSTR\CT

The objective of this thesis .....as tO elucid:!te the neurophysiologie:!l :lnd neurochemical bases

fc, the modu!:ltion of sensory tr:lnsmission in the spin:!! cord evoked by the activation of primary

afferents in the lightly :lnaesthetized rat. Effects of prolonged. intense (:!O X threshold). Iow

frequency (4 Hz) stimulation of meridi:ln :lnd non-meridi:ln sites on the thermal!y evoked nociceptive

withdrawal reflexes of the taïl and limbs were studied. Threshold ....'3$ the minimum current required

to elicit muscle contraction.

Intense stimulation applied to meridian sites inhibited taïl withdrawal. This inhibition

persisted beyond one hour after the end of stimulation. Stimulation of non-meridian sites produced

a smaller inhibition; this cccurred during the conditioning only. Thus, a brief inhibition or both the

brief and a persistent. post-stimulation inhibition were produced by stimulation of non-meridian or

meridian sites, respectively. Little effect was evoked on limb withdrawal reflexes.

Expression of the post-stimulation effeet required 20 X threshold stimulation with long pulse

durations (C!: 2 ms). low frequency of stimulation (2 Hz - 6 Hz) and long train durations (20 or 40

min). The brief effeet could be evoked at 10 X threshold with short pulse durations (:s 2 ms) at

higher frequencies of stimulation (8 Hz) and with short train durations (10 min).

Stimulation of meridain sites evoked both the brief and the post-stimulation effeets in chronic

spinal transeeted rats (7-14 days): in acutely spinal transeeted rats (:S 48 h) the brief effeet was

evoked ooly. The retum of the post-stimulation effeet was coincident with the retum of bladder

function.

Both the brief and post-stimulation inhibition were blocked by the competitive NMDA

receptor antagonist S-atnino-2-phosphonovaleric acid (APV).

The wide spectrum opiaœ receptor antagonist naIoxone. or So'-opïate antagonist B-
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funaltrexamine. a:tenuated both the brief and persistent inhibition. The ô- and K-anugonists. T[PP[~ J

• and nor-binaltorphimine. attenuated the inhibition during the stimulation. Both drugs blocked the

post-stimulation effeet and even facilitated withdrawal. In chronically spinal transeeted rats.

naloxone blocked the inhibition.

These data suggest that intense. low frequency activation of primary afferents arising from

meridian but not non-meridian sites produces both brief and persistent inhibition of the taïl

withdrawal reflex. Limb withdrawai reflexes are only minimally inhibited by this activation. It is

suggested that the persistent antinociception may be due to long-term plastic changes in inhibitoty

mechanisms within the CNS because these effects persist long after the end of stimulation and

presumably after synaptic inputs from these fibres have ceased. It is also suggested that inhibitoty

mechanisms are provoked by prolonged activation of high threshold fibres, are dependent on the

parameters of stimulation, are extrasegmental in nature and differentially modulaœ taïl vs. limb

nociceptive reflexes. Activation of spinal NMDA receptors appears critical for the expression of the

persistent antinociception. The inhibition is also differentially mediated by activation of multiple

opiate receptors: p.-, IC- and ta a lesser degree ô-receptors mediate the brief effeet, while the

persistent antinociception is dependent on activation of ô- and IC-receptOrs and ta a lesser degree p.­

receptars. Data from spinal animals suggest that the mechanisms mediating the inhibitaty effeets

include both spinal and supraspinal components•

• iv



•

•

RÉSDIÉ

L'objectif de la présente thèse consistait à élucider les bases neurophysiùlogiques et

neurochimiques de la modulation de la transmission sensorielle dans la moelle épinière suscitée par

l'activation des afférents primaires chez le rat légèrement anesthésié. Les effets des stimulations

électriques prolongées intenses (20 X de seuil) à hautes fréquences (4 Hz) appliquées aux sites

méridiens et non méridiens des reflex de retrait nociceptifs (invoqués thermiquement) de la queue

et des membres furent étudiés.

Des stimulations intenses appliqués aux sites méridiens ont inhibé le retrait de la queue.

Cette inhibition a duré plus d'une heure après la fin de la stimulation. La stimulation des sites non

méridiens a aussi produit cette inhibition, mais elle fut d'une plus petite magnitude et n'eut lieu que

pendant le conditionnement. Donc, une brève inhibition fut provoquée par la stimulation des sites

non méridiens, alors que des inhibitions post-stimulation, une brève et une persistante, furent

produites par la stimulation des sites méridiens. Les reflex de retrait des membres furent très peu

affectés.

L'effet post-stimulation ne s'est manifesté qu'à un seuil de stimulation de 20 X, et

comportait des impulsions de longues durées (C!:: 2 ms), une basse fréquence de stimulation (2-6 Hz)

et une longue période de stimulation (20 ou 40 min.). L'effet bref a été provoqué à un seuil de

stimulation de 10 X avec des impulsions de courtes durées (:S 2 ms), une fréquences de stimulation

plus haute (8 Hz) et une courte période de stimulation (10 min.).

Chez le rat don! la moelle épinière fut sectionnée de façon intense (:S 48 h), la stimulation

des sites méridien a produit une légère inhibition brève du retrait de la queue; aucun effet post­

stimulation ne fut produit. Chez les animaux dont la moelle épinière fut sectionnée de façon

chronique (J ou 14 jours), la réponse produite a été plus importante, et une brève inhibition post-
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stimulation a été induite. Le retour de cette action post-stimulation a coïncidé avec le retour du

fonctionnement de la vessie ..

Les inhibitions. brève et post-stimulation. furent toutes deux bloquées par l'acide 5-amino-2­

phosphonovalérique (APV). un antagoniste de récepteur compétitif.

La naloxone. un antagoniste de récepteur opiacé au large spectre d'activité, ou la {3­

funaltrexamine. un antagoniste compétitif de récepteur IL-op:acé. ont atténué toutes deux les

inhibitions brèves et de longue durée: La nor-binaltorphimine ou le TIPP[l/tI. des antagonistes de

récepteur ô et /C, ont atténué les inhibitions durant la période de stimulation. Les deux antagonistes

ont bloqué l'effet post-stimulation, et ont même facilité le reflex de retrait.. Chez les rats dont la

moelle épinière fut sectionnée de façon chronique, la naloxone a bloqué complètement l'inhibition

suscitée.

Ces données suggèrent que l'activation intense à basse fréquence des afférents primaires

provenant des sites méridiens (mais non des sites non méridiens) produit des effets inhibiteurs brefs

et persistants sur le reflex de retrait de la queue. Les reflex de retrait des membres ne sont inhibés

que de façon imperceptible par cette activation. On suggère que l'antinociception persistante

pourrait être due à des changements plastiques à long terme des mécanismes inhibiteurs dans le SNC,

parce que ces effets se prolongent après la fm du stimulus sur les afférents primaires et. ainsi,

probablement après que le flux synaptique de ces fibres a cessé. De plus, ces mécanismes,

provoqués par l'activation prolongée des fibres à haut seuil et dépendants des paramètres de

stimulation, pourraient être de nature exttasegmentaire et moduler par action différentielle les reflex

nociceptifs de la queue par rapport à. ceux des membres, L'activation des récepteurs spinaux du

NMDA semble déterminante pour l'expression de l'antinociception persistante, L'inhibition est

aussi modifiée de tàçon différentielle par ('activation de plusieurs récepteurs opiacés, c'est-à-dire
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les récepteurs p.. K. et à un degré moindre. Ô. Ils moditiem rantino~keption br~ve alors que

l'antinociception persistante est dépendante de l'activation des récepteurs opia~és Ô. K. et à un degré

moindre, p.. Les données provenant des animaux spinaux sugg~rent que les mécanismes modiliant

les effets d'inhibition comprennent des ~omposantes spinales et supraspinaIes.
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collection of manuscripts; in other words, results of a series of papers must be integrated.

The thesis must still conform ta ail other requirements of the "Guidelines for Thesis
Preparation". The thesis must include: A Table of Contents, an absttaet in English and French,
an introduction which clearly states the rationale and objectives of the study, a comprebensive review
of the literature, a final conclusion and summary, and a thorough bibliography or reference list.
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research reported in the thesis.
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Supervisors must attest to the accuracy of such statements at the doet.oral oral defense. Since the task
of the examiners is made more difficult in these cases, it is in the candidate's interest 10 make
perfeet1y c1ear the responsibilities of ail the authors of the co-authored papers.
Under no circurnstances can a co-author of any component of such a thesis serve as an examiner for
that thesis.
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J. Jl\LRODl:CTION'

Acupuncture-Analgesia and Diffuse N'oxious Inhibitor3' Contrais: Variations on a

Thec:le?

Dating back several centuries B.C., several methods have been employed for the

alleviation of pai.l. For effective pain relief these treatments were often painful in themselves.

These forms of treatment, generally referred te as counter-irritation, are believed te activate

somatesensory mechanisms within the central nervous system which produce a generalized

analgesia. In 1937, Duncker was among the first ta study this phenomenon. His original

experiments demonstrated that if a conditioning or "active" pain was stronger than a passive or

"test" pain, the active pain decreased the distant and simultaneous "passive" pain. This decrease

was found ta be in proportion of the relative intensity of the conditloning or "active" pain. The

stronger the "active" pain, the more the "passive" pain would be diminished (Duncker, 1937).

A similar relationship between the intensity of the conditioning pain and the degree of relief

from pain produced was also noted by Hardy et al (Hardy et al., 1940). In these experiments

a sphygmomanometer cuffwas placed above the elbow and slowly inflated ta pressures that were

just talerable and maintained over a period of 30 min, after which the cuff was completely

deflated. The resuIts of these experiments were striking in~ as the pain in the arm became

more intense with inaeasing pressure, the test pain produced by applicalion of a thermal heat

stimulus ta the skin on the forehead was decreased in parallel (Hardy et aL, 1940). Similar

analgesic effects against pain elicited by cutaneous app1ication of capsaiCÏn or subcutaneous

2



•

•

application of concemrated sodium chloride were produced by severa! counter-irritants. such as

heat or cold stimulation, electrical stimulation or strong mechanical tactile stimulation (Gammon.

Srarr, 1941). Another example of pain relief produced by counter-irritation is demonstrated by

the ability of induced cold pain applied to the tibia to increase tooth pain threshold to electric

shock (parsons, Goetzl, 1945). More recent psychophysical experiments have confumed these

earlier studies by demonstrating that pain provoked by immersion of the hand in ice water

decreased the pain sensation produced by a brief noxious thermal stimulation applied 10 the face

(Talbot et al., 1987,1989).

Within the 1ast two decades experiments were undertaken to define the physiological

characteristics of this phenomenon. In 1979 Le Bars and coworkers recorded extracellularly the

activity of convergent dorsal horn ce11s receiving both low and high threshold inputs in the rat.

They found that the responses of these ce11s 10 C fibre input were inhibited by noxious electrical,

thermal, mechanical or chemïcal stimuli applied 10 remote sites outside the respective receptive

fields of theses convergent ce11s (Le Bars et al., 1979b) and this inhibition outlasted the

stimulation, but only briefly. Non-convergent cells, on the other hand, remained unaffected by

conditioning stimulation (Le Bars et al., 1979a). Le Bars et al postulated that activation of high

threshold fibres by the noxious conditioning stimulation produced a diffuse inIu"bition of

nociceptive proœssing throughout the spinal cord and remaining central nervous system. This

group coined the term "diffuse noxious inIu'bi1Ory controIs" or, as it is often affectionately

referred 10, "DNIC". To determine whether the same process occur.red in the human, subjects

were asked 10 immerse their hands in a hot water bath for a period of two min (~ 45"C) and

effects of this conditioning stimulus was then observed on the nociceptive RIII reflex in the

3
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biceps femoris muscle of the contralateral leg elicited by high intensity stimulation of the sural

nerve (Willer et al., 1984; Le Bars et al., 1992). As expected, this noxious thermal stimulation

depressed the reflex and the depression outlasted the conditioning stimulus by a few min.

Subsequent experiments further elaborated on the neurophysiological characteristics of DNlC.

1) DNlC is evoked by stimulation from anywhere on the body and only at intensities

which activate high threshold fibres (Bouhassira et al., 1987; Le Bars et al., 1979b).

2) These inhibitory effects are extrasegmental in nature in !hat it modulates nociceptive

processing throughout the central nervous system (Bouhassira et al., 1987; Le Bars et al.,

1979b,1992; Willer et al., 1984).

3) The extent of inhibition was directly related to the intensity of the conditioning

stimu1ation. In experiments where the tail was immersed in hot watcr, the inhibition of

responses of trigeminal convergent cells to C fibre input were depressed in a fashion linearly

related to the temperature of the hot water bath (Vi1Ianueva, Le Bars, 1985). In man, a similar

relationship between the depression of the nociceptive RIII reflex and temperature of the noxious

thermal conditioning stimulation applied to the band was also demonstrated; greater depression

of this reflex was evoked with higher temperatures (Willer et al., 1984).

4) DNIC appears ta be frequency dependent; inhibition produced with continuous

e1ectrical percutaneous e1ectrical stimu1ation of Aô fibres was found ta be less effective when

applied at 8 Hz !han at lower frequencies of stimulation (Bouhassira et al., 1987).

5) DNIC is subserved by spinal-supraspinal-spinal pathways in bath animaIs and man (Le

Bars et al, 1992; Roby-Brami et al, 1987; Villanueva et al, 1986a,b). The first line of

evidence ta demonsttate this was !bat complete spinal ttanseetion al the cervicalleve1 attenuated

4
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by 80 % the inhibition evoked by noxious cutaneous stimul3.tion (Godfrey, Morgan, 1978),

suggesting that a supraspinal loop "Iias important for triggering DNIC. The ascending

component of this loop was suggested to be the anterolateral quadrant, because cervical

hemicordotomy greatly attenuated DNIC when noxious stimuli were applied to segments

contralateral an:! below the lesion but not ipsilateral or above the lesion, while bilateral

cordotomy blocked DNIC irrespective of the side of the conditioning stimulation (ViIlanueva et

al., 1986a). Therefore, the lateral spinothalamic tract and the spinoreticular tracts were

implicated in the mediation of DNIC. However, lesioning of the right lateral thalamus did not

effect DNIC. Therefore, it was concluded tbat the ascending component mediating DNIC was

the spinoreticular tract (ViIlanueva et al., 1986a). The descending component of DNIC is

suggested to be the dorsolatera1 funiculus because a cervicallesion to this pathway abolished the

DNIC on sensory neurones ipsilateral to and below the lesion but not in neurones contralateral

to the lesion (ViIlanueva et al., 1986b). However, the requirement for this hardwiring in the

central nervous system for the expression of DNIC bas been cha1lenged by many investigators

(Calvino, 1990; Gerhart et al., 1981; Ness, Gebhart, 1991a,b; Morgan et al., 1994; Piteher et

al., 1995;Pubo~etal.,1988; YeD~, Schwanz, 198~.

~ DNIC results in the extrasegmental release of opioid peptides, in partiCular enlœphalin

(Le Bars et al., 1987a.b).

7) DNIC can be bloclœd by intravenous administration of naloxone in man and anjmals

( De Broucker et al., 1990; Le Bars et al" 1981).

Analgesia evoked by intense, low frequency acupuneture-like stimulation is thought ta

be a variation of that evoked by counter-irritation (Bing et al.., 199O,1991a.b; Fox, Mel7>lc1c,
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1976; Melzack. 1975) and the underlying mechanisms may share sorne similarities with DNIC.

There are many similarities as weil as differences in the analgesia and/or antinociception

produced by acupuncture-like stimulation which may suggest that sorne but not ail of the

neurophysiological components underlying the acupuncture evoked effects may be similar to

those which evoke DNIC.

Sorne of the similarities between these two types of stimulation-evoked analgesia and/or

anlinociœption are listed as follows.

1) Consistent analgesia and/or antinociœption is evoked upon stimulation of high

thresho1d sensory fibres (Eriksson, Sjôlund, 1976; Fox, Me1z.ack, 1976; Holmgren, 1975;

Levine et al., 1976; Mann, 1974; Me1z.ack, 1975).

2) Like DNIC, intense acupuncture-like stimulation evokes a generalized extrasegmental

analgesia in man (Andersson et al., 1973; Andersson, Holmgren, 1975; Chapman et al., 1975,

1977; Eriksson, Sjô1und, 1976; Fox, Me1z.ack, 1976; Huang et al., 1978; Me1z.ack, 1975;

Me1z.ack, Bentley, 1983; Melzack et al., 1980; Sjôlund. Eriksson, 1979) and in animal studies

(Kawakita, Funakoshi, 1982; Toda, Ichioka, 1978)

3) The antinociceptionlanalgesia evoked by acupuncture-1ike effects may be dependent

on the frequency of the stimulation (Andersson et al., 1973; Andersson, Ho1mgren, 1975; Chung

et al., 1984b; Thomas, Lundberg, 1994).

4) Sorne experimental studies suggest that mechanisms under1ying acupuneture-1ike

antinociception requiIe an intact spinal corel (pomeranz et al., 1977; Pomeranz, Cheng, 1979).

However, in other studies acupuneture-evoked antinociception bas been elicited in spinal

tr.msected animaIs (Chung et aL, 1983,1984b; Paik et aL, 1981)•
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5) Like DNIC, the acupuncture-evoked anaigesiaJanùnocicepùon is sensiùve to naloxone

(Chung et al., 1984a,b; Hayes et al., 1978; Lee, Beitz, 1992; Sj61und, Eriksson, 1979; Willer

et al., 1982)

Although, there may be many similarities, fundamental differences exist in the properties

underlying the analgesialantinociception produced by DNIC and acupuncture-like stimulation.

1) Unlike the effects produced by DNIC, analgesialantinociception evoked by

acupuncture-like stimulation requires an induction time to be fully expressed, requiring

prolonged stimulation (Chapman et al., 1977; Ernst, Lee, 1987; Holmgren, 1975; Lee et al.,

1973), while effects elicited by DNIC appear te be immediate (Bouhassira et al., 1987; Le Bars

et al., 1979b).

2) The analgesialantinociception evoked by acupuncture-like stimulation out1asts the

duration of conditioning by tens of min (Andersson et al., 1973; Andersson, Holmgren, 1975;

Fox, Melzack. 1976; Mannheimer, Carlsson, 1979), to hours or even days (Fox, Melzack,

1976; Mannheimer, Carlsson, 1979; Melzack, 1975). On the other hand, the

analgesiclantinociceptive effects produced by DNIC persist only for a few min at most

(Bouhassira et al., 1987; Le Bars et al., 1979b).

3) Although, controversial there is evidence te suggest that stimulation of meridian sites

or acupuncture points produces greater analgesiclantinociceptive effects than stimulation of non­

meridian sites (Anderson et al., 1974; Chan, Fung, 1975; Stewart et al., 1977; Toda, Ichioka,

1978). However, in DNIC-induced analgesialantinociception, the effect is independent of the

site of stimulation (Le Bars et al., 1979b)•
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1 felt that it was important to compare the similarities and differences between the effects

elicited by intense acupuncture-like stimulation and those produced by brief activation of high

threshold fibres for the purpose of solidifying in the reader's mind the concept that other possible

extrasegmental mechanisms may be contributing to the modulation of nociception than those

neurophysiological mechanisms proposed for DNIC.

8
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II. RATlONALE AJ.....'D OBJECTIVES

During the last five years of the study of the mechanisms modulating nociception, what

1 have found most in triguing was not that stimulation of high threshold fibres could inhibit

nociceptive processes but ramer that the prolonged stimulation of these fibres, as occurs with

sorne forms of acupuncture, elicited an affect which persisted long after the end of stimulation.

Yet in the literature, little emphasis has been placed on deve!opment of a hypothesis which may

attempt to explain this long-lasting phenomenon. In preparation of this thesis, 1 have come

across sorne of the earlier concepts on nociception, particularly those concemed with persistent

pain which 1 think may be worthwhile expressing here. Beth Goldscheider (1894) and

Livingston (1943) be1ieved that the intensity of injury and central summation were critical

variables in determining long-lasting pain (Goldscheider, 1894; LivingstOn, 1943). Today

chronic pain is thought of in terms of "central sensitization", "central plasticity" or "wind up".

What remains unchanged since the tum of the century, is the concept that intensity of the

stimulation or the type of input and central summation are critical factors for the induction of

central plasticity or sensitization, considered to be the neurophysiological bases ofchronic, long­

lasting pain (Chapman et aL, 1994; Dickenson, Sullivan, 1987; King, Lopez-Garcia, 1993;

Thompson et aL, 1990; Thompson et aL, 1994; Xu et al., 1992). What 1 find striking is that

the long-lastingaoalgesialantinociceptionproduced by intenseacupuncture-likestimulation, either

in the clinical or experimental setting, also requires activation of high threshold fibres and

appears to be dependent on the ftequency and the duration (vide supra) ofthe stimulation. Thus,

the type of input and al 1east sorne form of central snmmation are important in the activation of
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long-lasting modulation of nociception. Therefore. the cellular basis for the two types of

plasticiry (Le persistent pain/nociception vs. persistent analgesialantinociception) may be similar.

The assumption made here is that the persistent antinociception evoked by prolonged. intense

acupuncture-like stimulation is manifested by long-lasting plastic changes in inhibitory

mechanisms of the central nervous system.

The purpose of tIùs thesis is to unravel some of the physiologica1 mechanisms by which

prolonged activation of high threshold fibres elicits a long-lasting modulation of sensory input.

1 have chosen to use intense, electtoacupuncrure-like stimulation in the lightly anaesthetized rat

as a model to study these mechanisms. Nociceptive withdrawal reflexes were used to monitor

the level of activiry in nociceptive pathways. These reflexes were provoked by application of

a brief noxious cutaneous thermal stimulus.

This experimental paradjgm will allow me to meet my objective which is to elucidate

the neurophysiologicaland neurochemical bases for the antinociception evoked by proloD&ed

activation of high tbresbold primary afferents.

In Chapter one the first objective was to determine ifprolonged, intense, low frequency

electrical stimulatiOD applied te meridian points could evoke inhibition of the tail withdrawal

reflex that was long-lasting, in the lightly anaesthetized rat. As other studies have alluded te the

possibility that frequency of stimulation may he an important variable in determining the

outcome of the stimulation and as central summation may he involved in the evoked effects, the

frequency of stimulation was varied te determine what effect this would have on the evolœd

response. Once the frequency that evolœd optimal effects was determined, the next step was te

10
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stimulate non-meridian sites. Effects of meridian vs non-meridian stimulation are not weil

established in the literature, as assessed in Chapter one. Furthermore, the DNIC hypothesis

enunciated above predicts that stimulation of these [wo types of sites should not evoke different

responses. Therefore, this hypothesis was tested by stimulating non-meridian sites. Finally,

stimulation was applied to acute or chronic spinalized rats to determine the relative contributions

of supraspinal vs. spinal mechanisms in the evoked response.

Chapter [Wo has as the main objective to determine the optimal parameters of stimulation

to produce the greatest and most prolonged effects. This parametric study will help elucidate

some of the perlpheral and central neurophysiological mechanisms contributing to the evoked

response. 5tudies on DNIC or acupuncture-eVoked analgesialantinociception have indieated a

dependence on the intensity of stimulation, suggesting that recruitment of high threshold fibres

is necessary for the expression of the evoked antinociception. Only one study has directly

examined the effects of varying the intensity of stimulation on the evoked response in relation

to the evoked long-lasting antinociception. Thus, experiments were performed to study the

effect of varying the intensity of stimulation on the evoked response. Effect of varying the

frequency was examined. To my knowledge no study has attempted to examine the effect of

varying the pulse duration or of varying the duration of the train of stimulation during high

intensity, low frequency electroaeupune:ture-like stimulation. Therefore, these parameœrs which

are dictated by biophysical properties for recruitment of nerve fibres and central 5"mmarion

meehanisms, respectively, were also varied and the effects on evoked responses were

determined.

In Chapter three, the emphasis was to examine the effects of local vs. remote

11
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extrasegmental stimulation on modulation of different nociceptive reflexes. Clinical and

experimental data suggest that intense electroacupuncture-like stimulation produces generalized

antinociception. Most animal models developed have studied only segmental or local effects of

the stimulation. Furthermore the DNIC hypothesis predicts that the antinociceptive effects

elicited by intense stimulation should be extrasegmental in nature. Therefore, stimulation was

applied te meridian or non-meridian sites, either locally or remotely from the site of the test

stimulus. The DNIC hypothesis also predicts that the inhibition evoked by high intensity

stimulation should be uniform, and therefore the effects of the conditioning stimulation were

tested on limb withdrawal reflexes in addition to the taU withdrawal reflex.

For Chapter four, as high threshold fibres are involved in nociception and

antinociception, and excitatory amino acids are implicated in the transmission of sensory

information and in central nervous system plasticity, the involvement of the NMDA receptor in

the evoked response was investigated.

Finally, in Chapter five as many antinociceptive effects appear te be mediated by opioid

peptides, the relative contnbutions of p.-, ô- and lC-opiate receptor activation te the evoked

responses were investigated•

12
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1. FlGHTING FIRE WITH FIRE, PAIN WITH PAIN: A BRIEF HISTORY OF THE

USE OF NOXIOUS STIMULATION FOR THE TREATMENT OF PAIN IN MAN

In an attempt to understand how activation of sensory inputs can modulate the

transmission of sensory infonnation pertaining to tissue damaging or potentially tissue damaging

noxious stimulation occurring at peripheral sites, a review of the practices of ancient or present

folk medicine for the treatment of pain may provide sorne interesting preliminary insights on

how pain relief might be achieved. Below, 1briefly describe sorne of these practices which have

been reviewed in detai1 e1sewhere (Brockbank, 1954; Kane, Taub, 1975; Melzack, Wall, 1988;

Taub, 1975).

The basis for the deve10pment of sorne of these practices lie in religious or otherwise

cultural beliefs that pain or disease may be the result of either evil spirits invading the body or

the result of deserving punishment de1ivered by "higher powers" for sins committed. The

rational treatment of chronic pain, as derived from these early beliefs, was to provide antidotes

which would drive these spirits away or prove repentance for sïns. Therefore, sorne of these

treatments were designed to be discomforting and painful in nature. The effect of such

treatments was often relief from the chronic pain. Thus the "cure" reinforced the original belief

and the rationale that provided the initial impetus for the aversive type of treatment applied. The

pain relief evoked by these methods is often referred to as counter-irritation or hyper-stimulation

analgesia and bas proven to be reliable enough to have survived thousands of years of evolution

in thought and practices among various cultures world-wide.
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Cupping:

Cupping, considered to be one of the oldest forms of counter-irritation techniques. has

been in practice since the fourth century BC in Greece and Rome and was wideiy used in ancient

India and China to treat a variety of ailments including muscular aches, headache and arthritic

pains. Cupping was either wet or dry. Dry cupping consisted of glass cups heated up by coal

or flaming alcohol and then inverted and pressed finn1y over the painful area. As cooling

occurred, the air in the cup contraeted and produced a vacuum so that the skin was sucked up

inte the cup. The suction was so great that removaI of the cups was often difficult and blue

wheals resulted in the skin from extravasation of blood from small vessels.

A far more gruesome but often effective practice was that of wet cupping used primarily

as a means of extracting body fluids, for example as in the case of congestive heart failure. The

method consisted of placing the hot cups over scarified tissue produced by gadgets consisting

of shaIp blades which simultaneously cut into the skin. In addition te removing blood and

fluids, this method W4S also used te produce pain, local irritation and inflammation ail te fight

disease and severe. chronie pain. Cupping is still practiced today in some mediterranean

countries and in the far East.

Blislers. Serons œul Issues:

In the carly balf of the nineteenth century, painful blisters or running sores made by

threading strands of twine or silk through the skin were the vogue of the rimes te treat a variety

of painful conditions. Blisters were commonly induced on the scalp, bebind the cars, on the

neck: and on the soles of the fcet. The usual b1isterlng agents consisted of tartar emetic, silver
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nitrate and cantharides powder, all powerful irritants. In sorne cases ammonia, mustard,

turpentine or dilute minerai acids were used. These blisters were then punctured and the

detaehed skin was pealed off. The exposed wound was then dressed with caustic agents to

prevent healing. With respect 10 setons or issues, the thread was coated with chemical irritants

and drawn back and forth 10 keep the wounds open and pus flowing. From the twelfth 10 the

nineteenth centuries setons were often used 10 treat gout, spinal pain or hip-joint pain.

eaUlery and Moxibustion:

Another ancient method 10 cause the discharge of bodily fluids for the treatment of

various disease states or relief of pain was cauterization. The method required a metal rod 10

be heated over a flame until red hot and then it was placed over a painful area such as the

hollow of the foot for the treatment of gout. Records from the twelfth century show sciatica was

treated by cauterizations above the hip over the joint. To produce generalized pain relief the hot

iron was placed over the tibia three finger breadths below the knee and above the ankle. In

severe cases of hip pain the hot iron was placed between the trochanter major and the tuberosity

of the ischium.

In China, moxibustion achieved the same effect as ~t of cauterization. The practice

consisted of applying several cones of moxa made from the leaves of the mugwort plant

(Anemisia latifoüa) and setting the tip of the cone on fire and allowing it to bum siowly until

it approached or reached the skïn. This painful practice was used to treat severa! diseases and

was often used to treat pain. Moxibustion was first introduced to the west in France and then

in England in the carly 1800's, where it became popular for the treatment of gout. Today
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variations of acupuncture-moxibustion are still practiced in China.

ElectricaI CoUTl1er-irritation:

Records show that marine or fresh water electric fish may have been used for therapeutic

reasons dating back well before the birth of Christ, especially the Torpedo mannorara (torpedo

ray, electric ray), the Malopterurus electricus (electric or Nile catfish) or the Gymnorus

elearicus (electric eel). In the times of the emperor Tiberius, it was recommended that the

electric torpedo was to be placed onto the painful area until numbness ensued to effectively treat

gout, headache or even chronic and unbearable pain. In these early records there was no

mention of the onset time or lasting properties of the evoked analgesia except that reliefoccurred

gradually. In many non-Western cultures electric fish are still used for the treatment of ailments

and pain.

In the late 1850's two American physicians, Francis and Garratt, were the first to report

the relief of dental pain using electrical stimulation. Brief descriptions indicate that the intensity

of the stimulation required, for the stimulatin to be effective, was painfuI at the lower intensities

used and at higher intensities, the sensation experienced by patients were "disquieting, tremulous

but painless". Historically this is an important finding because it is the first direct and

documented indication that intensity of the stimulus is important in the effective production of

analgesia.

Another American by the name of Oliver experimented with electrical stimulation to

produce surgically useful anaesthesia. In 1858 Oliver in association with professor Hamilton

used electrical stimulation to produce analgesia for the removal of an ulcer from the leg of a
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patient. Electrodes were wrapped distal and proximal to the site of the wound and the intensity

of the stimulation was gradually increased until the patient described the sensation as severe

pressure. At no time during removal of the ulcer did the patient complain of pain. The

important aspect of this account was that the electrical analgesia increased with time of

stimu1ation and that there was a deficit lag in the onset and in the decline of the evolœd

"anaesthetic" effect. In addition ta intensity being an important factor in producing analgesia,

these early accounts begin ta indieate that there is an induction period required for the

development of pain control and that the induced analgesic effects persisted after the termination

of the stimu1ation.

The last account out of many that 1 would like ta mention here is that of the practices

undertalœn for surgical amputations at St. Francis Hospital in Hartford Cf. at the beginning of

the nineteenth century. Here, practitioners found that by varying the intensity, f:equency and

pulse durations of electrical shocks applied ta the patient, maximum paraesthesia could be

achieved. The parameters of stimulation recommended ta evoke optimal effects were intensities

in the range of 40 mA, la ms pulse widths and frequencies in the range of 100 Hz.

After perusing these historica1 accounts one begins ta appreciatc that the evoked effects

are dependent not only the intensity of the stimulation, but in addition the frequency, the pulse

width and the duration of the lIain of the stimu1ation. The obvious question that cornes ta minci

is what periphera1 and central nervous system med!anisms are triggered by these specifie

parameters ofstimu1ation. Theanswer ta this question will be pursued thIOughout the remaining

of my thesis.
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Il. CLINICAL AJ.'IID EXPERIML"lTAL MODElS OF ACUPUNCTIJRE AJ.'l'ALGESIA

Acupuncture: classical rheory:

The classical theoretical basis of traditiona! acupuncture was derived from the Huang TI

Nei Ching (The Yellow Emperor's Manual of Corporal Medicine) written between 1000-2000

years B.C. 'Ibis ancient medical manuscript was a compilation of all knowledge of acupuncture

which bad accumu1ated in the preceding centuries.

Traditional acupuncture is based upon concepts of "energetic medicine", made up of two

opposite components or polarities, theyin and the yang. For perfect health these two life forces

must be in harmonious balance. The ying chJù travels within bl00d vesseIs while the yang or

the wei-chhi trave1s outside bl00d vesseIs over 12 major channels or meridians. Each is 1inlœd

ta a particular organ or body function. On each meridian there exist severa! acupuncture points

at which the "flow of energy" can be influenced by the insertion and manipulation of needles.

Therefore, during disease states it was believed that needling of these acupuncture points could

either strengthen energy that was deficient or weaken energy that was in excess and restore

normal health in 'a given organ or throughout the body. A review of the metaphysical concepts

underlying ancient acupuncture practices can be found in Olett's "Principles and Praclice of

Physiologie Acupunctu1'e (Ulett. 1982).

AcupU1lCtllTe: conremporary theory:

Acupuncture has been and is used in experlmental and clinical settinp for the atteI1uation

ofpain. Itconsists ofplacing neeclles inta acupuncture or meridian points and manually twirling
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the needles at a low frequency (Fox, Melzack, 1976; Mann, 1974; Lee et al., 1973; Levine et

al., 1976). Electroacupuncture is a slight variation of this technique in that the needles are

stimulau:d electrically instead of manual1y. The stimulation is usual1y intense and applied at a

low frequency in the range of 1 te 4 Hz (Andersson et al., 1973; Andersson, Holmgren, 1975;

Holmgren, 1975; Krause et al., 1987; Lee et al., 1973; Longobatdi et al., 1989; Noling et al.,

1978; Oliverï et al., 1986). In sorne cases acupuncture stimulation may he applied

transcutaneously and is refened te in the literature as acupuncture-like TENS ( Eriksson,

Sjôlund, 1976; Eriksson et al., 1979; Fox, Melzack, 1976; Melzack. 1975; Sjôlund, Eriksson,

1979). With acupuneture-like TENS the stimulation parameters may be varied and applied at

an intense level where an internaI high frequency ttain of pulses ranging form 70 te 100 Hz is

given at low frequency (i.e. 1-4 Hz) (Eriksson, Sjôlund, 1976; Eriksson et al., 1979; Sjôlund,

Eriksson, 1979); this stimulation is believed te he telerated better by the patient. This form of

stimulation is not te he confused with high frequency, low intensity transcutaneous stimulation

or conventional TENS (Chan, Tsang, 1987; Guieu et al., 1991; Lundeberg, 1984).

Low frequency, high intensity stimulation produces a generalized analgesia with a

graduai onset and a prolonged aftereffect (Andersson et al., 1973; Andersson, Holmgxen, 1975;

Chapman et aL, 1975; Chapman et aL, 1977; Eriksson, Sjôlund, 1976; Fox, Melzaclc, 1976;

Huang et aL, 1978; Melzaclc, 1975; FIeeII1lIIl et aL, 1983). This analgesia evoked by high

intensity electrical stimulation is thought te he a variation of that evoked by counter-irritation

(Bing et aL, 1990,1991a,b; Fox, Meizaclc, 1976; Melzack, 1975). The underlying mechanisms

may share sorne similarities with diffuse noxious inhibitery contrOls (DNIC) served by a spinal­

brain stem-spinal100p (Bo"bassira et aL, 1990,1992; Le Bars et aL, 1979a,b; Vùlanueva et aL,
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1986a,b; Willer et al., 1979,1984.1990). These neurophysiological mechanisms will be

elaborated in a subsequent section of this thesis.

Human experimenraI and clinicaI srudies:

Ever since the introduction of acupuncture to the western world, severa! studies have

been pub1ished on the relative efficacy of acupuncture stimulation in the e1evation of pain

threshold. Sorne have shown acupuncture stimulation to produce only mild effects at best (Co

et al., 1979; Gaw et aL, 1975; Godfrey, Morgan, 1978; Johnson et aL, 1991; Lee et aL, 1975;

MeJ7lIck, Katz, 1984; Mende1son et al., 1983; Richardson, Vincent, 1986) while others have

shown acupuncture stimulation to produce profound analgesia that is reported to be effective

enough even for open heart surgery (Hollinger et al., 1979). Severa! clinical reports have

documented effective analgesia for the treatment of various chronic pain syndromes in up ta 80

%of the patients treated. However, many of these studies were poorly controlled and therefore

the value of these reports remains difficult to assess (Richardson, Vincent, 1986). In addition,

the magnitude and the duration of the evoked pain relief is quite variable and it remains

relativeJy unclear from the majority of clinica1 trials pub1ished as ta whether acupuncture

stimulation can produce benefit over prolonged periods, an issue of clinica1significance and of

obvious importance for the treatment of chronie pain. In the following pages 1 shal1 revicw

sorne of the controlled studies in the literature on acupuncture evoked analgesia and attempt to

provide a IatioDale for these disc:repancies which 1 believe to be due to qualitative differences

in the type of acupuncture stimulation. The effectiveness ofacupuneture stimulation appears ta

be Ie1ated ta the inteosity. ftequency. duratiolJ and site of stimulation.
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Illlensiry:

In reviewing the literature both experimental and clinica1 studies show that with low

frequency acupuncture, stimulation is usually applied at an intensity just tolerable to the patient

and/or subject. For example, Mann concluded from a study involving 100 experiments that

aversive stimulation of acupuncture points either by manual twirling of needles or by eiectrical

stimulation evo1œd mild ta strong analgesic effects. In cases where mild effects were elicited

a stronger analgesia could be produced by increasing the intensity of the acupuncture stimulation

to unacceptably high levels (Mann, 1974). Intense stimulation bas been used in other

experimental studies as weil. For example, continuous manual needling ofhoku ru4) meridian

points located in the interosseous muscle betWeen the Ist and 2nd metaeaIpa1s and needling of

the temporal mandibular joint area produced a talerable but averse sensation. In 80% of the

patients, stimulation elicited sufficient analgesia ta allow successful dental treatment including

deep gingival scaling and curettage, and tooth e:::iIaCtions including removal ofan impacted tooth

along with the under1ying bane. The evo1œd analgesia could be attained by about 3 min after

the insertion of needles suggesting an induction time for expression of the effect. The dental

procedures could only be performed during stimulation and normal sensation retumed almost

immedialdy after the end of stimulation, suggesting that this kind of acupuncture stimulation

does not e1icit 1011& lasting effects (Lee et al, 1973).

Law fœquency electroacupuncture of the hoku point bas also been shown ta increase pain

thIeshold in experimental dental studies. In these studies the thIeshoid current intensity applied

ta the dental pulp ta evolœ pain wu moDitoIed in vo1unteers. In one study by Ernst and Lee

stimulation ofacupuncture points at intensitiesjustabove pain thIeshold with 0.8 ms Ieàangular
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pulses at 2 Hz for a period of one hour produced a gradual analgesia (Ernst, Lee. 1987).

Similar results were reported by Chapman and co-workers, where 80 min of electroacupuncture

stimulation at 2 Hz at intensities just submaximal to the subjects' tolerance level increased the

dental pain threshold by 187 %. The increase in pain threshold was maximum after 20 min of

stimulation, again suggesting an induction period (Chapman et al., 1977). Similar stimulation

produced analgesia equal te or better than that produced by nitrous oxide (Chapman et al.,

1975). Although none of these studies compared the effects of low intensity stimulation one

experimental dental study has shown that the increase in dental pain is a function of the intensity

of the acupuncture stimulation. Little or no effect was elicited with low intensity stimulation

below or above perception threhsold. However, stimulation at pain threshold or above produced

a 3 te 4 fo1d increase in dental pain threhso1d (Ho1mgren, 1975).

Most of the studies cited sc far have not reported cither the Jack or presence of a post­

stimulation analgesia. However, long-lasting aftereffects have been produced by intense

stimulation. One of the first reliab1e experimental studies demonstrating a post-stimulation

analgesia induced by electroaeupuncture stimulation was preformed by Andersson and co­

worlœrs (Andersson et al, 1973; Andersson, Holmgren, 1975; Holmgren, 1975). In their

experimental paradigm the hoku meridian points and check were stimu1ated using both surface

and needle electrodes. The intensity ofthe electrical stimulation ranged from 15-30 mA and was

described as just te1cIable :0 the subject. Seventy-five min of stimulation al 2 Hz evokcd a

gradua! increase in tooth pain threshold. After the stimulation was tumed off the effect

gradually declined over the folloWÏDg 15 te 20 min. In more recent aperimental stndies, 10

min of intense low frequency e1ectrlcal stimulation of auricular acupuncture points incœased
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cutaneous pain threshold and this analgesic effect persisted from 10 to 20 min after the end of

stimulation (Krause et al., 1987; Longobardi et al., 1989; Noling et al., 1978; Oliveri et al.,

1986).

Long-lasting pain relief bas also been achieved with intense acupuncture stimulation in

the clinic. For example, patients suffering from chronic low back pain experienced long-term

relief after stimulation of acupuncture points either by strong manual twirling of needles or by

intense low frequency transcutaneous electrical stimulation. The stimulation was considered by

the patients to be painful but not unbearab1e (Fox, MeIzack, 1976). In both cases the evoked

analgesia persisted for severa! hours and some patients experienced relief for a few days (Fox,

Melzack, 1976). In a subsequent study 20 min of intense stimulation applied to painful trigger

points produced long-lasting pain relief in patients suffering form phantom limb pain, peripheral

nerve injury, shoulder arm pain and lower back pain. In most cases the stimulation produced

a mean decrease in pain ranging from 60 to 75% and this relief again persisted for several hours

to even days (M'elzack, 1975). The trigger points correlated with existing meridian or

acupuncture points.

Some studies suggest that reliable pain relief can be achieved only with high intensity

stimulation. For example, both conventional high frequency TENS-like stimulation at 2 to 3

times the perception threshold (12- 30 mA) or acupuneture-like TENS stimulation at 2 Hz with

an internal frequency of70 Hz applied at 3 to 5 times perception threshold produced pain relief

in chronie pain patients. However, low frequency acupuneture-like TENS appeared to be more

effective in patients in which high frequency stimulationproduced inadequate analgesia (Eriksson

et al., 1979). Furthermore, acupuneture-like 'Stimulation at three to five times perception
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perception threshold. which was perceived as just tolerable. produced analgesia in chronic pain

patients resistant te conventional TENS stimulation (Eriksson. Sjôlund. 1976; Sjôlund. Eriksson.

1979). To support further this contention Melzack et al.. have demonstrated that painful ice

massage applied to Jwku meridian points decreased dental pain by 50 % or more in the majority

of patients (Melzack. Bentley. 1983; Melzack et al., 1980a) and this form of stimulation was

comparable te that of intense acupuncture-like TENS in the treatment of chronic iow back pain

(Melzack et al., 1980b). In other studies, 1 Hz e1ectrica1 stimulation applied transcutaneously

te auricular points at or above pain thresho1d e1evated experimental cutaneous pain (Krause et

al., 1987; Longobardi et al., 1989; Noling et al., 1978; Oliveri et al., 1986). However, when

stimulation was applied at intensities weIl be10w pain threshold little effect was produced on

experimental cutaneous pain (Johnson et al., 1991) or in chronic pain patients (MeJzaclc, Katz,

1984).

These experimental and clinica1 studies demonstrate clear1y the importance of the

intensity of the stimulation in prcducing a reliable and long-lasting analgesia, and it bas been

suggested that the e\'oked analgesia is mediated by activation of high thresho1d sensory afferents,

perhaps C fibres (Andersson et al., 1973; Andersson, Holmgren, 1975; Fox, MeJzaclc, 1976;

Me1zack, 1975). Future studies need te be performed te e1ucidate f.:tther the effect of varying

the intensity of stimulation on the analgesic response produced during and after the end of

stimulationandto investigate the perïpheral and central mecbanjsms contributing :0 these e.ffects•
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There is sorne evidence to suggest that the analgesia evoked by acupuncture stimulation

is dependent on the frequency of stimulation. For example, prolonged acupuncture stimulation

at 2 Hz evoked a graduaI increase in tooth pain threshold which slowly decayed over the next

15 ta 20 min following the end of the stimulation (Andersson et al., 1973; Andersson,

Holmgren, 1975). Interestingly, when the stimulation was applied at 10 Hz tooth pain threshold

increased abruptly but the post-stimulation effect ended within by 5 ta 10 min after the end of

the stimu1ation. When the same stimu1ation was applied at 100 Hz only a mild e1evation in pain

threshold was produced during the stimulation and no post-stimulatio:l effect was observed. The

authors suggested mat the increase in toot pain threshold with low frequency stimu1ation is

mediatMI via activation of high threshold primary afferents while the effects produced by 100

Hz stimu1ation may resemb1e the effects thought ta be mPJ1iated by activation of large diameter,

low threshold primary afferents (Loeser et al., 1975; Long, 1976; Meyer, Fields, 1972; Shealy,

Maurer, 1974; Wall, Sweet, 1967).

A recent clinical study showed mat both intense low frequency acupuncture and high

frequency acupuncture producc relief in chronic pain patients. However, 2 Hz stimulation was

shown ta provide bettcr long-tem1 Ie1ief than 80 Hz stimulation (Thomas, Lundberg, 1994),

suggesting mat over time low frequency stimulation produced better long-lasting effects. In

sorne cases high fIequenc:y stimulation produced better post-stimu1ation analgesia than low

frequency stillm1atjon. Forewnp1e, intense ttanseutaneous stimulatiolljustbelowpain threshold

applied over the wrlsts ofpatients with menmataid arthritis produced greater pain Ie1iefwith 70

Hz or with 3 Hz with an internal tIain of70 Hz. Single pulses given at 3 Hz produced the 1east

improvement. The post-stimulation analgesia experîenced by these patients also cIifli:œd in
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duration. In this study a high frequency of stimulation produced a post-stimulation effect lasting

up te 28 hours. In comparison, 3 Hz stimulation produced an analgesia lasting only 4 hours

(Mannheimer, Carlsson, 1979). The different results obtained in this study may be due te the

intensity of stimulation. The analgesia evoked with higher frequencies may resemble that

elicited by conventional TENS (Mannheimer, Carlsson, 1979). Furthermore, it in unclear

whether meridian points were stimulated. Therefore, the analgesia produced here may be

unre1ated ta acupuncrure-evoked effects.

In recent years there bas not been any systematic attempt te study the effect of frequency

either within the low range or high range of stimulation in humans. This is unfortunate because

little is known therefore about maximizing the analgesic effects produced the type of stimulation

descn1led. In addition such studies can reveal important information about the intrinsic

neurophysiological mechanisms mediating the evoked responses.

Train duralion:

In reviewing the literature it was curious ta see that the duration of acupuncture-like

treatment with low frequency, high intensity stimulation was quite varied. For example, in sorne

studies high intensity stimulation was applied for only 10 minutes (Fox, MeJzack, 1976;

ManDheimer, Carlsson, 1979) in other studies the duration of treatment was 20 min (MeJzaclc,

1975) to 40 min (ReseaIch Group of Acupuncture Anesthesia, 1973; Sjôlund, Eriksson, 1979)

and yet in other studies this stimulation was given for 75 to 80 minutes (Andersson et aL, 1973;

Andersson, Holmgren. 1975; Chapman et aL, 1975; Chapman et aL, 1976; Chapman et aL,

1977). Inte=tingly, the post-stimulation analgesïa produced during these treatments appeared
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ta be different when comparisons were made between eifects elicited by relatively shor.:

durations of stimulation versus long durations of stimulation. Fer example, 10 ta 30 minutes

of stimulation elicited effects lasting severa! hours or even days (Fox, Melzack, 1976;

Mannheimer, Carlsson, 1979; Melzack, 1975) while 40 minutes of stimulation evoked a post­

stimulation analgesia that persisted for 30 minutes (Research Group of Acupuncture Anesthesia,

1973). When the stimulation was applied for 75 minutes, the duration of the post-stimulation

cifect was relatively short-lived, lasting 15 minutes (Andersson et al., 1973; Andersson,

Ho1mgren, 1975). Many factors, could give rise ta the varied durations of the post-stimulation

analgesia such as the relative intensities used in the stimulation, the location of the stimulation

as wel1 as the frequency of stimulation. Ta my know1edge no study bas systemaricaUy evaluated

the effect of the duration of the train of stimulation on the evoked analgesia in humans.

Meridian vs lIOn-meridiati stimulation:

A few clinical trials have demonstrated no difference in effect of meridian versus non­

meridian point stimulation (Co et aL, 1979; Gaw et al., 1975; Godfrey, Morgan, 1978; Lee et

al., 1975). However, tl1ere are a number of factors which, when taken into account, render

these results inconciusive. rlrst, in these studies, there is no mention of wlùch acupuncture

points were used or where the chosen non-meridian points were situated, except for the VlIg'Je

mention that tbese non-meridian points lie just outside the meridian points. TherefOIe, the

question arises as to whether tbese points truly lie outside the ICCeptivc field of the meridian

points? Second, the intensity of acupuncture stimulation by rotation of needles was DOt

mentioned except that the "teh chi" sensation was achieved, wlùch is chaIacterizcd by a feeling

39



•

•

•

of heaviness, numbness and/or soreness (Co et al., 1979; Gaw et al., 1975; Godfrey, Morgan,

1978; Lee et al., 1975). Therefore it is not clear if the stimulation was applied at an intensity

sufficient ta evoke a true and reliable physiologically-evoked increase in pain threshold (vida

supra). Third, there is no mention of the time course of the effect and at best there is only a

vague description of the magnitude of pain relief. A closer analysis of Gaw et al's (Gaw et al.,

1975) results shows only an 8-14% improvement in pain scores. Lee et al (Lee et al., 1975)

reported 6S% of patients experienced little or no pain relief and 35% of the patients experienced

50 ta 75% pain relief. A number of socio-psychological factors could have contributed to this

marginal improvement; 1) the natural course of the pain pathology, 2) the patients expectation

and desire ta experience relief of pain and 3) the inereased attention given to the patient which

may increase the pain threshold. These are all factors contributing to a placebo effect.

To address the question of the effect of placebo in acupuncture treatments, Mendelson

et al., (Mendeison et al., 1983), in a double blind crossover study, treated chronic back pain

sufferers with non-aversive manual acupunctuœ of meridian points and compared the effects

versus placebo which involved the insertion of needIes into non-meridian points pre-treated with

lidocaine. They found that during the first phase of the study, the treated group experienced a

40 % decrease in pain scores versus 26 % for the placebo. During the second phase of the

study the group of patients previously treated with acupuncture was subsequentiy treated with

placebo resulting in a 40 % decrease in pain scores. On the other band, the previously treated

placebo group which subsequentiy received acupuncture showed only a 19 % decrease.

Therefore, in the second phase of the cross-over study the placebo was more effective than the

active treatment and overalI the effect of acupuncture treatment was not significantiy different
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from placebo. The placebo component of low intensity acupuncture produces a significant bias

and therefore may be the underlying factor giving rise to the results obtained by others (Co et

al., 1979; Gaw et al., 1975; Godfrey, Morgan, 1978; Lee et al., 1975).

Support favouring meridian point stimulation over non-meridian point stimulation comes

from two experimentai pain studies. In one case, strong but tolerable stimulation of non­

meridian points did not affect pain detection threshold to thermal cutaneous stimuli, but did

increase pain tolerance levels in human subjects. However, stimulation of meridian points

effectively increased bath pain measures, and the evoked effects were superior to those produced

by non-meridian point stimulation (Stewart et al., 1977). In a second study intense

electroaeupuncture increased cutaneous pain threshold measured by immersion of a band in ice

wate:r. This study also showed that acupuncture stimulation produced greater effects than

stimulation of non-meridian points or placebo contrais receiving no stimulation (Anderson et al.,

1974).

Reliable data regarding the effects of meridian vs. non-meridian stim:ùation on evolœd

anaigesia is desperatlely needed. Furthermore, we still remain in the "dark" with respect to the

differences in peripheral and central mechanisms underlying the evoked responses elicited by

stimulation of meridian and non-meridian points•
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ID. ANL\IAL MODELS OF ACUPUNCTURE AJ.'\'D STL\lULATION-EVOKED

AJ."'ITINOCICEPTION

In search of rhe appropriare animal modeZ

Since the early 1970's severa! animal models have been developed to explore the

physiological bases for stimulation-evoked antinociception. However, much of the data

published is difficult te interpret because of the wide range of stimulus parameters used. In

addition, many experiments were performed on unanaesthetized as weil as anaesthetized

preparations, further complicating the interpretation of the data.

As for acupuncture, the animal models developed fall into two major categories: 1)

experiments performed in unanaesthetized animals with low or high intensity stimulation at either

low or high frequency, or 2) experiments performed in anaesthetized or decerebrated

preparations. As this review proceeds it will become apparent that rnany of the animal models

developed for the study of acupuncmre-induced antinociception do not yield analgesic effects

resembeling those evoked by intense, low frequency stimulation in humans (Andersson et al.,

1973; Andersson, Holmgren, 1975; Chaprnan et al., 1975; Eriksson, Sjëilund, 1976; Fox,

Melzack, 1976; Huang et al, 1978; Melzack, 1975; Sjëilund, Eriksson, 1979).

The lI1Il11IIJeSthe preparation:

In the awalœ animal, sevexal groups have demonstrated that stimulation of meridian or

acupuncture points with low intensity, low frequency stimulation produced an lIDtinociceptioo

that outlasts the stimulation. For example, 10 to 30 min ofstimulation of meridia" points in the
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hindlimb with pulses given at 2 Hz, 3 Hz or 2 and 15 Hz inhibited the withdrawal response

evoked by a noxious thermal test stimulus applied to cither the snout or the tail in rabbits (Han

et al., 1983; Han, Xie, 1984; McLennan et al., 1977) or in rats (Chen, Han, 1992a,b; Yaksh,

1981; Zhou et al., 1993). In some experiment:; inhibition was produced by 100 Hz (Wang et

al., 199Oa,b) and even 2 KHz or 5 KHz stimulation (Lin et al., 1992). In most cases the

inhibition was maximum during the stimulation and persisted for at least 10 min. In awake

mice, 6 Hz stimulation of forelimb meridian points at intensities below threshold for Aô fibres

increased vocali2ation thresh..ld during the stimulation. This effect pealœd at 20 min after the

stimulation and remained elevated for up to two hours (pomeranz, Chiu, 1976). In the same

paradigm when stimulation was applied at an intensity just below that required ta produce

. vocalintion, 0.2 Hz, 4 Hz or 200 Hz (Cheng, Pomeranz, 1979; Pomeranz, Paley, 1979)

increased vocalintion threshold, the magnitude of which appeared ta be greater with increasing

frequency.

The data from the majority of studies cited suggest that evoked responses are relatively

independent of the intensity or the frequency of the stimulation in that antinociceptive effects

during the stimulation and/or long-lasting aftereffects are always produced despite different

parameters of stimulation. However, this does not appear ta be the case in the human. As one

tan begin ta appreciate it is difficult ta draw conclusions from these animal experiments in

, relation ta the effects produced in the human with intense, low frequency acupuneture-like

stimulation. In the unanaesthetized preparation, it remains relatively unclear as ta what extent

stress contributed to the evoked responses vs. responses evoked directly by activation of

peripheral inputs. This concem becomes acute in light of the ,fact that the stress of restraint
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(Calcagnetti et al., 1990; Calcagnetti, Holtzman, 1990) or even of mild shock can elicit a long­

lasting antinociception (Przewlocka et al., 1990). Furthermore, the parameters of stimulation

in these studies do not resemble those that produce a reliable long-lasting analgesia in the

human.

The anaesrhetized or decerebrated preparation:

In anaesthetized preparations both low and high intensity electroaeupuncture are reported

to produce antinociception. In the anaesthetized cat, responses of Lamina V dorsal hom

neurones to noxious mechanical stimuli were tested for the effect produced by 30 min of low

intensity, 10w frequency electroaeupuncture of meridian points in the hindlimb. In 37 of 50

cel1s, responses were depressed by about 20 % of the control during the conditioning

stimulation. This inhibitory effec~ quickly decayed when the conditioning stimulus ended and

the responses retumed to control values within five to ten min. Clearly, the effects produced

by this fonn of stimulation were minor and short lasting. Again the effects did not resemble

acupuncture anaigesia in the humans. Other, electrophysiological experiments in decerebrated

cats, 100 Hz stimulation of hindlimb meridian points at varying intensities produced negative

dorsal mot potentials (Chan, Fung, 1975; Fung, Chan, 1976), suppressed cutaneous (Chan,

Fung, 1975) and sural po1ysynaptic reflexes (Fung, Chan, 1976) and inereased excitability of

primary afferent terminais (Fung, Chan, 1976); these effects persisted up to 800 ms after the end

of a brief, 20 ms train in the decerebrated cat (Chan, Fung, 1975; Clement-Jones et al., 1980;

Fung, Chan, 1976). In this experimental paradigm, these responses are difficult to compare with

effects produced by intense, 10w frequency stimulation because 100 Hz stimulation may recruite
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different central mechanisms aItogether.

In lightly anaesthetized rats, 4S Hz stimulation of fore1imb meridian points at low or high

intensities for IS min inhibited the jaw-opening reflex evoked by noxious electricaI stimulation

of the tooth pulp (Toda, Ichioka, 1978). At high intensities the inhibition was about 60 % and,

in addition, a post-stimulation effect lasting IS ta 20 min was evoked. In lightly anaesthetized

rats, stimulation with 4 Hz e1ectroaeupuncture applied with slow increments of current from 10

to 2S times threshold produced mild inhibition and a post-stimulation effect lasting 10 min

(pomeranz, Nguyen, 1987).

Although, these models are not ideaI, one can begin to see that to attempt ta study the

anaIgesic phenomena produced by acupuncture-like stimulation, animaI mode1s must be

deve10ped in which the parameters of stimulation closely resemble those of e1ectroacupunture

in humans. These mode1s must be free of stress and therefore necessitate the use of either

decerebration or sorne forro of anaesthesia.

Such mode1s have been deve1oped, aIthough with limitations (Chung et aI., 1983,1984a,b;

Kawakita, Funakoshi, 1982; Taylor et aI., 1990). Interestingly, as in the human studies the

effects produced by conditioning stimulation in animaI mode1s that acihere ta the criteria above

aIso appear ta be dictated by the intensity, frequency, duration and site of the stimulation.

Srimulalion-evoked antinociception: dependence on paramerers ofstimulalion

ITllensity:

Un1ilœ the unanestbetized preparation, in the anesthetized and decerebrated animaIs the
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evoked antinociception appears to he dependent on the intensity of the stimulation. One of the

more reliable animai studies on acupuncture-evoked antinociception was performed by Kawakita

and Funakoshi. They demonstrated that 5 Hz stimulation of hind limb meridian points or the

common peroneaI nerve at an intensity sufficient to recruit Aô and possibly C fibres depressed

the nociceptive jaw-opening reflex (Kawakita, Funakoshi, 1982). The maximum inhibition

occurred at the end of the 15 min of the stimulation and the inhibition persisted for at least

another 15 min. On the other hand, stimulation at lower intensities sufficient to recruit only AB

fibres only produced a miId depression of thejaw-opening reflex at 10 min after the onset of the

stimulation, ar·l
, when the stimulation was tumed off, no lingering effects were seen.

SimiIar intensity-dependent effects were produced in decerebrated animai models of

acupuncture. For example, in the decerebrated (Paik et ai., 1981) and/or spinalized cat (Chung

et al., 1983; Paik et ai., 1981) the flexion reflex eIicited by stimulation of C fibres in the suraI

nerve depressed up to 50 % of the pre-conditioning control values by electrica1 stimulation of

the zusanIi (ST-36) meridian point in the hindlimb (Paik et ai., 1981) or by direct stimulation

of the common peroneaI nerve (Chung et ai., 1983; Paik et ai., 1981). This inhibition persisted

for up to 1 hour beyond the stimulation (Chung et al., 1983; Paik et ai., 1981). The stimulation

parameters used were 20 Volts, 2 ms pulses given at 2 Hz. The duration of the stimulation

ranged from 15 min up to 1 hour (Chung et ai., 1983; Paik et ai., 1981). Il appears from these

studies that the antinociceptive effects evoked by intense, 10w frequency stimulation of either

acupuncture points or by direct stimulation ofperipheraI nerve are comparable. Therefore, other

animal modeis of stimulaticn-evoked antinociception eIicited by direct stimulation of peripheraI

nerves may be adequate modeis for the study of aeupuneture-evoked antinociception•

46



•

•

•

In primates the antinociception evoked by peripheral nerve stimulation was aise found

to be dependent on the intensity of the stimulation (Chung et al., 1984b). In decerebrated or

decerebrated and spinalized monkeys, five minutes of electrical stimulation of AB fibres in the

tibial nerve inhibited C fibre-evoked responses of spinothalamic tract cens in the lumbosacral

spinal cord, but the inhibition was minor and did not persist after the end of stimulation. In

contrast, when stimulation was applied at an intensity which recruited Aô and C fibres, a

progressively increasing inhibition of these ceJIs was noted. Aise, at this intensity, a post­

stimulation effect lasting 50 to 100 seconds was produced (Chung et al., 1984b). Furthermore,

prolonged conditioning stimulation of tibial nerve C fibres at 2 Hz inhibited responses of

spinothalamic cens to test stimulation of C fibres in the sural nerve, or to application of a

noxious heat stimulus to the cutaneous receptive field (Chung et al., 1984a). In this

experimental paradigm transcutaneous electrical stimulation produced inhibition of the C fibre­

evoked responses , but only when the current exceeded the Aô fibre threshold (Han et al., 1980).

FinaI1y, in another study not directly reIated to acupuncture, low frequency repetitive

stimulation of C fibres in the common peroneal nerve produced long-lasting inhibition of the

sural-gastroenemius reflex and application of natural noxious conditioning stimuli aise produced

this long-lasting inhibition in decerebrated and spinalized rabbit (Clarke et al., 1989; Taylor et

al., 1990); non-noxious stimulation had no effect.

Taken together these studies suggest that high intensity stimulation of smaI1 diameter

primary afferents produces long-lasting antinociceptive effect.

Frequency:
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The frequency of the stimulation also appears to be an imponant parameler for the

expression of antinociceptive effects elicited by intense electrical stimulation of the peripheral

nerve. In decerebrated and spinalized primates, 5 min of stimulation of the tibial nerve at an

intensity 10 times the threshold of AB fibres produced a frequency- dependent inhibition of

spinothalamic tract ceUs. Within the range of 0.5 Hz to 20 Hz stimulation the inhibition was

mild to strong; 0.5 Hz stimulation produced the weakest effect while 20 Hz stimulation evoked

the greatest inhibition (Chung et al., 1984b). Furthermore, intense acupuncture-like TENS

applied with an internal 85 Hz train of pulses given at 3 Hz was more effective in producing

inhibition of spinothalamic tract ceUs than a train of pulses given at 85 Hz. Finally, the

inhibition of the sural-gastrocnemius reflex evoked by stimulation of C fibres in the common

peroneal nerve in the decerebrated and spinalized rabbit was found to he a frequency dependent

phenomenon (Taylor et al., 1990). The optimum frequency to e1icit this inhibition was found

ta be 5 Hz with an internal frequency of 70 to 100 Hz (Taylor et al., 1990). When the

frequency of stimulation was applied at 0.5 Hz, facilitation instead of inhibition occurred (Taylor

et al., 1990).

Train Duration:

It is interesting that 5 minutes of high intensity stimulation of AB and C fibres in

peripheral nerves elicits a post-stimulation inhibition of primate spinothalamic tract ce11s that

lasts only 50 ta 100 seconds (Chung et al., 1984b), Yet, when the stimulation is maintained for

15 minutes the inhibition of these cells remains for up ta 30 minutes (Chung et al., 1984a). In

addition, in the decerebrated and spinalized rabbit, the depression of the sural-gastrocnemius
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reflex evoked by intense, low frequency stimulation of the common peroneal nerve is also a

function of the duration of the conditioning stimulation. Longer durations of stimulation

produced greater depression of the reflex (Taylor et al., 1990). Taken together, the data suggest

that duration may have a critical role in determining the outcome of the evoked antinociception.

Meridian vs. non-meridian:

Data from lightly anaesthetized rats suggest that depression of the nociceptive jaw­

opening reflex evoked by 45 Hz stimulation in the forelimb is greater with stimulation of

meridian vs. non-meridian points (Toda, Ichioka, 1978). At low intensities of stimulation, no

difference in effect was produced when either point was stimu1ated. However, at intensities

which recroit AO fibres, stimulation of meridian points produced a greater depression of the jaw­

opening reflex !han stimulation of non-meridian points (Toda, Ichioka, 1978). In another

experiment, 100 Hz stimulation of hindlimb meridian points at varying intensities produced an

inhibition of cutaneous po1ysynaptic reflexes whi1e stimulation of non-meridian points produced

either negligible effects or facilitated these reflexes in the anaesthetized rat (Chan, Fung, 1975).
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IV. NEUROCHEMICAL BASE'S OF ACUPUNCTURE-EVOKED ANALGE'SIA OR

ANTINOCICEPTION

NeurochemicaIs from primary affere1llS

Little is known of the role of neurochemicals released from primary afferent terminais

within the spinal cord in the mediation of the diffuse inhibitory control over nociceptive

processing, evoked by brief noxious somatic stimulation or by bric: or prolonged intense

electrical stimulation of peripheral nerve or by intense electroacupuncture-like stimulation in the

human.

Chemicals implicated in synaptic transmission of sensory information in the spinal cord

and released from primary afferents include excitatory amino acids (Radhakrishnan, Henry,

1993; Salt, Hill, 1983; Shen et al., 1975; Watkins, Evans, 1981; Yashpa1 et al., 1991) and

neuropeptides (Cridland, Henry, 1988; Henry, 1976; Radhakrishnan, Henry, 1991; Xu et al.,

1990; Yashpa1 et al., 1995). These likely mediate the inputs which a!:tivate the mechanisms

which bring about the antinociceptive response evoked by activation of high threshold primary

afferents. For example, in adult rats intrathecally administered capsaicin depolarized small

diameter primary afferents releasing neurosubstrates resulting in nociception (Gamse, 1982;

Hayes, Tyers, 1980) and antinociception (Dickenson et al., 19~; Nagy et al., 1981; Sun,

Larson, 1993). Furthermore, depletion of C fibres by capsaicin treatment in neonatal rats

attenuated nociception (Ham et al., 1984; Masters, Komisaruk, 1991) and antinociception

(Masters, Komisaruk, 1991; Yashpa1 et al., 1995) provoked by noxious cutaneous stimulation.

Below 1 review sorne evidence which implieates excitatory amino acids in the mediation
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of the sensory in;>uts to the spinal cord. In addition, this review includes opioids and their

receptors, which have been implicated in modulation of nociceptive mechanisms in the spinal

cord.

Excilatory amino acids:

Glutamate is likeIy to mediate synaptic transmission between primary afferents and

second order dorsal horn neurones in the spinal cord. It is contained in the terminals of primary

afferents (Battaglia, Rustioni, 1988; De Biasi, Rustioni, 1988,1990; Maxwell et al., 199Oa,b;

Merighi et al., 1991; Phend et al., 1994) including those of smalI diameter inputs (Battaglia,

Rustioni, 1988; De Biasi, Rustioni, 1988; Phend et al., 1994), and it is reIeased upon stimulation

of low (Jeftinija et al., 1991; Kangrga, Randic, 1991a) or high threshold afferents (Kangrga,

Randie, 1991a; PaIeckova et al., 1992). Autoradiographie evidence strongly implicates

glutamate in transmission of sensory information based on anatomical locaIization of receptors.

Labelled glutamate binds to receptors selective for N-methy1-D-aspartate (NMDA) (CoIlingridge,

Lester, 1989; Mayer, Westbrook, 1987; Nicoll et al., 1990) throughout the spinal gray matter;

the highest density was found in the dorsal horn in both cat (Mitchell, Anderson, 1991) and rat

(Greenamyre et al., 1984; Henley et al., 1993). In the human spinal cord, MK-801, a non­

competitive NMDA antagonist densely occupied NMDA receptors in the substantia gelatinosa

of the dorsal horn (Shaw et al., 1991).

EIectrophysiologicaI experiments further Sl.:pport glutamate's role in mediation ofsynaptie

transmission of sensory information. For example, iontophoretie application of glutamate excite

superficial and deep dorsal horn cells (Aanonsen et al., 1990; Diekenson, Sullivan, 1987;
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Gerber. Randic. 1989: Schneider. Perl. 1985). This excit:ltory action of glutamate on dorsal

hom ceUs (Schneider. Perl. 1988) is via generation of inward currents (Yoshimura et al .. 1991)

through activation of mmA receptors (Jahr. 1992). mlDA receptor antagonists are

demonstrated to attenuate dorsal hom neurone responses to applied glutamate and to high

threshold inputs evoked electrica1ly or by noxious cutaneous stimuli. For example. the

dissociative anesthetic phencyclidine (PCP), a non-eompetitive antagonist of the NMDA receptor

(Anis et al., 1983), blocked responses of spinothalamic tract ceUs te iontophoretica1ly applied

glutamate, te noxious mechanica1 stimuli and to electrica1 Aô and C fibre excitatory inputs in

primates (Willcockson et al., 1986). Dorsal hom ceU responses to noxious thermal cutaneous

stimulation in unanesthetïzed, decerebrated cats (Radhakrlshnan, Henry, 1993) are blocked by

ketamine, a dissociative anesthetic similar te PCP (Anis et al., 1983), and by 2-amino-5­

phosphonovaierlc acid (APV) a competitive antagonist of the NMDA receptor (Aanonsen,

Wilcox, 1986). Activation of the NMDA receptor appears to be involved in the synaptic events

elicited by noxious and non-noxious eutaneous mechanica1 stimulation (King, Lapez-Garcia,

1993) and is suggested to have critica1 importance in the development of "windup" in the spinal

cord (Savola et al., 1991; Dickenson, Sullivan, 1987; Thompson et al., 1990; King,

Lapez-Garcia, 1993; Thompson et al., 1994). In in vitro experiments, ventral roct potential

responses te electrical C fibre input were antagonized by APV (Thompson et al., 1994) in the

isolated spinal cord of the rat.

Data from behavioural paradigms also implicate excitatory amino acids in nociceptive

sensery pathways. Intrathecal administration of NMDA into the rat lumbar spinal cord produced

central experimental pain disorders such as irritability, circling, biting and excessive grooming
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resulùng in 10ss of hair, and skin ulcerations from autotomy (Zochodne et al.. 1994). ln other

experiments, acute administraùon of lI.'},fDA to the spinal cord elicited thermal hyperalgesia

(Malmberg, Yaksh, 1993b; Meller et al., 1992; Mjellem-Joly et al., 1992; Raigorodsky, Urca,

1987) and APV blocked facilitaùon of the thermally elicited tail withdrawal reflex evoked by

noxious cutaneous input (Yashpal et al., 1991). Furthermore, spinal administration of NMDA

potentiated the forma1in-evoked bebavioural nociceptive responses (Coderre, Melzack, 1992a).

When selective NMDA antagonists were given spinally, the evoked nociceptive bebavioural

responses te forma1in injection were blocked (Coderre, Melzack, 1992b; Vaccarino et al., 1993).

Fina11y, in severa! chronic pain models, NMDA receptor activation has also been implicated in

th~ (Mao et al., 1992a,b; Meller et al., 1994; Tal, Benr.ett, 1994) or mechanica1

(Neugebauer et al., 1993) hyperalgesia induced by sustained activation of C fibres.

Although the evidence implicates the NMDA receptor in processing of nociceptive

information, there is alse evidence te suggest spinal activation of these recepters provoke

inhibition of nociceptive pathways. Spinal administration of NMDA (Mjel1em-Joly et al., 1992;

Raigorodsky, Urca, 1987) elicit both pronociceptive and antinociceptive responses. A 10w dose

of NMDA given by lumbar puncture prior to subcutaneous formalin injection of the hindpaw

decreased the nociceptive behaviour of the late phase in mice (Mjellem-Joly et al., 1992) and

the same dose ofNMDA produced potentiation of morphine-elicited antinociception in intact rats

but not in acute (s 26 h) spinal rats (Advokat et al., 1994). In addition, intrathecal

administration of higher doses of NMDA produced facilitation of the thermally elicited tail

withdrawal reflex in rats followed by inhibition of the reflex lasting for severa! minutes

(Raigorodsky, Urca, 1987). This pronociceptive effect followed by the lasting antinociceptive
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effect was also produced in ehronically (~ 5 days) spinalized animals (RaigorodsJ..:y. Urca•

1987), implicating spinal mechanisms in the NMDA-evoked antinociception.

Opioid modulation ofsensory transmission:

Since the discovery of multiple opiate receptors and opioids in the central nervous

system, the use of specifie antagonist has contributed to the abundant information conceming

their roles in the modulation of the transmission of sensory information (Basbaum. Fields, 1984;

Millan, 1986). In the next few pages 1 shall focus on the relative contribution of eaeh of the

opioid peptides in modulation of nociceptiùn and review their involvement in mediation of

acupunerure-evoked analgesia or antinociception.

EnkephaIins:

Laminae 1 and II of the dorsal hom are shown to be immunoreactive for met- and leu­

enkephalin-like material in the rat (Bresnahan et al., 1984; Hôkfe1t et al., 1977; Miller, Seybold,

1987) the cat (Glazer, Basbaum, 1983; Miller, Seybold, 1987) the primate (LaMotte, De

Lanerolle, 1983) and in the human spinal cord (Przewlocki et al., 1983). The spinal source for

these opioid peptides appears to be intemeurones because rhizotomy or spinal section does not

significantIy alter the leve1s of enkephalin-like immil.'loreactivity. However, in addition to

intrinsie spinal neurones, enkephalinergie fibres originating in the brain stem nuelei sueh as the

raphe project to the spinal coro (Hôkfe1t et al., 1977).

The enkephalins bind to both p.- and 0- receptors but have a greater affinity for the latter

(Millan, 1986).
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Dynorphin:

Laminae 1and V oi the dorsal hom, the dorsal roots and the dorsal ganglia have all been

shown to contain dynorphin A (1-17), dynorphin A (1-8) and dynorphin B (1-13)

immunoreactive-like-material (Basbaum et al., 1986; Botticelli et al., 1981; Miller, Seybold,

1987; Przewlocki et al., 1983). At the level oi the sacral spinal cord dynorphin is thought to

originate in part irom primary afferents (Basbaum et al., 1986), but in the remaining spinal cord

the source aiso appears to be spinal intemeurones because spinal transection at mid-thoracic level

or dorsal rhizotomy does not alter dynorphin immunoreactivity (Basbaum et al., 1986).

Dyr.orphin is selective for the kappa receptor (Millan, 1986).

jJ-Endorphin:

Fibres of passage containing B-endorphin immunoreactive-like material have been shown

to course down the dorsolat:ral and latera! funiculi terminating in the region of the central canal

of the spinal cord (Tsou et al., 1986). Evidence suggest that B-endorphin exerts its action via

binding to the p.- and o-receptor (Hong et al., 1993).

Roie of p.-opiaze receprors:

Evidence for the role of p.-opiate receptors in sensory transmission is supported by

anatomical, elcc:trophysiological and behavioural data linking this receptor to modulation of

sensory processing in the CNS. In the dorsal hom 70-90 % of opiate receptors are of the p.­

subtype (SteVens et al., 1991). Autoradiographie evidence demonstrated radio-labelled

DAMGO, a P.-ol'iate receptor agonist, binding in the spinal cord, with up to 74 % of the total
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binding oceurring in laminae 1 and II of the dorsal hom (Besse et al .• 1991). This tïnding ",as

fu.-Jler supponed by dense binding of labelled FK-33-8:~. another highly selective wagonist.

in superfieial dorsal hom (Gouarderes et al.• 1991). In both these studies dorsal rhizotomy

progressively decreased binding of labelled agonist by at least 70 %. suggesting that jL-receptors

are predominately pre-synaptie on primary afferent terminals (Besse et al.• 1992; Gouarderes

et al., 1991).

In in vitro release studies, jL-receptor agonists have been shown to inhibit the release of

substance P from primary afferent lerminals (Bourgoin et al., 1994) and inhibit the release of

aspartate and glutamate elieited by high intensity stimulation of primary afferents (Kangrga,

R3.Ildic, 1991b), further supporting pre-synaptic modulation of sensory transmission in the spinal

cord. In rats made polyarthritic with injection of Freunds adjuvant, spinal perfusion wîth

DAMGO produced a naloxone-revcrsible inhibition of the release of CGRP-lilœ material and

naloxone by itself produced an even greater release of this peptide in polyarthritic rats (Collin

et al., 1993), therefore implicating jL-receptor modulation of sensory transmission in chronie pain

states. -In addition to pre-synaptic modulation, there is also evidence to suggest post-synaptic

modulation of sensory transmission via activation of the jL-receptor. In the in vitro sliec

preparation of the substantia gelatinosa of the spinal trigeminal nucleus pars caudalis in the

guinea pig and rat. met-enlœphalin evoked a naloxone-reversible hyperpolarization manifested

by increased potassium conductance in the majority of neurones (Grudt, Williams, 1994).

Furthermore, in patch clamp studies simultaneous or prior application of ","agonist DAGO

depressed responses evoked by NMDA in disassociated cells from the superficial dorsal hom
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of the rat (Rusin, Randic, 1991) suggesting direct modulation of the NMDA receptor ion

channel.

With respect to more global actions of wreceptor activation on nociception in the dorsal

hom, p. agonists produced depression of C fibre-evoked activity in the lumbar spinal cord of the

rat (Villanueva et al., 1991) and depressed responses of wide dynamie range neurones to

application of noxious eutaneous stimulation in the cat (Omote et al., 1991). Low doses of

morp!line potentiated lignocaine-evoked depression of responses of neurones to single C fibre

inputs or lignocaine-evoked depression of "windup" elicited by repetitive C fibre stimulation

(Fraser et al., 1992); in the rat higher doses of morphine applied alone depressed "windup" in

dorsal hom neurones when pre-administered prior to stimulation (Chapman et al., 1994). In

addition, the flexor reflex evoked by noxious pinch is depressed by systemie administration of

p.-agonists morphine and fentany1 (Herrera, Headley, 1991) in rats.

Severa! behavioural studies show that p.-opiate receptor agonists produced antinociceptive

effects. For example, intrathecal administration of DAMGO produced antinociceptive effects

in bath the tail flick test and hot plale test (Stewart, Hammond, 1993; Suh et al., 1994).

Morphine or DAGO was effective in blocking the tail withdrawal reflex evoked by immersion

of the tail in 530C water (Nagasaka. Yaksh, 1995). Intrathecal morphine or fentany1 produced

antinociception in the hot plate test and in the acetie acid induced writhing test (Furst, 1991).

When morphine was given intrathecally, it dose depender:tly decreased bath the carly and late

phases of nociceptive behaviour evoked by injection of formalin in the hind paw of the rat

(Malmberg, Yaksh, 1993a)•
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RaIe of ô-opiaJe receprors:

Of the total population of opiate receptors in the spinal cord. ï-28 % are found to be of

the ô-receptor subtype (Stevens et al., 1991). Labelled DTLET, a o-receptor agonist, binds in

rat spinal cord and about 20 % of the total binding occurs in Larninae 1and II of the dor~al hom

(Besse et al., 1991); binding of the o-antagonist 3H-naltrindole is predominantly in the substantia

ge1atinosa (Drower et al., 1993). These receptors are located mainly pre-synaptically on

primary afferents because dorsal rhizotomy decreased the binding of labelled o-agonist by up to

60 % (Besse et al., 1992).

In an immunohistochemistry study, antisera raised against a c10ned o-opiate receptor.

DaR-l, bound te a dense plexus within the superficial dorsal nom. This immunoreactivity was

greatly decreased after dorsal rhizotomy, suggesting a presynaptic localization. Furthermore,

a population of smal1 diameter primary afferents which were DOR-1 immunoreactive were also

imml:noreactive for CGRP. These DOR-1 and CGRP immunoreactive fibres were opposee! to

terminals containing immunoreactive enkephalin-like Materlal, suggesting enkephalin from

intraspinal sources rnay be the natuIalligand for the receptor encoded for DOR-1 and that this

opioid rnay regulate the release of CGRP from the primary afferent terminals (Dado et al.,

1993). Pre-synaptic o-receptor activ-..tion bas been shown to inhibit the release of CGRP from

primary afferent terminals in in vilro slice preparations (Bourgoin et al., 1994) and o-agonists

depressed the constant release of subs~ceP in the intact spinal cord of the rat (Collin et al.,

1991). This effect was reversed by the o-antagonist naltrindole and, in addition, the antagonist

alone enhanced the release of substance P (Collin et al., 1991), suggesting a tonie opioid

roediated ir.hibition of primary afferents•
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Electrophysiological data show that ô-agonis:s depressed C fibre-evoked activity in the

dorsal horn of the rat (Villanueva et al., 1991) and depressed the activity of wide dynamic range

neurones elicited by noxious cutaneous stimuli in the cat lumbar spinal cord (Omote et al.,

1991).

Severa! algesiometric tests have implicated activation of the ô-opiate in antinociception.

For example, in the nociceptive tail withdrawal reflex evoked by noxious thermal stimulation

o,-receptor agonists such as DPDPE (Drower et al., 1991; Nagasaka, Yaksh, 1995; Shah et al.,

1994; Sofuog1u et al., 1991; Stewart, Hammond, 1993; Suh et al., 1994), [D-AlaJ-Deltorphin

Il (lmplOta, Broccardo, 1992) or DADL (Nagasaka, Yaksh, 1995) given intrathecally produced

antinociception and the ~-agonist DSLET also dose dependently inhibited this reflex (Shah et

al., 1994; Sofuog1u et al., 1991) in rats. Furthermore activation of ô-receptors produces rather

long-lasting antinociception (lmplOta, Broccaroo, 1992). In the hot plate test DPDPE was

effective in producing antinociception (Drower et al., 1991; Stewart, Hammond, 1993; Suh et

al., 1994), however, agonists selective for the ~-receptordo not appear to induce antinociception

in this paradigm (Stewart, Hammond, 1993).

Raie of IC-Opiare receprors:

IC-Opiate receptors are sparsc in the adult rat spinal cord (Sullivan, Dickenson, 1991)

making up only 3-S % of all opiate receptors in the dorsal hom (Stevens et al., 1991).

Nonetheless, these receptors are implicated in sensory transmission because selective «-receptor

ligands bind in the spinal cord with up to 10 % of the total binding OCCIIIIÎIlg in Taminae 1 and

Il (Besse et al., 1991) of the dorsal homo These receptors are found to be predominat.ely located
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post-synaptically as demonstrated by dorsal rhizotomy experiments (Besse et al.. 1990)•

suggesting that the lC-receptor may modulate synaptic transmission of sensory information in the

dorsal horn at a post-synaptic site.

In addition to probable post-synaptic modulation of sensory transmission via activation

of the lC-receptor. a presynaptic action has also been suggcsted. For examp:~. selective lC-ligands

inhibit the release CGRP-like material from primary afferent terminais (Bourgoin et al., 1994).

E1ectrophysiological data have supported the role of the lC-receptor in modulation of

sensory transmission. For example, systemic administration of the lC-agonist U50,488H

depressed the flexor withdrawal reflex e1icited by noxious pinch (Herrero. Headley, 1991) and

intt?theca1 administration depressed the C fibre-evoked spinal flexor reflex (Hemandez et al.,

1993) in rats. Systemically applied lC-opioids have been shown to suppress the firing of dorsal

horn neurones e1icited by noxious thermal cutaneous stimulation (Headley et al., 1984)

When lC-receptor agonists bremazocine. ethylketoeyclazocine or pentazocine were given

to mice and rats a long-lasting antinociception was produced in the acetic acid writhing test, but

these agonists were ineffective in the hot plate test (Furst, 1991). Intratheca1 administration of

U50,488H (Nagasaka, Yaksh, 1995) or ketoeyclazocine (Goodchild et al., 1991) depressed the

Dociceptive tail withdrawal reflex evoked by noxious therm2.1 stimulation in rats. Subcutaneous

administration of various lC"agonists also produced antinociception in the thermally evoked tail

withdrawal test at moderate heat intensities and depressed the withdrawal reflex in response to

pressure; these antinociceptive effects were effectively blocked by selective lC-antagonists

(Millan, 1989). However, lC-agOnists had no effect on vocalization threshold to noxious

electrical stimulatlon (Millan, 1989). lC"agonists also appear to be effective in chemical
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nociception. In rats, intrathecal administration of the lC-agonists USO,488H had little effect on

the early phase of the nociceptive behaviour induced by formaIin injection in the rat hindpaw,

but the 2nd late phase was depressed in a dose dependent manner (Malmberg, Yaksh, 1993a).

Opioids and elecrroacupuncture anaIgesia:

Severallines of evidence suggest that at the spinal leve1 opioids mediate the anaIgesic or

antinociceptive effects evoked by intense, 10w frequency stimulation, bath in the human and

animal models of stimulation-evoked antinociception.

Low frequency acupuncture in the human elicited an increase in B-endorphin but not

enkephalin in cerebrospinal fluid (CSF) (Clement-Jones et al., 1980). In another stt:dy,

acupuncture-like TENS stimulation at 3 Hz for 30 min increased CSF leve1s of dynorphin-like

material. This increase was found to be related to the segmentalleve1 of stimulation (Sjôlund

et al., 1977). In an animal mode1 of acupuncture, manual stimulation of hindlimb meridian or

non-meridian points produced an extrasegmental increase in leve1s of met-enkephalin-like

immunoreactivity in CSF as we1l (Bing et al., 1991a).

In humans, systemic administration of naloxone blocked the anaIgesia evoked by intense

acupuncture-like r~s (Sjô1und, Eriksson, 1979) in 6 out of 10 patients while the anaIgesia

produced by conventional high frequency TENS appeared to be naloxone insensitive (Sjôlund,

Eriksson, 1979). A similar naloxone blockade of the inhibition of the blink reflex elicited by

intense e1ectroacupuncture bas also been demonstrated (Willer et al•• 1982).

The antinociceptive effects produced by intense stimulation in animal mode1s of

acupuncture are also susceptible to naloxone. For example, in the decerebrated and spina1ized
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primate, naloxone hall no effeet on the evoked inhibition on spinothalamic cells during intense,

low frequency conditioning stimulation of the tibial nerve. The post-stimulation effeet was found

to he naloxone sensitive (Chung et al., 1984a,b). However, in other paradigms naloxone was

found to he more effeetive in blocking the evoked antinociception. For example. in the

decerebrated and spinalized cat recruitment of Ao and C fibres in the common tibial or peroneaI

nerve evokeè a long-lasting depression of the flexion reflex recorded eleetrophysiologicaIly from

the ventral roots (Chung et al., 1983) and in the rabbit prolonged intense eleetricaI stimulation

applied to the toes depressed the sural-gastrocnemius reflex (Taylor et al.• 1990). In both

studies the evoked inhibition was complete1y reversed by naloxone (Chung et al., 1983; Taylor

et al., 1990). In a more recent study by Lee and Beitz (1992),4 Hz and 100 Hz stimulation of

acupuncture points in the hindlimb attenuated the expression of the c-fos oncogene in the spinal

cord induced by noxious meehanical stimulation. Suppression of c-fos expression by 4 Hz

stimulation was complete1y reversed by prior administration of naloxone. Suppression of c-fos

expression by 100 Hz stimulation was on1y partially antagonized by naloxone (Lee, Beitz, 1992).

Therefore, it is likely that pro1onged activation of high threshold primary afferents evokes

the release of substances within the CNS which in turn provoke inhibitory meehanisms via

release of endogenous opioids and activation of opiate receptors to negatively modulate

nociception within the spinal cord.

62



•

•

V. REFERE.'OCES

Aanonsen LM, Wilcox GL (1986) Phencyclidine selecùvely blocks a spinal acùon of

N-methyl-D-aspartate in mice. Neurosci Let! 67:191-197.

Aanonsen LM, Lei S, Wilcox GL (1990) Excitatory amine acid receptors and nociceptive

neurotransmission in rat spinal cord. Pain 41:309-321.

Advokat C, Prejean J, Bertman L (1994) Intrathecal co-administration of morphine and

excitatory amino acid agonists produce differential effects on the tail-flick of intact and spinal

rats. Brain Res 641:135-140.

Andersson SA, Holmgren E (1975) On acupuncture analgesia and the mechanism of pain. Am

J Chin Med 3:311-334.

Anderson DG, Jamieson IL, Man SC (1974) Analgesie effects of acupuncture on the pain of ice

water: a doub1e-blind study. Can J Psychol 28:239-244.

Andersson SA, Eriescn T, Holmgren E, Lindquist G (1973) Electro-acupuneture. Effect on pain

threshold measured with electrical stimulation of teeth. Brain Res 63:393-396•

63



•

•

Anis NA. Berry SC. Burton NR. Lodge D. (1983) The dissociative anesthetics. ketamine and

phencyclidine. selectively reduce excitation of central neurons by N-methyl-aspartate. Br J

PharmacoI79:565-575.

Basbaum AI, Fields HL (1984) Endogenous pain control systems: brainstem spinal pathways and

endorphin circuitry. Ann Rev Neurosci 7:309-338.

Basbaum AI, Cruz L, Weber E (1986) Immunoreactive dynorphin B in sacral primary afferent

fibers of the cat. J Neurosci 6:127-133.

Battaglia G, Rustioni A (1988) Coexistence of glutamate and substance P in dorsal root ganglion

neurons of the rat and monkey. J Comp Neurol 277:302-312.

Besse D, Lombard MC, Besson JM (1991) Autoradiographie distribution of p., ô and k opioid

binding sites in the superficial dorsal hom, over the rostroeaudal axis of the rat spinal cardo

Brain Res 548:287-291.

Besse D, Lombard MC, Besson JM (1992) Time-related decreases in p. and ô opioid receptors

in the superficial dorsal hom of the rat spinal cord followïng a large unilateral dorsal rhizotomy.

Brain Res 578:115-121.

Besse D, Lombard M-C, zajac J-M, Roques BP, Besson J-M (1990) Pre- and postsynaptic

64



•

•

location of 1-', ii and kappa opioid receptors in the superficiallayers of the dorsal hom of the rat

spinal cord. Brain Res 521:15-22.

Bing Z, Villanueva L, Le Bars D (1990) Acupuncture and diffuse noxious inhibitory controls:

Naloxone-reversible depression of activities of trigeminal convergent neurons. Neuroscience

37:809-818.

Bing Z. Cesselin F, Bourgoin S, Clot AM, Hamon M, Le Bars D (1991a) Acupuncture-like

stimulation induces a heterosegmental release of Met-enkephalin-like material in the rat spinal

cardo Pain 47:71-77.

Bing Z, Villanueva L, Le Bars D (1991b) Acupuncture-evoked responses of subnucleus

reticularis dorsalis neurons in the rat medulla. Neuroscience 44:693-703.

Botticelli U, Cox BM, Go1dstein A (1981) Immunoreactive dynorphin in mammalian spinal card

and dorsal root ganglia. Proc Nat! Acad Sei USA 78:7783-7786.

Bouhassïra D, Bing Z, Le Bars D (1990) Studies of the brain structures invo1ved in diffuse

noxious inhibitory controls: The mesencephalon. J Neurophysio1 64: 1712-1723.

Bouhassïra D. Villanueva L, Le Bars D (1992) Effects of systemic morphine on diffuse noxious

inhibitory controls: Role of the periaqueductal grey. Eur J Pharmaco1216:149-156•

6S



•

•

Bourgoin S. Benoliel JJ. Collin E. Mauborgne A. Pohl ~L Hamon M. Cesselin F (199~)

Opioidergic control of the spinal release of neuropeptides. Possible signitïcance for the analgesic

effects of opioids. Fundam Clin Pharmacol 8:307-321.

Bresnahan JC, Ho RH, Beattie MS (1984) A comparison of the ultrastructure of substance P and

enkephalin-immunoreactive elements in the nucleus of the dorsal lateral funiculus and laminae

l and II of the rat spinal cord. J Comp Neurol 229:497-511.

Brockbank W (1954) Ancient Therapeutic Arts. London: Heinemann.

Calcagnetti DI, Holtzman SG (1990) Factors affecting restraint stress-ind<lced potentiation of

morphine analgesia. Brain Res 537: 157-162.

Calcagnetti DI, Fleetwood SW, Holtzman SG (1990) Pharmacological profile of the potentiation

of opioid analgesia by restraint stress. Pharmacol Biochem Behav 37:193-199.

Chan CWY, Tsang H (1987) Inhibition of human flexion reflex by low intensity high frequency

transcutaneous electrical nerve stimulation (TENS) has a gradual onset and offset. Pain

28:239-253.

Ch2n SHH, Fung S (1975) Suppression of polysynaptic reflex by electro-acupuncture and a

66



•

•

possible underlying presynapûc mechanism in the spinal cord of the cat. Exp Neurol ~8:336-3~:!

Chapman CR, Gehrig JO, Wilson ME (1975) Acupuncture compared with 33 per cent nitrous

oxide for dental analgesia: a sensory decision theory evaluaûon. Anesthesiology 42:532-537.

Chapman CR, Wilson ME, Gehrig JO (1976) Comparative effects of acupuncture and

transcutaneous stimulation on the perception of painful dental stimuli. Pain 2:265-283.

Chapman CR. Chen AC. Bonica JI (1977) Effects of intrasegmental e1ectrica1 acupuncture on

dental pain: evaluation by threshold estimation and sensory decision theory. Pain 3:213-227.

Chapman V. Haley JE. Dickenson AH (1994) Electrophysiologic analysis ofpreemptive effects

of spinal opioids on N-methyl-D-aspartate receptor-mediated events. Anesthesiology 81

(6):1429-1435.

Chen X-Ho Han J-S (19912) Analgesia induced by e1ectroacupuncture of different frcquencies

is mediated by different types of opioid receptors: Another cross-tolerance study. Behav Brain

Res 47:143-149.

Chen XH. Han JS (1992b) AU three types of opioid receptors in the spinal card are important

for 2115 Hz e1ectroaeupur.;;illre analgesia. Eur J Pharmacol 211:203-210•

67



•

•

Cheng RSS, Pomeranz B (1979) Electroaeupuneture analgesia eould be mediated by at least two

pain-relieving mechanisms; endorphin and non-endorphin systems. Life Sei 25: 1957-1962.

Chung JM, Fang ZR, Cargill CL, Willis WD (1983) Prolonged, naloxone-reversible inhibition

of the flexion reflex in the cat. Pain 15:35-53.

Chung JM, Fang ZR, Hori Y, Lee KH, Willis WD (1984a) Prolonged inhibition of primate

spinothalamie traCt eeUs by peripheral nerve stimulation. Pain 19:259-275.

Chung JM, Lee KH, Hori Y, Endo K, Willis WD (1984b) Factors influencing pt:ripheral nerve

stimulation produced inhibition of primate spinothalamic tract ceUs. Pain 19:277-293.

Clarke RW, Ford TW, Taylor JS (1989) Activation by high intensity peripheral nerve

stimulation of adrenergîc and opioidergic inhibition of a spinal reflex in the decerebrated rabbit.

Brain Res 505:1-6.

Clement-Jones V, Tomlin S, Rees LS, McLoughlin L" Besse:r GM, Wen HL (1980) Increased

beta-endorphin but not met-enkephalin levels in human cerebrospinal fluid after 3C;lPunCture for

recurrent pain. Lancet ü:946-949.

Co LL, Schmitt TH, Havdala H, Reyes A, Westerman MP (1979) Acupuncture: an evaluation

68



•

•

in painfuI crises of sickle cell anaemia. Pain ï:181-185 .

Coderre TI, Melzack R (1992a) The contribution of excitatory amino acids to central

sensitization and persistent nociception after formalin-induced tissue injury. J Neurosci

12:3665-3670.

Coderre TJ, Melzack R (1992b) The role cf NMDA receptor-operated calcium channels in

persistent nociception after formalin-induced tissue injury. J Neurosci 12:3671-3675.

Col1~ E, Mauborgne A, Bourgoin 5, Chantrel D, Hamon M, Cesselïn F (1991) In vivo tonic

inhibition of spinal substance P (-like material» release lly endogenous opioid(s) acting at delta

receptors. Neuroscience 44:725-731.

Collin E, Mantelet 5, Frechilla D, Pohl M, Bourgoin 5, Hamon M, Cesselïn F (1993) Increased

in vivo release of calcitonin gene-related peptide-like material from the spinal cord in arthritic

rats. Pain 54:203-211.

Collingridge GL, Lester RAJ (1989) Excitatory amino acid receptors in the vertebrate. central

nervous system. Pharmacol Rev 41:143-210.

Cridland RA, Henry IL (1988) Effects of intrathecal administration of neuropeptides on a spinal

nociceptive reflex in the rat: VIP. galanin, CGRP. TRH, somatostatin and angiotensin II.

69



•

•

Ne:.Iropeptides Il :23-32.

Dado RJ. Law PY. Loh HH. E1de R (1993) Immunot1uorescent identification of a cielta

(de1ta)-opioid receptorr on primary afferent nerve terminals. NeuroReport 5:341-344.

De Biasi S, Rustioni A (1988) Glutamate and substance P coexist in primary afferent terminals

in the superficial laminae of spinal cord. Proc Natl Acad Sci USA 85:7820-7824.

De Biasi S, Rustioni A (1990) Ultrastructural immunocytochemicaJ localization of excitatory

arnino acids in the somatosensory ;ystem. J Histochem Cytochem 38: 1745-1754.

Dickenson A, Ashwood N, Sullivan AF, James l, Dray A (1990) Antinociception prùduced by

capsaicin: Spinal or peripheral mechanism. Eur J Pharmaco1 187:225-233.

Dickenson AH, Sullivan AF (1987) Evidence for a ro1e of the NMDA receptor in the frequency

dependent potentiation of deep rat dorsal horn nociceptive neurones foUowing C fibre

stimulation. Neuropharmacology 26:1235-1238.

Drower EJ, Stapelfeld A, Rafferty MF, De Costa BR, Rice KC, Hammond DL (1991) Selective

antagonism by naltrindole of the antinociceptive effects of the delta opioid agonist

cyclic[D-penicillamine2-D-penicillamine5]enkephalin in the rat. J Pharmacol Exp Ther

259:725-731.

70



•

•

Drower Er, Dom CR, Markos CS. Unnerstall IR, Rafferty MF, Contreras PC (1993)

Quantitative light microscopic localization of [3H]naltrindole binding sites in the rat brain. Brain

Res 602: 138-142.

Eriksson MBE, Sjiilund BH (1976) Acupuncrure-like electroanalgesia in TENS-resistant chronie

pain. In: Sensory funetions of the skin (Zotterman Y ed), pp 575-581. Oxford: Pergamon.

Eriksson MBE, Sjiilund BH, Nielzén S (1979) Long term results of peripheral eonditioning

stimulation as an analgesie measure in ehronie pain. Pain 6:335-347.

Ernst M, Lee MHM (1987) Influence of naloxone on electroacupuneture analgesia using an

experimental dental pain test. Review of possible mechanisms of action. Aeupunet Electrother

Res 12:5-22.

Fox JE, Melzack R (1976) Transcutaneous electrical stimulation and acupuncture: comparison

of treatment for low-back: pain. Pain 2:141-148.

Fraser HM, Chapman V, Diekenson AH (19Q2) Spinal local anaesthetie actions on afferent

evoked responses and wind-up of nociceptive neurones in the rat spinal cord: Combination with

morphine produces marlœd potentiation of antinocieeption. Pain 49:33-41.

71



• Freeman TB. Campbell JN. Long DM (1983) Naloxone does not arïect pain relief induced by

electrical stimulation in man. Pain 17:189-195.

Fung SJ. Chan SHH (1976) . Exp NeuroI52:168-lï6.

Furst S (1991) Pharmacological interaction of opiates with various classes of centrally acting

dopaminergic drugs. Drug Metab Drug Inter 9:77-102.

Gamse R (1982) Capsaicin and nociception in the rat and mouse. Possible role of substance P.

N S Arch Pharmacol 320:205-216.

Gaw AC, Chang LW, Shaw LC (1975) Efficacy of acupuncture on osteoarthri:;c pain. New Engl

J Med 293:375-378.

Gerber G, Randic M (1989) Excitatory amino acid-mediated components of synaptically evoked

input from dorsal roots to deep dorsal hom neurons in the rat spinal cord slice. Nearosci Lett

106:211-219. ...

•

Glazer GJ, Basbaum AI (1983) Opioid neurons and pain modulation: an ultrastructural analysis

of enkephalin in cal superficial dorsal homo Neuroscience 10:357-376.

Godfrey CM, Morgan P (1978) A controlled trial (,~ the theory of acupunet.1IC in

72



•

•

musculoskeletal pain. J Rheum 5:121-12~ .

Goodchild CS, Sanghera S. Semo JM, Gent JP (1991) Analgesia mediated by spinal

k1ppa-opioid receptors... Eur J Anaesthesiol 8:227-231.

Gouarderes C, Beaudet A, zajac JM, Cros J, Quirion R (1991) High reso1ution radioautographie

locaJj741tion of [125I]FK-33-824-1abel1ed mu opioid receptors in the spinal cord of normal and

deafferented rats. Neuroscience 43:197-209.

Greenamyre IT, Young AB, Penney JB (1984) Quantitative autoradiographie distribution of

[3H]glutamate binding sites in rat central nervous system. J Neurosei 4:2133-2144.

Grudt TJ, Williams IT (1994) mu-Qpioid agonists inhibit spinal trigeminal substantia gelatinosa

neurons in guinea pig and rat. J Neurosci 14:1(.46-1654.

Guieu R, Tardy-Gervet M-F, Roll J-P (1991) Analgesie effects of vibration and transcutaneous

electrical nerve stimulation applied separately and simultaneously to patients with chronie pain.

Can J Neurol Sei 18:113-119.

Han J, Zhou Z, Xuan y (1983) Acupuncture bas an analgesic effect in rabbits. Pain 15:83-91.

Han J-S, Xie G-Y.: (1984) Dynorphin: importa:lt mediator for electroaeupuneture analgesia in the

73



•

•

spinal cord of the rabbit. Pain 18:367-376.

Han YP. Lee ID. Chung JM. Paik KS. Nam TS (1980) Experimental study for the central ret1ex

arc of the t1exion ret1ex. Yonsei Med J 13:231-2~2.

Hara A, Sakurada T, Sakurada S, Matsumura H, Kisara K (1984) Antinociceptive effects of

neonatal capsaicin in rats with adjuVant arthritis. N S Arch Pharmaco1 326:248-253.

Hayes AG, Tyers MB (1980~ Effects of capsaicin on nociceptive heat, pressure and chemical

thresho1ds and on substance P 1evels in the rat. Brain Res 189:561-564.

H:adley PM, Parsons CG, West DC (1984) Comparison of mu, kappa and sigma preferring

agonists for effects on spinal nociceptive and other responses in rats. Neuropeptides 5:249-252.

Senley JM, Jenkins R, Hunt SP (1993) Localisation of glutamate receptor binding sites and

rnRNAs 10 the dorsal hom of the rat spinal cord. Neuropharmaco10gy 32:37-41.

Henry JL (1976) Effects of substan::e P on functionally identified units in cat spinal cord. Brain

Res 114:439-451.

Hernandez A, Contreras E, Paeile C, Perez H, Pelissier T, Quijada L, Soto-Moyano R (1993)

Calcium channel modulators modify K opioid-induced inhibition of C-fiber-evokcd spinal

74



•

•

reflexes in rat. Intern J Neurosci 72:167-17-l..

Herrero JF, Headley PM (1991) The effects of sham and full spinalization on the systemic

porency of mu- and kappa-opioids on spinal nociceptive reflexes in rats. Br J Pharmacol

104:166-170.

Hollinger l, Richter JA, Pongratz W, Baum M (1979) Acupuncture anesthesia for open heart

surgery: a report of 800 cases. Am J Chin Med 7:77-90.

Holmgren E (1975) Increase of pain threshold as a function of conditioning electrical

stimulation. Am J Chin Med 3:133-142.

Hong M, Sutak M, Jhamandas K (1993) Inhibition of spinal opioid antinociception by

intrathecall beta-endorphinl-27 in the rat. .• Br J Pharmacol 108:1137-1142.

Hôkfelt T, Ljungdahl A, Terenius L, Ede R, N'lisson G (1977) Immunohistoehemical analysis

of peptide pathways possibly re1alcd ta pain and analgesia: enkephalin and substance P. Proc

Nat! Acad Sci USA 74:3081-3085.

Huang Y, Zhen JZ, Li DR, Xie GY (1978) The effect of acupuncture analgesia in monlœys. N

Med J China 4:193-195•

7S



•

•

Improta G. Broccardo M (1992) Spinal antinociceptive effects of [D-Ala'jdeltorphin Il. a novel

and highly selective delta-opioid receptor agonist. Peptides 13: 1123-11:6.

Jahr CE (1992) High probability opening of NMDA receptor channels by L-glutamate. Science

255:470-472.

Jeftinija S, Jeftinija K, Liu F, Skilling SR, Smullin DH, Larson AA (1991) Excitatory amine

aeids are released from rat primary afferent neurons in vitro. Neurosci Lett 125: 191-194.

Johnson MI, Hajela VK, Ashton CH, Thompson JW (1991) The effects of aurieular

transcutaneous electrical nerve stimulation (TENS) on experimental pain threshold and autonomie

funetion in hwthy subjects. Pain 46:337-342.

Kane K, Taub A (1975) A history oflocal electrical analgesia. Pain 1: 125-138.

Kangrga 1, Randie M (1991a) Outflow ofendogenous aspartate ana glutamate from the rat spinal

dorsal hom in vitro by activation oflow- and high-threshold primary afferent fibers. Modulation

by ",-opioids. Brain Res 553:347-352.

Kangrga 1, Randic M (199lb) Outfiow ofendogenous aspartate and glutamate from the rat spinal

dorsal hom in vitro by activation of low- and high-threshold primary afferent fibcrs. Modulation

by mu-opioids. Brain Res 553:347-352•

76



•

•

KawaJàta K, Funakoshi M (1982) Suppression of the jaw-opening reflex by conditioning a-delta

fiber stimulation and electroacupuncture in the rat. Exp Neurol 78:461-465.

King AE, Lopez-Garcia JA (1993) Excitatory amine acid receptor-mediated neurotransmission

from cutaneous afferents in rat dorsal hom in vitro. J Physio1472:443-457.

Krause AW, C1elland JA, Know1es CI, Jackson IR (1987) Effects of unilateral and bilateral

auricular transcutaneous electrical nerve stimulation on cutaneous !Iain thresho1d. Phys Ther

67:507-511.

LaMotte CC, De Lanerolle NC (1983) Ultrastructure of chemically defined neuron systems in

the dorsal hom of the monkey. II. Methionine-enkephalin immunoreactivity. Brain Res

274:51-63.

Le Bars D, Dickenson AH, Besson JM (1979a) Diffuse noxious inhibitory contto1s (DNIC). II.

Lack ofeffect on non-<:or.'1er:: ;ntneurones, supraspinal invo1vementand theoretical implications.

Pain 6:305-327.

Le Bars D, DicJœnson AH. Besson JM (1979b) Diffuse noxious inhibitory conttoIs (DNIC). 1.

Effects on dorsal hom convergent neurons in the rat. Pain 6:283-304•

77



•

•

Lee J-H. Beitz AJ (1992) Electroacupuncture modilÏes the expression oi cfos in the spinJ..! cord

induced by noxious stimulation. Brain Res 577:80-91.

Lee MHM. Teng P. zaretsk.)' HH. Rubin M (1973) Acupuncture anesthesia in dentistry: a

clinical investigation. N Y State Dent J 39:299-301.

Lee PK, Andersen TW, Modell JH, Saga SA (1975) Treatment of chronic pain with

acupuncture. J A M A 232:1133-1135.

Levine ID, Gormley J, Fields HL (1976) Observations on the analgesic effects of needle

acupuncture. Pain 2: 149-159.

Lin J-G, Chen X-H, Han J-S (1992) Antinociception produced by 2 and 5 kHz periphcral

stimulation in the rat. !nt J Neurosci 64: 15-22.

Loeser ID, Black RC, Christman A (1975) Relief of pain by transeutaneous stimulation. J

Neurosurg 42:308-314.

Long DM (1976) Cutaneous afferent stimulation for the relief of pain. Prog Neurol Surg

7:35-51.

Longobardi AG, Clelland JA, Knowles cr, Jackson JR (1989) Effects of auricular

78



•

•

transcutal1eous electrical nerve stimulation on distal e:memity pain: a pilot study. Phys Ther

69:10-17.

Lundeberg T (1984) The pain suppressive effect of vibratory stimulation and tr.,nscutaneous

electrical nerve stimulation (TENS) as compare<! to aspirin. Brain Res 294:201-209.

Malmberg AB, Yaksh TL (1993a) Pharmacology of the spinal action of ketorolac, morphine,

ST-91, U50488H, and L-PIA on the formalin test and a:l isobolographic analysis of the NSAID

interaction [sec comments]. Anesthesiology 79:270-281.

Malmberg AB, Yaksh TL (1993b) Spinal nitric oxide synthesis inhibition blacks NMDA-induced

thermall hyperalgesia and produces antinociception in the formalin test !nn rats... Pain 54

(3):291-300.

Mann F (1974) Acupuncture analgesia. Br J Anaesth 46:361-364.

Mannheimcr C, Carlsson CoL (1979) The analgesic effect of transeutaneous electrical nerve

stimulation (TNS) in patients with rheumatoid arthritis. A comparative study of different pulse

patterns. Pain 6:329-334.

Mao J, Price DD, Hayes RL, Lu J, Mayer DJ (1992a) Differentiai roles of NMDA and

non-NMDA receptor activation in induction and maintenance ofthermal hyperalgesia in rats with



•

•

painful peripheral mononeuropathy. Brain Res 59S::ïl-:ïS.

Mao 1, Price DD, Mayer DJ, Lu J, Hayes RL (199::b) Intrathecal MK-SOI and local nerve

anesthesia synergistically reduce nociceptive behaviors in rats with experimental peripheral

mononeuropathy. Brain Res 5ï6:::54-262.

Masters DB, Komisaruk BR (1991) Neonatal capsaicin treatment attenuates sensory-induced

analgesia and nociception. Physiol Behav 50:901-906.

Maxwell DI, Christie WM, Ottersen OP, Storm-Mathisen J (19903) Terminals of group la

primary afferent fibres in Clarke's column are enriched with L-glutarnate-like immunoreactivity.

Brain Res 510:346-350.

Maxwell DI, Christie WM, Short AD, Storm-Mathisen J, Ottersen OP (1990b) Central boutons

of glomemli in the spinal card of the cat are enriched with L-glutarnate-like immunoreactivity.

Neuroscience 36:S3-104.

Mayer ML, Westbrook GL (1987) The physiology of excitatory amino acids in the vertebrale

central nervous system. Prog NeurobioI28:197-276.

McLennan H, Gilfjl1an 1(, Heap Y (1977) Some pharmacological observations on the analgesia

induced by acupuncture in rabbits. Pain 3:229-238•

80



•

•

Meller ST. Dykstra C. Gebhart GF (199::) Production oi endogenous nitric oxide and activation

of soluble guanylate cyclase are required ior N-methyl-D-aspan:ne produced iacilitatioH of the

nociceptive tail-flick reflex. Eur J Pharmacol ::1..:93-96.

Meller ST, Cummings CP, Traub RJ, Gebhart GF (199..) The role of nitrie oxide in the

development and maintenance of thee hyperalgesia produeed by intraplantar injection of

canageenan in the rat. Neuroseienee 60 (2):367-37...

Melzaek R (1975) Prolonged relief of pain by brief, intense transeutaneous somatie stimulation.

'Pain 1:357-373.

Melzaek R, Bentley KC (1983) Relief of dental pain by ice massage of either hand or the

contralateral arm. J Can Dent Assn 106:257-260.

Melzack R, Katz J (1984) Aurieulotherapy fails to relieve ehronie pain. J Amer Med Ass

251: 1041-1043.

Melzack R, Wall P (1988) The Challenge of Pain. London: Penguin Books.

Melzack R, Guité 5, Gonshor A (19802.) Relief ofdental pain by ice massage of the hanb. Canad

Med Assn J 122:189-191.

81



•

•

Melzack R. Jeans :-'lE. Stratford JG. Monks Re (l980b) rce massage and transcutaneous

e1ectrical stimulation: comparison of treatment for low back pain. Pain 9:209-217.

Mendelson G, Selwood TS, Kranz H, Kidson MA, Scott DS (1983) Acupuncture treatment of

chronic pain. A double blind placebo controlled trial. American Journal of Medicine 74:49-55.

Merighi A, Polak JM, Theodosis DT (1991) UltrastructuraJ visualization of glutamate and

aspartate immunoreactivities in the rat dorsal horn, with special reference te the co-localiZltion

of glutamate, substance P and caJcitonin-gene related peptide. Neuroscience 40:67-80.

Meyer GA, Fields HL (1972) CausaIgia treated by selective large fibre stimulation of peripheraJ

nerve. Brain 95:163-168.

Millan Ml (1986) Multiple opioid systems and pain. Pain 27:303-347.

Millan Ml (1989) kappa-Opioid receptor-mediated antinociception in the rat. 1. Comparative

actions of mu- and kappa-opioids against noxious thermal, pressure and electrîcaJ stimuli. J

Pharmacol Exp Ther 251:334-341.

Miller KI, Seybold VS (1987) Comparison of met-enkephalin-, Dynorphin A-,

neurotensin-immunoreactive neurons in the eat and rat spinal cord: L Lumbar cord. J Comp

82



•

•

Neurol ~55:~93-3~.

Mitchell JI. Anderson KJ (1991) Quantitative autor:!.diognphic analysis oi excitatory amine acid

receptors in the cat spinal cord. Neurosci Lett 1~~ (~)::69-:n.

Mjellem-Joly N, Lund A, Berge O-G, Hole K (1992) Intnthecal co-administnùon of substance

P and NMDA augments nociceptive responses in the formalin test. Pain 51: 195-198.

Nagasaka H, Yaksh TL (1995) Effects of intnthecal mu, delta, and kappa agonists on thermally

evoked cardiovascular and nociceptive reflexes in halothane-anesthetized rats. Anesth Analg

80:437-443.

Nagy n, Emson PC, Iversen LL (1981) A re-evaluation of the neurochemical and antinocicepùve

effects of intrathecal capsaicin in the rat. Brain Res 211:497-502.

Neugebauer V, Kornhuber J, Lucke T, Schaible HG (1993) The clinically available NMDA

receptor antagonist memantine iss antinociceptive on rat spinal neurones. NeuroRepon 4

(11): 1259-1262.

Nicoll RA, Malenka RC, Kauer JA (1990) Functional comparison of neurotransmitter receptor

subtypes in mammalian central nervous system. Physiol Rev 70:513-551.

83



•

•

Noling LB. Clelland JA. Jackson JR. Kllowles CJ (19ïS) Effect of transcutaneous electrical

nerve stimulation at auricular points on experimental cutaneous pain threshold. Phys Ther

68:328-332.

Olivcri AC. Clclland JA. Jackson J. Knowles C (1986) Effects of auricular transcutaneous

electrical nerve stimulation on experimental pain threshold. Phys Ther 66: 12-16.

Omote K. Kitahata LM, Nakataci K. Collins JG (1991) Delta receptor involvement in morphine

suppression of noxiously evoked activity of spinal WDR neurons in cats. Brain Res 554:299-303.

Paik KS, Chung JM, Nam TS (1981) Effcct of clectrical stimulation of pcripheral ncrve on pain

reaction. Korcan J PhysioI15:7-17.

Paleckova V, Palecek J, McAdoo DI, Willis WD (1992) The non-NMDA antagonist CNQX

prevents release of amino acids into the rat spinal cord dorsal horn evoked by sciatic nerve

stimulation. Neurosci Lett 148:19-22.

Phend KO, Bemardi PS, Weinberg RI, Rustioni A (1994) Amino acid immunocytoehemistry of

prllll3IY afferent terminals in the rat dorsal horn. J Comp Neural 346:237-252.

PomCIaIIZ B, Chiu D (1976) Naloxone b10ckade ofacupuncture analgesia: Endorphin implieated•

84



•

•

Liie Sci 19: lï5ï-lï6~ .

Pomeranz B. Nguyen P (1987) Intrathecal diazepam suppresses nociceptive reflexes and

potentiates electroacupuncture eifects in pentobarbital-anesthetized rats. Neurosci Lett

77:316-320.

Pomeranz B. Paley D (1979) EIectroacupuncture hypalgesia is mediated by afferent nerve

impulses: an electrophysiological study in mice. Exp Neurol 66:398402.

Przewlocka BA, Sumova A, Lason W (1990) The influence of conditioned fear-induced stress

on the opioid systems in the rat. Pharmacol Biochem Behav 37:661-666.

Przewlocki R. Gramsch C, Pasi A, Herz A (1983) Characterization and localization of

immunoreactive dynorphin, cr neo-endorphin, met-enkephalin and substance P in human spinal

cord. Brain Res 280:95-103.

Radhakrishnan V, Henry JL (1991) Novel substance P antagonist, CP-96,345, blacks responscs

of spinal dorsal hom neurons te noxious cutaneous stimulation and to substance P. Neurosci Lett

132:39-43.

Radhakrishnan V, Henry JL (1993) Excitatory amino acid receptor mediation of sensory inputs

te functionally identified dorsal hom neurones in eat spinal cord. Neuroscience 55:531-544•

85



•

•

Raigorodsky G. Urca G (l98ï) Intrathecal N-methyl-D-aspanate (~"1mA) activates both

nociceptive and antinociceptive systems. Brain Res 442: 158-162.

Research Group of Acupuncture Anesthesia Peking Medical College.Peking: (1973) Effeet of

acupuncture on the pain threshold of human skin. Chinese Med J 3:35.

Richardson PH, Vincent CA (1986) Acupuncture for the treatment of pain: a review of

evaluative research. Pain 24: 15-40.

Rusin KI, Randic M (1991) Modulation of NMDA-induced currents by mu-opioid receptor

agonist DAGO in acutely isolated rat spinal dorsal horn neurons. Neurosci Lett 124:208-212.

Salt TE, Hill RG (1983) Neurotransminer candidates of somatosensory primary afferent fibres.

Neuroscience 10:1083-1103.

Savola Ml(, Wood1ey SI, Maze M, Kendig JJ (1991) Isoflurane and an alpha 2-adrenoceptor

agonist suppress nociceptive neurotransmission in neonatal rat spinal cord. Anesthesiology 75

(3):489-498.

Schneider SP, Perl ER (1985) Selective excitation of neurons in the mammalian spinal dorsal

horn by aspartate and glutamate in vitro: correlation with localjntion and excitatory input. Brain

Res 360:339-343•

86



•

•

Schneider SP. Perl ER (1988) Comparison of primary aiferent and glutamate excitation of

neurons in the mammalian spinal dorsal homo J Neurosci S:~06~-~OÎ3.

Shah S. Davis T. Yobum BC (1994) The effeet of naltrindole on spinal and supraspinal delta

opioid receptors and analgesia. Life Sci 55: 1451-1458.

Shaw PJ, Ince PG, Johnson M, Perry EK, Candy J (1991) The quantitative autoradiographic

distribution of [3H]MK-801 binding sites in the normal human spinal cord. Brain Res 539

(1):164-168.

Shealy CN, Maurer' D (1974) Transcutaneous nerve stimulation for control of pain: a

preliminary teehnical note. Surg Neure1 2:4547.

Shen E, Tsai TT, Lan C (1975) Supraspinal participation in the inhibitory effeet of acupuncture

on viscero-somatic reflex discharges. Chin Med J 1:431-440.

Sjô1und B, Terenius L, Eriksson M (1977) Increased cerebrospinal fluid 1eve1s of endorphins

after e1ectreaeupunCtuIe. Acta Physio1 Scand 100:382-384.

Sjô1und BR, Eriksson MBE (1979) The influence of naloxone on analgesia produced by

peripheral conditioning stimulation. Brain Res 173:295-301•

87



•

•

Sofuoglu M, Portoghese PS. Takemori AE (1991) Differentiai antagonism of delta opioid

agonislS by naltrindo1e and its benzofuran analog (NTB) in mice: evidence for delta opioid

receptor subtypes. 1 Pharmaco1 Exp Ther 257:676-680.

Stevens CW, Lacey CB, Miller KE, Ede RP, Seybo1d VS (1991) Biochemical characterization

and regional quantification of mu, delta and kappa opioid binding sites in rat spinal cord. Brain

Res 550:77-85.

Stewart D, Thomson J, Oswald D (1977) Acupuncture Analgesia: an experimental investigation.

Brit Med J 1:67-70.

Stewart PE, Hammond DL (1993) Evidence for delta opioid receptor subtypes in rat spinal cord:

studies with intrathecal naltriben, cyclic[D-Pen2, D-Pen5] enIœpha1in and [D-Ala2,

G1u4]deltorphin. J Pharmaco1 Exp Ther 266:820-828.

Suh HW, Lim IS, Song DIe, Kim YH, Tseng LF (1994) The effects of protection by

D-Pen2-D-PenS-enkephalin or D-Ala2-NMePhe4-Gly-01-enkephalin against

beta-ehlornaltrexamine in the spinal cord on the antinociception induced by beta-endorphin

administered intraeerebroventricu1ady in the mouse. Neuropeptides 27:143-149.

Sullivan AF, Dickenson AH (1991) Eectrophysi010gic studies on the spinal antinociceptive

88



•

•

acùon of kappa opioid agonists in the ad!.:lt and :: I-day-old rat. J Pharmacol Exp Thcr

:!56: 1119-1125.

Sun X, Larson AA (1993) MK-SOI inhibits the effects of capsaicin in the adult mouse by ann

action involving phencyclidine (PCP) sites not linked to NMDAA acù\'ity... NeuroReport 4

(10): 1147-1150.

Tal M, Bennett GJ (1994) Neuropathic pain sensaùons are differentially sensitive too

dexttorphan... NeuroReport 5:143S-1440.

Taub A (1975) Electrica1 stimulation for the relief of pain: Two lessons in teehnologica1

zealotry. Persp in Biol and Med 19:125-135.

Taylor JS, Penit JS, Harris J, Ford TW, Clarke RW (1990) Noxious stimulation of the tees

evokes long-lasting, naloxone-reversible suppression of the sural-gastroenemius reflex in the

rabbit. Brain Res 531:263-268.

Thomas M, Lundberg T (1994) Importance of modes of acupuncture in the treatment of chronie

nociceptive low back pain. Acta Anesthesiol Scand 38:63-69.

Thompson SW, Dray A, Urban L (1994) Injury-induced plasticity of spinal reflex activity: NKI

neuroltinin receptor activation and enhanced A- and C-fiber mediated responscs in the rat spinal

89



•

•

cord in vitro. J Neurosci 14(6):3672-3687.

Thompson SWN. King AE. Woolf 0 (1990) Activity-dependent changes in rat ventral hom

neurons in vitro; summation of pro1onged "fferent evoked postsynaptic depolarizations produce

a D-2-amino-5-phosphonovaleric acid sensitive windup. Eur J Neurosci 2:638··649.

Toda K, Ichioka M (1978) Eectroacupuncture: Relations between fore1imb afferent impulses and

suppression of jaw-opening reflex in the rat. Exp Neuro1 61:465-470.

Tsou K, Khachaturian H, Alàl H, Watson SJ (1986) Immunocytocl:emical localization of

pro-opiomelanocortin-derived peptides in the adult rat spinal cord. Brain Res 378:28-35.

Ulen GA (1982) Principles and Practice of Physiological Acupuncture. St. louis, Missouri,

U.S.A.: Warren H. Green Inc.

Vaccarino AL, Marek P, Kest B, Weber E, Keana IF, Liebeskind JC (1993) NMDA receptor

antagonists, MK-801 and ACEA-I011, prevent thee development of tonie pain following

subcutaneous formalin.•• Brain Res 615 (2):331-334.

Villanueva L, Chitour D, Le Bars D (1986a) Involvement of the dorsolatera1 funiculus in the

descending spinal projections responsible for diffuse noxious inhibitory contrals in the rat. J

NeurophygoI56:1185-1195•

90



•

•

Vil!anueva L. Peschanski M. Calvino B. Le Bars D (19S6b) Ascending pathways in the spinal

cord involved in triggering of diffuse noxious inhibitory controis (DNIC) in the rat. J

Neurophysiol 55:34-55.

Villanueva L, Bing Z, Bouhassira D, Le Bars D (1991) Depressive effects of mu and delta

opioid receptor agonists on activities of dorsal hom neurones are enhanced by dibencozide. J

Pharmaco1 Exp Ther 257:1198-1202.

Wall PD, Sweet WH (1967) Temporary abolition of pain in man. Science 155: 108-109.

Wang Q, Mao L, Han J (1990a) Analgesie electrical stimulation of the hypothalamie areuate

nucleus: Tolerance and its cross-toleranee to 2 Hz or 100 Hz electroaeupuneture. Brain Res

518:40-46.

Wang Q, Mao L, Han J (1990b) The arcuate nucleus of hypothalamus mediates low but not high

frequency electroaeupuneture analgesia in rats. Brain Res 513:60-66.

Watkins Je, Evans RH (1981) Excitatory amino aeid transmitters. Annu Rev Pharmacol Toxicol

21:165-204.

Willcockson WS, Kim J, Sbin HIC, Chung JM, Willis WD (1986) Actions ofopioids on primate

91



•

•

spinothalamic tract neurons. J Neurosci 6:2509-25:0.

Willer JC. Boureau F. Albe-Fessard D (1979) Supraspiml int1uences on nociceptive flexion

reflexes and pain sensation in man. Brain Res 179:61-68.

Willer JC, De Broucker T, Le Bars D (1990) Diffuse noxious inhibitory controls (DNIC) in

man: involvement of an opioidergic link. Eur J Pharmacol 182:347-355.

Willer Je, Roby A, Le Bars D (1984) Psychophysical and electrophysiological approaches 10

the pain relieving effect of heterotopic nociceptive stimuli. Brain 107: 1095-1102.

Willer Je, Roby A, Boulu P, Boureau F (1982) Comparative effects of electtoacupuncture and

ttanscutaneous nerve stimulation on the human blink reflex. Pain 14:267-278.

•
Xu X-J, Wiesenfeld-Hallin Z, Villar MI, Fahrenkrug J, Hôkfelt T (1990) On the role of galanin,

substance P and other neuropeptides in primary sensory neurons of the rat: Studies on spinal

reflex excitability and peripheral axo1Omy. Eur J Neurosci 2:733-743.

Yaksh TL (1981) Spinal opiate anaIgesia: characteristics and principles of action. Pain

11:293-346.

Yashpal K, Pitcher GM, Henry JL (1995) Noxious peripheral stimulation produces

92



•

•

antinociception mediated via substance P and opioid mech:l!lisms in the rat taij-tlick test. Brain

Res 67~:97-103.

Yashpal K. Radhakrishnan V. Henry IL (1991) NMDA receptor antagonist blocks the facilitation

of the tail flick reflex in the rat induced by intrathe.:al administration of substance P and by

noxious cutaneous stimulation. Neurosci Lett 128:269-272.

Yoshimura M. Murase K. Arancio O. MacDermott AB (1991) Glutamate receptor

agonist-induced inward currents in spinal dorsal horn neurons dissociated from the adu1t rat.

Neurosci Res 12:528-535.

Zhou Y. Sun Y-H, Shen J-M, Han J-S (1993) Increased re1ease of immunoreactive CCK-8 by

electroacupuncture and enhancement ofelectroacupuncture analgesia by CCK-B antagonist in rat

spinal card. Neuropeptides 24:139-144.

Zochodne DW, Murray M, Nag S, Riopelle RI (1994) A segmental chronic pain syndrome in

rats associated withh intratbecal infusion of NMDA: evidence for selective action in thee dorsal

horn. Can J Neural Sei 21:24-28.

93



•

•

PARTm

RESEARCH PAPERS



•

•

CHAPfERONE

INTENSE PERIPHERAL ELECTRICAL STIMULATION EVOKES

BRIEF AND PERSISTANT INHIBmON OF THE NOCICEPTIVE TAIL

WITHDRAWAL REFLEX IN THE RAT



•

•

1. In a study of modulation of nociception by sensory inputs, electrical stimulation was applied

to specifie sites in the hindlimb and effects on the nociceptive tail withdrawal reflex were

monitored in the lightly anaesthetized rat.

2. Stimulation was applied to previously defined sites in the hindlimb, meridian pointsfemur-juru

(ST-32), fengshi (GB-31) and zusanli (ST-36). lt consisted of a 4 Hz train of 2 ms square

pulses given for 20 min at 20 times the threshold intensity required for muscle twitch. Tai!

withdrawal was provoked by application of a noxious heat stimulus applied to the tip of the tail.

3. During stimulation the latency of the withdrawal increased ta approximately 70 % of the

maximal possible inhibition, Following stimulation the inhibition persisted for greater than one

hour,

4. Stimulation at 2 or 6 Hz elicited similar effects, but stimulation at 8 Hz evoked inhibition

only during the stimulation,

S. When stimulation was applied ta sites away from defined meridian points inhibition of the tail

withdrawal occurred only during stimulation.

6. In acutely ttanseeted animals (S 48 h) stimulation of meridian points elicited a small, brief

increase in latency but only during stimulation. At 7 and 14 days after spinal transection, this

response during stimulation was greater in magnitude, and a brief post-stimulation increase was

96



•

•

•

also observed. The return of this latter effect was coincident with the retum of bladder function.

7. These data suggest that high intensity, low frequency electrical stimulation of hindlimb

meridian points in the Iightly anaesthetized rat produces both brief and persistent inhibitory

effects on the nociceptive tail withdrawal reflex.. These effects appear 10 be elicited by different

mechanisms. The persistent effect may represent a plastic change in central inhibitory

mechanisms. Data from spinal animals indicate a major participation of supraspinal structureS,

but that spinal mechanisms are also capable of sustaining both types of effect.

Key Words: nocicep:ion, pain, electrical stimulation, spinal cord
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Both high and low threshold sensory inputs are thought to modify central mechanisms of

nociception. For exarnple, light vibration (Lundeberg et al. 1984; Woolf, 1989) and aversive

stimulation (Macdonald, 1989; Melzack, 1989) have both been used to alleviate pain in humans.

In animal studies, vibration applied just outside the receptive field depresses activity of wide

dynarnic range neurones in the eat dorsal horn (Salter & Henry, 1990). High intensity thermal

stimulation applied to the same dermatome in the rat facilitates a nociceptive withdrawal reflex

(Cridland & Henry, 1988; Clarke et aI.1992). In contrast to this evoked facilitation, an

inhibition has been observed when a high intenSity stimulus is applied at a different dermatomal

level (Piteher ft! aL 1995).

In human patients and subjects, high intensity electrica1 stimulation has been shown to attenuate

chronic and experimental pain (Andersson et aL 1973; Andersson & Ho1mgren, 1975; Me1zack,

1975; Fox & Me1zack, 1976; Sjo1und & Eriksson, 1979). However, attempts to elicit a para11el

effect of e1ectrica1 stimu1ation in experimental animals have generally 1ed to an antinociception

which may be attributed to stress. In awake mice, low frequency e!ecttïca1 stimulation at

intensities subtbreshold to produce vocauzation evokes a naloxone-reversible, post-stimu1ation

antinociception which lasts up to 2 h (pomeranz & Chiu, 1976; Pomeranz & Paley, 1979). This

effect may have been re1ated to stress because the intense stimulus was applied to awake,

restrained animal" and stress-induced antinociception appears to be opioicl mediated. For

example, rats in a nove! environment, which is presumed to be mild1y stressful, exluoit a

potentiated morphine-induced antinociception (Calcagnetti et aLl990) and restrained rats
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subjeeted to a non-aversive foot-shock show a naloxone-sensitive antinociception in anticipation

of a painful stimulus (Przewlocka et al. 1990). Sorne animal studies have avoided the effeets of

stress; in the anaesthetized cat (pomeranz & Cheng, 1979) and rat (Pomeranz & Nguyen, 1987),

low frequency yet low intensity eleetrical stimulation produces antinociception, but this effeet

is brief and thereby does not resemble analgesia produced in humans by high intensity. low

frequency eleetrical stimulation. A significant aspect of the analgesia reported in human patients

and subjeets given high intensity eleetrical stimulation is the prolonged nature of the analgesic

effect, lasting severa! minutes, te hours te even days (Me1zack, 1975; Fox & Me1zack, 1976;

Sjôlund & Eriksson, 1979). The closest model that refleets a prolonged antinociceptive effeet

has been achieved in severa! animal studies by high intensity, low frequency eleetrical

stimulation applied directly te periphera! nerves. This produces an inhibition of the flexion

reflex in decerebrated and spinalized cats which lasts 10-60 min (Chung el al.1983), an

inhibition of the sural-gasttoenemius reflex in the decerebrated and spinalized rabbit (Taylor el

al.1990), and an inhibition of spinothalamie tract ce1ls in anaesthetized, decerebrated and

spinalized monkeys (Chung el ai. 1984). However, these animal models are an restrieted te

segmental mechanisms ofstimulation-evokedantinociception, as opposed te the more generalized

analgesia which characterizes the analgesia-induced in humans by high intensity, low frequency

electrical stimulation (Melzac\; 1975; Fox & Melzack, 1976; Sjôlund & Eriksson, 1979). This

type of stimulation in humans is often referred te as eleetroaeupuneture.

One feature which characterizes e1ectroaeupuncture in humans is the use of meridian points as

specifie sites for insertion of the stimulating needles. Analgesia is evolœd by stimulation at
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meridian points but not by stimulation at other, so-called non-meridian points (Anderson el

al.1974; Stewart el al. 1977). Similar meridian points have been reported in experimental

animals (Pomeranz & Cheng, 1979; Bing el a1.l990; Bing el aI.l991), based on points in

humans. However, animal studies have generally failed to compare meridian vs. non-meridian

point stimulation or have reported that stimulation of meridian and non-meridian points achieves

similar levels of antinociception (Bing el al. 1991).

Our objective in the present study was to investigate the effects of high intensity, low frequency

electrical stimulation of peripheral sites on nociceptive mechanisms in the rat. After exploring

a number of possible models, the one in which a persistent antinociception could be produced

reliably and in which stress could be eliminated, was the lightly anaesthetized rat (Fung el

al. 1975; Toda & Ichioka. 1978; Kawakita & Funakoshi, 1982; Sjôlund, 1985). We used a high

intensity, low frequency train of electrical stimuli, as these parameters resemb1e those used

clinically for alleviation of pain in humans (Andersson el aL1973; Melzack, 1975; Fox &

Melzack, 1976; Sjôlund & Eriksson, 1979). These parameters are very different from 10w

intensity, high frequency transcutaneous electrlcal nerve stimulation (TENS or so-called

"conventional TENS"), which appears ta be based on activation of large diameter afferents

(Salter & Henry, 1990). In addition, as sorne studies have implicated supraspinal structures in

acupuncture-induced antinociception (Shen et aL 1975; Wang et aL 1990), a series ofexperiments

was done ta include a sim;!ar study in spinal transected rats. PreliminaIy versions of the data

have been presented in abstraet form (Romita et aL 1992; Romita et aL1993)•
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METHODS

In all cases. the &uidcliees dcscribed ie Tbe Care and Use oi Experimeetal Animals. oi the Canadian Coueeil oi Animal

Caret Vols. l and II. werc strictly foUowcd. ~Iorcovcr. the cxpcrimcatal protocols ""'crc reviewcd àDd approvcd by the

McGill University Animal Care Comminee.

Animal pr~pararion

Male Sprague Dawley rats (3~ g) were lightly anaesthetized for the duratioe of the experimeet with an

intraperiteeeal injectioe ofa fresbly prepared mixture of sodium peetebarbital (20 mgllcg. Abbott Laboratorie. Lld.) and

chloral hydrate (120 mg/lcg. FISher Scieetific) in 50$ propyleee 1:1ycol and 30$ physiological saliDe (0.9$ NaCI). Tbi.

provides a level of anaesthesia sufficient ta prevent any overt siiU of discomfort to the rat duriai experimentatioD. yet

a stable respoose is obtaiDed in the tait withdrawal test for about 1 hour. To maiDtain this light Stale of _caio.

throughout the duratiOD of the experimellt, subsequeDt injections of the mixture were giveD. TbUi. an injectiOD of ..... the

initial dose of_etic wu giveD 35.5 min after the first injectiOD; this injectioD wu timod te occur 1.5 miD prior te

the begioniog of electrical stimulation. SubsequeDt injections of...... \4 and 1/6 the initial dOle were giveD Il 30 miD

iDterva1s.

Tail withdrawcl rej/eJ<

The level of OOCiccptiOD wu determined as the lateocy of tait withdrawal from a DOxioUi radiant hOlt ItimulUi. A

portion of the tip of the tait wu bl.wDod te facilitate the absorption of heat. This portion wu poaitiooecl abovo a

focused projecter hulh te elicit tho tait withdrawal reflex. This withdrawal exposed tho light beam te a photodeteeter

whïch Itopped a timor givlni: reaction limo moasured te 0.01.. Tho intensity of tho bulh wu lOt 10 thIt tho baoolioo

reaction time wu 4-6.. Tho timer wu turnod offautematically ifa tait withdrawal c1id Dot occur within 12 •• tho cutoOff

time.

At each samplo timo t'NO readinp were talœn, aeparated by 40-50 '. Il t'NO clifferoDllira tllItn1 and cauda1 within the

:2 cm b1aclœoecllOl:ltletlt of the tail. ThUl, the tait witbdrawallateocy wu .._ mouurod twice from the __ oira

within a 3 te S min poriod. Tho average of the t'NO readinp wu ca1cu1alecI and the valuo oxproaaod u a porceIIt of the
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maximum possible inhibition (MP!) according to the formula• MPI = <POST-TREATMENT LAIENCY - PRE-TREATMENT LATENCY) x 100

(CUT-oFF TIME - PRE-TREATMENT LATENCY)

To mC8lUrc the 1alency of the tail withdrawal during the pcriod of the eiectrical stimulation, the stimulator was

lemporarily turned off, just long enough for the readîng to be laIcen; this was necessary because the stimulus was above

the threahold to elicit a direct contraction of muscles (vide infra).

Eketrical Slinudation

Prcvioua studies bave defined meridian points in the hindlimb of the rat (Bing d 01.1990; Bing et aL 1991) and cm

(pometll1lZ.& Cheng, 1979). Stimulation ofthesc sites elicits an antinociceptive or anaIgesic effecL The present study

is based on stimulation of thesc sites as illustrated in fig. 1. Two pairs ofstainless steel insect pins werc inserled in the

vicinity of meridian pointsf""",,"jÏltI< (ST-32), fengshi (GB-31) and v=nJi (ST-36) as defined by other investigatots

• (pometll1lZ.& Cheng, 1979; Bing et aL 1990; Bing et aL 1991) or in non-meridian points in the nearby medial and lateral

gastrocnemius, femur biceps and semitendinosus muscles of the hindlimb. To stimu1ale ftnuu-jÏltI< the cathode was

placed along the medial side ofthe knee and the anode was inserted along the lateral side of the kneeso thatit lay across

v=nJi (ST-36). To stimulalefengshi. the electrodes werc inserted from the lateral aspect under the femur midway

belween the hip and the knee.

The needles werc connected to coupled Grass stimulatots (SD9 and SDS) which passed a train of monophasîc square

pulses 2 ms in duration. Stimulation was applied to the respective sites at 20 times the threahold for muscle contraction

(20-30 mA; minimum 15 volts). Tbreahold was laIcen as the lowest inleDSÏty of stimulation whichjust produced muscle

contraetion. The duration of the train was 20 min. The frequency was usuaIly 4 Hz. Thesc patamelets of stimulation

DeVet provolœd any bebavioural signa of discomforL In control animaIs, eleetrodes werc inserted into the respective

•
arcu of the hindlimb but the stimulalots werc IlOt switched on.
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E:qurifT'oLr.:al protocol

The lightly anac:stbeti:cd r...t .....as pla.:cd i:l.a pla.stic rC$traiocr on the .lpparatus used to mca....urc ta.l1 'wIo'il,.."drcl~a1 I.Ucn..:)'.

necdlcs Werc: insc=rted and thrcshold dctcrminc:d. B~:fore tcs:iI:~ was st:.u1cd. tbc animais wcrc allowcd to ..~tabl1ize for

30 min: 3 bast:linc readings of the tait wühdrav.'a! lateDcy were tbc:n takcn at J min interva.ls. Stimulation ""'as applicd

starting 1 min aftcr the 13...t b~linc rc:ading. Latency """a5 men rccordcd at :!. and 5 min arter the onset of ,timul"tion

and men at 5 min intcrvals up to 9S min.

Spi.'l/Ù lTanuetioll

In some anima1s the spinal cards were tranSeCted to determine wbc:ther the effects observed in intact rats could 'oc clicited

ailer spill3l section. Rats were anaesthetized with chloral hydrate (300 mgllcg. i.p.; FISher Seientilic). The antibio.ic.

Tribrissen 24% (0.02 m1l100 g; Trimethoprim and Sulfodiazine) was injected subcublleously 3 h prior to and 3 h .lier

the surgery. The spiDal cord was exposed al: the 6th and 7th thorneic segments. Alier makîng a slit in the dorsal part

of the dura mater the cord was transeeted and aspirated by suction approxim.tely 2 millimetrea caudal and roatral to the

level of transeetion. Oelfoam ancI/or bone wax was placed into the empty vertebral column to reduce bleeding and to

seal the empty vertebral cavity.

Four hours ailer surgery. the rats had completely recovered &om the anaesthetic and produced a taU withdrawal to the

noxious hoat stimulus applied to the tip of the taU al a collSÎStent latency. This wu seen in all spiDalized animala.

Spinalized rats WCte m.;ntained on thoir tegular diet and their bladders WCte voided 3 to 4 tim.. daily for the lint 5 to

8 daya followini surgery; aftor this titDe bladdor function bd retunled in all animala. They WCte tnaiDtained for al tout

14 days. Atlimala wore selected for ltUdy on the basis of the followini criteria. AU aailDaIo wcro healthy in ienoral

appearance. Normal 0&lÏtli and cIriIll:iDi wcro m.in"'ined and thete wu no 10ni-teral wciiht lou. Normal voidiDi and

defecatioll wore IUstained after the 8 day poriod of recovery. AU o.nimaIs showed IlOrmal ifOOlIlÏlli bebavior. AU

aailDaIo WCte mobUe dospite hiDdlimb patalysïa and hiDdlimb pinch produced a withdrawal but no voea!i..tion. III fact,

all aailDaIo thua setected exhibited a collSÎStellt haseliDe reactiOll titDe throuihout the recovery poriocL Theroforo. no

aailDaIo WCte olllittecl for incotlSÏStellt respondiDg.
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For testing. ea.ch spinal a.n.im3.1 was placed. uoa=.ac:sÛlc::izcd. j::l a plastic res:raincr 50 that ollly the tait and one hindIimb

protrudcd. The una.naestbctized rat was used bccause. in pilot srudics. t!::.c:rc W3S co sign of disuess te the animais )'ct

consistent Z'ascliac readings wcrc observcd. The anaesthetic produced iocoosÎstc:nt witb':rawallatcncies at the doses used

in intaet rats. The restrainer was covered with a black clom to mic.imize visual stimuli. Rats which were US4ed

experimentally more than 24 bours after transection were introduced and babituated to the r..trainer for 60-90 min 1 or

2 clay. prior to experimentation. The protoeol wu fo!lowed as describ.d above for the liglllly anaesthetized preparation.

Some &IlÎIIIa1S were used in more than one i1"0up but in no group were more than !lalf the &IlÎIIIa1S used previously.

Control raIS, studied at different limes after spinal transection, were treated in a similar fasbion as the intact control rats.

Statislic4l aMlysis

AIl values are expresaed as the mean ± standard errer of the mean (S.E.M.) for each lime point in each group of raIS.

111 the anaesthetized raIS, th. net effoct wu obtained by subtraeting the mean valu. in th. UIlStimulated group from th.

mean value al tho respective tilDe in tho stimulated groUp. to eliminate the effects of administration of auaesthetic. In

th. nnana••tb.tized, spÙlal' raIS tlO such IUbtraetion WU nocessary. Th... values from treated rata wbich received

eloctrical stimulation and from contrel animais wbich received no stimulation wcre analyzed using a two way analysis

of varianc. (ANOVA). Th. botweoll....bjoct factor wu stimulation at meridian vs. non-meridian points, or stimulation

wilb one sot of paratn.lllra vs. stimulation wilb anolber sot of parameters. Tun. wu talcen as th. within....bjoct factor.

Tukoy's WhoUy Signilicant Difference Test wu used to mall:epost-hoccomparisonsbotweenmeans.1I1some analyses,

th. moan MPI wu calcuiatod for lho period of stimulation and for subsequ.nt post-stimulatlon perioda. For lb. 20 min

period of stimulation lb. moan MPI wu calculatod over lb. first S readings. For lbe lhroo 2S min post-stimulation

perioda lho moan MPI wu calc:ulatod ovorlho live readinga takon in oach period. Pairod t-tesll -.. usod ta compare

lb. mOlllll botwooll _ groupa.

M_ ofN1DùIl~ turd H61I1't RJzu

To dolllrltlÙlO w!lolhor cardiovascular chaDpo migllt bave contribullld to the effocts _ on wilbdIawal latency some

animaIa _ro usod ta dorormino lho .ffocta ofth. ltimulation on arterial presaure and hoart rate. UIllIor ch10tal hydrale

anaonbtllia (300 mg/Itg, i.p.; FIIhor SciOlllific) lho l.ft fomoral &rte')' wu csn""allld with Intramodic PE-SO lUbing 24
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to 48 hours prier to th.: expcrimco.t. Hcparin sodium salt (150 units:ml: Si~ma) \/roas u~d to tlush the .:athctcr No'\,:c d.Uly

to maintain patcue)'.

During the experiment. the same protocol was followed as above. Thus. rats were ligbtly anaestheti:ed with the mixture

of sodium pcntobarbital and chloral hydrate. The arterial catheter was conncctcd to a Statbam pressure transducer (Gould

P"..J·ID) and arrerial pressure was monitored via a Grass model S D.C. preamplifier and driver amplifier. Heart rate

was caleulated from these reeordings by eounting the number of beats in a 10 s period and multiplying thi. vaiuo by 6

ta obtain the rate in beats per tain (bpm). Needles were inserted into hindlimb meridian points and threshold wu

detertnined. Aller a 30 tain period of stahilization, three haseline readings were talcen at 3 tain interva1s; 1 min after

the last baseline reading, hindlimb meridian points were stimulated. Arteriai pressure and heart rate were thon roeorded

at 2 and S tain after the onser of stimulation and at S min interva1s thereafter, up ro 60 min.

RESULTS

In control rats, ie. those in which stimulating electrodes were inserted into meridian points but

the stimulator was not turned on, =ction time in the tail withdrawal test remained relatively

constant throughout the experiment. with the exception of slight increases in latency occurring

as a result of the administration of the successive doses of anaesthetic. This provided the control

for the use of anaesthetic. The data from these control animals for each paradigm are illustrated

in the respective figures,

Effeers ofelectrical stimulation ofmeridian poinls in inlaa raIS

Electrical stimulation of hindlimb meridian points applied al 20 times threshold and al 4 Hz for

a duration of 20 min (n = 8), increased withdrawal Iatency. Readings were significantly

different from those in the control group (n = 12) throughout the period of stimulation and for
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the next 75 min as illustrated in Fig. 2.

The response was characterized by what appeared to be two peaks occurring during the period

of stimulation as weil as a third peak occurring during the post-stimulation period; (wo peaks

were similarly observed during the period of stimulation in aIl subsequent groups (vide infra).

In this series, these (wo peaks were observed at 10 and 20 min after the onset of stimulation and

were 70.6 ± 7.45 and 68.0 ± 6.96 % of the MPI, respective1y. The third peak was 48.8 ±

9.62 % of the MPI and occurred at the reading taken 10 min after the end of the stimulation.

Effécrs ofvarying the frequency ofslimuIarion ofmeridian points in intact rats

Fig. 3 illustrates the effects produced at different frequencies of stimulation, which includ~ ~ .

4, 6 and 8 Hz; in aU cases, the parameters were otherwise the same as those in the previous

series of experiments. It is aIso importlnt to point out that the group stimulated at 4 Hz was

different ftom that in the previous series - it was run at the same time as the other groups in the

present series to achieve consistency.

Stimulation a: 4 (n = 7) and 6 (n = 8) Hz produced the same type of response reported ftom

the previous series ofexperlments. Stimulation at 2 Hz (n = 7) produced a significant inhibition

compared to the control group, but the post-stimulation effect was smaller in amplitude and

shorter in duration when compared to the respective effect in the groups stimulated at 4 and 6

Hz. Stimulation at 8 Hz (n = 6) produced an effect only during the period of stimulation. It

is importlnt ta note that the magnitude of the inhibition produced during stimulation. was the
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same at ail irequencies. lt was only the persistent efiect. observed iollowing the period oi

stimulation. which showed signiticant diiierences between the four groups.

Effects ofelectrical stimulation ofnon-meridian points in intact rats

Stimulation of non-meridian points (n = 9; see Fig. 1) aIso increased tail withdrawaI latency,

aIthough in this case there was no post-stimulation effect. The data are presented in Fig. 4. The

standard pararneters of stimulation were 4 Hz, 2 ms pulses at 20 times threshold in a 20 min

train. There appeared to be two peaks during the stimulation, occurring at 10 and 20 min.

These peaks were 45.9 ± 7.83 and 47.3 ± 7.56 % of the MPI. This inhibition was

significantly different from the control group (n = 12; p < 0.01). Two way ANOVA (0.01

> p < 0.05) and paired t-test (p < 0.001) comparisons indicated that the inhibition evoked by

non-meridian point stimulation was significantly less than that evoked by meridian point

stimulation.

EffectS ofelectrical stimulation ofmeridian poinrs in acurely spinal lransecled ralS

The data from acutely spinal transected rats are illustrated in Fig. 5. In the 7 rats tested 4 hours

after transection. stimulation of hindlimb meridian points produced a brief increase in withdrawal

latency. Only one peak was observed, at 5 min after the onset of stimulation. This peak was

14.6 ± 4.66 % of the MPI and was significantly different from the control group of spinal

animals (n = 18; P < 0.01). There was no post-stimulation effect in this group. (As there was

no significant difference in mean baseline values for withdrawal latencies in the control group

for acute and chronic spinal transeeted animais the data were pooled from bath groups to yield
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an "n" of 18.)

ln the group tested 24 h after transection (n = 6) the duration of the antinociceptive effect

evoked by electrical stimulation was more prolonged than in the group tested at 4 h (Fig. 5).

Thus. at la and 15 min after the onset of the stimulation. the tail withdrawallatency increased

to 9.36 ± 2.77 and 14.2 ± 4.58 % of the MPI. respective1y (p < 0.05 and p < 0.01.

respectively). There was no post-stimulation effeet in this group.

Two days after spinal transection (n = 7). stimulation resulted in a more pronounced effeet with

respect to amplitude and duration (Fig. 5). The greatest effeet in this group was 24.8 ± 8.57

% of the MPI and occurred at 15 min after the onset of the stimulation. The withdrawal

latencies were significantly different (p < 0.01) from those in the control group throughout the

period of stimulation. A significant post-stimulation effeet was seen but only at the reading

taken 5 min after the stimulation was tumed off (p < 0.05). In comparison with the effeets

seen in rats tested 4 hours after transection, the mean increase in withdrawallatency in rats

tested 2 days after transection was greater at 15 and 20 min after the onset of the stimulus (p <

0.01) and this effeet remained significantly greater at 5 and 10 min after the end of the

stimulation Cp < 0.05). In comparison with the effeets seen in rats tested 24 hours after

transection, the latency in the rats tes'.ed 2 days after transection was greater only al the 20 min

reading after the end of stimulation (p < 0.05).

Effeas ofelearical stimulation ofmeridian points in chronicaIly spintll transeaed TtllS
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The data from chronically spinal transecled r:llS are illuSlr:lted in Fig. 6. Al! lesting was done

afler bladder function had relurned. In the group of rats tested 7 days after spinal transection

(n = 10). stimulation produced an increase in withdrawal lalency lhroughoul the period of

stimulation (p < 0.01). Two peaks. occurrïng al :! and 15 min afler the onsel of the

stimulation. were 15.7 ± 3.59 and 21.6 ± 6.76 % of the MPI. respectively. In contraslte the

rats tesled acutely after spinal transection (see Fig. 5), when the stimulation was lurned off the

withdrawallatency remained elevaled al approximalely 10 % of the MPI for the next 15 min (p

< 0.05).

In the group tested 14 days after spinal transection (n = 8; Fig. 6), stimulation produced an

increase in withdrawal latency similar te !hat seen in the rats tested 7 days afler spinal

transection. The fust !WO peaks occurred during the stimulation al 2 and 15 min afler the onset

and were 14.5 ± 3.95 and 17.3 ± 4.06 % of the MFI, respectively (p <0.01). The post­

stimulation effect persisted for 15 min and was maximum at 17.5 ± 5.87 % of the MFI (p

<0.01).

Effeas ofelearical srimulalion ofmeridian poinrs on anerial pressure and hean rale

In the group of animais tested for the effects of stimulation on arterial pressure and heart rate

(n = 5), the mean baseline heart rate, systolic pressure and diastolic pressure prior te

stimulation were 402 ± 5.7 bpm, 126 ± 1.8 mmHg and 85 ± 4.1 mmHg, respective1y.

Stimulation of hindlimb meridian points applied for 20 min al 4 Hz and 2 ms failed te produce

any change in arterial pressure or heart rate during or after the stimulation.
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DISCUSSION

Our experiments indicate that high intensity, low frequency electrical stimulation of previously

defined sites in the rat hindlimb inhibits the nociceptive taïl withdrawaI reflex provoked by

noxious cutaneous heat. We interpret this to be an antinociceptive effect. The effect consists

of a brief response during stimulation and a persistent response which lasts more than one hour

after the stimulus. Neither response appears to be secondary to a change in arteriaI pressure.

It appears that the spinal cord can sustain both types of inhibition. However, the data aIse

indicate an important role for supraspinaI structures in eliciting both antinociceptive responses

in the intact rat.

'The briefand persisteTll effeers consritute differeTll responses.

It is suggested that the brief and the persistent effects constitute two different responses because

the brief effect could be elicited independently of the prolonged effect: the brief effect was

elicited aIone at 8 Hz, with stimulation at non-meridian points and with stimulation in acutely

spinal transected rats. Suggested mechanisms underlying each response will be elaborated

separately in later sections, but it is important ta point out that other reports have not made this

distinction between brief and persistent effects. Experimental studies have reported only a brief,

non-persistent effect. Sorne lasting effects have been observed but, as discussed in detail below,

in most cases these may be attributed ta the decay of a brief response because recovery occurs

re}atively rapidly compared ta the effect in the present study.

FetllU1'es ofthe brie!antinociception.
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Previous reportS of antinociception during stimul::ltion iall into iour categories. (1) In the

anaesrheri:ed cat (Pomeranz & Cheng. 19i9) and rat (Kawakita & Funakoshi. 1981; Pomeranz

& Nguyen, 1987) low imensiry. low frequency stimulation produces antinociception which

reeovers within 10 min. (1) In the unanaestheti:.ed rat (Wang et al. 1990) and rabbit (Han &

Xie. 1984) Iow inrensiry. low frequency stimulation produces antinociception which lasts 10-10

min. although in this case the possibility remains that the effeets could have been due to stress

as a result of using awake animaIs. (3) Studies using high inrensiry, low frequency stimulation

in the unarzaesthetized mouse (pomeranz & Paley, 19i9) showed an effeet lasting up to two

hours, but this effeet was almost certainly due to stress because the high intensity stimulus was

applied to awake animals. (4) To our knowledge, only one report has used high imensily, 10w

frequency stimulation in the anaesthetized animal (Kawakita & Funakoshi, 1982): the

antinociception elicited outlasted the period of stimulation by 15 min. This persistent effeet will

be e1aborated further be1ow, but ailer a survey of the literature it is clear !bat most previous

studies focused on a brief effeet only.

The observation that stimulation at 8 Hz e1icits only the brief inhibition suggests !bat the

periphera1 and/or central mechanisms mediating this response are reIative1y independent of

ftequencyand follow reIative1y higher ftequencies than those mediating the persistent inhibition.

In this context, post-stimulation analgesia evoked by intense stimulation just tolerable to human

subjeets bas been reported in an experimental pain study with 2 but not 10 Hz stimulation

(Andersson & Holmgren, 1975) and the perceptual response to activation of C fibres in human

periphera1 nerves begins to fail at SHz (Torebjork & Hallin, 1973; Liu et aL 1995), Therefore,
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we suggest that the antinociception observed during stimulation may be due to continuous

synaptic activation.

Fearures of the persisrenr anrinociception

WhiIe it is difficult to draw specific parallels, the post-stimulation antinociception reported here

is urique among animal studies in that the duration of the effects resemble those of

electroacupuncture-evoked analgesia in humans, which can last severa! hours to a few days

clinically (Me1zack, 1975; Fox & Melzack, 1976; Sjôlund & Eriksson, 1979; Thomas &

Lundberg, 1994). Animal studies on electroaeupuncture in which stress was not a factor have

genetal1y failed to show long-lasting effects comparable to those produced in our paradigm.

Two exceptions are notable. In one study, a persistent effect was obtained using high frequency

stimulation at la times threshold in the anaesthetized rat (Sjôlund, 1985), but this type of

stimulation resembles TENS and thus is different from that used in the present study. In the

other study, a long-lasting inhibitory effect of high intensity, low frequency stimulation on spinal

nociceptive neurones has also been reported (Chung et aL 1984), but in this case stimulation was

applied directly to a periphera! nerve.

Clinical reports tend to indicate that high intensity electrical stimulation at just tolerable levels

evokes a long-lasting analgesia in humans. Analgesia has been reported with low intensity, high

frequency stimulation but this analgesia is marginally effective in that only 10-40 % of patients

experience sufficientpain relief (Loeser et aL1975; Long, 1976). On the other hand, stimulation

at S-8 times the perception threshold increases tooth pain threshold (Andersson et aLI973;
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Chapman et 01.1977) and stimulation at 3-5 times perception threshold, described as just

tolerable, produces ana1gesia in chronic pain patients who otherwise lack sufficient pain relief

with low intensity, high frequency stimulation (Sjôlund & Eriksson, 1979). Thus, the clinica1

data are in general agreement with our view from the present study that low frequency, high

intensity stimulation produces a generalized antinociception or ana1gesia inc1uding a prolonged

aftereffect.

MecJwnisms underlying the persistent antinociception.

Our data indicate that the frequency of stimulation is an important factor in triggering the spinal

mechanisms mediating the persistent inhibition. Few reports have systematica1ly studicd the

optimal frequency for e1ectroaeupuncture. Usually, a frequency of 2-6 Hz is used, and most

studies have used only one frequency within this low range (Chen & Han, 1992; Pomeranz &

Cheng, 1979). Sorne have compared effects of 15 Hz vs. 100 Hz (Han et 01.1991) or even 2

kHz vs. 5 kHz (Lin et 01.1992). In our experiments the antinociception elicited by 2 Hz

stimulation 1asted only 15 min. Thus, it is possible that al such a low frequency, optimal

temporal summation of central mechanisms is not achieved. Frequencies of 4-6 Hz appear to

be Decessary to produce the maximum persistent effect. As discussed above, the Iack of a

response al 8 Hz may be due to the failure of the synapses of small diameter afferents to follow

this frequency and/or inability of central mechanisms to evolœ the post-stimulation inhibition al

this higher frequency of stimulation. Therefore, we propose that activation of small diameter

afferent fibres for 20 min al 2 to 6 Hz triggers mechanisms which evolœ a plastic change giving

Iise to the persistent depression of the tail withdrawal reflex.
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Significance ofsrimularion ar meridian vs non-meridian poilUs.

The selection of points for stimulation was based upon sites reported in the literature (Pomeranz

& Cheng, 1979; Bing et al. 199D; Bing et al. 1991). The persistent antinociception in our study

was dependent on stimulation of meridian points. Clinical studies indicate that meridian point

stimulation is important (Anderson et al. 1974; Stewart et al. 1977) although few such studies

actually compare data from meridian vs. non-meridian points. In animal studies, high intensity

stimulation of meridian points but not of non-meridian points in the rat produces a persistent

inhibition of the jaw-opening reflex (Toda & Ichioka, 1978).

The importance of meridian points bas not always been supporte<! by data from animal

experiments (Bing et al.1991), possibly due te the faet that most studies have focused on the

antinociception whieh· occurs during the stimulation. Some studies have reporte<! a difference

between stimulation of meridian vs. non-meridian points in the rat (Takeshige et al. 1992) or

mouse (pomeranz & Chiu, 1976), but stimulation was ooly of large diameter afferents, the

effects produced were ooly brief in duration and the experiments were done on awake animais.

Thus, the antinociception studied was not similar to the persistent effect we are reporting here.

The literature on human pain may he considered te support the importance of meridian points.

In a study on pain rating upon immersion ofone band in ice-water, electtoaeupuneture produced

analgesîa ooly ftom meridian points (Anderson et al.1974). In another study, ooly meridian

point stimulation increased telerance te thermal pain (SteWart et al. 1977). Unfortunately, in

neither of these studies were details of the stimulation provided and the duration of the pain
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relief was not mentioned. There are clinical reports on chronic pain in humans in which non·

meridian points produce the sarne relief as meridian points (Gaw et al. 1975; Lee et al. 1975;

Godfrey & Morgan, 1978). However, in none of these studies were the pararneters of

stimulation reported, 50 it is not clear that high threshold afferents were activated, details of

what constituted meridian or non-meridian points were not mentioned and the duration of the

effect was not reported (in most cases assessment was done immediately following stimulation).

On the basis of our results, showing a brief antinociceptive effect which is independent of

stimulation of meridian points, it would be predictable that there would be no difference between

meridian point and non-meridian point stimulation in clinical studies which do not report

persistent analgesia. Therefore, support for a difference between meridian point vs. non­

meridian point stimulation may come from oniy those clinical and basic studies in which a

persistent rather than just a brief antinociceptive effect is elicited by high intensity stimulation.

Spinal mecJuuùsms

We interpret our data from spinal transected animais to indicate that there is a supraspinal

component to both the brief and persistent responses. However, as both effects can a1so be

produced in the spinal rat, it appears that the spinal cord is capable of sustaining at least a

component of each response. Data from our acuteiy transected animais are in agreement with

the finding that noxious stimulation depresses activity of dorsal hom neurones for several

minutes in intact rats, yet shortly after spinal transection this stimulation produces a weak

inhibition (cadden et aL1983). In addition, electrical stimulation of the tail evolœs a brie!

antinociception in the acutely spinal rat (Woolf et al 1977). Several studies have shawn that
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high intensity stimulation applied either cutaneously or to peripheral nerves produces segmental

inhibition of spinal nociceptive reflexes, lasting 10 min to 1 hour (Chung el al. 1983; Taylor el

al. 1990). High intensity stimuli also inhibit convergent dorsal horn neurones (Cadden el

al. 1983; Chung el al. 1984) in acutely spinal transected animals and noxious stimulation produces

an extrasegmental antinociception in spinal animals (Ness & Gebhart, 1991a; Ness & Gebhart,

1991b; Pitcher el al. 1995). Thus, although supraspinal structures appear to have a dominant

role in e1iciting antinociception induced by activation of Aô and C fibres (Cadden el al. 1983),

there is sufficient evidence ta suggest that intraspinal mechanisms may also provide an important

contribution to inhibition of nociceptive mechanisms.

The persistent antinociception occurred in our chronically but not acute!y spinal animais. The

temporal appearance of this persistent response was coincident with the rerurn of bladder

function. Our data thus indicate that intraspinal mechanisms contributing ta the antinociceptive

effects evoked by high intensity e1ectrica1 stimulation of hindlimb meridian points may be

derived in part from a spinal source and may be acting with or independently from supraspinal

structures. After spinal transeetion these mechanisms may requite a period of recovery ta be

expressed, indicating adaptive changes in spinal analgesic mechanisms.

Summary and conclusiollS

The data presented suggest that high intensity, low frequency electrica1 stimulation e1icits two

antinociceptive responses, one which occurs durlng the stimulation alld is dependent on

continuous synaptic activation and the other which can persist for more !han one hour after the
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end of afferent stimulation. It is also suggested that the persistent antinociception is evoked by

activation of high threshold. small diameter sensory afferents which trigger long-term changes

in spinal and supraspinal mechanisms. This persistent response appears to be dependent upon

central temporal summation because 2 Hz stimulation evokes a limited post-stimulation effect.

while 4 or 6 Hz stimulation evokes a persistent antinociception lasting greater than one hour

after the termination of the stimulation. In our model, the post-stimulation antinociception is

evoked only from meridian points. In addition to supraspinal mechanisms, spinal mechanisms

appear to be able to produce antinociception in response to prolonged activation of high

threshold sensory inputs.
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Fig. 1. Schematic illustration of hindlimb meridian and non-meridian points stimulated in the

rat as weil as notable meridian points which were avoided in placing electrodes for stimulation

at non-meridian points. • = meridian point. ., non-meridian point. Upper left, meridian

points stimulated in relation to bony structures. Lower left, points stimulated as visualized from

latera! aspect. Right, non-meridian points stimulated as weil as meridian points avoided in this

stimulation; the doned line represents a middle line along the dorsal aspect of the hindIimb. The

points were derived from the Iiterature (pomeranz & Cheng, 1979; Bing et al. 1990; Bing et

al. 1991).
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Fig. 2. Effeet on rail withdrawallatency of high intensity (at ::0 times threshold), low frequency

(4 Hz) elcctrical stimulation for 20 min (duration of stimulation indicated by hatched area).

Threshold was that which just elicited muscle twitch by direct stimulation. Stimulation was of

hindlimb meridian pointsfemur-furu (ST-32),fengshi (GB-31) andzusanIi (ST-36). Dotted lines

indicate administration of anaesthetic. Tail withdrawal is expressed as a % of the maximum

possible inhibition (MPI). .o., stimulated group (n = 8); 0, needles only (n = 12); .. ,

difference between the twO groups. * p < 0.05; ** p < 0.01.
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Fig. 3. Effeet on lail withdrawallatency of high intensity stimulation (at 20 times threshold) at

2 (n = 7), 4 (n = 7), 6 (n = 8) or 8 (n = 6) Hz for 20 min. The mean net effect on lail

withdrawal lateney is expressed as a % of the ma~imum possible effeet ealeulated for the first

20 min period of stimulation and subsequent 25 min periods after the stimulation. The open bar

represents period 1 (0 - 20 min) during the stimulation, the closed bar represents period 2 (25 ­

45 min) after the stimulation, the cross hatehed bar represents period 3 (50 - 70 min), and the

diagonal filled bar represents the final period of observation, period 4 (75 - 95 min).
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Fig. 4. Effects of stimulation of non-meridian points in the hindlimb. Stimulation parameters

were the same as in fig. 2. Electrodes were insened in the gastrocnemius muscles and biceps

of the hindlimb. Il. , stimulated group (n = 9); 0, needles only (n = 12); ., difference between

the two groups.
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Fig. 5. Effects of acute spinal transection on response to stimulation of meridian points in the

hindlimb. Transection was at the T6/TI spinal level. ". stimulated 4 hours after transection

(n = 7); v. stimulated 24 hours after transection (n = 6); •• stimulated 2 days after

transection; O. needles only (n = 18). Details are as in the legend to Fig. 2.
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Fig. 6. Effects of chronic spinal transection on response to stimulation of meridian points in the

hindlimb. Transection was at the T6/T7 spinal level. lJ., stimulated 7 days (n = 10) and • 14

days (n = 8) after transection; 0, needles only (n = 18). Details are as in the legend to Fig.

2.
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CHAPfERTWO

PARAMETRIC STUDIES ON ELECTROACUPUNCTURE-LIKE

STIMULATION IN A RAT MODEL: EFFECTS OF INTENSITY,

FREQUENCY AND DURATION OF STIMULATION ON EVOKED

ANfINOCICEPTION
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We have iound that electroacupuncture-like stimulation of defincd sites in the hindlimb oi the

rat inhibits a nociceptive withdrawal ret1ex. The lightly anaesthetized rat was used and tail

withdrawal irom a noxious radiant heat stimulus was the nociceptive retlex. Standard

stimulation ofhindlimb meridian pointsfemllr-furu (ST-3'2),fengshi (GB-31) and :lISanli (ST-36)

consisted of a 2 ms square voltage pulse at 4 Hz for a duration of '20 min, applied at '20 times

the threshold to evoke muscle IWÏlch. This produced IWO types of inhibition of the reflex (n =

7); one "''aS an increase in the latency of up to 80% during the stimulation, terrned the brief

antinociception, and the other was a post-stimulation increase of up to 60% lasting greater than

one hour, terrned the persistent antinociception. When the stimulus intensity was reduced to 10

times threshold (n = 7) the iatency during stimulation increased up to 50% but the persistent

response did not occur. Stimulation at threshold produced neither effeet (n = 12). When the

train duration was altered, 10 min of stimulation produced only the brief effeet (n = 9), while

40 min of stimulation produced both effeets, although the persistent effeet lasted only 20 min

(n = 9). Stimulation at 6 Hz produced responses similar to those at 4 Hz, while stimulation at

2 Hz produced smaller effects. At 8 Hz only the brief antinociception was elicited. With a

pulse duration of 0.2 ms the brief response was observed but the persistent response was

markedly attenuated, while 5 ms (n =8) produced responses similar to thase with 2 ms. These

data suggest that !,jgh intensity, low frequency electrical stimulation of meridian points in the

rat hindlimb produces both brief and persistent antinociceptive effects on the taU withdrawal

reflex, and both effects are dependent upon the pararneters of stimulation. The persistence of

the latter effect beyond the period of stimulation suggests events occurring after direct synaptic

activity, possibly mediated via plastic changes at spinal and/or supraspinallevels•
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Analgesia in human subjects and patients can be achieved by a number of therapeutic measures.

including acupuncture. Despite the widespread use of acupuncture clinically. other than

anecdotal information little is known about the optimal parameters which produce pain relief.

It is generally accepted that acupuncture activates deep receptors (Chiang et al. 1973) although

it is controversial whether this stimulus recruits large and small diameter afferents (Melzack,

1975; Fox, Melzack, 1976; Mannheimer, Carlsson, 1979; Sjôlund, Eriksson, 1979; Kawakita,

Funakoshi, 1982) or large diameter afferents only (Levine et al. 1976; Pomeranz, Cheng, 1979;

Pomeranz, Nguyen, 1987). Electroaeupuncture usually consists of high intensity. low frequency

electrical stimulation (Andersson et al.1973; Andersson, Holmgren, 1975; Holmgren, 1975;

Me1zack, 1975; Fox, Me1zack, 1976; Eriksson et al.1979; Mannheimer, Carlsson, 1979;

Sjôlund, Eriksson, 1979) and is distinct from TENS, which consists of low intensity. high

frequency stimulation (Lundeberg, 1984; Chan, Tsang, 1987; Guieu et al. 1991).

Yet, even with electroaeupuncture a variety of stimulation parameters has been used. For

example, within this range of parameters biphasic square pulses of variable duration have been

used (Andersson et al.1973; Andersson, Holmgren, 1975) as have brief monophasic pulses given

in a 70 ms train (Eriksson et al.1979; Sjôlund, Eriksson, 1979). Frequencies of2 (Andersson,

Holmgren, 1975; Holmgren, 1975; Sjôlund, Eriksson, 1979) or 4 Hz (Andersson, Holmgren,

1975) have been applied and intensities have been used up ta those which are described as being

just talerable ta the patient (Andersson et al. 1973; Andersson, Holmgren, 1975; Melz<;ck, 1975;

Fox, MeJzack, 1976; Eriksson et aL1979; Mannheimer, Carlsson, 1979; Sjôlund, Eriksson,

1979). While acupunCtl1re-CVoked effects appear ta be manifested via activation of small

diameter, high threshold primary sensory afferents, possibly C fibers (Andersson, Holmgren,
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1975; Kawakita. Funakoshi. 1982; Chung et al. 1984a; Chung et al. 1984b), sorne reports suggest

that activation of large diameter primary afferents alone evokes analgesic and antinociceptive

effects (Levine et al. 1976; Pomeranz, Cheng, 1979; Han et al. 1983; Han, Xie, 1984; Pomeranz,

Nguyen, 1987).

Attempts have been made to develop animal models of acupuncture (pomeranz, Cheng,

1979; Kawakita, Funakoshi, 1982; Bing et al. 1991a; Bing et al. 1991b) and there are reports of

antinocieeptive effects in animals when specifie sites are stimulated whieh resemble meridian

points in I:~mans (Ulett, 1982; Pomeranz, 1987). We have recently stimulated some of these

points in the lightly anesthetized rat and found that high intensity, 10w freque'ley electrica1

stimulation e1ieits an antinociception whieh persists more than one hour (Romita et al.1992;

Romita et al.1993). In the present study we have used this animal model te determine the

optimal parameters of electrlca1 stimulation te aehieve lasting effects.

Materials and Methods

In aIl cases, the guidelines described in The care and Use of Experimental Animals, of the

Canadian Council of Animal eue, Vols. 1 and n, Second Edition, were strictly followed. The

experimental protocols were also reviewed and approved by the McGill University Animal care

Committee.

Animal preparation

Male Sprague Dawley rats (3Q0-400 g) were lightly anesthetized for the duration of the
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experiment with an intraperitoneal injection of a freshly prepared mixture of sodium

pentobarbital (20 mg/kg, Abbott Laboratories Ltd.• Montreal. Canada) and chloral hydrate (120

mg/kg, Fisher Scientific, Montreal, Canada) in 50% propylene glycol (Baker Chemical Co..

Phillipsburg. NJ. U.S.A.) and 30% physiological saline (0.9% NaCl). This provides a level of

anesthesia sufficient to prevent any overt sign of discomfort to the rat during experimentation,

yet a stable withdrawal response is obtained in the tail flick test for about 1 hour. To maintain

this light state of anesthesia throughout the full duration of the experiment, subsequent injections

of the mixture were given: an injection of % the initial dose of anesthetic 35.5 min after the first

injection, timed to occur 1.5 min prior te the beginning of electrical stimulation, and subsequent

injections of %, '.4 and 116 the initial dose at 30 min intervais thereafter.

Tail wirluirawalrl!Sr

The lightly anesthetized rat was placed in a plastic restrainer on the apparatus used te measure

tail withdrawailatency (Isabel et al. 1981), needles were inserted and threshold determined as

described below. Before testing was started, the animais were allowed te stabilize for 30 min,

after which 3 baseline readings of the tail withdrawai latency were taken at 3 min interva1s.

Stimulation was then applied starting 1 min after the last baseline reading and the iatency was

recorded at 2 and 5 min after the onset of stimulation, and at 5 min interva1s for 75 min after

the end of stimulation.

Nociception was determined as the latency of the tail withdrawai from a noxious radiant

heat stimulus. To measure this latency a portion of the tip of the tail was b1ackened te facilitate

the absorption of heat. This portion was then positicned above a focused projector bulb te
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provoke the withdrawal reflex. Flick of the lail exposed the light beam to a photodetector which

in turn stOpped a timer giving reacûon ûme measured to 0.01 5 (Isabel et al.1981). The

intensity of the bulb was set 50 that the baseline reacûon ûme was 4-6 s. Trials were terminated

automaûcally if a withdrawal did not occur within 12 s, the cut-off ûme.

At each sample ûme !WO readings were taken, separated by 40-50 s, at !Wo different sites

within the 2 cm blackened segment of the tail. Thus, the withdrawal latency was never

measured twice from the same site within a 3-5 min interval. The average of the !WO readings

was calculated and the value expressed as a percent of the maximum possible inhibition (MP!)

according to the formula (Yaksh, Rudy, 1977)

MPI = ŒOST-TREATMENT LATENCY - PRE-TREATMENI LATENCYl x 100

(CUT-OFF TIME - PRE-TREATMENT LATENCY)

To measure the latency during the period of the electrical stimulation, the stimulator was

temporarily tumed off leng enough for the reading to be taken; this was necessary because the

stimulus was above the threshold to elicit a direct conttaction of muscles.

Elearical stimulalion

Two pairs of stainless steel insect pins were inserted into meridian pointsfemur-jûlll (ST-32) and

fengsm (GB-31) of the hindlimb as defined by others (pomeranz. Cheng, 1979; Ulett, 1982;

Pomeranz, 1987; Bing et al.l991a; Bing et al.1991b). In the case of the electrodes inserted to

stimulatefemur-jûlll the cathode was placed along the media! side of the knee and the anode was
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inserted along the lateraI side of the knee so that it lay across :.usanli (ST-36). To stimulate

fengshi the electrodes were inserted under the femur midway between the hip and the knec. In

the control groups, electrodes were inserted into the respective areas of the hindlimb but no

electrical stimulation was applied. Fig. 1 illustrates the relative positions of the po~nts

stimulated.

Threshold was taken as the lowest intensity which just produced muscle contraction. The

needIes were connected te coupled Grass stimulators (SD9 and SDS) which passed a train of

monophasic square wave pulses. The standard parameters were 2 ms square pulses applied at

4 Hz for a duration of 20 min and applied at 20 times threshold.

Four series of experiments were done in which the parameters of eIectrical stimulation were

varied to determine the profùe of the evoked responses.

i) 111lensily of stimulation. Stimulation was applied at l, 10 or 20 times the threshold as

defined above.

ii) Duration of the train of stimuIalion. The duration of the train was 10 or 40 min.

Comparison was made with the group stimulated above for 20 min.

iii) Frequeru:y of the train ofstimuIalion. The frequency of stimulation was 2, 6 or 8 Hz.

Comparison was made with the group stimulated with these parameters at 4 Hz, above.

iv) Duration ofthe square wave pulse. In the last series of experiments the duration of the

pulse was 0.2 or S ms. The intensity was 20-30 mA at 20 times the threshold obtained with a

2 ms pulse or 40-60 mA at 20 times the thresho1d obtained with a 0.2 ms pulse. Comparison

was made with the group stimulated with a 2 ms pulse•
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Srarisrical analysis

Ali values are expressed as the mean ± standard error of the mean (S.E.M.). Results are

expressed as the mean MFI at each sarnple time and as net effect, obtained by subtracting the

mean MPI at each point in the control group from the respective MFI in the test group, to

eliminate the influence of supplemental doses of anesthetic. Data from treated and control

animals were analyzed using two way analysis of variance (ANOVA). Stimulation vs. no

stimulation was taken as the between subject factor for otherwise similarly treated groups and

time was taken as the within subject factor. Tukey's Wholly Signiiicant Difference Test was

used to rnake post hoc comparisons between means. The sarne method of statistical analysis was

used to compare two groups ofrats treated differently (i.e. stimulation at 10 times threshold vs

20 times threshold). In sorne analyses, one way repeated measures analysis of variance, pair­

wise multiple comparlsons (Student-Newman-Keuls method) and paired Students t-test for single

pair-wise comparisons were used to compare the mean MFI calculated over the period of

stimulation and for subsequent post-stimulation periods, between treatment groups.

RESULTS

In control IalS, ie. !hose in which stimulating electrodes were inserted inta meridian points but

the stimulator was not tumed on, withdIawal reaction lime remained relatively constant

throughout the experlment, wi!h the exception of transient increases in latency occurring as a

IeSU1t of the administration of the successive doses of anesthetic. The data ftom these control

animals for each paradigm aIe illustrated in the respective figures•
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i) Effeas ofintensiry ofstimuJalion

The intensity at which the stimulus was applied was important in distinguishing between the brief

and the persistent antinociceptive responses, as described below.

20 rimes threshold: The intensity of the stimulus was 20-30 mA (minimum of 15 V). This

increased tail withdrawallatency (n = 7). The data are illustrated in figure 2. The response

was characterized by an increase in withdrawallatency during the period of stimulation as weil

as for more than one hour after the stimulus was turned off. During the stimulation the

maximum net increase was 73.6 ± 5.56 %. After the stimulation was turned off the net latency

remained significantly e1evated for more than one hour. The withdrawal response was

significantly different from that in the control group (n = 20) at each time point from the

beginning of stimulation to the end of the experiment (p < 0.01).

10 rimes rhreshold: When the same stimulus was applied at 10 times threshold (n = 7), the

latency increased to peaks of 50.2 ± 14.0 % and 50.2 ± 12.1 % of the MPI, respectively, at

10 and 20 min after the onset of the stimulation. The data are illustrated in figure 3A. These

effects were significantly different (p < 0.01) from the group of control rats (n = 12).

However, tail withdrawallatency returned to control values within 10 min after the stimulation

was turned off. Thus, the inhibition seen in the group stimulated at 20 times threshold (figure

2) did not occur.

Threshold: Stimulation at threshold (n = 12) had no effect at any time compared to the

control group (n = 12), as illustrated in figure 3B.
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ii) Effeccs ofduraIion of che crain ofstimulaIion

la min: The standard stimulation applied for only ID min (n = 9) increased withdrawal

latency to a maximum of 50.0 ± 8.3 % of the MPI at 10 min after the onset of stimulation

(figure 4). The tail withdrawallatency remained significantly elevated throughout the 10 min

period of the stimulation and for the fmt 2 readings after the stimulation was turned off (p <

0.01).

40 min: When applied for 40 min (n = 9) an increase in latency also occurred (figure 5).

The readings between the beginning of the stimulation and 40 min after the end of stimulation

were significant (p < 0.01).

iii) Effeccs offrequency ofstimulation

2 Hz: Stimulation at 2 Hz (n = 7) increased withdrawallatency (figure 6) throughout the

period of stimulation (maximum 60.3 ± 12.07 % of the MPI) and for 15 min after the

stimulation was turned off (p <0.01).

4 Hz: The data are illustrateel in figure 2 (n = T).

6 Hz: Stimulation at 6 Hz (n = 8; figure 7) increased the latency throughout the period of

stimulation (maximum 78.5 ± 4.19 %) and for greater than one hour after the stimulus was

turned off (p < 0.01).

8 Hz: 8 Hz (n = 6) increased the iatency to a maximum of 62.3 ± 9.39 % of the MPI. The
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inhibition occurred at a1l times during the stimulation but, other than that at 5 min after the

stimulation was turned off, no post-stimulation inhibition was observed (figure 8).

Statistical comparisons of the effects of stimulation at the different frequencies were made by

dividing the time during and following the stimulation into four periods: 1) the 5 observations

during the 20 min period of stimulation (0 - 20 min), 2) the first 25 min period after the

stimulation was turned off (25 - 45 min), 3) the subsequf.<"1t 25 min period (50 - 70 min) and 4)

the final 25 min period (75 - 95 min). The mean net effect during each of these periods was

compared among the 4 groups stimulated at either 2, 4, 6 or 8 Hz. Statistical comparisons were

also made against the unstimulated control group. Table 1summarizes the statistical correlations

between groups stimulated at different frequencies for time periods 1 through 4.

iv) Effeets ofduration ofthe pulse

The pulse duration was set at 0.2-5 ms and applied either at 10 times or at 20 times threshold.

The data obtained in the 4 periods just descn1led are illustrated in figure 9.

Pulse duration 0.2 ms. Stimulation with a 0.2 ms pulse at 20 times threshold (approximate1y

40 mA; n = 1) increased withdrawa1latency 10 a maximum of 85.06 ± 2.56 % of the MPI

during the stimulation and a brief post-stimulation inhibition was seen. This post-stimulation

response peaked at 43.56 ± 11.07 % of the MPI at 10 min and ended 15 min after the

stimulation was turned off. The inhibition evoked during and after the stimulation was

significant when compared 10 the control group (n =20; P < 0.01).

Statistical analysïs did not show any significant difference between the response evoked
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during stimulation with 0.2 ms pulses at 20 times threshold and that with 2 ms pulses, also at

20 times threshold (approximately 20 mA). However, while the post-stimulation period was

significantly different (p < 0.001) from that in the control group (n = 20) it was significantly

less (p < 0.001) than that evoked by stimulation with 2 or 5 ms pulses.

With a pulse duration of 0.2 ms (n = 8) stimulation at 10 times threshold (approximately 20

mA) increased the latency to a mean of 36.2 ± 5.73 % of the MPI during stimulation (p <

0.01). No post-stimulation effect was observee!. The magnitude of the effect in period 1 was

also significantly less than that evoked in the other group (p < 0.05).

PuIse durazion: 2 and 5 ms. The data obtainee! with stimulation of hind1imb meridian points

with a 2 ms square voltage pulse are describee! above. Stimulation with a 5 ms pulse (n = 8)

increased the latency in period 1 to a mean of55.1 ± 8.17 % of the MPland for the remaining

3 periods (p < 0.01). Thesc effects were not statistically different from the antinociceptive

effects elicited when stimulation was appliee! with 2 ms pulses.

DISCUSSION

The data indicate that conditioning electrical stimulation of hind1imb meridian points in the

lightly anesthetized rat evolœs an inhibition of the nociceptive tail withdrawal reflex. We

inteIpret this to be an antinocicepti..e effect. This effect can be separated experîmentally into

two types of inluoition of the withdrawal reflex, a brief response seen during the stimulation

period and a persistent post-stimulation response lasting greater than one hour. As the two

responses appear to be different, possible mechanisms by which each is elicited are described
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below.

I. 2arameters of stimulation suggest the persistent antinociception May be dependent on

activation of high threshold inputs and central mechanisms

Inrensiry. The data indicate that the persistent antinociceptive effect is e1icited only by high

intensity stimulation and it is suggested that recruitment of high threshold afferents is necessary

for activation of the central mechanisms which produce this persistent effect. Severa! reports

in the Iiterature provide data to support this interpretation. Stimulation of hindlimb meridian

points at intensities which recruit Aô and C afferents, but not lower intensities, leads to a

persistent depression of the jaw openjng reflex e1icited by e1ectrical stimulation of the inciser

pulp in the rat (Kawakita, Funakoshi, 1982). Conditioning stimuli applied at intensities

sufficient te recruit C fibers in the common peroneal (Chung et al.1983) or tibial nerve (Chung

et al.1983) depress the late flexion reflex and the sural-gastroenemius reflex for 10 te 60 min

in the cat. Furthermore, recruitment of unmyelinated fibres e1icits a long-lasting attenuation of

spinal reflexes in the spinal, decerebrated rabbit (Taylor et al.1990). In primates, electrical

stimulation of the tibial nerve at a strength which recruits ooly Aa and AB fibers produces a

minor inhibition of lumbar spinothalamic tract cells with no post-stimulation effect (Chung et

al.1984b), yet rec:ruitment of Aô and C fibers with higher intensities produces an inhibition

lasting up te 30 min (Chung et al.1984a; Chung.et al.1984b). It bas also been shown that

rec:ruitment of C fibers, by application of natural visceral and cutaneous stimuli, produces a

greater inhibition of longer duration th2n that occurring with rec:ruitment of lower threshold
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afferents (Ness. Gebhart. 1991a; Ness. Gebhart. 199Ib). Thus. evidence from otherparadigms

supports the idea that recruitment of high threshold primary aiferents leads to the persistent post­

stimulation effects observed in the present study.

Frequency. The persistent post-stimulation antinociception also appears to be dependent on

the frequency of stimulation and the data again implicate central mechanisms in mediation of titis

effect. Stimulation at 4 or 6 Hz, but not at 8 Hz, elicited the persistent antinociception. At 2

Hz, there was some persistent effect in our experiments but it was less in amplitude and

duration; this is discussed below.

The observation that stimulation at 8 Hz elicits the brief inhibition alone suggests that the

peripheral and/or central mechanisms mediating titis response are relatively independent of

frequency and follow relatively higher frequencies while those mediating the persistent inhibition

appear te he dependent on lower frequencies of stimulation. The difference in responsiveness

to various frequencies may he due te principles of synaptic rather than axonal transmission as

C-fibres appear te he able te follow 100 Hz when stimulated electrically (Douglas, Ritehie,

1957; Iggo, 1960). Thus, the relative failure of the persistent effect at 8 Hz may he due te the

inability of the central mechanisms mediating this effect te follow such a frequency. In titis

context, post-stimu!ation analgesia evoked by intense stimulationjust telerable te human subjects

has been reported in an experimental pain srody with 2 but not 10 Hz stimulation (Andersson,

Holmgren, 1975) and the perceptual response te C fibre stimulation in human peripheral nerves

begins te fail at 5 Hz (Torebjôrk, Hamn, 1973; Liu et al.l995). Therefore, we suggest that the

brief antinociception produced during the stimulation results from activation of different central
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meehanisms thm those mediating the persistent âfect. lt is suggested. then. that the briei

antinociception observed during stimulation may be due to continuous synaptic activation as

opposed to the persistent effeet. which appears to be mediated via a iorm of central summation.

Pulse durarion. The threshold stimulus required fer activation of nerve fibres is detelmined

by the duration and the amplitude of the applied current pulse and membrane resistance. and the

intern31 resistance cf a nerve fiber play critical roles in governing the required duration of the

current pulse. Low threshold, large diameter fibres, with a low intern31 resistance and a high

membrane resistance require pulse durations in the order of tens to hundreds of p.S to he

activated, while high threshold, small diameter fibres, such as C fibers, have high interna! and

10w membrane resistances and th=fore require long pulse durations. Pulse durations of0.5 ms

(Wall, Woolf, 1984; Thompson et 31.1990; Xu et 31.1990), 0.8 ms (De Koninck, Henry, 1991)

or equal or greater than 1.0 ms (MendeIl, 1966; Chung et 31.1983; Pérez et 31.1993) are

generally used te activate C fibres. Shon pulse durations in the range of 0.1 ms have been used

te activate C afferents but intensities required are in the order of 200 te 400 times threshold for

AB activation (Hoheisel, Mense, 1990; Xian-Min, Mense, 1990). In our experiments, littie or

no post-stimulation antinociception was produced when the stimulation pulse was 0.2 ms in

duration, yet pulse durations of 2 and 5 ms produced the persistent antinociception. These data

are therefore consistent with the interpretation that recruitment of high threshold, smaJI diameter

fibers is required te activate central mechanisms which produce the persistent effect.

n. Optimal train duratiOD suggests the persistent eiTeet is d!!e to central a1mmatioD.
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Dependence of a persistent inhibition on the dur:uion of the stimulus has been reported

elsewhere. A five min train recruiting Aô and C libers elicited a post-stimulation inhibition of

spinothalamic tract ceUs lasting Jess than 2 min (Chung et a1.l984b). However, when the same

stimulus was maintained for 15 min the inhibition persisted up to 30 min (Chung et a1.l984a).

Thus. our data lead us to suggest that prolonged stimulation a1lows adequate summation of CNS

meehanisms te elicit a persistent effeet.

With regard te longer train durations, an effeet parallel to ours has been reported (Chen, Han,

1992) whereby during continuous eleetroacupuncture the evoked antinociception decays gradually

with time. In human studies the duration ofacupuncture-like treatment with low frequency, high

intensity stimulation is quite varied. For example, 10 to 30 min of stimulation elicits effects

lasting several hours or even days (Melzack, 1975; Fox, Melzack, 1976; Mannheimer, Carlsson,

1979), while 40 min of stimulation evokes an analgesia that persists for 30 min (Research Group

of Acupuncture Anesthesia, 1973). When the stimulation is applied for 75 min, the duration of

the post-stimulation anaIgesia is relatively short-lived, lasting 15 min (Andersson et al.1973;

Andersson. Holmgren. 1975). We show here that in the rat the duration of the stimulation bas

a critical role in determining the duration of the post-stimulation antinociception.

The observation that 20 min of stimulation elicited a greater and longer-lasting persistent

antinociception than 10 or 40 min of stimulation is difficult te account for on the basis of

peripheral mecbanisms only. In fact, the persistence of the effeet for greater than one hour after

stimulation (and thus presumably after primary afferent synaptic inputs have ceased) leads us te

the proposai that the persistent changes are due to central meehanisms of summation.

Central summation may exp1ain how stimulation at 2 Hz produces only a post-stimulation
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effect lasting 15 min. while at 4 and 6 Hz this effect lasts more than one hour. In this context.

other studies have shown long-lasting effects produced by stimulation of Aô and C libers. For

example. ·wind up· can be produced optimally with low frequency stimulation (Mendell, 1966;

Thompson et al. 1990; King et al. 1990) and long-lasting summation of ventral roct potentials is

evoked with 1-5 Hz stimulation of dorsal rocts in ~'ilro at sttengths which recruit C fibers

(Thompson et al. 1994). Finally, Ness and Geban have demonstrated that the magnitude and

duration of the inhibition of neuronal responses to C fiber input evoked by noxious stimulation

is a function of the number of preceding conditioning stimuli (Ness, Gebhan, 1991b); they

suggest that central sensitization or wind up is the underlying mechanism by which the increase

in madgnitude and duration of the evoked inhibition is mediated (Ness, Gebhart, 1991b).

nI. Electrical stimulation for the treatment of pain

A brief attempt will be made te relate the present conclusions te approaches te the treatment of

pain. The antinociception evoked in this study by high intensity, low frequency stimulation

relates in sorne respects te the analgesia reported in patients given periphera! electrica1

stimulation. Analgesia which lasts severa! hours to days can be elicited at high intensities

reported te be just telerable te the patient (Melzack, 1975; Eriksson, Sjôlund, 1976; Fox,

Melzack, 1976; Sjôlund, Eriksson, 1979). Studies on chronic pain patients which did not

experience pain relief with low intensity, high frequency stimulation experienced relief when the

stimulus intensity was increased te just telerable levels (Eriksson. Sjôlund, 1976; Sjôlund,

Eriksson, 1979). In an experimental setting, electrical :;timulation at five te eight limes the

perception threshold, evoking strong muscular contractions, increases experimental tooth pain
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threshold (Andersson et al. 1973; Andersson, Holmgren, 1975). Thus, in animal studies, in

chronic pain patients and in human experimental pain, persistent antinociception or analgesia

appears to be achieved when relatively high intensities of stimulation are usee!.

On the other hand, low intensity stimulation which is well below the Imman pain threshold

usually produces a shon lasting or brief analgesia. This kind of analgesia is typically achieved

with high frequency, 10w intensity stimulatkn sufficient to recroit the myelinated, large diameter

sensory primary afferents (Meyer, Fields, 197Z; Loeser et al. 1975; Long, 1976), thus being of

c10ser resemblance ta TENS, which is usually applied at higher frequencies such as 100 Hz.

While some 1:lsting effects have been reponed with high frequency, 10w intensity electrical

stimulation (Guieu et al.1991), in general the elicited analgesia is produced ooly during the

period of stimulation with little or no post-stimulation effect (Meyer, Fields, 1972; Sjôlund,

Eriksson, 1979). In facto the analgesia produced by this type of stimulation has been reponed

as being ooly marginally effective and not always reliable (Loeser et al. 1975; Eriksson, Sjôlund,

1976; Long, 1976; Sjôlund, Eriksson, 1979) and seems to be more effective in the treatment of

patients suffering acute pain !han chronie pain (Levine et al.1S76; M:;yer, Fields, 1972).

Snmmary and conclusion

Our data. indieate !bat low f'Iequency electrical stimulation of hindlimb meridian points in the rat

produces two kinds of inhibition of the taE withdrawal reflex, a brief and a persistent effect.

It is suggested !bat these two Ie5ponses are dependent on recruitment of high threshold primary

afferents but distinguishable on the basis of the involvement of central summation. It is

proposee! !bat the brief antinociception is relatively independent of ftequency and pulse duration
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because it occurs wi:h low and high frequencies of stimulation and it is eEcited with short or

long pulse durations. Finally, the brief antinociception is elicited only during the stimulation

and thus appears to be dependent on continuous synaptic activation.

The persistent antinociception can be elicited only when longer pulse durations are used. The

central mechanisms mediating the persistent effect also app= to differ from those mediating the

brief response as the persistent antinociception can last more than one hour after the end of the

stimulation, suggesting involvement of central summation. In addition, as the optimal duration

of the train of stimulation is about 20 min, this suggests some type of extinction with longer

periods of stimulation.

The brief antinociception in our study bears some resemblance to the analgesia evoked in

human patients by 10w intensity stimulation, whether at high or low frequency (Wall, Sweet,

1967; Shealy et al.1970; Meyer, Fields, 1972; Loeser et al.1975; Long, 1976; Eriksson et

al.1979; Sjôlund, Eriksson, 1979; Guieu et al.1991). On the other hand, the persistent

antinociception in our study bears some resemblance to the 10ng-term analgesia evoked in human

patients by high intensity, 10w frequency electrical stimulation (Andersson et al. 1973;

Andersson, Holmgren, 1975; MelZllck, 1975; Eriksson, Sjôlund, 1976; Fox, Me1Zllck. 1976;

Sjôlund, Eriksson, 1979). The clinical implication of these findings is that the ~c

parameters of electrical stimulation for the alleviation of pain are important te achieve optimal

analgesia.
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TABLE 1. Stallstlcalcomparlson oflhe nel mean Inert'ase ln lall n1ek laleney elleiled by hlgh Inlensily stlmulatioll of mel'idillll

points al varled frequeneles durlng the perlod of stimulation and for subsequelll perlods aflel' Ihe slllllllllllioll. l'ail'ed I-Il'sl:

• =p < O.OS, •• =p < 0.01, NS =nol signlfieanl.

Fal!QUI!HCV 41U 611. a111 COmkol.

(0-7) (a. • 1) (Q .. 6) (n • 2U)

PI!RJO:l PEIIIOD Pl:JtIOJ) "1!.RIOU

1 2 3 4 1 2 3 4 1 2 3 4 1 1 ) 4

2IU(o-7) I/S .. .. .. I/S .. .. .. I/S .. .. I/S .. • I/s NS

4IU(o-7) I/S I/S .. • I/S .. .. .. .. .. .. ..
6IU(o-l) I/S .. .. .. .. .. .. ..
1 lU (0 -6) .. NS NS NS
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Fig. 1. Schematic representation oi meridian points j.mgshi (GB-3 1J. jt!mur-juJu (ST-32) and

:usanli (ST-36J in relation to skeletal structures oi the hindlimb. These points were selectedirom

previous reportS from other investigators.
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Fig.::;. Eiiect on rail withdrawallatency oi high intensity (::;0 times threshold). low irequency

(4 Hz) electrical stimulation of hindlimb meridian pointsfengsizi (GB-31).femur:fÜtu (ST-3::;)

and :usanii (ST-36) with ::; ms square wave pulses for ::;0 min (the duration of the train oi

stimulation is indicated by the hatched area). Vertical doned lines indicate ùmes of

administration of supplementai doses of anesth::ùc. Tail withdrawallatency is expressed as the

mean % of the maximum possible inhibition (MF!) at each sarnple ùme. il.. stimulated group

(n = 7); O. needles ooly (n = 20); ~. il. minus O. Difference be!Ween the !wo groups: • p

< 0.05; •• P < 0.01.
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Fig. 3. Effeet of varying the intensity of stimul::.tion: stimul:ltion at 10 times threshold is shown

on the left (n = 7; ,,); stimulation at threshold is shown on the right (n = 12; ,,). Parameters

were standard. O. needles only (n = 12); ., " minus O. * p < 0.05; ** p < 0.01. The

durations of the experiments were the same as in figure 2, but the abscissae were trunc:lted due

to the brevity of the responses. Other details are as in figure 2.
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Fig. 4. ~ffect of varying the duraùon of the train of stimulaùon: 10 min. Parameters were

otherv..ise standard. .e.. sùmulated group (n = 9); O. needles only (n = 12); " . .e. minus O .

.. p < 0.05; .... P < 0.01.
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Fig. 5. Effect of varying the duration of the train of stimulation: 40 min. Parameters were

standard. "'. stimulated group (n = 9); O. needles only (n = 1:!); ... '" minu~ O. •• p <

0.01.

175



•
0
0.....
0
0)

0
CO

0

"
0 -CO C.-
0 E
10 -
0 w
oot ~-
0 ....
~

0
t'I

0.....

0

0.....
0 1
t'I
1

oo
t'I

-a..
~

o
CO

o
CO

-te-te..._ _ _ _--_ _ __..__._.__._---_.-
-te-te ~H-I

o
o.....

•



•

•

Fig. 6. Effect of varying the frequency of stimulation: Z Hz. Parameters were standard. "'.

stimulated group (n = 7); O. needles only (n = ZO); 4. t. minus O. •• P < 0.01.
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FIg. 7. Ei:'ect of varying the ireque:,ry of stimulation: 6 Hz. Parameters were standard. ...

stimulated group (n = 8); O. needles only (n = 20); " ... minus O. • p < 0.05; •• P <

0.01.
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Fig. 8. Efieet of varying the frequeney oi stim".l:nion: 8 Hz. Parameters were st2J1dard. ...

stimulated group (n = 6); S. needles only (n = ::0); ... A minus:: . •• p < 0.01.
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Fig. 9. Effeet of varying pulse duration. Eleetrieal stimu12.tion was with 0.2' msee pulses at 10

times threshold. with 0.2 msec pulses at 20 times threshold. with 2 msec pulses at 20 times

threshold or ·....ith 5 msec square pulses at 20 times threshold. The effect is expressed as the

mean % of the MPI calculated for the 20 min period of stimulation and for subsequE'nt 25 min

periods after the stimulation, as described in the text.

183



or- C\1 ('1) V
0 0 0 0
0 0 0 0
Cl: Cl: c: Cl:
W W W W
a- a- a- a-

D • ~ ~

~ LO -UJ
E-

~
z

(\IQ
I----l ~

Cl:

~
~

(\10
oWen

....J
~

~
a-

«(\1
ci

H

•

o
lX)

o
<0

o
C\l

o



•

•

CHAPI'ER THREE

INTENSE PERIPHERAL ELECTRICAL STIMULATION

DIFFERENTIALLY INIDBITS TAIL VS. LIMB WITHDRAWAL

REFLEXES IN THE RAT



Abstract: In an on-going study on mechanisms by which activation of sensory afferents regulales

• nociception, high intensity, low frequency eiectrical stimulation was applied 10 previously

defined meridian and non-meridian points of the hindlimb or forelimb, and the effects measured

on the withdrawal reflex of the tail or limb in the lightly anesthetized rat. Withdrawal was

evoked by application of noxious radiant heat to the tip of the taïl or to the plantar surface of

a hindpaw or forepaw. Parameters of conditioning electrical stimulation were 2 ms pulses at 4

Hz for 20 min al 20 X threshold (20-30 mA) where threshold was the minimum intensity which

evoked muscle twiteh. In experiments on tail withdrawal, stimulation applied to meridian points

fengshi (GB-31),femur-.fùtu (ST-32) and zusanIi (ST-36) of the hindlimb or to waï-kuan (TH-5)

and hoku (LI-4) of the forelimb increased the latency of the wit'ldrawal reflex to 70-100 % of

the maximum possible inhibition (MPI) during the stimulation. Inhibition persisted for more

!han one hour after the end of stimulation. Bilateral stimulation of hindlimb meridian points

• evoked a greater inhibition during the stimulation (> 95 % of the MPI); the inhibition persisted

for 40 min. Stimulation of non-meridian sites in hindlimb or forelimb inhibited the withdrawal

reflexes by 45%-50% of the MPI during the stimulation only. Thus, the evoked inhibition bas

IWO components, a brief effect elicited by non-meridian point stimulation and a persistent post- .

stimulation effect produced only upon stimulation of meridian points. Stimulation produced little

effect on nociceptive limb withdrawal reflexes. The results suggest that high intensity, low

frequency electrical stimulation of meridian points produced a long-lasting, extrasegmental

inhibition of the tail withdrawal but not of limb withdrawal reflexes. This differential inhibition

may be due to differences in neuronal circuitry and CNS modulatory control mechanisms. The

persistent inhibition appears to be dependent on the site of stimulation because it is not evoked
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because it is not evoked by stimulation of sites outs:èe of meridian points.

Key .....ords: nociception, pain, antinociception. analgesia, noxious. spinal reflex. spinal cord
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1. Introduction

Activation of high threshold primary afferents can modulale transmission of nociception

in the spinal cord at a remote siteS.48.49 and this is believed 10 be the neurophy~iologicaI basis for

the anaIgesic effects evoked by counter-irritation practices to achieve the attenuation of pain by

application of a spatially remote aversive stimulusI6
•
22

•
47

• An early study in human subjects

demonstrated that application of a chemicaI irritant to the leg increases tooth pain threshold in

response to electric shocJc36. In human subjects noxious thermal stimulation of the band

attenuates the RIII reflex in the biceps femoris muscle of the contralaterai leg elicited by high

intensity transcutaneous stimulation of the surai nerve49
• Analgesia evoked by high intensity

electricaI stimulation has been proposed to be a variation of that evoked by counter­

irritation3-5·IS.29 and the underlying mechanisms of bath may share sorne similarities with diffuse

noxious inhibitory contrais (DNIC) served by a spinal-brain stem-spinal lOOp6.7.4S.46. In common

with DNIC, high intensity, low frequency electricaI stimulation produces a generaiized

antinociceptivelanalgesic effect, but unlike DNIC this effect requires prolonged stimulation1S.21l.29

and the effect persists for hours to daysI4,IS.29.40• On the other hand, the antinociception cvoked

by brief application of aversive stimuli is generaIly short Iived lasting only minutes2S,33.49.

Only a few experiments have studied the effects of prolonged, high intensity, low

frequency electricaI stimuIation on remote nociceptive mechanisms in animaIs. In decerebraled,

spinalized animaIs high intensity, low frequency stimulation of peripherai nerves bas been

reported to produce a 10ng-1asting inhibition of the flexion reflexlO
, of the surai-gastroenemius

reflex13•43 and of spinothalamic tract cellsll but in ail cases the inhibition was restricled to the

same segment stimuIated and therefore may not be derived via the same mechanisms which yield
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the generalized anaIgesia such as that seen in response te aversive stimulation in human subjects.

One study, however, has demonstrated that high intensity, low frequency electricai stimulation

at AfJ- and C fiber strength 2.l)plied te peripheral or to hindlimb meridian points evoked a

relatively long-lasting inhibition of nociception at a remote site as measured by the jaw opening

reflex in the ratz!. In addition, we have recently found that high intensity, low frequency

e1ectricai stimulation of selected points in the hind Iimb of the Iightly anaesthetized rat elicits

brief and persistent inhibitory effects on the tail withdrawal reflex. Our objective in the present

study was therefore to determine whether such stimulation e1icits similar inhibition on

nociceptive withdrawal reflexes of the hindlimb and forelimb and how regionally generalized the

effects are on the tail withdrawal reflex.

2. Materials and methods

In ail cases, the guidelines described in The Care and Use of Experimental A;ùmals, of

the Canadian Council of Animal Care, Vols. 1 and n, Second Edition, were strictly followed.

The experimental protocols were also reviewed and approved by the McGill University Animal

Care Committee.

Animal preparation

Male Sprague Dawley rats (3Q0-400 g) were Iightly anesthetized for the duration of the

experiment with an intraperitoneai injection of a freshly prepared mixture of sodium

pentobarbital (20 mg/lcg, Abbott Laboratories Ltd.) and chloral hydrate (120 mg/lcg, Fisher
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Scientitîc) in 50% propylene glycul and 30% physiologic:ù s:ùine (0.9% NaC!). This provid.:s

a level of anesthesia suftîcient to prevent any oven sign of discomfort to the rat during

experimentaùon. yet a stable withdrawal response is obtained for about 1 hour. To maintain this

light state of a:lesthesia throughout the full duraùon of the experiment. subsequent injecùons of

the mixture were given. Thus, an injecùon of V. the iniùal dose of anestheùc was given 35.5

min after the tirst injecùon; this second injecùon was ùmed to occur 1.5 min prior to the

beginning of electrical sùmulaùon. Subsequent injecùons of V., 1,4 and 116 the iniùal dose were

given at 30 min interva1s.

Withdrawal reflex tests

To measure the latency of the withdrawal reflex a pomon of the tip of the tail was

blackened to facilitate the absorption of heat. This pomon was then positioned above a focused

projector bulb ta provoke the tail withdrawal reflex. Withdrawal of the tail exposed the light

beam ta a photodetector which in turn stopped a timer giving reaction time measured to 0.01 S20.

The intensity of the bulb was set sa that the baseline reaetion time was 4-6 s. Trials were

terminated automatically if a tail withdrawal did not occur within 12 s, the cut-off time. The

latency of the withdrawal reflex of a hindlimb or forelimb was measured in the same way, in

this case applying the heat stimulus to the blackened plantar surface.

At each sample time IWO readings were taken, separated by 40-50 s, at IWO different sites

within the 2 cm blackened segment of the tail. Thus, the tail withdrawal latency was never

measured twice from the same site within a five min interVa1. The average of the IWO readings

was calculated and the value expressed as percent of the maximum possible inhibition (MP!)
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according to the formulal2

MPI= <POST-TREATMENT LATENCY - PRE-TREATMENT LAIENCYl x 100

(eUT·OFF TIME - PRE-TREAThŒNT LATh"1CY)

To measure the latency of the withdrawal during the period of the eIectrical stimulation,

the stimulator was tumed off just long enough for the reading to be taken; this was necessary

because the stimulus was above the threshold to elicit a direct contraction of muscles.

PlacemeTl1 ofNeed/es

For hindlimb stimulation, two pairs of stainless steel insect pins were inserted inta the

vicinity of meridian points, fengshi (GB-31), femur-julu (5T-32) and zusanli (ST-36). To

stimulatefemur-julu the cathode was placed along the medial side of the knee and the anode was

inserted along the lateraI side of the knee sc that it lay across zusanli (5T-36). To stimul::te

fengshi the eIectrodes were inserted under the femur midway between the hip and the knee.

These meridian points were selected on the basis of what has been published in the

literature'"5,37,31·". To stimulate non-meridian points, the eIectrodes were placed in the media!

and lateraI gastroenemius muscles and the biceps femoris and semitendinosus muscles. The

positions of the meridian points relative ta skeletal muscle are illustrated in figure 1.

For forelimb, ta stimulate Wai-kuan (TH-S) the cathode was placed between the radius

and ulna proximal ta their distal ends while the anode was placed inta the nearby muscle. To

stimulate Boku (LI-4) the cathode was placed inta the interosseous muscle between the first and
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second metacarpals while the anode was placed into the interosseous muscle between the third

and iorth metacarpals. Again meridian points were se!ected on the basis oi what have been

reponed in the literature to produce antinociception in experiment:l1 animalsl.:.S.9.J7.... Non-

meridian point stimulation was achieved by placing the electrodes into surrounding muscle oi

the forearm. Positions oi the meridian points relative to skeletal structures are illustrated in

figure 1.

EIecrrical Stimulation

The threshold intensity which just produced muscle contraction in response te electrical

stimulation was determined. The needles were connected to coupled Grass stimulators (SD9 and

SD5) which passed a train of monophasic square wave pulses. The standard parameœrs of

stimulation were 2 ms square voltage pulses at 4 Hz for a duration of 20 min and applied at 20

times threshold (20-30 mA, min 15 volts). In the control groups, electrodes were inserted into

the respective areas of the hindlimb but no electrical stimulation was applied.

Experimental Prorocol

The lightly anesthetized rat was placed on the apparatus used te measure tail withdrawal

latency20, needles were inserted inte the respective sites and threshold determined. Before

testing, animals were allowed te stabilize for 30 min. Three baseline readings of the latency of

the tail withdrawal or limb withdrawal reflex were taken at 3 min intervals. Stimulation was

applied 1 min after the last b"seline reading and latencies of the withdrawal ref1exes were

recorded at 2 and S min after the onset of stimulation, and thereafter at S min intervals up te 9S
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mm.

Srarisrical Analysis

Results are expressed as the net effect, obtained by subtracting the mean MPI at each

time point in the control group from the respective MPI in the test group, to eliminate the

influence of supplemental doses of anesthetic. AIl values are expressed as the mean ± standard

error of the mean (S.E.M.). Data from treated rats which received electrical stimulation and

control animals which received no stimulation were analyzed using two way analysis of variance

(ANOVA). Stimulation vs. no stimulation was taken as the between subject factor for otherwise

similarly treated groups and time was taken as the within subject factor. Tukey's Wholly

Significant Difference Test was used to make post hoc comparisons between means. The sarne

method of statistical analysis was used to compare two groups of rats treated differently (i.e.

stimulation of meridian vs. stimulation of non-meridian points).

3. RESULTS

1) Effea ofstimulOlion ofthe hindlimb on rail wilhdrawallalency

Uni1aleral stimulOlion ofhindlimb meridian pOillIS. Electrical stimulation of meridian

points in one hindlimb (n = 9) inhibited the taU withdrawal reflex (Fig. 2a). Inhibition was

observed at the first Ieading talœn after the beginning of the stimulation (p < 0.01). During

stimulation the inhibition was maximum at la and 20 min after the onset of stimulation, at 71.6

± 6.30 and 73.3 ± 5.52 % of the MFI, respectiveiy. After the end of stimulation, a post-
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stimulation effect remained; this effect was maximum at 47.37 ± 8.03 % of the MPI 15 min

after termination of the conditioning stimulation and persisted for more than one hour (p <

0.01; n = 9).

Bilateral stimulation ofhindlimb meridian poilUS. Bilateral hindlimb stimulation (Fig.

2b) inhibited the tail withdrawal reflex by about 90 % of the MPI at 20 min after the onset of

the stimulation (n = 10; P < 0.01). Two way ANOVA (0.01 > p < 0.05) and paired t-test

(p < 0.001) comparisons showed that the inhibition evoked during stimulation was significantly

greater during the period of stimulation than that produced by unilateral hindlimb stimulation

(Fig. 2a). Bilateral stimulation also produced a post-stimulation effect which peaked at 66.8 ±

7.67 % oftheMPI at 10 minutes and persisted for up 10 40 minutes after the end of stimulation.

Stimulation of hindiimb non-meridian poÎTUS. Unilateral stimulation of non-meridian

points (n = 7) inhibited the tail withdrawal reflex but only during the stimulation. This

inhibition was 48.1 ± 9.11 and 49.8 + 8.56 %oftheMPIat 10 and 20 min, respectively, after

the onset of stimulation (Fig. 2c) (p < 0.01). Two way ANOVA (0.01 > P < 0.05) and

paired t-test (p < 0.001) comparisons show the inhibition during stimulation was less titan that

produced by meridian point stimulation. No post-stimulation effect was evoked.

2) Effect ofstimulation ofthe hindlimb onforelimb withdrawaI latency

Unilateral stimulation of hindlimb meridian points only slightly inhibited the withdrawal

of the ipsi1ateral (n = 6; Fig. 3a) and contra1ateral (n = 6; Fig. 3b) forelimb. In the ipsi1ateral

forelimb the in1uoition of the withdrawal was only statistically significant at 2 (p < 0.01) and

10 (p < 0.05) minutes during the stimu1ation. No post-stimu1ation effect was produced. In the
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contraIaterai forelimb. the evoked effect was significant throughout the duration of the

stimulation (p < 0.01) and at 5 min after the end of stimulation (p < 0.05). Thereafter. no

significant difference was seen when compared to the unstimulated control group.

3) Elfecr ofsrimulation offorelimb on rail wirhdrawal

Unilateral srimularion offorelimb meridian poi1lIS. Stimulation of forelimb meridian

points inhibited the tail withdrawal rëflex by 100 % of the MPI (n = 6) at 20 minutes (Fig. 4a).

At 5 and la minutes after the end of stimulation the latency remained e1evated at 99.0 ± 4.39

and 86.4 ± 8.23 % of the MPI, respective1y. Thereafter the inhibition remained at 20-30 %

of the MPI for up to one hour.

UniÙlleral slim:!lation offorelimb non-meridian poi1lIS. Stimulation of forelimb muscle

(n = la), avoiding the meridian points, inhibited tail withdrawal by 44.4 ± 9.29 and 45.4 ±

9.68 % of the MPI, respective1y, at la and 20 min after the onset of the stimulation (Fig. 4b).

Two way ANOVA and paired t-tests showed that the magnitude of the evoked antinociception

at this remote site was significantly different Cp < 0.01) from that evoked by stimulation of

meridian points. No post-stimulation effect was produced after the end of stimulation.

4) Ejfeer ofSlÙ1UlÙJlion ofrheforeJimb on hindIimb wilhdrawa1 Ùllency

Unilateral stimulation of forelimb meridian points ooly slightly but significantly Cp <

0.01) inlu'bited the withdrawal of the ipsilateral (n = 6; Fig. Sa) or contta1ateral (n = 6; Fig.

Sb) hindlimb. In the ipsilateral hindlimb this inhibition remained significant Cp < 0.05) at 5 min

after the end of the stimulation. In the contta1ateral hindlimb, a slight post-stimulation inhibition
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was produced and lasted up to 15 minutes aiter the end of stimulation (0.01 > P < 0.05). The

evoked inhibition ipsilateral and contralateral to the stimulated forelimb were not different from

each other.

4. DISCUSSION

Persistent inhibition ofnociceptive mechanisms

The present study shows that prolonged, low frequency activation of high threshold,

primary afferents can activate inhibitory mechanisms in the central nervous system (CNS) which

attenuate the activity of nociceptive pathways mediating the tail withdrawal reflex. This

inhibition can be elicited by stimulation of local or more remote peripheral sites. Furthermore,

the evoked response appears te have two components: stimulation of meridian points elicited a

post-stimulation inlubition, termed the persistent effe.:t, while stimulation of meridian or non­

meridian points evoked inhibition during the stimulation, termed the brief effeet. The brief

effeet appears susceptible te spatial summation because this effeet was significantly greater with

bilateral than with unilateral stimulation.

Other animal studies have demonstrated a long-lasting inhibition of nociceptive pathways

resulting from activation of high threshold sensory afferents. For example, Chung et al.

demonstrated thatprolonged conditioning stimulation ofperipheral nerve at an intensity sufficient

te recruit C fibers elicits a post-stimulation inhibition of spinothalamic tract cell responses te C

tiber inputs evoked by electrical or riVAÏous cutaneous thermal stimulation in decerebxated and

spinaljzed monlœysl1. In decerebxated and spinal transected eatslO and rabbits13,o, prolonged
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recruitment of C fibers inhibits nociceptive reflexes for up to one hour after the end of

stimulation. Prolonged, low frequency electrical activation of Aô and possibly C fibers evokes

a long-lasting inhibition of the nociceptive jaw opening reflex:!3. In humans. long-lasting

stimulation evoked analgesia is also achieved by intense stimulation. For exarnple. high

intensity, low frequency stimulation is reported to produce long-lasting pain reliefl.2·14
.".29

suggested ta be mediated by activation of high threshold sensory afferentsl .2.lS.29.

Thus, expression of a post-stimulation inhibition appears to be dependent on activation

of high threshold fibers. AB fiber activation during a conditioning stimulus only mildly inhibits

the nociceptive jaw opening reflexD and spinothalarnic tract ceIl responses ta C fiber inputs and .

no post-stimulation effect is seen in either casel2.17, while recruitment of Aô fibers inhibits

background and evoked activity in spinothalarnic tract neuronsl2.17 and recruitment of AÔl2 and

C fibersl2.17 elicits a post-stimulation inhibition.

The duration of this post-stimulation inhibition appears to be dependent on the duration

of the conditioning stimulation. For exarnple, short periods of high intensity. low frequency

stimulation of peripheral nerve elicit shOI~ lasang effectsl2.19, while prolonged periods evoke

long-lasting inhibition of primate spinothalarnic tract cellsll and produce prolonged inhibition of

the flexion reflex in the caro. These data may be interpreted ta suggest that central mechanisms

involved in the persistent inluoition require central summation activated by prolonged input from

high threshold afferents. Support for this suggestion comes from studies showing the magnitude

and the duratiOn\~e inluoition ofdorsal hom units ta C fiber input evoked by noxious visceral

or cutaneous stimulati~dependent on the duration and number of preceding conditioning

stimulationP. Thus, on the basis of our own results and those of others, we suggest that
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prolonged stimulation of high threshold afferents from specifie sites in the periphery provokes

a functional plastic change in inhibitory mechanisms in the CNS which is expressed as a

persistent inhibition of nociceptive pathways mediating the lail withdrawal reflex lasting after

activation of primary afferents has ended.

Extrasegmenuzl inhibitory contrais

Brief application of noxious or intense cutaneous stimuli has been shown to inhibit

nociception in spinal segments remote from the site of the conditioning stimulation in

animalsl7,21.J1 and in man41.42.4I.49. Our data are consistent with this, in that stimulation of

meridian points in the forelimb and hindlimb produced a persistent inhibition of the tail

withdrawal reflex. Yet innocuous cutaneous stimulationl7
•26 or stimulation of peripheral nerves

at intensities which recruit only Aa or AB fibersl7 produces little or no exttasegmental

antinociception.

To elicit reliable pain relief in humans it is general1y accepted that high intensity

stimulation is requiredl .2.14,L5,21,29. For example, noxious cutaneous stimuiation4l,42.4I,49, intense

electrical stimu1ation applied to acupuncture points1.2.L5,21,29 or high intensity auricu1ar

stimu1ation24,r1,34,35 ail elicit a reliable, general analgesia. It is important that some studies

suggest that analgesic or antinociceptive effects produced by high intensity electroaeupuncture­

like stimu1ation is restrieted segmentally. For example, stimulation of the checks was reported

to be effective in increasing experimental tooth pain threshold but stimulation of the holcu

meridian points in the bands produced little effect1.2. However, stimu1ation of the band meridian

points appeared to be important in prolonging the post-stimu1ation analgesia once elicited by
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sùmulaùon of the cheek1.2, suggesùng an extrasegmental component to the evoked increase in

pain threshold. The majority of studies, however, support the noùon that high intensity

stimulation at a level just tolerable to the patient is what is required to evoke a reliable and

extrasegmental effect. This is clearly illustrated by evidence demonstrating that high intensity,

low frequency auricularitimulation at or above pain threshold increases pain threshold

extrasegmentallf"·Z7.34.J5 while low intensity, low frequency stimulation is ineffective21
•

Meridian poiTllS

In our study, the chosen meridian points lie close to joL'1ts and bone while non-meridian

points are deep in muscle tissue. There is anatomical evidence to suggest that there are

differences in the nocicepters arising from deep muscle vs. joint, bone, fascia and skin. It bas

been reported that there are fewer Aô and C-fibers in nerves innervating muscle !han joints. In

addition, nociceptive inputs arising from deep skeletal muscle appear te be under tonic

presynaptic inhibitionla,.ll. Dorsal hom neurons receiving exclusive inputs from deep muscle

nociccptors are rare in adult cats11 and rarsS1, yet in the same studies, dorsal hom cells with

nociccptive inputs from the skin and from non-skeletal muscle structures from arc'md the

popliteal fossa were found11,.l1. Thus, we propose that the attenuated brief inhibition of the tail

withdrawal reflex and lack of a post-stimulation effect upon stimulation of non-meridian points

may be a consequence of reduced high threshold input from deep skeletal muscle and/or

decreased efficacy in synaptic transmission at the central synapse formed by afferent inputs

arising from deep muscle. On the other band, intense stimulation of meridian points mayactivate

a gICater number of high threshold inputs resulting in inIu"bition that is greater in magnitude and
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longer in duraùon.

Differentiai inhibirion ofnociceprive mechanisms

A second type of observaùon from this study is that inhibitory mechanisms differenÙally

modulate different nocicepùve pathways. Unlike the effects on tail withdrawal. the limb

withdrawal reflexes were oo1y slightly depressed. This differenùal effect may be a consequence

of different neuronal circuitry medi3.ting the tail and Iimb nocicepùve reflexes and therefore may

be under different control mechanisms. Intense sùmulaùon of meridian points only moderately

inhibited the limb withdrawal reflexes during the sùmulaùon and no post-stimulation effect was

evoked. While we entertain the possibility that the mechanisms underlying inhibition of

nociceptive pathways in our experimental paradigm may be similar to those described for

DNIC2.l.26 these mechanisms do not fully explain the results obtained here. The antinociceptive

effect elicited by DNIC was initially considered to be exclusive for sensory cells in the dorsal

hom receiving both nociceptive and non-nociceptive input.T6. However, noxious stimuli cao

produce extrasegmental inhibition of dorsal hom cells receiving convergent sensory information

and in addition inhibit cells receiving nociceptive input oo1yl7,3I-33,39. Furthermore, not all

convergent dorsal hom cells are subject to this inhibition17,31,39J3. If the neurons which mediate

the limb withdrawal reflex50 are influenced to a lesser degrce by inhibitory mechanisms, the

cutaneous nociceptive inputs from the hindpaw may still express their sensory message and elicit

a limb withdrawal reflex. Yet, these same inhibitory mech3IlÏSms are effective in dampening

the activity of other nociceptive ncurons, perhaps those involved in the transmission of sensory

information pertaining to noxious stimuli to higher brain structures. The question still remains
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as ta whether cutaneous nociceptive inputs arising from the taïl are under diîferent inhibitory

controIs than cutar.eous nociceptors arising from the limbs.

Our data suggest that the central reflex pathways mediating taïl withdrawal are modulated

differently than those mediating limb withdrawal. In support of our evidence a recent study has

demonstrated a similar differential effect elicited on the withdrawal latencies of the tail and

hindlimb30 after application of noxious stimulation. Thermal stimulation applied te the hindpaw

increased the taïl withdrawallatency. However, noxious thermal stimulation of one hindpaw

or the tail had little effect on or produced facilitation of the withdrawal of the unconditioned

hindlimb, respectively30. Yet noxious thermal or mechanical stimulation applied

extrasegmentally inhibited the activity of nociceptive neurons in lumbar regions30. It was

suggested that the application of the noxious stimuli evoke supraspinal mediated inhibition of

nociceptive neurons and facilitation of neurons mediating the polysynaptic withdrawal reflex of

the limbs. Under these conditions transmission of nociception to the brain is blocked but the

activity of nociceptive pathways mediating withdrawal may be enhanced te facilitate movement

of limbs away from the noxious stimulation. Therefore, the circuitry mediating the limb

withdrawal may be under different control mechanisms than that mediating tail withdrawal.

In light of the data and arguments presented, we conclude that high intensity, low

frequency stimulation of meridian points differentially inhibits different nociceptive refiexes (i.e.

tail vs. limb) and that this differential control may be due te different neuronal circuitry and

different control mechanisms arising from the central nervous system (i.e. supraspinal and spinal

influences)•
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Summary and Conclusions

High intensity. low frequency stimulation of meridian points of the forelimb and hindlimb

elicited a long-lasting, extrasegmental inhibition of the lail but not the limb nociceptive

withdrawal reflexes. This differential inhibition may be a consequence ofdifferences in neuronal

circuitty, in modulatory control mechanisms intrinsic to the CNS or on neuronal inputs

mediating the withdrawal reflexes.

The persistent nature of the evoked inhibition appears to be dependent on the stimulation

of meridian points because stimulation of sites outside meridian poiniS evokes a brief inhibition

only. Lack of a post-stimulation effect may be a consequence of qualitative and/or quantitative

differences in high threshold inputs arising from meridian vs. non-meriài..'Ul points.
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Fig. 1. Schematic illustraùon of hindlimb and forelimb meridian points sùmulated in the rat.

Left shows hindlimb meridian points sùmulated in relaùon to bony structures. These points

were used in previous publicaùons from other IaboratorieS-5.37.38.... Right shows forelimb

meridian points sùmulated in relaùon to bony structures. These points were also used in

previous publicaùons from other Iaboratoriesl•2.5.9.37....
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Fig. 2. Effeet on taïl withdrawal latency of electrical stimulation of hindlimb meridian points.

Stimulation parameters are 2 ms pulses at 4 Hz for 20 min (duration of the stimulation indicated

by hatched area) at 20 X threshold. Dotted lines indicate times of administration of

supplemental doses of anesthetic. a) Unilateral stimulation of the hindlimb (n = 9). b) Bilateral

stimulation of the hindlimb (n = 10). c) Stimulation of non-meridian points of the hindlimb (n

= 7). The control group for a,b and chad needles placed in meridian points but received no

stimulation; unilateral (n = 9). ~,stimulated; 0, needles only; "', difference between the two

groups. * p < 0.05; ** P < 0.01.
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Fig. 3. Effect of stimulation of hindlimb meridian points on withdrawal latency of the a)

ipsilateral (n = 6) and b) contralateral forelimb (n = 6). The control group for a and b had

needles placed in hindlimb meridian points but received no stimulation (n = 10). ~,stimulated;

0, needles only; ", difference between the two groups. .. p < 0.05; .... P < 0.01.
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Fig. 4. Effect on lail withdrawai latency of electricai unilateral stimulation of a) meridian (n =

6) and b) non-meridian points (n = 10) of the forelimb. The control group had needles placed

unilaterally into forelimb meridian points (n = 10). A, stimulated; 0, needles only; "',

difference between the two groups. * p < 0.05; ** P < 0.01.
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Fig. 5.Effcct of stimulation of forelimb meridian points on the withdrawal latency of the a)

ipsilateral (n = 6) an b) contralateral hindlimb (n = 6). The control group for a and b had

needles placed unilaterally in forelimb meridian points but rcceived no stimulation (n = 10).

"'. stimulated; O. needles only; ., difference between the two groups.• p < 0.05; •• p <

0.01.
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CiiAPI'ER FOUR

NMDA RECEPrOR INVOLVEMENT IN SPINAL INmBITORY

CONTROLS OF NOCICEPITON IN THE RAT



•

•

•

Low frequency e1ectrical stimulation of high threshoId sensory afferents e1icits a

proIonged inhibition of nociceptive mechanisms in the lightly anaesthetized rat. The present

study was done 10 determine the roIe of NMDA receptor activation in mediation of this

inhibition. The Iatency of the taiI withdrawai from a noxious thermal test stimulus to the tip of

the tail was taken as an indication of the excitability of nociceptive pathways. Conditioning

e1ectrical stimulation at 20 times threshold for muscle twiteh with 2 ms pulses at 4 Hz for 20

min applied 10 previously defined meridian points in the hindlimb evoked a 70 % inhibition of

the withdrawai reflex in rats which received an Lth. injection of CSF (n = Il) compare(j 10 the

unstimulated controIs (n = 10). This inhibition lasted longer than one hour after the end of the

conditioning stimulus. The competitive NMDA receptor antagonist 5-amino-2-phosphonovaieric

acid (APV) blocked the inluoition during the stimulus and during the post-stimulation period.

It is conc1uded that activation of NMDA receptors is critical for the expression of the long-term

plastic changes in the central nervous system which resulted in the persistent inhibition of the

nociceptive tail withdrawal reflex.

Key words: nociception, antinociception, pain, analgesia, spinal reflex, acupuncture, NMDA,

antagonists , APV
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Introduction

Excitatory amino acids, glutamate and aspartate, released from primary afferents are

implicated in synaptic transmission of sensory information in the spinal cord. In the dorsal horn,

they are contained in the terminais of small diameter primary afferents 1 and are released by

stimulation of these afferents in vivo 2. Glutamate binds to N-methyl-D-aspartate (NMDA)

receptors throughout the rat dorsal horn 3. In vivo, NMDA receptor antagonists block dorsal

horn neurone responses to glutamate and attenuate inputs from high threshold afferents evoked

electrically or by noxious cutaneous stimuli 4. Intrathecal (i.th.) administration of NMDA into

the rat lumbar spinal cord produces autotomy 5 and thermal hyperalgesia 6.7, and the NMDA

receptor antagonist, 2-Amino-5-phosphonovaleric acid (APV), blacks thermal hyperalgesia

evoked by noxious cutaneous input s.

Evidencealso indicates that activation ofNMDA receptors triggers mechanisms inhibitory

to nociception 7. Recently, we have found that intense electrical stimulation of the hindlimb

meridian points in the rat 9-11 provokes a long-lasting inhibition of the thermally elicited tail

withdrawal reflex 12.13. Therefore, our objective here was to determine ifNMDA receptors are

involved in the mediation of this long-lasting inhibition. APV was used as the NMDA receptor

antagonist because it blacks dorsal horn neuron responses to iontophoretic application ofNMDA

4.14

MateriaJs and Methods

In all cases, the guidelines described in The Care and Use of Experimental AnimaIs, of

the Canadian Couneil of Animal Care, Vols. 1 and n, Second Edition, were strict1y followed.
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The experimental protocols were also reviewed and approved by the ~lcGill University Animal

Care Committee. Male Sprague Dawley rats (300-400 g) were anaesthetized with chloral

hydrate (300 mg/kg, i.p.; Fisher Scientific) and implanted with intrathecal catheters (Intramedic

PE-IO) to the 6th lumbar vertebrallevel. Patency of the catheter was determined by injection

of 20 ~l of2% lidocaine HCl (Abbott) 1-2 days before experimentation; only animais showing

reversible sensory and motor deficits after injection of lidocaine were used. For the experiment,

each rat was lightly anaesthetized with an i.p. injection of a freshly prepared mixture of Na

pentobarbital (20 mg/kg, Abbott Laboratories Ltd., Montrea1) and chloral hydrate (120 mg/kg,

Fisher Scientific, Montrea1) in 50% propylene glycol (Baker Chemical Co., Phillipsburg N.J.,

USA) and 30% physiological saline (0.9% NaCI). The level of anaesthesia was sufficient to

prevent any oven sign of discomfort to the rat during experimentation, yet stable taïl withdrawal

latencies were obtained. Before testing was started, the animais were allowed to stabilize for

30 min; then three baseline readings of the tail withdrawallatency were taken at3 min intervals.

Stimulation of meridian points 9-11 was started 1 min after the last baseline reading and

withdrawal latency was recorded at 2 and 5 min after the onset of stimulation, and at 5 min

interVais for up to 95 min. Results are expressed as the net effect, obtained by subtraeting the

mean MP! at each time point in the control group from the respective mean MP! in the test

group, to eliminate the influence of supplemental doses of anesthetic. AlI values are expressed

as the mean ± standard error of the mean. Data from treated rats which received electrical

stimulation and control animais which received no stimulation were analyzed using two way

analysis of variance. Stimulation vs. no stimulation or drug treatment vs. vehicle was taken as

the between subject factor and time was taken as the within subject factor. Tulœy's Wholly
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Significant Difference Test was used to malœ post hoc comparisons between means.

Resolts

Effeet ofiTllrathecaI injection of CSF on stimuIalion-evoked inhibition ofthe withdrawaI

rejlex. Injection of 20 IÙ of CSF (n = 11) had no effect on the evoked inhibition (Fig. 1). The

tail withdrawal reflex was inhibited to 70.9 ± 8.03 and 65.7 + 7.26 % of the MPI,

respectively, at 10 and 20 min after the onset of stimulation. A prolonged post-stimulation effect

lasting greater than one hour was evoked. The maximum inhibition of this post-stimulation

effect was 57.1 ± 9.63 % of the MPlat 10 min afterthe stimulation was turned off. This effect

was statistically different (p < 0.01) when compared to the unstimulated group (n = 10)

receiving 20 /oÙ CSF.

Flfeet of iTllralhecaI injection of APV on stimuIalion-evoked inhibition of the rail

wilhdrawal rejlex. Intrathecal injection of 2 nmoles of APV (n = 6) significantly (p < 0.01)

blocked the evoked inhibition bath during and after the stimulation (Fig. 2) when compared to

the stimulated control group receiving an intIathecal injection of CSF. During the stimu1ation

the tail withdrawal was depressed ta 1ess than 20 % of the MPI; no post-stimu1ation effect was

produced. The 10 and 20 min readings after the onset of stimulation were significantly different

(p < 0.01) from the unstimulated control group aiso receiving an intIathecal injection of 20 /oÙ

of CSF (n = 10).

Discussion

These data indieate NMDA receptor invo1vement in the inhI"ition of thermally elicited
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tail withdrawal evoked by intense. low frequency conditioning electrical stimulation of peripheral

sites corresponding to meridian points 9-11. As we have found that the inhibition during the

stimulation and the persistent post-stimulation effect constitute different responses 13, it is

significant that both were blocked by intrathecal administration of APV.

The involvement of NMDA receptors in these responses is consistent with evidence of

their involvement in the formalin-induced 15.16 and neuropathic 17.18 pain. Interestingly, at the

cellular level NMDA receptors appear to be involved preferentially in the late component of the

nociceptive response of dorsal horn neurons to noxious stimulation of the peripheral receptive

field 4. At a behaviora1level, NMDA receptors do not appear to be involved in short term

transmission of nociceptive information because NMDA receptor antagonists do not affect the

taï! withdrawal reflex a or limb withdrawal reflex 17 initiated by acute noxious stimuli. By

extrapolation, then, the mechanisms underlying the antinociceptive responses in this study may

be related to relatively long term changes in central nervous function.

The stimulation-induced inhibition may have been brought about by spinal and/or

supraspinal mechanisms. A schematic representation of the spinal and suprasl)inal inhibitory

mechanisms elicited by activation of the NMDA receptor is illustrated in Figure 3. In support

of a spinal site, conditioning stimulation similar to that used here provokes inhibition of the tail

withdrawal reflex in spinal tats 12, physiological1y-induced inhibition of nociceptive mechanisms

has been elicited in intact or spinal tats 19.20 and intrathecal administration of NMDA produces

inhibition of a thermally elicited taï! withdrawal reflex in bath intact and chronical1y spinal rats

7. It is also possible that the NMDA receptor slep is al the spinallevel in a spinal-supraspinal­

spinal pathway. Extrasegmental :.:ntinociception produced by Al; and C fiber activation is
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mediated via an ascending spinoreticular tract 21 and descending fibers in the dorsolateral funiculi

22. IntrathecaJ administration of NMDA has been reported to potentiate morphine-elicited

antinociception in intact but not acute spinal rats 23.

Conclusion

Thus, prolonged intense peripheral eleetrical stimulation of meridian points evokes

inhibition of the tail withdrawal reflex during the stimulation and a long-lasting, post-stimulation

inhibition. This inhibition infers that activation of afferent inputs provokes a persistent decrease

in excitability of nociceptive pathways mediating the tail withdrawal reflex. This antinociceptive

effeet appears to be dependent on the activation of the NMDA receptor complex. This may be

the mechanism occurring in the spinal cord by which activation of small diameter fibers provoke

diffuse antinociceptive effeets =.25•
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Figure 1. Stimulation-evoked inhibition of the tail withdrawal reflex in Iightly anaesthetized rats

pretreated with an intrathecal injection of 20 /LI of CSF to the lower lumbar level, 1.5 min prior

to stimulation. The tail withdrawal latency, used to monitor nociception, was expressed as a

percent of the maximum possible inhibition (MP!). Baseline reaction time was set at 4-6 s.

Trials were terminated automaticaIly if the withdrawal latency did not occur within 12 s, the cut­

off time. The hatehed area indicates the duration of the train of stimulation. VertïcaI dotted

lines indicate times of administration of supplemental doses of anesthetic. Two pairs of stainless

steel insect pins were inserted into meridian points, fengshi (GB-31),Jemur-jùtu (ST-32) and

zusanIi (ST-36). These points were selected on the basis of what bas been published in the

Iiterature 9-11.26-28. Needles were connected to coupled Grass stimulators (SD9 and SD5) which

passed a train of monophasic square wave pulses. The standard paran:t::ers were 2 ms pulses

at 4 Hz for a duration of 20 min and applied at 20 times the threshold to produce muscle

contraction (20 mA -30 mA). "', stimulated group (n = 8); 0, unstimulated control (n = 12);

.. , difference between the two groups. * p < 0.05; ** P < 0.01.
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Figure 2. Block of the stimulation-evoked inhibition of the lail withdrawal reflex by intrathecal

injection of 2 nmoles of APV 10 the lcwer lumbar level, 1.5 min prior 10 stimulation. APV (5­

amino-2-phosphonovaleric acid, Sigma, SI. Louis, USA) was dissolved in artificial CSF and

given al a dose of 2 nmol, a dose shown 10 block facilitation of the nociceptive lail withdrawal

reflex by a noxious cutaneous inpul 8. ..., stimulated group (n = 6) ; 0, unstimulated control

(n = 10); "', difference beIWeen the IWO groups. * p < 0.05; ** P < 0.01.
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Figure 3. Schematic representation of possible neuronal circuitry mediating inhibition of the taïl

withdrawal reflex evoked by electricaI activation of high threshold inputs arising from the limbs.

Circuitry involving spino-supraspinal-spinal (A) and purely spinal (B) connections. Open and

filled triangles represent excitatory and inhibitory inputs, respectively
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Abstract

Opioids have been implicated in the antinociception evoked by prolonged activation of high

threshold primary afferents. Our objective was to determine whether activation of spinal opiate

receptors mediates inhibition of nociceptive processing provoked by intense ~ripheral electrical

stimulation. Inhibition of the nociceptive tail withdrawal reflex infers decreased excitability of

nociceptive pathways mediating this spinal reflex. Withdrawal was provoked by noxious thermal

stimulation applied to the tip of the tail. Conditioning electrical stimulation was applied with

2 ms square pulses, at 4 Hz for 20 min at 20 times the threshold to previously defined meridian

points in the hindlimb. Thresholè was the minimum current required to elicit muscle twitch.

Conditioning stimulation inhibit~'d the withdrawal reflex during the stimulation and this inhibition

persisted for greater th'ln one hour after the end of the stimulation in anaesthetized intact rats

(n = 8) and for up ta 15 min in unanaesthetized spinal rats (n = 12). Ir. control anaesthetized

intact (n = 12) and control unanaesthetized spinal rats (n = 14) placement of electrodes with

no stimulation produced no effect. In spinal rats, preadministration of naloxone (25 mg/kg; i.p.)

completely blocked the evoked inhibition (n = 11). In intact animals both naloxone (n = 8) and

J3-FNA (la nmols, i.th.; n = 9) antagonized the inhibition during the stimulation and the post­

stimulation inhibition by 50-60 %, respectively. Tipp[,p] (10 nmols, i.th.; n =1) and nor-BNI

(10 nmols, i.th.; n = 13) attenuated the inhibition during the stimulation by 30 % and 56%,

respectively. Bath antagonists completely blocked the post-stimulation effect and even facilitated

the withdrawal. The data suggest that all three types of opiate receptar differentially mediate

the evoked antinociception. Spinal activation of IL-, IC- and, ta a lesserext:nt, o-opiate receplOrs
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partly mediate the evoked inhibition during the stimulation, while the post-stimulation inhibition

is dependent on activation of ô- and K-receptors and to lesser extent wreceptors.

Key words: nociception, antinociception, pain, analgesia, spinal reflex, opiate receptors,

antagonists, naloxone, B-FNA, TIPPIj!, Nor-BNI, e1ectrical stimulation, rat
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1. Introduction

Although opiates have been used for the treatment of pain dating back to the times of ancient

Greece and Rome (Benyhe, 1994), it was not until the early 70's that opiates such as morphine

were implicated in the modulation of sensory transmission at the level of the spinal cord.

Dostrovsky and Pomeranz (Dostrovsky and Pomeranz, 1973) showed that systemic application

of morphine depressed the responses of dorsal hom neurons to the excitatory effeets of

iontophoreticaliy applied excitatory amine acids. Furthermore, iontophoretic application of

morphine depressed responses of nociceptive sensory dorsal hom neurons to noxious cutaneous

thermal stimulation and this depressant effeet was b10cked by naloxone (Calvillo, Henry and

Neuman, 1974). This was the first line of evidence implicating spinal opiate receptors in the

modulation of nociception at the 1evel of the first synapse. Since then, a number of different

types of opiate receptor have been discovered in the central nervous system. The p.- (Besse,

Lombard and Besson, 1991; Besse, Lombard and Besson, 1992; Gouarderes et al. 1991; Stevens

et al. 1991), ô- (Besse, Lombard and Besson, 1991; Stevens et al. 1991; Besse, Lombard and

Besson, 1992; Drower et al. 1993) and IC-opiate receptors (Besse et al. 1990; Besse, Lombard

and Besson, 1991; Stevens et al. 1991; Sullivan and Dickenson, 1991) are found in the dorsal

hom of the spinal cord and have been implicated in inhibitory mechanisms resulting in

antinociception (Fields and Basbaum, 1989).

It is wel1 documented that relatively brief noxious stimulation applied cutaneous1y can

provoke inhibitory mechanisms in the CNS resulting in brief inhibition of responses of

convergent dorsal hom neurons to C fiber input (Le Bars, Dickenson and Besson, 1979b; Le
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Bars et al. 1981; Ness and Gebhart, 1991; Le Bars et al. 1992) as weil as inhibition of

nociceptive withdrawal reflexes in the rat (Ness and Gebhart, 1991; Morgan, Heinricher and

Fields, 1994; Pitcher et al. 1995b). In addition, pro1onged, intense stimulation of peripheral

nerve or hindlimb meridian points produces a long-lasting inhibition of the jaw-opening reflex

in the rat (Kawakila. and Funakoshi, 1982). Furthermore, prolonged intense electrical

stimulation applied to a peripheral nerve or applied cutaneously produces a long-lasting

depression of the flexor reflex or of the sural-gastrocnemius reflex in the spinal and decerebrated

cat (Chung et al. 1983) and in the spinal rabbit (Clarke, Ford and Taylor, 1989; Taylor et al.

1990). These antinociceptive effects evoked by either brief noxious eutaneous stimulation (Le

Bars et al. 1981), or by prolonged, intense electrical stimulation of peripheral nerve (Cllung et

al. 1983) or cutaneous structures (Clarke, Ford and Taylor, 1989; Taylor et al. 1990) are

antagonized by naloxone, suggesting that the evoked effect is mediated via activation of opiate

receptors.

We have recently demonstrated that pro1onged, intense low frequency electrical stimulation

applied te specifie sites in the hindlimb evokes a long-lasting inhibition of the thermally elicited

taU withdrawal reflex both in intact and chronica1ly spinalized rats (Romita et al. 1993).

Systemie administration of high doses of naloxone attenuate the evoked inhibition during the

stimulation and b10ck the post-stimulation effect in the intact rat (Romita et al. 1992), while in

the spinal rat this inhibition is b10cked comp1etely (Henry and Romita, 1993). The objective of

the present study was to determine whether activation of spinal p.-, ô- and K-Opiate Iliceptors are

involved in the mediation of the stimulation-evoked inhibition of the tail withdrawal reflex.

PreliminaIy data have appeued in abstraet form (Romita and Henry, 1994)•
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2. Materials and methods

In ail cases, the guidelines described in The Care and Use of Experimental Animais, of the

Canadian Council of Animal Care, Vols. l and II, Second Edition, were strictly followed. The

experimental protocols were also reviewed and al-proved by the McGill University Animal Care

Committee.

2.1. Intrathecal injection

In sorne experiments intrathecal catheters were used to deliver drug or vehicle and therefore

necessitated prior implantation of catheters using the following procedure. Male Sprague

Dawley rats (300400 g) were anaesthetized with chloral hydrate (300 mglkg, i.p.; Fisher

Scientific, Montreal). The muscle at the base of the skull was retraeted until the occipital

membrane was exposed. An incision was made through the membrane and the dura lying

underneath. A polyethylene catheter (Intramedic PE-lO; Fisher Scientific) was inserted through

the incision at the atlanto-occipital junction and gently inserted under the dura until the

subarachnoid tip of the catheter lay underneath the sixth lumbar vertebral. The outer portion

of the catheter was fixed with dental cement te a stainless steel cranial screw embedded in the

skull. The antlDiotic, Tribrissen 24% (0.02 ml/loo g; Trimethoprim and Sulfodiazine) was

injected subcutaneously 3 h prior te and 3 h after the surgery. Animals were left te recover for

two te three weeks prior te testing provided no neu..-ological deficit was apparent. Position and

patency of the catheter were determined by intrathecal injection of 20 fil of a 2, % solution of
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lidocaine HCI (Abbott Laboratories, Montreal) followed by 10 to 15 ).LI of artificial CSF (CSF;

aqueous solution of 128.6 mM NaCI, 2.6 mM KCI, 2.0 mM MgCI2 and 1.4 mM CaCI2;

phosphate buffered, ph 7.33) into the catheter one to two days prior to experimentation; this

produced motor deficits such as dragging of the hindlimbs and sensory deficits manifested as

lack of withdrawal of the hindlimb and lack of vocalization in response to a noxious pinch.

Only those animals that showed reversible sensory and motor deficits after injection of the local

anaesthetic were use<! in subsequent experiments.

In other experiments drugs were administered intrathecally by 1umbar puncture at the 1evel

of the sixth lumbar vertebra.

2.2. Spinal transection

In some animals the spinal cord was transected to determine whether the effects observed

in intact rats could be elicited after spinal section and whether these effects could be b10cked

using naloxone. Rats (3Q0-4oo g) were anaesthetized with chloral hydrate (300 mglkg, Lp.;

Fisher Scientific). Tribrissen was given as above. The spinal cord was exposed at the 6th and

7th thoracic segments. ACter making a slit in the dorsal part of the dura mater the cord was

transected and aspirated by suction approximately 2 mil1imetres caudal and rostral ta the 1evel

of transection. Gelfoam and/or bone wax was placed into the empty vertebral column ta reduce

bleeding and ta seal the empty vertebral cavity. Spinalized rats were maintained on their regular

diet and their bladders were voided 3 ta 4 times daily for the first 8 days following surgery;

after this time bladder function had retumed in aU animals. Animals were used experimentally
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21 clays after spinal transection. Animals were selected for study on the basis of the following

criteria. Ali were hea1thy in general appearance. Normal eating and drinking were maintained

and there was no long-term weight loss. Normal voiding and defecation were sustained after

the 8 clay period of maintenance. Ali animals showed normal grooming behaviour. Ali animals

were mobile despite hindlimb paralysis and hindlimb pinch produced a withdrawal reaction. In

fact, a11 animals thus selected exhibited a consistent baseline reaction time throughout the

recovery period. Therefore, no animals were omitted for ir.,;-onsistency of responding.

2.3. Tai! withdrawaI test

The tail withdrawal latency in the nociceptive withdrawal reflex was determined. To

measure the withdrawal iatency a portion of the tip of the tail was blackened ta facilitate the

absorption of heat. The blackened tip was positioned above a focused projector bulb which

heated the skin surface and provoked the taïl withdrawal reflex. Withdrawal of the tail exposed

the light beam, thus activating a photodetector which stopped a timer measuring reaction time

to 0.01 5 (Isabel, Wright and Henry, 1981). The intensity of the bulb was set so that the

baseline reaction time was 4-6 s. Trials were terminated automatically if the withdrawal Iatency

did not occur within 12 5, the cut-off time.

At each sample time two readings were taken, separated by 40-50 s, at two different sites

within the 2 cm bIackened segment of the tail. Thus, the taU withdrawal Iatency was never

measured twice from the same site within a three ta five min interval. The average of the two

reading5 was calculated and the value expressed as percent of the maximum possible inhibition
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(MPI) according to the formula (Yaksh and Rudy, 1977)

MPi = (POST-TREAIMENT LATENCY - PRE-TREATMENT LAIENCYl x 100

(CUT-OFF TIME - PRE-TREATMENT LATENCY)

To measure the withdrawal Iatency during stimulation, the stimulator was temporarily tumed

off just long enough for the reading to be taken; this was necessary because the stimulus was

above the threshold to clicit a direct contraction of muscles.

2.4. Experimental protocol

At the beginning of the experiment each rat was lightly anaesthetized with an initial

intraperitanea1 injection ofa freshly prepared mixture ofsodium pentobarbital (20 mg/kg, Abbott

Laboratories Ltd.) and chloral hydrate (120 mg/kg, Fisher Scientific) in 50% propylene glycol

(Baker Chemical Co., Phillipsburg, N.J.) and 30% physiological saline (0.9% NaCl). To

maintain a light state of anaesthesia throughout the full duration of the experiment, subsequent

injections of the mixture were given. Thus, '13 of the initial dose of anaesthetic was given 35.5

min after the first injection; this second injection was timed ta accur 1.5 min prior ta the

beginning ofelectrical stimulation. Thereafter, subsequent injections of'l3, J.4 and 116 the initial

dose were given at 30 min intervaIs. The level ofanaesthesia was sufficient ta prevent any overt

sign of discomfon to the rat during experimentation, yet stable taU withdrawal latencies were

obtained for greater than 1.5 hours after the second supplementary dose•
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The lightly anaestheùzed rat was placed in a plasùc restrainer on the apparatus used to

measure the withdrawal latency (Isabel, Wright and Henry, 1981), needles were insertcd and

threshold determined. Before testing was started the animals were allowed to stabilize for 30

min, then three baseline readings of the tail withdrawal latency were taken at 3 min intervals.

Stimulation was then applied starting 1 min after the last baseline reading and tail withdrawal

latency was recorded at 2 and 5 min after the onset of sùmulation, and at 5 min intervals for up

to 95 min.

In spinal transected rats experiments were performed 21 days after spinal transecùon.

Unanaesthetized rats were placed in plastic restrainers 50 that only the tai1 and one hindlimb

protruded. Animals were unanaesthetized because in pilot studies the anaesthetic produced

inconsistent tail withdrawal latencies at the doses used in intact rats. The restrainer was covered

with a black c10th to minimize visual stimuli. Rats were introduced and habituated to the

restrainer for 60-90 min 1 or 2 days prior to experimentation. The protoco1 was otherwise

followed as described above for the lightly anaesthetized preparation.

2.5. Placement of stimulation needles

Two pairs of stainless steel insect pins were inserted into meridian points,fengshi (GB-31),

femur-jùru (ST-32) and zusanli (ST-36). To stimulatefemur-jùru (ST-32) the cathode was p1aced

along the medial side of the knee and the anode was inserted along the lateral side of the knee

50 that it 1ay across zusanli (ST-36). To stimulate fengshi the e1ectrodes were p1aced under the

femur midway between the hip and the knee. These rneridian points were selected on the basis
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of what has been published by other groups (Pomeranz and Cheng, 1979; Ulen, 1982;

Pomeranz, 1987; Bing, Villanueva and Le Bars, 1990; Bing et al. 1991; Bing, Villanueva and

Le Bars, 1991).

2.6. Parameters of electrical stimulation

Needles were connected to coupled Grass stimulators (S09 and S05) which passed a train

of monophasic square wave pulses. The standard parameters were 2 ms pulses at 4 Hz for a

duration of 20 min and applied at 20 times the threshold (20-30 mA). Threshold was the lowest

intensity which just produced muscle contraction. Control groups were implanted with

stimulating electrodes but received no electrical stimulation.

2.7. Drog preparation

The wide spectrum opiate antagonist, naloxone (Endo Laboratories, NI; 25 mg/kg Lv.), was

dissolved in physiological saline (0.9%) to yield 2.5 mg of antagonistllOO !Ù- saline and

administered via intraperitoneal injection 30 min prior to electrical stimulation in intact and

spinal animals. The specifie ",-opiate receptor antagonist .B-funaltrexamine (.B-FNA; Research

Biochemicals International, Natic, MA) was dissolved in CSF to yield 10 nmoles of

antagonistllO !Ù- of CSF. This solution was made immediately prior to administration, which

occurred 24 hours prior to the experiment. H-Tyr-tic,y[CHzNHlPhe-Phe-OH (TIPP["']), a stable

pseudopeptide ô-opiate receptor antagonist, was first dissolved in OMSO (dimethyl sulfoxide;
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Fisher Scientific) and then diluted with anificial CSF. The fir.al solution cont:l.ined 10 nmoles

of the antagonist/lO}L1 of CSF and 7.4 % of DMSO. Nor-binaltorphimine (nor-BNI; Research

Biochemicals International), a selective K-antagonist, was dissolved in anilicial CSF 10 yield 10

nmoles of the antagonistJ10 }LI of CSF. This solution was made immcdiately prior to the

experiment.

2.8. Statistical aaalysis

Results are expressed either as the net mean increase in tail withdrawal latency expressed

as MPI at each time point or as the net mean MPI calculated for the period of stimulation and

for subsequent post-stimulation periods. The MP! was obtained by subtracting the mean MPI

at each time point in the control group from the respective mean MPI in the test group, to

eliminate the influence of supplemental doses of anaesthetic. The mean MPI for the period

during the 20 min of stimulation (period 1) and for the three subsequent 25 minute periods

following the end of stimulation (periods 2-4), was calculated by averaging the ne: MPI obtained

from the five readings taken at each period. The mean MP! was expressed as a histogram. Ali

values are expressed as the mean ± standard error of the mea.'1 (S.E.M.). Data from treated

rats which received electrical stimulation and control animals which received no stimulation were

analyzed using two way anaiysis of variance (ANOVA). Stimulation vs no scimulation or drug

treated vs vehide was taken as the between subject factor and time was taken as the within

subject factor. Tukey's Wholly Significant Difference Test was used to malce post hoc

comparisons between means. One way repeated measures anaiysis of variance, pair-wise
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multiple comparisons (Student-Newman-Keuls method) and paired Students (-test for single pair­

wise comparisons were used to compare the net mean increase in withdrawallatency at periods

1-4, between treatment groups.

3. Results

3.1. Errect oC e1ectrical stimulation on tail withdrawal reflex in intact rats

In intact animais treated with an i.p injection of 0.9% NaCl (n = 8), electrical stimulation

of hindlimb meridian points inhibited the withdrawal reflex by approximately 70 % of the MPI

during the stimulation. ACter the stimulation ended this inhibition persisted for at least 1 hour.

Two viay ANOVA showed that this effect during the stimulation was significantly (p S 0.01)

greater than the unstimulated control group (n = 12).

3.2. Errect oC naloxone on response to e1ectrical stimulation in intact rats

In contrast to vehicle-treated rats, the evoked inhibition hl naloxone-treated rats (n = 8)

reached a maximum of only 43.0 ± 9.99 % oC the MPI during the stimulation period. A low­

amplitude post-stimulation effect was observed which lasted only 15 min after the end of

stimulation. Two-way ANOVA showed that both the inhibition during e1ectrical stimulation and

the persistent post-stimulation inhibition were greater than those in the unstimulated control

group and Jess than those in the stimulated, saline-treated group (p s 0.01), respective1y, by
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two way analysis of variance. Figure 1 illustrates the data as histograms representing the net

mean inhibition calculated for the period during the stimulation and for the following post­

stimulation periods for both the vehicle and naloxone treated groups. Paired t-tests show that

the attenuation produced by naloxone was significant for all periods (0.05 ~ p s 0.01).

Naloxone attenuated the evoked response by 47.1 % and 41.6 % for periods 1 and 2.

respective1y. For periods 3 and 4 the inhibition of the effect was approximate1y 60 % of the

control group. The % inhibition of the evoked response for each of the respective periods and

by each of the opioid antagonists is summarized in Figure 7.

3.3. Effect of electrical stimulation in spinalized rats

ln unanaesthetized rats, three weeks after spinal transection electrical stimulation produced

a small but significant inhibition both during and aiter the end of stimulation (n = 12). The

evoked inhibition reached a maximum value of 23.1 ± 4.81 and 22.0 ± 3.09 % of the MP! at

la .and 20 nùn after the onset of stimulation, respectively. For 15 min aiter the end of

stimulation the inhibition remained slightly elevated at about 8 % of the MP!. 1'wo-way

ANOVA S.'lowed this effect te be statistically different (p < 0.01) from the unstimulated control

group (n = 14).

3.4. Effect of naloxone on response to electrical stimulation in 5I,jna!ized rats

Pretreatment with naloxone blocked the stimulation-evoked inhibition of the withdrawal
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reflex (n = II). The data are illustrated in Figure 2. A two-way ANOVA showed this

antagonism to be significant (p < 0.01) when compared to the vehicle-treated rats (n = 12)

during sùmulaùon. Although the values of the mean inhibiùon for each ùme taken during the

first 15 min after the end of sùmulaùon were lower in the naloxone treated group than the those

obtained from the vehicle-treated group, no difference was found when these two groups were

compared statistically.

3.5. Effect of spinal administration of vehicle on the stimulation-evoked inhibition

Figure 3 illustrates the long-lasting inhibition of the tail withdrawal latency provoked by

intense electrical stimulation in rats given vehicle intrathecally (n = 8). During the stimulation

the maximum inhibition was 82.2 ± 4.17 % of the MF!. This inhibitory effect on the

withdrawal reflex persisted for greater than one hour after the end of the stimulation. Two way

ANOVA showed that the inhibition was significant (p S 0.01) throughout when compared 10

the unstimulated control gro'Jp (n = 16). Both the test group and the unstimulated control group

received spinal administration of CSF or CSF containing DMSO, by lumbar puncture. There

was no difference in the evoked inhibition between groups treated with CSF or CSF-DMSO nor

was then: any difference between the two unstimulated control groups treated with vehicle.

Therefore, the data were pooled. The ANOVA also failed 10 show any statistical difference in

the evoked inhibition between rats in which vehicle was given either intraperitonealy,

intrathecally or by lumbar puncture.
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3.6. Effect of B-FNA on stimulation-evoked inhibition

Spinal administration of .8-FNA 14 hours before testing attenuated the inhibition during

stimulation and blocked the post-stimulation antinociception (n = 9). The wiàldrawal reflex was

inhibited to a maximum of 48.8 ± 12.1 % of the MPI during the stimulation. Two-way

ANOVA showed that titis effect was significantly different (p s 0.05) when compared to the

unstimulated control group (n = 8). No statistical difference \Vas seen beyond stimulation

between these two groups. By comparison, in rats treated with a spinal injection of CSF (n =

10), stimulation produced a lII3X1mum inhibition of 82.5 ± 6.25 % of the MPI during the

stimulation which lasted beyond one hour after tlle end of stimulation. The evoked inhibition

in titis group of rats was statistically greater (p s 0.01) than the inhibition evoked in the .8-FNA

treated group. Figure 4 illustraleS the net mean inhibition elicited by stimulation for the periods

1 to 4 for both the vehicie and .8-:FNA treated rats. Paired t-tests showed that the attenuation

produced by the /L"receptor antagonist was significant for al1 periods (p s 0.01). .8-FNA

produced a 47.5 % inhibition of the evoked response during period l, an 85.2 % inhibition

-during period 2 and a 50 - 60 % inhibition cf the evoked response during periods 3 and 4

(Figure 7).

3.7. Effect of TIPP[~] on stimul2tion-evoked inhibition

Spinal administration of TIPP[~] slightly attenuated the inhibition produced during the

stimulation but comp1ete1y b10cked the post-stimulation effect (n = 7). During the stimulation



the withdrawal reflex was inhibited ta a maximum of 55.97 ± 11.18 % of the MP!. This effect

• was statistically significant (p ::; 0.01) when compared ta the unstimulated control group (n =

16) using two-way ANOVA. No significant difference for any of the post-stimulation values

was seen between these two groups. The inhibition produced in rats treated with TIPP[,pl was

aIso found ta be significantly less (p ::; 0.01) than that produced in the stimulated group

receiving only vehicle. In the vehicle treated rats, the stimulation-evoked inhibition was about

82 % of the MPI during the stimulation and this effecl; persisted for more than one hour after

the end of stimulation (n = 8) as shown in figure 3. IDustrated in figures 5 and 7 is the effect

of TIPP[,pl on the evoked response. The mean MPI during periods 1 and 2 was attenuated by

30.4% and 83.5%, respectiveIy. During periods 3 and 4, TIPP[,pl produced a reversaI. The

net mean MPI was reversed by approximate1y 125 % of the control. Paired t-tests showed the

attenuation and reversaI by TIPP[,pl ta be significant (p ::; 0.01).

• 3.8. FJTect or NOl'-BNI on stimulation-evoked inhibition

•

Spinal administration of nor-BNI aIso attenuated the evoked inhibition during the stimulation

and blocked the post-stimulation effect (n = 13). The maximum inhibition was 38.38 ± 11.14

% of the MPI during the stimulation (Fig. 6). This response was found ta be statistica11y

different (p < 0.01) when compared ta the vehicle treated unstimulated control group (n = 16)

using two way ANOVA. The post-stimulation vaIues were found not ta be statistically different

between these two groups. The mean inhibition at each lime point was aIso found ta be

significantly Jess than the evoked inhibition in the stimulated vehicle group (0.05 ~ p S 0.01).
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Figure 7 illustrates the net mean inhibition calculated for periods 1 to 4. The K-opiate receplor

antagonist decreased the mean inhibition for period 1 by approximately 56%. During period 2

the inhibition was completely blocked by 100 % and during periods 3 and 4 the treated group

appeared to produce reversaI (i.e. a net mean facilitation in the withdrawal reflex); responses

during periods 3 and 4 were attenuated by 138% and 152 %of the control values. Paired t-tests

demonstrated !hat the attenuation during the stimulation, and the block and reversaI were

statistically significant (p < 0.01).

4. Discussion

These data show !hat spinal w, 0- and K-opiate receptors are implicated in the mediation of

the decreased activity in nociceptive pathways provoked by prolonged intense peripheral

electrical stimulation. In our paradigm this decrease was reflected by the inhibition of the

thermally evoked tail withdrawal reflex which was strong during the conditioning stimulation and

persisted for more !han one hour after the end of the stimulation. Furthermore, it appears !hat

the three opioid receptors differentially contribute to the evoked inhibition of this reflex. During

the stimulation p.-, K- and to a lesser extent o-receptors mediate at least part of the inhibition,

while 0-, K- and to a lesser extent p.-receptors mediate the post-stimulation inhibition.

4.1. Naloxone antagonism implicates multiple opiate receptors in mediation ofstimulation­

evoked inhibition of the tail with1lrawal reflex
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A high dose of naloxone attenuated the evoked-inhibition in intact animals and completely

blocked inhibition of the taïl withdrawal in chronic spinal transected rats, suggesting that the

evoked inhibition was mediated at least by activation of the po- and probably by activation of

multiple opiate receptors. In vitro studies show that naloxone is predominantly a JL-opioid

receptor antagonist but at higher concentrations it can act as a wide spectrum antagonist at 0- and

/C- receptors (Lord et al. 1977). Furthermore, in animal studies a high dose of naloxone given

systemica11y has been used to block effects believed to be mediated via the multiple opiate

receptors (Martin, 1967; Berkowitz, Finck and Ngai, 19n; Malick and Goldstein, 1978;

Sawynok, Pinsky and LaBella, 1979). Although naloxone given at doses ranging from 0.1-10

mg/kg is reported to successfully block opioid mediated effects (Martin, 1967; Sawynok, Pinsky

and LaBella, 1979), systemic doses in the range of 5 to 40 mg/kg were administered te b10ck

the inhibition of the tail withdrawal reflex evoked by nitrous oxide gas (Berkowitz, Finck and

Ngai, 1977) or by intracerebroventricu1ar (leV) administration of substance P (Malick and

Go1dstein, 1978) in the rat. In both these studies 10wer doses of naloxone ooly produced partial

black while higher doses were more effective, suggesting that in some paradigms Iùgher doses

of systemic naloxone are required for adequate opiate antagonism. In light of t1ùs evidence, we

chose to give 25 mg/kg of naloxone to ensure adequate opiate black without compromising the

tail withdrawal reflex; 30 mg/kg of naloxone given systemically does not affect the tail

withdrawallatency (Berkowitz, Finck and Ngai, 1977). It is important te mention at this point

that naloxone at the dose used in our experiment has no pharmaco10gical interaction with

bel'zodiazepines (Billings1ey and Kubena. 1978) and/or GABA (Billingsley and Kubena. 1978;

Ding1edine, Iversen and Breuker, 1978) receptors. A systemic dose of 60 mg!kg of naloxone

2SS



•

•

was required to block the anticonflict activity of the bcnzodiazepine. chlorodiazepoxide

(Billingsley and Kubena. 1978) in rats and greater than 100 mg/kg of naloxone was required to

elicit convulsion activity in mice which is believed to be associated with GABAergic mechanisms

(Dingledine. Iversen and Breuker. 1978). Therefore. antagonism of the stimulation-evoked

inhibition of the tail withdrawal reflex by naloxone implicates activation of opiate receptors.

Naloxone blocked the evoked inhibition during the stimulation equally weil as did the other

three antagonists used in this study. However, naloxone did not affect the post-stimulation

inhibition to the sarne extent as did sorne of the other antagonists. For example, the mean

evoked inhibition during the post-stimulation periods were completely blocked and reversed by

TIPP[>/tl or nor-BNI (vide infra). Therefore, even at a dose of 25 mg/kg, naloxone antagonism

of the post-stimulation effect appears to be limited. This limitation may be related to the

pharmacokinetic propertÏes of naloxone when administered systemically. It has been reported

that the highest concentration of labelled naloxone in the brain occurs at 25 min after

subcutaneous administration. However, one hour after administration these levels are decreased

te 25 % or less, suggesting that naloxone accesses the central nervous system rapidly but there

is also a rapid disassociation from brain opiate receptors; the half-life of systemically

administered naloxone was found to be 0.4 hours (Misra et al. 1976). Furthermore. ô- and 1(­

opiate receptors have la x and 30 X less affmity for naloxone binding, respectively, as

compared te the ",-receptor (Chang, Hazum and Cuatrecasas. 1980). Therefore. at post­

stimulation periods monitored over one hour after administration of naloxone. levels of the

antagonist in the central nervous system (CNS) may have been inadequate for effective block of

multiple opiate receptors.
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Our findings are consistent with reports of naloxone antagonism of antinociceptive effects

evoked by intense peripheral stimulation. For example, responses of convergent wide dynamic

range neurons ta C fiber input were depressed by noxious cutaneous stimulation (I.e Bars,

Dickenson and Besson, 1979a; Le Bars et al. 1981) and in other studies, brief acupuncture-like

stimulation depressed neuron responses in the trigeminal sensory system (Bing, Villanueva and

Le Bars, 1990) in rats. Bath noxious cutaneous and acupuncture-like stimulation activated

neurons in the subnucleus reticularis dorsalis which receive orny high threshold inputs (Bing,

Villanueva and Le Bars, 1991; Villanueva, Bing and Le Bars, 1994), suggesting that the evoked­

depression was mediated via activation of high threshold Ao and C fibers. Bath cutaneously

evoked and acupuncture evoked depression were orny partially antagonized by naloxone (I.e Bars

et al. 1981; Bing, Villanueva and Le Bars, 1990) and in both cases noxious cutaneous or

acupuncrure-like stimulation evoked extrasegmental release of met-enkephalin-like

immunoreactive material in the spinal cord (I.e Bars et al. 1987; Bing et al. 1991). In support

of our data obtained in chronica11y spinal transected rats, studies have shown that intense

peripheral stimulation produces a naloxone reversible antinociception in spinal animaIs as well.

For example, in the decerebrated and spinalized cat stimulation of Ao and C fibers in the

common tibial or peroneal nerve evokes a long-lasting depression of the flexion reflex recorded

electrophysiologica11y from the ventral roots (Chung et al. 1983) and in the rabbit prolonged

intense electrical stimulation applied ta the toes depresses the sural-gastroenemius reflex (Taylor

et al. 1990). In both studies the evoked inhibition was completely reversed by naloxone (Chung

et al. 1983; Taylor et al. 1990). It appears from our data and from those reponed in the

literature, that stimulation-evoked inhibition in the intact animal is orny panially reversed by
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naloxone while almost complete reversaI is seen in spinal preparations. Not surprisingly, it

appears that spinal antinociceptive mechanisms are opioid mediated while in the spinally intact

preparation non-opioid mechanisms may alse participate (Basbaum and Fields, 1984; Fields and

Basbaum, 1989; Bowker and Abbott, 1990; Sorkin, McAdoo and Willis, 1992; Westlund et al.

1992).

4.2. 8-FNA antagonism implicates Il-opiate receptors

Twenty four hour pretreatment with spinal1y administered fi-FNA attenuated the evoked

response. B-FNA is a non-competitive ",-opiate receptor antagonist which binds covaIently and

irreversib1y 10 the ",-receptor complex, and has little activity with ô- and IC-receptOrs (fam and

Liu-Chem, 1986; Ward, Portoghese and Takemori, 1982a; Ward, Portoghese and Takemori,

1982b; Ward, Loprect and James; 1986). However, ô- (fam and Liu-Chem, 1986; Ward,

Loprect and James, 1986; Mjanger an9 Yaksh, 1991) and IC-antagonist propertÏes (fam and

Liu-Chem, 1986; Ward, Loprect and James, 1986) of fi-FNA have been reported but ooly when

a high dose was used. For example, in the hot plate nociceptive test, 24 hour pretreatment with

intrathecaIly administered B-FNA produced a concentration-dependent rightward shift of dose

response curves for antinociceptive effects produced by spinal administration of severa! JL-opiate

receptor agonists; ooly at a high dose of 20 nmoles did B-FNA show some ô- antagonistic

propertÏes (Mjanger and Yaksh, 1991). On the basis of this study and others (Chen and Han,

1992) using spinal administration of B-FNA 10 antagonize antinociceptive responses, wc

administered 10 nmoles of B-FNA 24 hours prior 10 intense electrical stimulation. Therefore,

2S8



•

•

our results suggest that intense peripheral stimulation of the hindlimb activates long-lasting

inhibitory mechanisms in the CNS which depress transmission of sensory information in the

spinal cord, at least in pan via activation of wopiate receptors. lt appears from the data that

the contribution of the wreceptor in the evoked-inhibition is about equal at ail periods studied.

4.3. Role of JL-opiate receptors in sensory processing in the spinal cord

Evidence for the raIe of JL-opiate receptors in sensory transmission is supported by

anatomicaI, electrophysiological and behavioral data linking this receptor with modulation of

sensory processing in the CNS. In the dorsal hom 70-90 % of opiate receptors are of the JL­

subtype (Stevens et aI. 1991). Autoradiographie evidence demonsttated radiolabelled DAMGO,

a JL-opiate receptor agonist, binding in the spinal cord with up to 74 % of the total binding

oceurring in laminae 1 and II of the dorsal horn (Besse, Lombard and Besson, 1991). This

finding was further supported by dense binding of labelled FK-33-824 another highIy selective

wagonist in superficiaI dorsal horn (Gouarderes et aI. 1991). In both studies dorsal rhizotomy

progressively decreased binding of labelled agonist by at least 70 %, suggesting chat JL-receptors

are predominately pre-synaptie on primary afferent terminaIs (Besse, Lombard and Besson,

1992; Gouarderes et aI. 1991).

In in vitro release studies, JL-receptor agonists have been shown to inhibit the release of

substance P (Bourgoin et aI. 1994) and of aspartate and glutamate (Kangrga and Randie, 1991)

elicited by high intensity stimulation of primary afferents, further supporting pre-synaptie

modulation of sensory transmission in the spinal corel. In rats made polyarthritie with injection
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of Freund's adjuvant, spinal perfusion with DAMGO produced a naloxone-reversible inhibition

of the release of CGRP like material; naloxone by itself produced an even greater release of this

peptide in polyanhritic rats (Collin et al. 1993), therefore implicating /L-receptor modulation of

sensory transmission in this chronic pain mode\.

In addition to presynaptic modulation, there is also evidence to suggest postsynaptic

modulation of sensory transmission via activation of the wreceptor. For example, in the in vitro

slice preparation of the substantia gelatinosa of the spinal trigeminal nucleus pars caudalis in the

guinea pig and rat, met-enkephalin evoked a naloxone-reversible hyperpolarization manifested

by increased potassium conductance in a majority of neurons (Grudt and Williams, 1994).

Furthermore, in patch clamp studies simultaneous or prior application of the wagonist DAGO

depressed responses evoked by NMDA in disassociated ceUs from the superficial dorsal hom

of the rat (Rusin and Randic, 1991), suggesting direct modulation of the NMDA receptor ion

channel.

With respect to more global actions of wreceptor activation on nociception i:'1 the dorsal

hom, p. agonists depress C fiber evoked activity in the lumbar spinal cord of the rat (Villanueva

et al, 1991) and responses of wide dynamic range neurons to application of noxious cutaliCOUS

stimulation in the cat (Omote et al. 1991). Low doses of morphine potentiate lignocaine-evoked

depression of responses of neurons to single C fiber inputs or lignocaine-evoked depression of

windup elicited by repetitive C fiber stimulation (Fraser, Chapman and Dickenson, 1992); in the

rat higher doses of morphine applied alone depress windup in dorsal hom neurones when pre­

administered prior stimulation (Chapman, Haley and Dickenson, 1994). In addition, the flexor

reflex evoked by noxious pinch is depressed by systemic administration of Wagonists morphine
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and fentanyl (Herrero and Headley. 1991) in rats.

Several behavioral studies show that wopiate receptor agonists produce antinociceptive

effects. For example. intrathecal administration of the wagonist DAMGO produces

antinociceptive effects in both the lail flick test and hot plate test (Stewart and Hammond. 1993;

Suh et al. 1994). Morphine or DAGO are effective in blocking the lail withdrawal reflex evoked

by immersion in 53oC water. Intrathecal mo:-phine or fentanyl produces antinociception in the

hot plate test and in the acetic acid induced writhing test (Furst. 1991). When morphine is given

intrathecally. it dose dependently decreases both the early and late phases of nociceptive

behaviour evoked by injection of formalin in the hind paw of the rat (Malmberg and Yaksh.

1993).

In light of the evidence supportee! by the literature. we propose that the intense, electrical

conditioning stimulation provokes the release of endogenous opioids which may depress the tail

withdrawal reflex by acting on presynaptic and postsynaptic JL-opiate receptors in the spinal cord.

4.4. TlPP[.p) implicates o-opiate receptol'S

Unlike naloxone and 8-FNA, an equai dose of TIPP[.p] inhibited the re;ponse during the

stimulation te a lesser extent, yet for the post-stimulation perïods this antagonism was greater

and the tail withdrawa! reflex was even facilitated. TIPP[.p] is a pseudotetrapeptide reportee! te

be a pure o-recepter antagonist with selectivity for the o-receptor orders of magnitude higher

than other o-antagonists, both in the CNS (Visconti et al. 1994) and in the perïphery (Schiller

et al. 1993). ;"ùrthelmore, TIPP[.p] has been shown te be completely stable in enzymatic
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degradation studies for up to 24 hours of incubation in in vitro rat brain membrane preparations.

suggesting that this antagonist potentially may have long-lasting action in in vivo studies (Schiller

et al. 1993). Ten nmoles was given because doses of o-receptor antagonists in this range have

been shown to black the depression of the lail withdrawal reflex elicited by spinal administration

of DPDPE, a o,-receptor agonist (Drower et al. 1991) or by noxious thermal cutaneous

stimulation (pitcher et al. 1995a) in the rat. The antagonism of the evoked effect by TIPP[lfJ

strongly suggests that Ii-opiate receptors also participate in the stimulation-evoked inhibition.

In addition, there appears to be sorne differential action in that activation of the li-receptors is

implicated ta a lesser degree in the evoked inhibition of the lail withdrawal during the period of

stimulation and appears to have a greater raie in meditation of the post-stimulation effect.

4.5. Role of li-opiate receptors in sensory processing in the spinal cord

Of the total population of opiate receptors in the spinal cord, 7-28 % are of the li-receptor

subtype (Stevens et al. 1991). Label1ed DTLET, a li-receptor agonist, binds in rat spinal cord

and about 20 % of the total binding accurs in laminae 1 and II of the dorsal horn (Besse,

Lombard and Besson, 1991). Binding of the li-antagonist JH-naltrindole bas been shown in the

substantia geiatinosa (Drower et al. 1993). These receptors are predominate1y located

presynapticaIly on primary afferents because dorsal rhizotomy decreased the binding of labeI1ed

li-agonist up ta 60 % (Besse, Lombard and Besson, 1992).

In an immunohistochemistry study, antisera raised against a cloned Ii-opioid receptar, DOR­

1, bound ta a dense plexus within the superficial dorsal homo This immunoreactivity was

262



•

•

greatly decreased after dorsal rhizotomy, suggesting a presynaptic !ocalization. Funhermore,

a population of sma1! diameter primary afferents which were DOR-! immunoreactive were also

immunoreactive for CGRP. These DOR-! and CGRP immunoreactive fibres were opPOsed to

terminals containing immunoreactive enkephalin-!ike material, suggesting enkephalin from

intraspinal sources may be the natura1ligand for the receptor encoded for DOR-l and that this

opioid may regulate the release of CGRP from the primary afferent terminals (Dado et al. 1993).

Presynaptic o-receptor activation has been shown to inhibit the release of CGRP from primary

afferent terminals in vitro slice preparations (Bourgoin et al. 1994) and o-agonists depress the

release of substance P in the intact spinal cord of the rat (Collin et al. 1991). This effeet is

reversed by the o-antagonist naltrindo!e and, in addition, the antagonist alone enhances the

release of substance P (Collin et al. 1991), suggesting a tonic opioid mediated inhibition of

primary afferents.

Eleetrophysio!ogical data show that o-agonists depress C fibre evoked activity in the dorsal

horn of the rat (Villanueva et al. 1991) and depress the activity of wide dynamic range neurons

e1icited by noxious cutaneous stimuli in the cat lumbar spinal cord (Omote et al. 1991).

Severa! algesiometric tests have implicated activation of the o-opiate in antinociception. For

example, in the nociceptive tail withdrawal reflex evoked by noxious thermal stimulation Ôt­

receptor agonists such as DPDPE (Drower et al. 1991; Sofuoglu, Portoghese and Takemori,

1991; Stewart and Hammond, 1993; Shah, Davis and Yobum, 1994; Suh et al. 1994; Nagasaka

and Yaksh, 1995), [D-Ala:z)-DeItorphin II (Improta and Broccardo, 1992) or DADL (Nagasaka

and Yaksh, 1995) given intrathecally produce antinociception. The ~-agonistDSLET also dose

dependently inhibits this reflex (Sofuoglu, Portoghese and Takemorl, 1991; Shah, Davis and

263



•

•

Yoburn, 1994) in rats. Fur'.hermore activation of o-receptors produces long-lasting

antinociception (Improta and Broccardo, 1992). In the hot plate test DPDPE was effective in

producing antinociception (Drower et al. 1991; Stewart and Hammond, 1993; Suh et al. 1994).

However, agonists selective for the ~-receptor do not appear to induce antinociception in this

paradigm (Stewart and Hammond, 1993).

The evidence supported by the studies cited above leads us to suggest !hat the intense

conditioni'1g stimulation activates inhibitory mechanisms in the central nervous system which

produce long-term depression of the tail withdrawal reflex via activation of predominantly

presynaptic ô-opiate receptors.

4.6. Nor-BNI implicates c-opiate receptol'S

Nor-BNI antagonized the evoked effect during the stimulation equally weil as did naIoxone

and B-FNA. However, for the post-stimulation periods the antagonism by nor-BNI was far more

effective in that the mean inhibition evolœd during the post-stimulation periods was bloclœd and

even reversed, as was the case with TIPP ["'J. Nor-BNI is a highly potent and selective IC-opiate

receptor antagonist with little activity at the p.- and o-receptors. This IC ·antagonist has been

reported to shift the dose-response curves for selective lC-agOniSts, ethylketocyclazocine or

U50,488H, induced inhibition of spontaneous contraction in smooth muscle preparations of the

guirea pig ileum (portoghese, Lipkowski and Takemori, 1987) and also dïsplace le-agonist

binding in in vitro brain slice preparations (Takemori et al. 1988). Furthermore, nor-BNI

effectivcly blocks IC-agOnist evolœd antinociception in the acetic acid induced withering test in
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mice (Takemori et al. 1988). This selective K-antagonist is believed to be extremely long-acting

in that systemic administration of nor-BNI produces rightward shifts in the antinociceptive dose

response curves for U50,438 in the thermally elicited taïl withdrawal reflex in rhesus monkeys

for up te 21 days (Butelman et al. 1993) and when given leV it effectively blocks the depression

of the taïl withdrawal reflex elicited by leV injection of K-agonists for up to 28 days (Horan et

al. 1992). Therefore, antagonism by nor-BNI of the stimulation-evoked inhibition of the tail

withdrawaJ reflex implicates K-receptors. Furthermore, K-recepters appear te differentially

mediate the evoked-inhibition in that these receptors appear to have a greater role in mediation

of the post-stimulation response.

4.7. Role of a:-opiate receptors in seosory processing in the spinal cord

a:-receptors are sparse in the adult rat spinal cord (Sullivan and Dickenson, 1991) making

up only 3-5 % of all opiate reœpters in the dorsal hom (Stevens et al. 1991). Nonetheless,

these reœpters are implicated in sensory transmission because selective labelled a:-recepter

ligands bind in the spinal cord with up to 10 % of the total binding occurring in Laminae 1 and

II (Besse, Lombard and Besson, 1991) of the dorsal homo These recepters are found te be

predominately located post-synaptically as demonstrated by dorsal rhizotemy experiments (Besse

et al. 1990) suggesting !hat the a:-receptor may modulate synaptic transmission of sensory

information in the dorsal hom at a post-synaptic site.

In addition te probable post-synaptic modnlation of sensory transmission via activation of

the a:-receptor, a presynaptic action bas also been suggested. For example, a selective a:-ligand
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i'lhibits the release CGRP-like materiaI from primary afferent terminais (Bourgoin et ai. 1994).

Electrophysiological data have supported the role of the K-receptor in modulation of sensory

transmission. For example, systemic administration of the K-agonist U50,488H depresses the

flexor withdrawal reflex elicited by noxious pinch (Herrero and Headley, 1991) and intrathecaI

administration depresses the C fiber evoked spinal flexor reflex (Hemandez et ai. 1993) in rats.

SystemicaIly applied K-opioids have been shown te suppress the firing of dorsal horn neurones

elicited by noxious thermal cu:aneous stimulation (Headley, Parsons and West, 1984).

When K-receptor agonists bremazocine, ethylketocycIazocine or pentazocine were given to

mice and rats a long-lasting antinociception was produced in the acetic acid writhing test, but

these agonist were ineffective in the hot plate test (Furst, 1991). IntrathecaI administration of

U50,488H (Nagasaka and Yaksh, 1995) or ketoeycIazocine (Goodchild et ai. 1991) depresses

the nociceptive taiI withdrawal reflex evoked by noxious- thermal stimulation in rats.

Subcutaneous administration of various K-agOnists produces antinociception in the thermaIly

evoked taiI withdrawal test at moderate heat intensities and depresses the withdrawal reflex in

response to pressure; these antinociceptive effects were effectively blocked by selective IC­

antagonists (Millan, 1989). However, lC-agOnisto' had no effcet on vocalization threshold to

noxious electrical stimulation (Millan, 1989). lC-agOnists also appear to he effective in chemical

nocic:eption. In rats, intrathecaI administration of the IC-agonists U50,488H bas linIe effect on

the early phase of the nociceptive behavioùr induced by formalin injection in the rat hindpaw,

but the second phase is dose-dependently depressed (Malmberg an-; Yaksh, 1993).

The literature is consistent with our -iill~...-pretation that IC-opïate receptors participate in

modulation of~soryi~formation. This modulation may he manifested by presynaptic and post-
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synaptic mechanisms and may be the physiological basis by which inhibition of th~ taïl

withdrawal reflex is expressed in our experimental paradigm.

4.8. SlImmary and Conclusion:

Prolonged intense, low frequency electrical stimulation of specific periphual sites in the rat

hindlimb evokes a long-lasting inhibition of the thermally evoked tail withdra\1a1 reflex. On the

basis of effective antagonism by selective w, ô- and /C-receptor antagonists we condude that

activation of all three opioid receptors in the spinal cord is important for the expression of the

long-lasting antinociception. Furthermore, the data suggest that activation of these receptors

differentially contributes to the evoked response. The antinociception elicited during the

stimulation appears to be partïally mediated by activation of p.-, /C- and te a lesser extent by ô­

receptors. The post-stimulation antinociception appears to be dependent on ô- and /C-receptor

activation while p.-receptors pIa" il lesser role. These data may shed some light on the

neurochemical mediation of the long-lasting and general analgesic Sfects produced by intense

electrical stimulation for the clinical treatment of pain•
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Figure 1. Effeet of intense eleetrical stimu1:ltion of hindlimb meridian pointsfemur:fùru (GB­

31), fengshi (ST-32) and ::usanli (ST-36) on t:ù! withdrawal latency in vehicle (n = 8) and

naloxone (25 mg/kg; i.p; n = 8) treated rats. Standard parameters of stimulation were 2 ms

square wave pulses, at 2 Hz for 20 min at 20 X threshold (min current required to evoke muscle

twitch). The net mean inhibition of the rail withdrawal was calculated for the first 20 min period

of stimulation and for subsequent 25 min periods after the end of stimulation. Data are

expressed as the mean % maximum possible inhibition. The open bar represents period 1 (0 ­

20 min) during the stimulation, the c10sed bar represents period 2 (25 - 45 min) after the

stimulation, the cross hatched bar represents period 3 (50 - 70 min), and the diagonal filled bar

represents the final period of observation, period 4 (75 - 95 min). * p < 0.05; ** p < 0.01.
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Figure 2. Eifect of naloxone on stimulation-evokcd inhibition in spinalizcd rats three wccks post

transection. Transection was at the T6/TI spinal leveI. '" vehicle (n = 12).• naloxone (25

mg/kg; Lp.; n = Il) and 0 needles only (n = 14). Parameters oi stim'Jlation are as in Figure

1. ** P < 0.01.
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Figure 3. Eifect of spinal admil:istrativn of \'chicle on the stimulation-c\'okcd inhibition.

Venical dotted lines indicate times of administration oi anaesthctic. Inhibition of the tai!

withdrawal is expressed as a % of the ma.ximum possible inhibition. t. stimulated group (n =

8); 0 needles only (n = 16); ... difference between the two groups. •• p < 0.01.
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Figure 4. Comparison of effects of spinal administration of vehicIe and of B-FNA on stimulation­

evoked inhibition. B-FNA (10 nmoles; n = 9) or vchicIe (n = 10) was given to the lowcr

lumbar level 1.5 min prior to stimulation. Details are as in Figure 1.
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Figure 5. Comparison of effect of spinal administration of vchicle or TIPP[~l on stimulalion­

evoked inhibition. TIPP[;t] (10 nmoles; n = 7) or vchicle ( n = S) was given to the lowcr

lumbar level 1.5 min prior lo stimulation. Details are as in Figure 1.
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Figure 6. Comparison of effect of spinal administration of vchicle and nor-BNI on stimulation­

evoked inhibition. Nor-BNI (10 nmoles; n = 13) or vchicle (n = S) was givcn to the lowcr

lumbar level 1.5 min prior to stimulation. Details are as in Figure 1.
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Figure 7. Percent inhibition of stimulation-evoked antinociception for pcriods 1 through 4 by

naloxone. I3-FNA. TIPP[:J] and nor-BNI.
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Acupuncture Analgesia: Diffuse Noxious Inhibitory Controls, Central Sensitization or a

Figment of the Imagination

Introduction

Since the beginning of recorded history man has used counter-irritation techniques to

alleviate pain. However, little is known of how these treatments dictate a change in the

physiological, motivational, affective and cognitive components of pain. For ail practical

purposes, how does one approach the problem of determining whether the alleviation of pain is

achieved by modulation of somatosensory processes mediated by specific neurophysiological

and/or neurochemical mechanisms rather than pain alleviation being an artifact of other

psychophysiological phenomena? Is relief from pain produced by counter-irritation or

acupuncture-like stimulation manifested by central inhibitory mechanisms provoked by activation

of primary sensory afferents or is it a phenomenon evoked by emotional (eg. stress),

motivational or suggestive mechanisms (eg. belief or expectation that the treatment will result

in a cure)?

It is weil documented that the power of suggestion can be effective in control of pain in

man. For example, placebo given 10 treat post-surgical pain is found 10 produce marked relief

in 35 % of the patients tested (Beecher, 1959). Furthermore, it is rather remarkable that in

some clinical trials the placebo was 50 % as effective as morphine in producing pain relief

(Evans, 1985). This effect has been attributed to both the experimenter's and subjectlpatient's

expectations of the treatment 10 produce pain relief even in controlled double blind studies. Can

this phenomenon be the underlying mechanism by which analgesia is produced by counter­

irritation, or by low or high intensity acupuneture-like stimulation? In fact a placebo effect bas
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been shown to contribute to acupuncture induced analgesia (Mendelson et al .• 1983). In animal

models. stress becomes an important variable in the outcome of an experiment:l1 paradigm.

There are severa! studies demonstrating that long-Iasti.1g antinociception can be produced with

unaversive but stressful stimuli such as simple restraint (Calcagnetti et al .. 1990; Calcagnetti.

Holtzman, 1990) or even mild unaversive shock in addition to aversive stimulation (Przewlocka

et al., 1990). Therefore. to differentiate between physiological and psychophysiological

mechanisms, it is imperative to develop good clinical and experimental paradigms for the study

of acupuncture or stimulation-evoked analgesialantinociception in both human and animals

models.

Severa! studies have demonstrated that low frequency, high intensity stimulation

produced a generalized analgesia with a gradua! onset and a prolonged aftereffect (Andersson

et al., 1973; Andersson, Holmgren, 1975; Chapman et al., 1975,1977; Eriksson, Sjôlund, 1976;

Fox, Melzack, 1976; Huang et al., 1978; Melzack, 1975; Sjôlund, Eriksson, 1979). It is

suggested the evoked analgesia is mediated via activation of high threshold fibres (Andersson

et al., 1973; Andersson, Holmgren, 1975; Fox, Melzack, 1976; Holmgren, 1975; Melzack,

1975) and that underlying physiological mechanisms may share sorne similarities with so-called

diffuse noxious inhibitory contraIs, or DNIC (Bouhassira et al., 1990,1992; Le Bars et al.,

1979a,b; Villanueva et al., 1986a,b; Willer et al., 1979,1984,1990). However, only one study

has shown a direct relationship between the intensity of stimulation and the evoked analgesia

within set parameters of stimulation (Holmgren, 1975).

In animal studies in which stress did not appear to be a factor, the antinociception

produced by electroaeupuncture or direct stimulation of periphera! nerve (Chung et al.,

299



•

•

1983,1984b; Clarke et al., 1989; Han et al., 1980; Kawakita, Funakoshi, 1982; Palk et al ..

1981; Taylor et al., 1990) also appeared to be a function of the intensity of the stimulation.

Sorne studies performed in the intact animal suggest that acupuncture stimulation may evoke

antinociceptive effects via activation of diffuse noxious inhibitory controls (Bing et al.,

1990, 1991a,b).

These previous works had a great influence on how 1 was to approach my objective,

which was to study the neurophysiological and neurochemical bases of antinociception e1icited

by peripheral activation of primary afferents. On the basis of these studies, 1 have developed

a unique animal mode! to study the effects of activation of peripheral inputs on proccssing of

nociception.

With this mode! 1 have anempted to e!ucidate sorne of the neurophysiological and

neurochemical mechanisms by which activation of primary afferents can modulate the

transmission of sensory information at the leve! of the spinal cord. Basee! on the results of these

experiments, 1 shall attempt to synthesize the data from the original works presented in this

thesis and formulate a worlâng hypothesis. The data will be discussed in an order which will

allow for appropriate synthesis. Therefore, the discussion of the results will not necessarily

follow the order in which the original manuscrïpts were presented.

Developmelll ofan appropriaze animal model

In light of the literature, 1 decided to use a lightly anaesthetized rat to study stimulation­

evoked antinociception. This preparation bas several advantages. The anaesthetized rat provided

a mode! that was Cree of stress and in which a spinal nociceptive reflex could be consistently
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• provoked and monitored throughout the experiment. In addition, the level of anaesthesia was

easily mainlained for the duration of the experiment without greatly perturbing the baseline

nociceptive reflexes.

The standard parameters of stimulation used in my experiments were based on other

studies in which intense, low frequency eleetrical stimulation produced a consistent inhibition

of spinothalarnic tract cells (Chung et al., 1984b; Han et al., 1980) and sural gastrocnemius

reflexes (Chung et al., 1983; Paik et al., 1981). These parameters resembled those used in

humans in that the stimulus was intense in nature and given at low frequency.

•

Signijicance ofthe evoked antinociception

In Chapter one of this thesis 1 have shown that intense, low frequency stimulation of

meridian points in the rat produces inhibition of the nociceptive lail withdrawal reflex both

during the stimulation and for more than one hour after the end of stimulation. This effeet is

consistent with that produced in other studies.

For exarnple, prolonged stimulation of hindlimb acupuncture points (paik et al., 1981)

or peripheral nerve (Chung et al., 1983; Paik et al., 1981) elicited a long-lasting inhibition of

the sural-evoked flexion reflex in deeerebrated and spinalized cats and depressed the jaw-opening

reflex in the rat (Kawakita, Funakoshi, 1982). Furthermore, prolonged intense stimulation

applied cither to peripheral nerve (Chung et al., 1984a,b) or to cutaneous receptive fields (Han

et al., 1980) evoked a long-lasting inhibition of spinothalarnic tract cell responses to C fibre

inputs in deeerebrated and spinalized primates. A similar antinociception evoked by intense

eleetrical peripheral stimulation of C fibres bas been reported in the spinalized and decerebrated
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• rabbit (Taylor et al., 1990; Clarke et al., 1989).

As inhibition of nociceptive pathways mediating the tail withdrawal reflex continued

beyond the end of activation of primary afferents, this led to the hypothesis that this stimulation

provoked a functional plastic change in inhibitory mechanisms in the CNS.

Signijicance of remore vs. local srimularion

Analgesia evoked by high intensity e1ectrical stimulation is thought to be a variation of

that evoked by counter-irritation (Bing et al., 1990,1991a,b; Fox, Melzack, 1976; Melzack,

1975) and the underlying mechanisms may share sorne similarities with diffuse noxious

inhibitory controls (DNIC) served by a spinal-brain stem-spinal loop (Bouhassira et al.,

1990,1992; Le Bars et al., 1979a,b; Villanueva et al., 1986a,b; Willer et al., 1979,1984,1990).

•

ln the clinical setting, consistent relief from pain occurred when the intensity of stimulation was

applied at leve1s just tolerable to the patient (Eriksson, Sjôlund, 1976; Fox, Melzack, 1976;

Levine et al., 1976; Mann, 1974; Melzack, 1975). However, fundamental differences exist in

the properties of the ana1gesia produced by DNIC and brief stimulation vs. that produced by

more prolonged stimulation. In common with DNIC, high intensity, low frequency e1ectrical

stimulation produced a generalized antinociceptive/analgesic effect, but unlike DNIC this effect

required prolonged stimulation (Fox, Melzack, 1976; Mann, 1974; Melzack, 1975) and the

effect persisted for hours to days (Eriksson, Sjôlund, 1976; Fox, Melzack, 1976; Melzack, 1975;

Sjôlund, Eriksson, 1979). On the other hand, the antinociception evoked by brief application

of aversive stimuli is generally short-lived lasting only minutes (Bouhassira et al., 1990,1992;

Bowker et al., 1987; Le Bars et al., 1979b,1992; Ness, Gebhart, 1991b; Willer et al.,
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• 1979,1984,1990).

In Chapter three, experiments were designed to study whether prolonged intense

stimulation of remote meridian sites could produce both the brief and persistent effects. The

experiments demonstrated that simulation of forelimb meridian sites produced an antinociceptive

response similar to that produced with local stimulation of the hindlimb. This observation is

consistent with one study where high intensity, low frequency electrical stimulation of Ao- and

C fibres in a peripheral limb nerve or of hindlimb meridian points evoked a relatively long­

lasting inhibition of nociception at a remote site as measured by the jaw opening reflex in the

rat (Kawaldta, Funakoshi, 1982). This is alse consistent with data demonstrating that application

of brief noxious or intense cutaneous stimuli inhibited nociception in spinal segments remote

from the area of stimulation in animals (Cadden et al., 1983; Gerhart et al., 1981; Le Bars et

al., 1979a,b,1992; Morton et al., 1988) and in man (Bouhassira et al., 1990; Gammon, Starr,

1941; Kane, Taub, 1975; Willer et al., 1979,1984,1989,1990; Willer, 1985).

Therefore, it is hypothesized further that central mechanisms which manifest both the

brief and persistent antinociception are extrasegmental in nature and therefore may share seme

similarities 10 mechanisms which underlie brain stem and spinal cord mechanisms of DNIC.

•

Signijicance ofdifferential modulation ofrail vs. limb rejlexes

In Chapter three, it is alse shown that intense stimulation of meridian sites only mildly

inhibited limb withdrawal reflexes during the stimulation; no post-stimulation effect was evoked.

The DNIC mechanisms proposed to mediate the stimulation evoked antinociception in earlier

studies (Le Bars et al., I979a,b,I992) do not fully explain the results obtained here.
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• The antinociceptive effeet elicited by DNlC is proposed to act on convergent dorsal horn

cells receiving both nociceptive and non-nociceptive inputs, while purely nociceptive cells

receiving only high threshold inputs were unaffeeted (Le Bars et al., 1979a,b, 1992). However,

purely nociceptive cells have been shown in severa! studies to be inhibited by remote noxious

stimuli (Gerhart et al., 1981; Morton et al., 1988; Ness, Gebhart, 1991a; Hao et al., 1991;

Pubols et al., 1988; Schouenborg, Dickenson, 1985). Furthermore, sorne convergent dorsal

horn cells are not inhibited and may even be excited by remote noxious conditioning stimulation

(Gerhart et al., 1981; Morton et al., 1988; Pubols et al., 1988; Schouenborg, Dickenson, 1985;

Yezierslà, Schwartz, 1986). Therefore, convergent as well as nociceptive specific cells in the

dorsal horn may be differentially controlled by central inhibitory meehanisms activated by

noxious stimulation. Studies also show that in the hindlimb, cutaneous vs. deep nociceptive

inputs are differentially inhibited by descending influences originating from supraspinal pathways

(Hoheisel, Mense, 1990; Xian-Min, Mense, 1990); nociceptive inputs arising from deep muscle

tissue are under tonic inhibition, while inputs from cutaneous sources are not. A recent study

•

has shown that thermal stimulation applied to the hindpaw increased the tail withdrawallatency

(Morgan et al., 1994). However, noxious thermal stimulation of one hindpaw had little effeet

on the withdrawallatency of the contralateral hindlimb, while noxious thermal stimulation of the

tail produced a slight facilitation of the unconditioned hindlimb withdrawal reflex (Morgan et

al., 1994). Yet noxious cutaneous stimulation applied extrasegmentally inhibited the activity of

nociceptive neurones in lumbar regions (Morgan et al., 1994). In another study, brief noxious

pinch applied to the nose of the rat was reported to inhibit or potentiate the nociceptive

withdrawal reflexes of different muscles (Kalliomaki et al., 1992), suggesting that there are
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separate nociceptive withdrawal reflex pathways to different muscles of the hindlimb and that

these are under the influence of different modulatory control mechanisms (Kalliomaki et al.•

1992).

In light of the data and arguments presented. the hypothesis is proposed that central

inhibitory meehanisms provoked by prolonged activation of high threshold inputs differentially

inhibit nociceptive reflexes such as the wi:hdrawal reflexes of lail vs. limb. This differential

control may be due to different neuronal circuitry and different control meehanisms within the

CNS.

Signijicance ofmeridian vs. non-meridian evoked antinociception

In Chapter three, it was demonstrated that the brief inhibition of the nociceptive lail

withdrawal reflex was elicited from any site of stimulation (Le. meridian or non-meridian).

However, the persistent effeet was only evoked by stimulation of meridian points. The meridian

sites chosen in this study were located in proximity to bone and joints and close to major nerve

conduits, while non-meridian sites were located deep in muscle. The difference in effeet may

be due to qualitative and quantitative differences in inputs arising from these !wo types of site.

There is anatomical and eleetrophysiological evidence to suggest that there are

differences in the number and expression of high threshold fibres arising from deep muscle vs.

joint, bone, fascia and cutaneous structures. For example, there are fewer group nI and group

IV axons in nerve bundles innervating muscle than group nI and IV fibres innervating the joint

(Boyd, Davey, 1968). Furthermore, it has been demonstrated that dorsal horn neurones

receiving exclusive inputs from deep muscle nociceptors are rare in adult cats (Hoheisel, Mense,
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1990) and rats (Xian-Min, Mense, 1990). Yet many dorsal hom cells with high threshold

mechancreceptive fields originating from nociceptive inputs from eutaneous or from non-skeIeta1

muscle structures from around the poplitea1 fossa are found (Hoheisel, Mense, 1990; Xian-Min,

Mense, 1990). In addition, nociceptive inputs arising from deep skeIetal muscle appear to be

under tonie presynaptie inhibition (HoheiseI, Mense, 1990; Xian-M"m, Mense, 1990).

It is hypothesi.zed, then, that the attenuated brief inhibition of the tail withdrawal reflex

and Iack of a post-stimulation effect upon stimulation of non-meridian sites may be a

consequence of reduced high threshold input from deep skeIetal muscle and/or decreased efficacy

in synaptic transmission at the central synapse formOO by afferent inputs arising from deep

muscle. This is in keeping with the hypothesis that central mechanisms require adequate high

threshold afferent input for expression of the persistent antinociception. In support of this

hypothesis, it bas been demonstrated that 4S Hz stimulation at intensities which recruit AB fibres

produced antinociceptive effects whieh were not different upon stimulation of meridian or non­

meridian sites. However, when stimulation was appliOO at intensities which recruit Aô fibres,

stimulation of meridian sites produced a greater antinociceptive effect than stimulation of non­

meridian sites (Toda, Ichioka, 1978). Therefore, the difference in effect produced by

stimulation of these two sites may simp1y be due to more effective activation and expression of

high thresho1d inputs resulting from stimulation of meridian sites.

Signijicance ofthe paramelers ofstimulation on the evoked antinociception

As inhibition of nociceptive pathways mediating the tai1 withdrawal reflex continuOO

beyond the end ofactivation of primary afferents, this 100 to the hypothesis that this stimulation
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• provoked a functional plastic change in inhibitory meehanisms in the CNS (vide supra). It is

evident from the literature that plastic changes in spinal cord function related to transmission of

sensory information can accur and have been shown to be dependent on parameters of

stimulation, such as intensity and frequency (King et al., 1990; Mendell, 1966; Thompson et al.,

1990,1994; Wall, Woolf, 1984). Furth~ore, both clinical and human experimental data

(Mann, 1974; Holmgren, 1975) as well as sorne animal studies (Chung et al., 1984b; Clarke et

al., 1989; Han et al., 1980; Kawakita, Funakoshi, 1982; Taylor et al., 1990) suggest that

parameters of the stimulation may be important for the expression of the evoked analgesia or

antinociception. Therefore, experiments were designed to determine if varying the intensity,

frequency, pulse duration and the train duration could effeet the profile of the evoked response.

•

l111ensiry: In Chapter two, it was demonstrated that the nature of the evoked inhibition

of the tail withdrawai reflex is a function of the intensity of stimulation. When all other

standard parameters of the stimulation were maintained constant and the intensity was varied,

the profile of the evoked response also varied. Stimulation at 20 X threshold inhibited the tail

withdrawal reflex maximally during the period of stimulation. After the end of the stimulation

this inhibition persisted for more !han one hour. However, stimulation at 10 X threshold

produced inhibition during the stimulation only and the magnitude of this inhibition was smaller.

Stimulation at threshold produced no effeet. Three conclusions were made on the basis of these

results. 1) The data suggest !hat are two components to the evoked response. 2) The inlubition

which occurred only during the period of stimulation, termed the brief inhibition, derives

directly from activation of primary afferent inputs. 3) The second component or the persistent
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• post-stimulation antinociception, is produced only at higher intensities. Therefore, the

expression of the brief and the persistent antinociception reçuirOO activation of high threshold

fibres because stimulation at threshold intensities which presumably activated large diameter

afferents produced no effect. These findings are consistent with the literature in that low

frequency activation of AB-fibres evoked only weak antinociceptive effects at best and occurrOO

only during the period of stimulation, while stimulation at intensities which recruited Aô and C

fibres produced strong antinociceptive effects with a long-Iasting post-stimulation effect (Chung

et al., 1984b; Han et al., 1980; Kawakita, Funakoshi, 1982).

This bas 100 ta the hypothesis that the central inhibitory mechanisms mediating the

evoked inhibition require activation of high threshold inputs. To elicit a long-term plastic

change in the CNS which is expressed as a persistent inhibition of nociceptive pathways, further

recruitment of high threshold inputs is required. In support of this hypotliesis, a recenl study

by Ness and Gebhart bas shown that nocigenic inhibition of dorsal horn neurones evoked by

noxious cutaneous stimulation or noxious visceral distension was a function of the intensity of

the stimulation. Greater intensities evokOO inhibition that was greater in magnitude and duration

(Ness, Gebhart, 1991a,b). This phenomenon is also reflected in experimental pain studies

demonstrating that the analgesia evoked by electroacupuncture-like stimulation is a function of

the intensity of the stimulation and is elicited only when the intensity of the stimulation is at or

above the threshold for pain (Holmgren, 1975).

•
Frequency: In bath Chapters one and two, it was shown that evoked responses were

dependent upon the frequency of the stimulation. Maintaining all other parameters constant,
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• stimulation at 2 Hz produced the brief inhibition and a post-stimulation effeet lasting only 15

min, while 4 Hz or 6 Hz produced the brief and the full persistent post-stimulation

antinociception. On the other hand, 8 Hz elicited only the brief effeet. Three major findings

should be pointed out. 1) It is important to n~te that the brief inhibition was evoked

independently of the frequency, within the range used. 2) The persistent effeet, on the other

hand, was elicited only at frequencies 1ess than 8 Hz. 3) The duration of post-stimulation

inhibition increased with increasing the frequency from 2 Hz to 4 or 6 Hz.

These data suggest that there are two central meehanisms which mediate the brief and

the persistent post-stimulation effeet. While the brief effeet was elicited independently of

frequency, for the persistent effeet to be expressed, the induction of long-term plastic changes

in the CNS is dependent on the frequencies of stimulation. Furthermore, the absence of the

persistent effect at 8 Hz may be due to the inability of the central mechanisms mediating this

effeet te follow such a frequency of stimulation. In this context, a post-stimulation analgesia

evokeè by intense stimulation has been reported in an experimental pain study with 2 but not 10

Hz stimulation (Andersson, Ho1mgren, 1975) and the perceptual response to C fibre stimulation

in human perïpheral nerves begins te fail at 5 Hz (Liu et al., 1995; Torebjôrk, Hallin, 1973).

Therefore, it is hypothesized that, in addition te activation and recruitment of high threshold

inputs, central summation of effeets must occur to elicit an antinociception that is long-lasting

in nature.

•

Central summation may explain how stimulation at 2 Hz produces a post-stimulation

effect lasting only 15 min, while at 4 Hz or 6 Hz this effect lasts more than one hour. Other

studies have shown plastic changes in spinal cord function have been brought about by prolonged

309



•

•

activation of AB and C fibres. For example, wind up is produced optimally with low frequency

stimulation (King et al., 1990; Mendel!, 1966; Thompson et al., 1990,1994; Wall, Woolf, 1984)

and long-lasting summation ofventral root poter,tials is evoked with 1-5 Hz stimulation of dorsal

roots in vitro at strengths which recruit C fibres (Thompson et al., 1994). Finally, Ness and

Gebhart have demonstrated that the magnitude and duration of the inhibition of neuronal

responses ta C fibre input evoked by noxious stimulation is a function of the number of

preceding conditioning stimuli (Ness, Gebhart, 1991b); they suggest that central sensitization or

wind up is the underlying mechanism by which the increase in magnitude and duration of the

evoked inhibition is manifested (Ness, Gebhart, 1991b).

Pulse durarion: Chapter two, shows that little or no post-stimulation antinociception was

produced when the stimulation pulse was 0.2 ms in duration, yet pulse durations of 2 ms or 5

ms produced the persistent antinociception. These data are consistent with the inteIpretation that

recruitment of high threshold, small diameter fibres is required to activate the central

mechanisms which produce the persistent post-stimulation antinociception.

Train durarion: Chapter two, also demonstrates that the evoked inhibition is dependent

on the duration of the train of stimulation. Stimulation with a train duration of 10 min evoked

the brief effect only, while 20 min of stimulation elicited long-lasting effects. Similar findings

have been reported in the literature. For example, a five min train recruiting AB and C fibres

elicited a post-stimulation inhibition of spinothalamic tract cells lasting less than 2 min (Chung

et al., 1984b). However, when the same stimulus was maintained for 15 min the inhibition
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persisted up to 30 min (Chung et al., 1984a). To my surprise, 40 min potentiated the response

during the period of stimulation and although a post-stimulation effect was elicited this was

shorter in duration than that obtained with 20 min of stimulation. Again three important

observations should be highlighted. 1) The brief antinociception could be elicited independently

of the duration of the stimulation although the magnitude of this effect increased with the

duration of the train. 2) Expression of the persistent effect required a minimum duration of

stimulation. 3) Optimal expression of the persistent effect required a maximum duration of

stimulation. These data support the hypothesis that there are two independent central

mechanisms that bring about the brief and the persistent antinociception. The brief

antinociception could be evoked by either long or short trains of stimulation, suggesting that this

component of the evoked response is dependent on continuous synaptic activation. On the other

hand, expression of the persistent antinociception requires prolonged stimulation, suggesting that

adequate summation of input is required to provoke long-lasting plastic changes in inhibitory

mechanisms within the CNS. The data also suggest that central mechanisms that mediate the

post-stimulation antinociception may be susceptible to a form of tolerance or desensitization

when stimulation is applied beyond optimal durations of the train.

Significance ofthe evoked anrinociception in spinal transected rats

In Chapter one, it was demonstrated that the intense, low frequency stimulation of

meridian points produced only a short lasting inhibition in acute spinal transected rats.

However, in chronic spinalized rats both the briefand a short-lasting post-stimulation effect were

produced by the conditioning stimulus. The data suggest that there is a supraspinal component
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• ta both the brief and the persistent effect. As both are elicited in the spinal ttansected rat, it

appears that the spinal cord is capable of sustaining central mechanisms which mediate at least

in part the evoked response observed in the intact rat. These data are consistent with other

studies demonstrating weak antinociceptive effects evoked by noxious stimulation (Cadden et al.,

1983) or electrica1 stimulation (Woolf et al., 1977) in acutely ttansected rats. Severa1 studies

have shown that high intensity stimulation applied either cutaneously or ta periphera1 nerves

produces segmental inhibition of spinal nociceptive reflexes, lasting 10 min ta 1 hour (Chung

et al., 1983; Taylor et al., 1990). High intensity stimuli also inhibit convergent dorsal hom

neurones (Cadden et al., 1983; Chung et al., 1984a) in acutely spinal ttansected animais and

noxious stimulation produces an extrasegmental antinociception in spinal animals (Ness, Gebhart,

1991a,b; Piteher et al., 1995). Thus, although supraspinal structures appear te have a dominant

role in eliciting antinociception induced by activation of Ao and C fibres (Cadden et al., 1983),

there is sufficient evidence ta suggest that intraspinal mechanisms may alse provide an important

contribution to inhibition of nociceptive mechanisms. These intraspinal mechanisms evoked by

high intensity electrica1 stimulation of hindlimb meridian points may be acting in concert with

or independently from supraspinal structures.

In chronica1ly transected rats, appearance ofthe persistent antinociception was coincident

with the retum of bladder function, suggesting that after spinal ttansection these mechanisms

may require a period ofrecovery to be expressed, indicating adaptive changes in spinal analgesic

mechanisms.

•
Central mecJuznisms
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Throughout this discussion l have made the distinction between the brief antinociception

and the persistent effect. It has been proposed that these two components are mediated by

separate central mechanisms. The brief effects appears to be dependent on the continuous

activation of high threshold inputs. On the other hand, the persistent effect is proposed to be

the result of long-term plastic changes in central inhibitory mechanisms, as the persistent

antinociceptive effect cannot be due to direct synaptic events as it persists 60-90 min after the

end of stimulation. These mechanisms may be related to those giving rise to the long-lasting

depolarization of cat spinal wide dynamic range neurones evoked by a train of high intensity

electrical or mechanical cutaneous stimulation (De Koninck, Henry, 1991; De Koninck et al.,

1992). There may also be sorne similarity to the cellular mechanisms which mediate wind up

in spinal neurones, where low frequency repetitive stimulation of Ar, and C fibres, but not of

AP fibres alone, produced increasecl excitability which outlasted the stimulation by minutes to

more than one hour (Mendell, 1966; Thompson et al., 1990,1992,1994; Wall, Woolf, 1984;

Woolf et al., 1989). In fact, others have already alluded to the possibility that nocigenic

inhibition brought about by noxious cutaneous or visceral stimulation may be related to

mechanisms such as central sensitization or wind up (Ness, Gebhart, 1991a,b).

Long-term changes in spinal function after activation of Ar, and C afferent fibres (Cook

et al., 1987; Mendell, 1966; Woolf, 1983) are thought to be mediated via NMDA (Chapman et

al., 1994; Dickenson, Sullivan, 1987; King, Lopez-Garcia, 1993; Thompson et al., 1990,1994;

Xu et al., 1992) and substance P (De Koninck, Henry, 1991; Thompson et al., 1994) receptors,

and by production of nitric oxide (Radhakrishnan, Henry, 1993). These changes, which are

variously termed "wind up", "facilitation", "sensitization", "plasticity", ete., are all related to
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or expressed as excitatory phenomena. Although these neurochemica1s have been implicated in

nociception at the spinal level (De Koninck, Henry, 1991; Radhalcrishnan, Henry, 1993;

Thompson et al., 1990; Xu et al., 1992), it is likely that they may also be the chemica1

mediators of antinociceptive effects produced by activation of AB and C fibre afferents.

Significar.ce ofspinal NMDA receptors

In Chapter four, it is shown !hat activation of the NMDA receptor complex is important

in the expression of the brief and the persistent inhibition of the tail withdrawal reflex. This

suggests that activation of this receptor complex provokes activity in CNS inhibitory mechanisms

which continue long after activation of primary afferents. The cellular mechanisms may be

similar to those which mediate long-lasting facilitation of nociceptive pathways via activation

of the NMDA receptor complex evoked by prolonged nociceptive input. Activation of the

NMDA receptor appears to have critical importance in the development of wind up in the spinal

cord (Chapman et aL, 1994; Dickenson, Sullivan, 1987; King, Lapez-Garcia, 1993; Thompson

et al., 1990,1994; Xu et al., 1992). The wind up phenomenon is thought to be the underlying

mechanism by which central sensitization occurs resulting in facilitation of nociception in acute

(S 48 h) (Chapman et al., 1994; Coderre, 1992; Esenberg et al., 1993; Malmberg, Yaksh,

1993; Meller et aL, 1994; Rice, McMahon, 1994) or chronie (days) neuropathic pain models

(Mao et al., 1992a,b,1993; Tal, Bennett, 1993,1994), and in clinical neuropathic and/or

neurogenie (Backonja et al., 1994; Kristensen et al., 1992; Vaecarino et al., 1992) or arthritic

pain (Wong, 1993). For example, acute administration of NMDA to the spinal cord elicits

thermal hyperalgesia (Malmberg, Yaksh, 1993; Meller et al., 1992; Mjellem-Joly et al., 1992;
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Raigorods1..y, Urca, 1987). Funhermore, spinal administration of NMDA afler formalin

injection inlo the raI hindpaw polentiales the second phase of the formalin-evoked behavioral

nociceptive responses (Coderre, Melzack, 1992a,b). The selective NMDA antagonisl, APV

given spinally blocks facilitation of the thermally eliciled tail withdrawal reflex produced by

noxious thermal cutaneous stimulation (Yashpal el al., 1991) and has been shown 10 block the

second 1ate phase of the formalin induced behavioral response (Coderre, Melzack, 19Q2b;

Vacearino el al., 1993). Also, thermal (Mao el al., 1992a,b; Meller el al., 1994; Tal, Bennett,

1994) or mechanica1 (Neugebauer et al., 1993) hyperalgesia evoked by sustained activation of

C fibres is thought to be mediated by NMDA receplor activation. On the other hand, NMDA

receplor activation does not appear to be involved in acute transmission of sensory information,

because NMDA antagonists do not effect the base1ine of spinal reflexes such as the visceral

bladder reflex (Rice, McMahon, 1994), tail withdrawal reflex (Sher et al., 1992; Yashpa1 et al.,

1991) or limb withdrawal reflex (ral, Bennett, 1993) initiated by brief (seconds) noxious stimuli.

Although the examples cited pertain to the role of the NMDA receplor in plastic changes

leading to facilitation of nociception, similar cellular mechanism may be contributing to the

antinociception induced by prolonged activation of nociceptive afferents. In rats made arthritic

with injection of Freund's adjuvant, the tail withdrawallatency was greatly increased (Colpaert,

1979). The reported antinociception may be brought about by the sustained activation of

nociceptive primary afferents and activation of the NMDA receptor among other receptors. This

in turn may induce inhibitory CNS mechanisms leading to long-lasting inhibition of nociceptive

processes remote from the site of tonic afferent input. In rats with adjuvant induced arthritis,

5-hydroxytryptamine turnover (Weil-Fugazza et al., 1979) and met-enkephalin levels (Cesselin
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• et al., 1980) are increased in spinal cord.

Severa! studies support the invo1vement the NMDA receptor in antinociceptive processes.

For examp1e, 10w doses of NMDA given by 1umbar puncture prior to subcutaneous formalin

injection of the hindpaw decrease the nociceptive behaviour of the late phase in mice

(Mjellem-Joly et al., 1992) and produced potentiation of morphine-elicited antinociception in

intact rats but not in acute (S 26 h) spinal rats (Advokat et al., 1994). In addition, intrathecal

administration of higher doses of NMDA produces both facilitation of the thermally elicited tail

withdrawal reflex in rats and subsequent inhibition of the reflex lasting for several minutes

(Raigorodsky, Urca, 1987). This pronociceptive followed by the lasting antinociceptive effect

is also produced in chronically spinalized animais (<!; 5 days) (Raigorodsky, Urca, 1987)

implicating spinal mechanisms in the NMDA-evoked antinociception.

Evidence in the literature bas demonstrated that extrasegmental antinociception produced

by AO and C fibre activation is rnediated by an intact ascending spino-reticular tract (Villanueva

et al., 1986a) and descending dorsal lateraI funiculi (Villanueva et al., 1986b) but these

inhibitory mechanisms, at least in part, can also be sustained in spinal animais (Cadden et al.,

1983; Chung et al., 1984a,b; Clarke et al., 1989; Gerhart et al., 1981; Ness, Gebhart, 1991a,b;

Piteher et al., 1995; Pubols et al., 1988). In both intact and spinal animais, this inhibition is

found to be naloxone-reversible (Bing et al., 1990; Chung et al., 1983; Clarke et al., 1989;

Taylor et al., 1990). Furthermore, the late inhibition of the tail withdrawal reflex elicited by

intrathecal administration of NMDA is reversed by methysergide, phentolamine or naloxone

(Raigorodsky, Urca, 1987). In support of purely spinal inhibitory mechanisms evoked by

•
NMDA receptor activation, there is anatomical evidence demonstrating substance P containing
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• primary afferent synaptic boutons projecting onto enkephalinergic neurones in the dorsal horn

(Ribeiro-da-Sîlva et al., 1992). Glutamate is co-localized with substance P (Battaglia. Rustioni,

1988; De Biasi, Rustioni, 1988). Perhaps both glutamate and substance P are released by

activation of small diameter fibres or from inlraSpinal neurones and act post-synaptically to

evoke release of opioid peptides which then inhibit nociception either in concert with or

independently of descending inhibitory influences. In this context, intrathecal administration of

substance P to the lower lumbar level produces facilitation of the nociceptive tail withdrawal

reflex (Yashpal et al., 1982; Yashpal, Henry, 1983) followed by a naloxone reversible inhibition

of this reflex (Yashpal, Henry, 1983); similar facilitation and inhibition of the tai1 withdrawal

reflex is produced with intrathecal administration of NMDA (Raigorodsky, Urca, 1987). This

is parallelled by evidence showing that in addition to NMDA, administration of substance P by

lumbar puncture prior to formalin injection inhibits the late phase of the induced nociccptive

behaviour (Mjellem-Joly et al., 1992).

It is hypothesized, then, that activation of primary afferents may elicit the release of

endogenous excitatory amino acids from primary afferents, from terminals of descending

collaterals originating from supraspinal structures, or spinal interneuronal pools. Activation of

the NMDA receptor complex within the spinal cord results in prolonged inhibition of nociceptive

pathways mediating the tai1 withdrawal reflex.

•

Significance ofmuItiple spinal opioid receprors

In Chapter five, activation of different opiate receptors has been shown to differentially

modulate the evoked inhibition of the tai1 withdrawal reflex. The data suggest that activation
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of the three opioid receptors contributes to the evoked inhibition. During the stimulation p.-, /C­

and to a lesser extent o-receptors mediate at least part of the inhibition occu:ring during

stimulation, while 0-, /C- and to a lesser extent ~-reeeptors mediate most of the post-stimulation

inhibition. Interactive or synergistic actions between the three receptors may provide a

meehanism by which the persistent effeet is expressed. For example antinociceptive effeets

elicited by spinal administration of ~-opiate receptor agonists are prolonged when /C-receptor

agonists are administered concomitantly (Furst, 1991).

The model

The model that 1 have attempted to develop has now come to its fruition. It is proposed

that the brief and the persistent effeets are expressed by activation of high threshold primary

afferent inputs. Two separate mechanisms are thought to mediate the brief and persistent effects.

The central inhibitory mechanisms which mediate both the brief and the persistent inhibition are

extrasegmental in nature. These mechanisms differentially modulate tail vs. limb nociceptive

pathways. The brief antinociception requires continuous activation of high threshold primary

afferents. The brief effect is independent of the site of stimulation, the frequency of stimulation,

the pulse duration and the duration of the train. The persistent antinociception requires greater

recruitment of high threshold fibres te be expressed. Because this late antinociceptive effect

persists long after activity in primary afferent terminals bas ceased, it is proposed that long-term

plastic changes in central inhibitory mechanisms are provoked and result in a long-lasting

inhibition of spinal nociception. The central meehanisms which mediate the persistent

antinociception is dependent on the site of stimulation, the frequency, pulse duration and train
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duration of the stimulation. Dependence of the persistent effect on these parameters suggests

that sorne form of central summation is required.

The induction of long-term plastic changes in central inhibitory mechanisms is dependent

on activation of spinal NMDA receptors. The site of action may be post-synaptic at the first

synapse or on sorne spinal interneuronal pool. Finally, the inhibition is mediated by activation

of multiple opiate receptors. The three types of opiate receptor differentially contribute te the

evoked inhibition. During the stimulation p.-, /C- and to a lesser extenl o-receptors mediate at

leasl part of the inhibition occurring during stimulation, while 0-, /C- and to a lesser extent p.­

receptors mediate most of the post-stimulation inhibition•
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The principal results and conclusions presented in this thesis are original and have not

appeared elsewhere except as specifically stated in the text and the Preface. To the best of my

knowledge ail the relevant literature which pertains to these findings has been cited in the text.

The principal original contributions from this thesis are briefly outlined below.

Chapter One:

1) This is the first demonstration that intense, low frequency electrical stimulation applied ta

hindlimb meridian sites evoked a long-lasting inhibition (~ 1 h) of the tail withdrawal reflex

in the intact, lightly anaesthetized rat.

a) This inhibition was maximum during the stimulation.

b) After the end of stimulation the inhibition persisted for more than one hour.

2) This is the first report showing that the inhibition produced during the stimulation, terrned the

brief effect, and the post-stimulation effect, terrned the persistent effect, could be separated on

the basis of the frequency of stimulation.

a) Inhibition elicited during the stimulation was unaffected by the range of frequencies

used.

b) The post-stimulation effect increased in duration by increasing the frequency of

stimulation from 2 Hz ta 4 Hz or 6 Hz.

c) The post-stimulation inhibition was absent at 8 Hz.

3) This is the first report demonstrating that the evoked response could be differentiated on the
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basis of the site of stimulation.

a) Stimulation of non-meridian sites evoked a brief effeet only; the magnitude was

smaller than that produced by stimulation of meridian sites.

b) The persistent effeet was absent upon stimulation of non-meridian sites.

4) This is the fust report demonstrating that recovery of spinal antinociceptive meehanisms

occurs over time afler spinal transection and is coincident with the retum of bladder function.

a) Prolonged stimulation of meridian sites produced only the brief effeet in acute spinal

transected rats.

b) In chronic spinal transected animals, prolonged stimulation produced both a brief and

a post-stimulation inhibition.

Chapter Two:

1) This is the fust report demonstrating an intensity dependent effeet on both the magnitude and

the duration of the inhibition and that the brief and the persistent inhibition could be

differentiated on the basis of the intensity of stimulation.

a) Stimulation at threshold produced no effeet.

b) Stimulation at la x threshold produced only the brief effeet.

c) Stimulation at 20 X threshold evoked both the brief and the persistent inhibition.

2) The evoked inhibition is a function of the frequency of stimulation (sel'; Chapter One).
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• 3) This is the first report demonstrating that the evoked response could be differentiated on the

basis of the duration of the pulse.

a) The brief effeet was elicited with short or long-pulse durations.

b) The persistent effeet was elicited oo1y with long pulse durations (~ 2 ms).

4) This is the fust direct demonstration that the evoked response could be differentiated on the

basis of duration of the train of stimulation.

a) The brief effeet was elicited independently of the duration of the train.

b) The persistent effeet was elicited oo1y with long train durations.

c) The persistent effeet was less when train durations were beyond an optimallimit.

Chapter Three:

1) This is the fust report demonstrating that the inhibition evoked by stimulation at remote sites

can be differentiated on the basis of the site of stimulaticn.

a) Stimulation of meridian sites whether local (Le. sites extrasegmental but local te the

test stimulus) or remote (i.e. sites extrasegmental and remote form the test stimulus)

produced both the brief and the persistent inhibition of the tail withdrawal reflex.

b) Stimulation of local or remote non-meridian sites evoked oo1y the brief inhibition.

2) This is the fust report demonstrating that bilateral stimulation potentiates the brief inhibition.
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3) This is the fust report demonstrating !hat prolonged stimulation of meridian sites only

produces little inhibition of limb reflexes.

Chapter Four:

1) This is the fust report to implicate activation of spinal NMDA recepters in the mediation of

acupunerure-evoked antinociception.

a) Beth the brief and the persistent inhibition were blocked by spinal administration of

5-amino-2-phosphonovalerie acid.

Chapter Five:

1) This is the fust report te demonstrate the evoked inhibition of the tail withdrawa! reflex is

differentially blocked by the spinal administration of w, ô- and /C-opiate receptor antagonists

a) Systemie naloxone, a wide spectrum opioid antagonist, attenuated the brief and the

persiSte\lt effects.

b) The p.- and /C- receptor antagonists .B-funaltrexamine and nor-binaltorphimine were

more effective in attenuating the brief effect than the ô-opiate receptor antagonist

TIPP[,y].

e) ô- and /C- opiate receptor antagonists were more effective in blocking the post­

stimulation effect !han the p.-opiate receptor antagonist.

d) In spinal transected rats systemie naloxone blocked the evoked inhibition.
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