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LIST OF COMMON ABBREVIATIONSIN THE THESIS

HA = hyperalgesia

1°HA = primary hyperalgesic area
2°HA = seomndary hyperalgesic area
NWR = nociceptive withdrawal reflex
ISl = inter stimulus intervd

WDR = widedynamic range (neuron)
NS = nociceptive spedfic (neuron)

LTM = low threshod medcanoreceptor
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1 INTRODUCTION

The founder of the International Asociation for the Study of Pain (IASP), Dr. John
Bonica pulished in 1989a study onthe incidence of patients suffering from pain in the Western
World. The figures are & high as 15-20% of the popuation having aaute pain annally, but nore
important 25-30% of the popuation hes chronic pain. For the individual subjed, pain affeds the
quality of life in general and it also means a gread econamic loss to the community due to
expenses for treament and lost working cgpadty. Thus, further reseach in the medcanisms and
treaments of pain is highly needed. Pain reseach is afairly new reseach field (IASPfounded in
the ealy Seventies) probably refleding the fad that pain is associated with many different
diseases and therefore reseach in thisfield demands a multi -disciplinary adion.

Pain is defined by the IASP as "an unpeasant sensory and emotional experience
asociated with adual or potential tisaue damage, or described in terms of such damage"
(Merskey 1979, and therefore painisapurely individual and subjedive experience On the other
hand nociceptionis the evokeddivity in afferent nerve fibresand neirons in the aentire nauraxis
recaving potential tissue damaging information. Nociceptors are the peripheral tissue receptors
signalling potential or actual tissue camage.

Pain reseach involves both basic anima research and clinicd reseach. In addition,
hedthy subjeds can participate in experimental studies to bridge the gap between basic and
clinicd reseach.

1.1 Human experimental pain researd

The basic principle in human experimental pain reseach is to adivate nociceptors by a
well -defined stimulus and then record and guentify the evoked resporse. The respornse may be of
verbal and/or physiologicd charader. Quantification d verba resporses to (painful) stimuli is
also denoted psychoplysicd reseach. Physiologicd resporses may be of nociceptive charader
e.g. the nociceptive withdrawal reflex (NWR) but may also refled behavioral resporses to a
given stimulus (e.g. changes in movement patterns with presence of pain)

In basic animal pain reseach, all measurements are indicaors of dired nociception (e.g.
single unit recordings) or behavior to a standardised stimulus but never a pain perception, while
clinicd pain reseach deds with pain as individual subjedive resporse. However, in clinicd
reseach no mtients are dike and therefore the speafic source of pain is different compromising
dired comparisons. The alvantage of experimental human pain reseach is the possbility of
administering quantitative and standardised somatic stimulations and at the same time asessng
the resporse.



1.2 Nociceptive withdrawal reflexes

The nociceptive withdrawal reflex may be used as an additional physiologicd measurein
human experimental pain research to supdement psychoplysicd methods

The NWR may be esoked by stimulations of a sensory nerve & a strength sufficient to
depdarise nociceptive dferents (Ad, group Il fibres, Kugelberg 1948. Nociceptive withdrawal
reflexes are asubpopuation d flexion reflexes as these may be evoked by several afferents.
Nociceptive dferent adivity may evoke aresporse in bah ipsilateral and contralateral muscle
groups in order to avoid further tissue damage. The generation is initiated by the nociceptive
inpu but an extensive processng takes placewithin the spina cord. The neural connedion from
the primary sensory neurons to the motor neurons is a poly-synaptic pathway. Therefore, other
afferent inpu, descending adivity, and the excitability of the neurons in this pathway moduate
the generation d the spinal nociceptive reflex, seefigure 1.1.
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Figure 1.1. Schematic ill ustration d the different parameters moduating the reflex generation.
Afferent inpu from joint, muscle, and cutaneous tadile recetors may moduate the NWR
generation. Eadh inpu is dudied in article I-1ll. Further, descending tonic and plesic adivity
modu ate the sensitivity of spinal neurons is present. Descending motor command signals either
diredly or via spina inter-neuronal structures (central pattern generators) moduate the reflex
generation. Within the spinal cord, the intrinsic excitability of the neurons in the reflex pathways
may also vary after e.g. robust nociceptive inpu studied in 1V. The numbers |-V refer to the four
studies enclosed in the thesis. CE - central excitability.



1.3 Aim of Ph.D. projea

The am of this Ph.D. projed is to investigate how the spinal nociceptive withdrawal
reflex is moduated duing various human noninvasive physiologicd and pharmacologicd
experimental condtions. The purpose of this is to colled information abou spinal nociceptive
mecdhanisms under norma and hyperexcitable @ndtions. Further, the studies provide
information abou the NWR as a quantitative tod in experimental pain reseach. A part of the
aim isto develop a methodwith a minimal subjedive cmporent for determination o the NWR
threshold.

The experimental work has been pubished in four papers deding with four different
aspeds of the reflex generation (see figure 1.1). The thesis consists of a presentation and a
discusson d methods and main findings in the four papers. In the first paper (1), the moduation
of the reflex by voluntary dynamic contradions was investigated. In the second work (), a
potential central summation d adivity from cutaneous nociceptors innervated by Ad- and C-
afferents was sudied. Finally, the third (Il1) and fourth (1V) papers involve mechanisms behind
central hyperexcitability. In Ill, a synergistic summation d nociceptive and namaly tadile
adivity with presence of central hyperexcitability was gsudied. In IV, the invovement of the
NMDA recetor system (a spedfic neuronal receptor involved in fast excitatory
neurotransmisson) in the increased central excitability was investigate.

The @nclusion otlines the main findings and implications of the results. The studies are
referredtoas |, 11, I, and IV throughoutthe hesis.



2 METHODS USED IN THE EXPERIMENTAL STUDIES

In this chapter the methodfor generation and quantificaion o the NWR will be discussed
followed by abrief description d other stimulation methods used in I-1V to moduate the NWR.

2.1 Historical findingsrelated to the nociceptive withdrawal reflex

This prefacebriefly describes some historicd findings regarding the dharaderistics of the
noci ceptive cutaneous withdrawal reflex, i.e. how it is generated and moduated.

Sherrington (1910 caried ou an extensive study of the limb reflexes in anima
preparations in the beginning of our century. He observed the charaderisticdly ipsilateral flexion
and extension in the mntralateral limb as to preserve balance Often the movement is associated
with flight resporses in the three unaffeded limbs to escape the potential damage. This entire
reflex pattern was denotedétilexion reflex. In addition, he dso observed an oscill ation between
contradion of flexors andextensorsin the flexionreflex later described in detail by Meinck et al.
(1981). Kugelberg (1948 used eledromyographic techniques to study which aff erent fibre types
areinvalved in diciting the reflex. He was able to evoke two separate resporses by either natural
(pin-prick or hed) or by eledricd stimulation adivating Ad and C-fibres, respedively which
also corresponcked to the perceptions of first and second @in. Stimulation strengths sufficient to
depdarise Ad-fibres were most effedive in diciting the first reflex comporent, though large
fibres may contribute. Hugon (1973 then separated the ealy A-fibre mediated reflex resporse
further into a comporent mediated by tadile (group ) aff erents with a latency of 40-60 ms after
onset of a stimulation at the ankle, and a comporent mediated by group lll afferents having
latencies of 85120 ms. He dencted these two reflex comporents the RII and RIII reflex,
respedively. In 1960,Hagbarth systematicdly investigated the reflex resporse in a number of
extensor and flexor muscles as function d stimulation site. It was observed that the general
ipsilateral resporse to an eledricd stimulation (“causing an intense burning sensation’) is a
flexion d thelimb as suggested by Sherrington, except when stimulating diredly above extensor
muscles in which case extension reflexes were evoked. In the same yea, Kugelberg et a. (1960
also reported systematic observations of reflex patterns after stimulation at different locaions
with emphasis on the plantar resporse dicited by stimulation at various stes on the sole of the
foat. Shahani and Yourg (1971 studied the influence of stimulus intensity on the latencies and
the size of flexor reflexes evoked by stimulation under the sole of the foot. They observed a
shortening of latency to bah A-fibre mediated reflex comporents (RII and RIIl), and increased
amplitude and duation d the withdrawal reflexes (both RII and RIIl) with increased stimulus
intensity confirming the findings by Kugelberg et al. (1960.
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In a voluntary pre-contraded muscle, inhibition o the motor adivity prior to an
excitatory reflex pattern is sen (Kugelberg et al. 196Q Brown and Kukulka 1993 Shahani and
Young 1973. This inhibitory period is often denoted a silent period. After the reflex burst
ancther silent period may occur followed by a secondary excitatory adivity which may continue
as a damped oscill ation for up to ore second (Meinck et al. 1981). Redprocd inhibition in
antagonistic muscles has also been olserved in several studies (Kugelberg et al. 196Q Meinck et
al. 1981 Shahani and Yourng 1971 and hes been interpreted as a resporse to fadlit ate the
withdrawal resporse.

2.2 Generation and recording o experimental nociceptive withdrawal reflexes

In an experimental situation, the nociceptive withdrawal reflex can be dicited by hea
(Willer et al. 1979h Campbell et a. 199] or eledricd stimulations. Eledricd stimulation may
either be of a pure sensory nerve eg. the sura nerve (Willer 1977), or cutaneous gimulation
(stimulation o distal cutaneous aff erents) onthe foot (Kugelberg et al. 1960 Willer 1977). In the
present experiments (I-1V), atrain of five unipdar redangular 1 ms pulses was released with a
frequency of 200Hz (Dowman 1991used 250Hz; Will er 1977 used 300Hz) and caused a sharp
pin-prick-like sensation keginning around a stimulation intensity of 4-8 mA depending on the
stimulation pgasition and individual differences. Lower intensities than the &owe result in a
tadil e sensation. In I-1V, the stimulation intensity needed to evoke aNWR was usually above the
pain threshold (cf. Campbell et a. 1991 when the subjed was relaxed bu aware of the cming
stimuli. Thisisin contrast to Bromm and Treale (1980, who found the oppasite relationship,
and severa studies observing a dose relationship between the pain and reflex thresholds (Will er
1977 Chan and Dallaire 1989 Dowman 199)). Our results could refled an urconscious
descending inhibition d the motor resporse & the subjeds were basicly aware of the coming
stimuli due to the experimental set-up even when using randam ISl. Alternatively, different
methods of estimating the NWR threshad may also influence the intensity needed to evoke the
EMG resporse. In a study of the dfed of self-triggered stimulation versus externally triggered
stimulation, Arendt-Nielsen (unpubished olservations) found reduced reflexes when the
subjeds controll ed the stimuli relesse. This could indicate a tange in descending inhibition o
the reflexes due to a shift in attention.

The evoked muscle reauitment pattern highly depends on the stimulation pasition. When
stimulating the sural nerve (1, Ill,1V) in a sitting/supine position, the typicd resporse is aflexion
of the kneejoint (often combined with an adduction and rotation d the limb) so recording from
the biceps femoris muscle (short head) is an apparent choice for quantificatidreoesporse. In
supine pasition (1V), extensor adivity in the redus femorisis also dften seen. When stimulating
the sole of thefoat (1) onasitting subjed, adorsi-flexion d the ankle by contradion of thetibial
muscle is part of the stereotyped resporse. The latency to naciceptive withdrawal reflexes is
typicdly 80-85 ms from stimulus onset (Kugelberg 1948 Hugon 1973.
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2.3 Estimation of the NWR-threshold

Different methods may be used to determine the threshold in order of minimising inter-
andintra-individual variability:

» Theintensity evoking areflex resporse in 50% of the stimuli aike the pain definition by IASP
(Merskey 1979. Alternative percentage values have been used: 60-70% by Willer and
Bathien (1977, or 70-80% by Will er and Bussel (1980).

* Bouhasdgra (1994 used four successve increments in the stimulus intensity and estimated the
threshold as the average lowest intensity evoking a reflex in a fixed post stimulus interval
from 90-180ms.

» Randam stimuli at different intensities resulting in a stimulus response function from which
the intersedion with the abscissais interpreted as the threshal (Will er 1985.

* Ancther normalisation criterion haes been used by Dowman (1991). He recorded the sural
nerve compound adion pdentia (CAP) with surface éedrodes and estimated the lowest
current that evoked a “just maxima CAP”. One advantage of this procedure is that individual
differences in descending moduation d the sensory excitability do nd affed the threshold
estimation as it is the cas in other muscle outputbased threshold estimations

» Alternatively, the inter-subjed normalisation hes also been adchieved using the evoked pain
intensity. Kiernan et al. (1995 used alevel of 2-2.5 onaten pant VAS scde.

In the present studies (I1-1V), a computer programme was used to estimate the reflex
threshold as objedively as possble. Thus, an (arbitrarily chosen) amplitude of 20 pV in the
redified EMG resporse for a period d 5 ms (ten samplesin al experiments) in a post-stimulus
recording interval (70-200ms) was st as EMG adivity threshold. From the training prior to all
the experiments, a stimulus intensity below the rough estimate of the relex threshold waschaosen
and a aomputer programme was adivated. This programme stimulated the subjed approximately
once every 10 s (range 8-12 s) and if the evoked EMG adivity crossd the EMG adivity
threshald, the next stimulation was at the same intensity. Otherwise the intensity was increased
by 1 mA. The NWR reflex threshold was then defined as the lowest stimulus intensity at which
the EMG adivity on three successve stimulations excealed the EMG adivity threshold after
which the programme automaticdly stopped. The mputer automation seaured minimal
influence by the experimenter on the threshold locdisation. Using this fixed EMG-amplitude
controlled by the cmputer, no subjedive evaluation d the threshold was necessary so a simple
ontline threshold estimation by one investigator was possble. However, this definition probably
also resulted in higher thresholds than a definition d afixed percentage of stimuli evoking EMG
adivity (Will er and Bathien 1977 Will er and Bus=l 1980. But the present threshold estimation
procedure did most likely also involve fewer stimuli.
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In astudy invalving 14 subjeds, the reflex threshold was estimated onfive different days
to analyse the reproducibility of thresholds estimated by the method oulined above. The mean
threshalds are shown in figure 3.1. The stimulation pasition was on the sural nerve and reflex
adivity was recrded as the diff erence between m. biceps femoris BMG and redus femoris BEMG
with the subjed in supine position having the ipsilateral leg placed in a braceflexing the knee
joint 30°. All eledrode positions were marked to ensure equal pasitions between the recording
days. A global average of the individual variation coefficient (standard deviation dvided by the
mean) for the five recording daysis 0.27.An ANOVA -analysis 1ows no dfference between the
five days. The tendency to increasing threshold could be atraining effed.

Reflex threshold (mA)
40

35
30
25

20 +

15 4

10 4

5 \ \ \ \ \ ]
0 1 2 3 4 5 6

Figure 3.1. Mean reflex thresholds (£SD) for a group d 14 mae subeds tested orce aweek
using the tednique described in the text. No significant difference (one-way ANOVA) was
found lEtween the days but an indicaion d a gradual increase in the mean reflex threshod
values isseen.

2.4 Quantification of nociceptive withdrawal reflexes

Normally, quantification d a reflex resporse involves two dfferent parameters, one
describing the temporal aspeds and ore quantifying the erergy in the rdlex resporse. The typical
procedure is to full-wave redify and average anumber of individual resporses (fiveinll, 12in|,
eight in Ill and IV, ten in Willer et a. (1989, and 20in Chan et a. (1985), becaise of the
stochastic nature of the response. Based on the averaged signal onset and df set, latercies may be
scored. In the present work, this was typicdly achieved by visual inspedion onthe computer
screen using ameasurement cursor. Finally, the reflex duration may be calculated.

The energy in the NWR resporse may be quantified using different methods. In the
present experiments (I-1V), a Roat-Mean-Square (RMS) of the individual recrdings in fixed
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intervals after the first stimulus pulse was used. Various methods as areas under redified
resporses, pesk-peek measures, areas under redified and low-passfiltered resporses have been
used by diff erent reseach groups, seetable 2.1.

Meinck et a. (1981 used the mean profiles of full-wave redified EMG signals to
describe sil ent periods and reflex bursts (seel) in remrdings during static muscle contradion.

Supra-spina startle resporses (involuntary readions) to the stimulus may aso affed the
EMG resporse leading to wrong reflex size assssnent (Dowman 1993). Readion time
measurements based oncontradion d the biceps muscle dter sural nerve stimulation just above
detedion threshold have shown a mean readion time of 177 ms (Arendt-Nielsen et al. 1994.
Willer estimated the latency to supra-spina readions to 250 ms (Willer 1985. In the present
experiments, a ‘training’ period initiated the experiment as it was often olserved that the NWR
resporse deaeased orce the subjed becane familiar with the stimulus intensities and
experimental set-up. Often this uncertainty resulted in a large variation in the late part of the
measurement windov of the NWR-resporse which dminished with the training. This
phenomenon was not studied systematicdly. However, it is important to be avare of possble
supra-spina generated comporents in the late part of the NWR EMG-response

In I, an aternative quantification based on integrated energy (70-300 ms) was used
becaise the duration o the NWR resporse varied between the cndtions contaminating
amplitude measures based on fixed intervals (e.g. RMYS). Integrated measures of the redified
resporse have previously been used, seetable 2.1.

The use of different quantificaion intervals cdls for caution in dred comparison o
different studies.

2.5 Experimental protocols

The protocols used in the present pain studies basicdly used two dfferent paradigms.
Either a baseline recording followed by some intervention (Ill and IV) and a post-recording or
aternatively recording of the NWR under different randamised condtions (I, 11). In all
experiments a fixed intensity was chosen initially based onthe individual reflex threshold (1.5 x
NWR-threshold), and the dfed of the intervention, a variation between dfferent condtions
were estimated by variation in the size of the reflex. By choasing a supra-threshald intensity of
1.5 x threshdd, thereisawindow for changes in NWR size. Will er used 1.2 x reflex-threshold
(Willer 1985 Willer et a. 1989. Alternatively, variation in the reflex threshad can be used
(Willer and Bathien 1977 or a linea regresson d a stimulus resporse function in order to
obtain more complete dynamic information abou the NWR moduation (Willer 1985. To
adhieve the stimulus resporse function, approximately 20-30 recordings (Willer 1985 at
different intensities are necessary increasing the total number of stimuli presented to the subjed
during the experiment which is often na ided. When the experiment only involves one stimulus
intensity (as in the present studies), there is of course the possbhility of not discovering a
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differential effed in the NWR resporse window. In -1V, a minimisation of the number of stimuli
was foundto be important of ethicd and methoddogicd reasons. Thus, repetitive stimulations
may result in a hdituation o the NWR resporse.

2.6 Habituation and facilitation of the NWR

Severa authors have observed that repetitive, naciceptive dedricd stimulations (inter-
stimulus-interval higher than approximately 3 s) result in a gradual deaease in the NWR size
(Hagbarth and Kugelberg 1958 Shahani and Young 1971 Dimitrijevic & a. 1972 Fuhrer 1976
Granat et a. 199]). This phenomenon is denated habituation and refleds most likely a spinal
adaptation to identicd afferent inpu (Dimitrijevic and Nathan 197Q. This deaease in
resporsivenessis in contrast to a reflex faalit ation that occurs by repetitive stimuli at short 1S].
Thus, Dimitrijevic and Nathan (1970 observed an increase in the NWR in spinal cord injured
man in the course of the first threeto four stimuli followed by the hdituation pheaomenon wsing
an ISl of 0.3- 1s. Theincrease in NWR refleds a spina temporal summation and hes later been
investigated further regarding both sensory and reflex resporses (Hugon 1973 Arendt-Nielsen et
al. 1994. The degreeof habituation highly depends onthe I1SI as Fuhrer (1976 did na find any
habituation wsing I1SI of 25 s at fixed stimulus intensitiesin spinal cord injured subjeds but found
habituation at an I1S] of 5 s. Randam ISI diminishes the degreeof habituation (Dimitrijevic & al.
1972. Further, habituation accurs more often at low stimulus intensities than at high intensities
(Hagbarth and Kugelberg 1958 Dimitrijevic & a. 1972. Thus, it is very important to limit the
number of we&k stimuli (aroundreflex threshald) if this is the intensity-window of interest and
further to use variable I1S| espedally in the determination d the NWR threshold as in the present
studies.

2.7 “Pain” and reflexes

In the ealy seventies, studies of the nociceptive reflexes in correlation with
psychoptysicd studies of pain sensations in humans were initiated by the work of Hugon (1973.
Melzadk and Wall (1969 proposed their gate control theory and Hugon saw an oppatunity to
study the interadion d tadile and naciceptive input on the reflex resporse in relation to the pain
perception. Will er continued the use of the nociceptive reflex in pain reseach and ore of the
main findings was that the pain and reflex thresholds coincide (Willer 1977). Secondy, a high
correlation between the pain intensity stimulus-resporse arve and the reflex size stimulus-
resporse aurve (Willer 1984 DeBroucker et al. 1989 Chan and Dallaire 1989 Dowman 199)
led to the suggestion d using the reflex as an “objedive” measure of experimental pain
(DeBroucker et al. 1989. Will er has also used the nociceptive reflex to assessthe dfed of eq.
various pharmamlogicd interventions (Willer and Bathien 1977 Willer and Bussl 1980
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correspondng to the protocol for V. Seesedion 3.8for a discusson d the present findingsin
relation to the suggestions of the NWR as an “objedive” pain measure.

2.8 Additional stimulatorsand conditioning stimuli used in the studis

Some additional stimulators have ber used to assssother aspeds of the naiceptive
processng and as condtioning stimuli in the studies of hyperalgesia (11I/ V).

2.8.1 Therma stimulation

Therma stimulation is a natural modality to adivate warm receptors and naiceptors in
the skin. Thermal polymodal nociceptors are innervated by both Ad- and C-afferents (Meyer et
al. 1999. Activation d the thermal nociceptors may be atieved by either contad thermodes or
radiant hea. The latter is preferable in pain reseach as it does not adivate tadil e receptors at the
same time. In the present studies both stimulation techniques have been used. A contad
thermode with a Peltier element of the dimensions 16 x 24 mm (Termotest, Somedic AB) was
used in Il and 1V for estimating the pain threshold and as a conditioning stimulator.

An argon laser was used in |V as a radiant hea stimulators. This device emits visible
green-blue light at two dfferent wavelengths (488 and 515 m). A single quarts fibre is used to
transfer the light from the laser to the gplication area To seaure astandardised hea stimulation,
the fibre was placed in a space resulting in a3 mm diameter beam width. The output power was
controlled eledronicdly and a meter indicaed the adual power (Arendt-Nielsen and Bjerring
1988.

In 11, visible white light (broad spedrum) from a high energy xenon lamp was focused
and guided to the skin in a liquid light guide (diameter 3 mm). The power was controlled
eledronicdly and a space ensured a @nstant distance to the skin. The output from the xenon
lamp includes also light with infrared wavel engths so a lot of the erergy is absorbed superficially
(epidermis/dermis) in contrast to the greavblue light from the agon laser that is expeded to
penetrate degoer (Arendt-Nielsen and Bjerring 1988.

Xenongenerated light applied on Badk painted glabrous «in with a thick epidermal
layer purely evoked a seaond pain sensation (a burning or throbhing pain starting approximately
one seaondor more dter onset of the light (Price 1988). Most likely this refleds transmisgonin
C-nociceptors (seeTreede et d. 1995.

2.8.2 Eledricd stimulation

Eledricd stimulation has been used widely in experimental pain reseach though it is not
a natura stimulation (Gracdy 1994 as it by-passes the peripheral receptors and depolarises the
innervating axons. In this process thick myelinated axons are depolarised at the lowest current
intensities while high current intensities in addition depdarise thinner fibres (Wall and Wodlf
1984). The dferent depdarisation evoked is g/nchronised totally and the compound axon
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potential depends on the stimulus intensity. In a sense higher stimulus intensities correspondto
increased spatial stimulation as additional afferent fibres are depolarised by the incresse in
eledric field for high stimulus intensities. Due to the unretural aff erent adivation, the perception
of eledricd stimulation daes not resemble any natural experience Instead several subjeds
described it as an “eledricd” sensation. Often the subjeds described the pain evoked by
eledricd stimuli in affedive terms rather than describing the sensory intensity. However, the
advantage of the dedricd stimulator is that it is easy to control the intensity which was the
resson for using it in lll and IV as adivator of tadile fibres in the 2°HA. By the verbal
description o the evoked perception, a nonpainful stimulus intensity was chosen for
condtioning in the 2°HA. Tadile stimulus intensities are as<ciated with adivity in Ap-fibres
(Gracdy et a. 1993.

2.8.3 Chemicd stimulation

Chemicd adivation d the nociceptors by cgpsaicin (the purgent extrad of chilli -pebbers)
has been used in study Il and IV to induce an experimental state of clinicd hyperalgesia. In bah
studies, cgpsaicin was applied topicdly in amoisturising cream in concentration d 0.1% and 1% in
Il and 1V, respedively. Topicd applicaion d cgpsaicin results in an areawith hyperalgesia to
medhanicd and thermal stimuli closely related to the gplicaionregion (Culp et a. 1989 Kilo et d.
1994 which is dencoted the primary hyperalgesic aea(1°HA). Surroundng the 1°HA, an areawith
hyperalgesia to mecdhanica stimuli isinduced cdled the secondary hyperalgesic aea(2°HA) (Kilo
et a. 1994 Gronrossand Pertovaaia 1993 . Beside these dhanges in sensory sensitivity, alocd flare
readion (Koltzenbug et a. 1992 is provoked.

The immediate pain evoked by capsaicin is highly dependent on the gplicaion method
(intradermal or topicd). Reardings from single sensory fibres in animals and humans have shown
that Ad-medhanohed fibres (AMH) and pdymoda C-fibres (CMH) respond to capsaicin
applicaion. Thus, bah AMH and CMH aferents in monkeys respondto topicad capsaicin acording
to Baumann et a. (1991 but Kenins (1982 only observed adivation d CMH in rats. Using topica
cgpsaicin, ahigh degreeof spatial summation o impulses from the activated noaceptors contributes
to the pain sensation as only low doses of cgpsaicin read the recetors due to the gidermis ading
as diffusion karrier (Baumann et a. 1991). Therefore, divergent findings as to the aility of topicd
cgpsaicin applicaionin inducing secondary hyperalgesia have been reported. Baumann et al. (1991
suggest that only intradermal application is cgpable of inducing 2°HA (particularly all odynia) while
others have observed 2Z’HA after topicd cagpsaicin (Koltzenbug et a. 1992 Grénross and
Pertovaaa 1993 Gronrosset a. 1994 Kilo et a. 1994. The tempora extent of al odynia has been
reported to at least 30 min. (Koltzenbug et a. 1992, 30-60 min. (Kilo et al. 1994, or within a day
or two (Gronross and Pertovaaa 1993. All studies describe alarge dependency on persistent
aff erent nociceptive inflow.
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Lamotte @ al. (1991 propcsed a modd to explain howv cgpsaicin applicaion induces
hyperalgesia. A chemosensitive receptor innervated by C-fibrakaeseural basis behind the model.
This chemoncaciceptor is suppased to respond vgorously to cgpsaicin and thereby induce (and
maintain) the state of central sensiti sation. Using microneurography, Torebjork and coll eagues have
identified a number of new receptors, one of these respondng only to chemicd substances as
mustard all and capsaicin (Torebjork and Handwerker 1995.

2.8.4 Tadile stimulation

To substantiate and estimate aeas of hyperalgesia to medhanical stimuli, different
natural, medhanicd stimulators have been used. Traditionaly, the aeas of brush-evoked pain
(allodynia) have been assessed by cotton swaps, soft brushes or other soft material. Stiff nylon
filaments have been used to estimate areas with hyperalgesia to stroking stimuli (Kilo et al. 1994
Park et al. 1995 Simone 4 al. 198%). In 1V, a nylon-filament was used to assessthe aeas of
hyperalgesia to purctuate stimuli (also cdled pin-prick hyperalgesia). We did na map the
alodynic areain Illl, narinlV.

Of more differentiated mechanicd stimuli, Koltzenbug et al. (1992 used bah static
(presaure pain threshold) and dynamic (cotton-tipped applicator stroked along the skin) stimuli.
Medanicd impad stimuli by firing a small li ght cylinder against the skin at different velocities
have been used to assess simulus-resporse functions in hyperalgesic tisuue (Kilo et al. 1994. In
I, vonFrey hairs placed onan axis parall el to the skin and rotating with a fixed frequency of 6
Hz were used to adivate tadil e receptors dynamicaly and repetitively in the 2°HA by stroking
the skin.
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3 MODULATION OF NOCICEPTIVE WITHDRAWAL REHLEXES

The NWR as such is a motor output from the spinal cord. The respornse may involve
many muscle groups within the entire body, and the withdrawal reflex does nat always follow a
stereotyped pattern but is determined by many fadors. The resporse is primarily gererated within
the spinal cord in which information from somatic dferents, supra-spina centres (reflex
sengitivity, motor control signals etc.), and spinal intrinsic information abou the airrent motor
programme ae integrated resulting in appropriate withdrawal commands. Further, sensory
informationis mediated to supra-spinal structures

In the present chapter, diff erent models describing the NWR pathway andvariousinputto
the spinal cord moduating the NWR are discussed. This also includes supra-spinal moduation
of thereflex gain. Finaly, the main results of the four studies will be discussed.

3.1 Flexor reflex afferents

The flexor reflex may be evoked by a number of different input to the spinal cord (not
only nociceptive inpu) acording to Ecdes and Lundlerg (1959h. Thus, the term Flexor Reflex
afferents (FRA) was introduced to describe the diff erent modaliti es of aff erent adivity that may
evoke aflexion d thelimb. In FRA, the following afferents are included (Schomburg 1990:

1) Groupll muscle afferents

2) Joint afferents

3) Cutaneous mechano- and nociceptivéf erents (Steffens and Schomburg 1993
4) Grouplll and IV muscle afferents (Ecdes and Lundlerg 19590 Lundkerg 1979

In the mncept of FRA, the dferents converge on common interneurons in the flexor
reflex pathway to a-motor neurons, although this does not exclude nonFRA private sensory-
motor pathways (Lundberg 1979 Schomburg 1990. The findings of Hagbarth (1960 are
charaderised as private reflex pathways. One alvantage of this multi sensorial (Schomburg 1990
convergence is that FRA serve automaticdly as peripheral feadbad for on-going motor
programmes initiated by supra-spinal censg.undlerg 1979.

Descending motor commands are projeded to the same group d interneurons. Thus,
these interneurons integrate both descending motor commands and the multi sensorial feedbadk
and pojed the output to motor neurons (Lundkerg 1979 Schomburg 1990. Therefore, a
movement is initiated by seledion d the gpropriate interneural FRA reflex pathway and is
thereby inhibiting other FRA reflex pathways. Evidently, the function of decrea®d ‘gain’ of non
adive neural pathways is to ensure low resporse to afferent adivity from uninvolved receptors
that otherwise may disturb the movement. However, ncciceptive adivity may still icit the
reflex.
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Ascending information from the FRA reflex interneurons is mainly signalli ng the state of
the interneurons and robably nat sensory information from primary aff erents (Oscarson 1973.

Persistent short-latency inpu from tadile and proprioceptive adivity evoked by the on
going movement serve & feedbadk to the aurrent motor programne, alternatively as asigarncein
flexion duing normal movement (Churng et a. 1983. Nociceptive input evoke very effedively
the flexion reflex interrupting the on-going motor programme and thereby fadlitate motor
corredions when pdentia tisaie damaging adivity is signalled.

Thus, convergence to the same interneural network asaures fast regulation (Behrends et
al. 1983 of the on-going motor programme. This model merely describes how spinal, neuronal
network integrates al available information (Baldissra @ a. 1981 Jankowska and Lundberg
1981 to generate the gopropriate withdrawal reflex under the present motor programme. The
model does nat describe how sensory information is projeded to supra-spina centres. In this
concept, individual processng of motor outpu andasending information is passble.

3.2 Individual receptive fieldsto each musclein the NWR - Schouenborg model

Recent findings in rats by a Swedish group (Schouenbarg et a. 1992 Schouenbarg et al.
1995 suggest that WDR-neurons in deg lamina have receotive fields coinciding with the
cutaneous area in which naciceptive reflex adivity may be evoked in a particular muscle.
Further, a high correlation between WDR-neuron resporsiveness and spatial reflex
responsivenesswas observed. These putative interneurons are organised in a musculotopic way
in the deg dasa laminae (IV-VI) (Schowenbarg et al. 1992. Therefore, this model suggests
parale reflex pathways to ead muscle (Schouenbarg et al. 1995 with an individual spatial
sensitivity (Schouenbarg and Weng 1994). In addition, the model outlines a detail ed spinal reflex
system in which reflexes in individual muscles may be evoked independently and do no
necessrily involve flexion d the entire limb (Schouvenbarg and Weng 1994).

It has not been passhble to stimulate the degp puative NWR neurons antidromicdly from
the upper cavicd cord indicaing that they are pure spinal interneurons (Schouenbarg et al.
1999. If this modd is true discrepancies between recordings of reflex size and the as%ciated
pain intensity in humans are possble. Thus, individual regulation d reflex sensitivity may take
placeat the spind level.

3.3 Supra-spinal modulation of the NWR

Descending moduation may be divided into tonic and phesic comporents. NWR elicited
in spina cord injured humans result in a more intense and long-lasting resporse (Dimitrijevic
and Nathan 196§ suggesting atonic inhibitory moduation to be present in namad subjects.

Regarding the phasic descending adivity, several findings suggest that adivity generated
by moduation d the psychoogicd/mental state can moduate the NWR. In a study by Bathien
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and Hugelin (1969, the subjeds completed tests that required their attention resulting in an
inhibition d reflexes which suggested an increase in the descending inhibition. Willer et al.
(197%) foundsimil ar results when the subjeds performed a cdculation test, again diverting their
attention away from the stimulus. Stressinduced by instructing the subjed that a very painful
shock is coming may aso result in inhibition d the NWR (Willer 1980. This mecdhanism is
probably mediated by endagenousopiodsbecaise reloxone reversed the efiea (Will er and Albe-
Fessard 1980. However, stress may aso fadlitate the NWR (Willer et a. 197%). Of a more
methoddogicd concern, Dowman (1992 investigated a possble cntamination o the RIlI -
reflex by a supra-spinal startle resporse dfeding muscle output late in the reflex resporse (after
150ms). It was concluded that it is not an extensve problem but that it may occur in individuds.

These supra-spinal phasic moduating mecdanisms indicae the importance of instructing
subjeds abou what they are going to experience during the experiment in order to minimise
individual supra-spinal moduation d the NWR. Further, it also stresses the importance of initial
training to minimise any startle resporse.

Recatly, two studies have investigated the influence of hypnaic suggestions on the
NWR (Kiernan et a. 1995 Zadhariae ¢ a. 1996. In bah studies, an effea of hypnaic
suggestions of analgesia on the NWR was observed by a deaease in the reflex size suggesting
dired descending mechanisms onto the spinal nociceptive system. Only one of the studies
divided the subjeds in acmrdance with hypnaic susceptibility in the design o the study. Thus,
bath low hypnatic susceptible and high hypnaic susceptible subjecss are albe to reduce he NWR
size during suggestions of foot analgesia, but highly susceptible subjeds owed the largest
reduction compared with neutral hypnosis (Zachariae ¢ a. 1996. Further, the neutral hypnaosis
recording was systematicdly lower than the kaseline recording suppating the possbility of e.g. a
startle resporse contaminating the NWR, which is then eliminated under neutral hypnasis.

3.4 Modulation of the NWR by current motor programme and/or proprioceptive input

Human withdrawal reflexes are highly moduated duing various locomotion petterns.
Probably, this moduation emanates from two dfferent origins, central neuronal circuitry
resporsible for the current motor task and adivity from sensory receptors.

3.4.1 Functional reflex moduation

For bath nonnociceptive and naiceptive, elicited cutaneous reflexes during various
cyclic stereotyped movements, a phase dependent reflex generation takes place To a degreethe
reflex moduation refleds the badkground sportaneous EMG adivity (seeTax et a. 1995, and
the gain of the ataneous withdrawal reflex arc is generally increased duing adive movements
(Schomburg 1990. However, the consensus is that the principle for reflex generation comprises
several functions. The main pupose is to withdraw the limb to compensate for an external
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perturbation bu the resporse pattern also takes preservation d balance and continuation d the
movement with minimal change in cadence into consideration. Indeed, the intensity of the
stimulus controls the size of the withdrawal resporse (Shahani and Yourg 1971, Forssberg 1979
Duysens et a. 1993 and therefore, a tadile stimulus srves to adjust the movement to the
external perturbation (sort of a sensory feedbadk) whil e the nociceptive intensity causes a more
vigorous withdrawal response to escgpe the pain stimulus.

The phasic moduation of the relexes is expecied to take placein the spina cord (Crenna
and Frigo 1989. Thus, convergence of descending information, verious afferent inpu, and
intrinsic information abou the type and phase of the movement onto interneurons in the reflex
arc moduate the withdrawal reflex. The spinal intrinsic information is expectd to originate from
‘central pattern generators': anatomicdly unspedfied centres at an interneuronal level in the
spinal cord generating control signals for stereotyped movements (e.g. walking) (Ecdes and
Lundkerg 195%; Grill ner and Wallén 1985 Sillar 1991). In addition, a sensory gating of the
aff erent input takes placebased oninformation from the central patern generators (Sill ar 1991).

3.4.2 NWR and min intensity moduation duing avoluntary movement (1)

While the subjed was stting in an elevated chair, a simple motor task consisting of a
loaded continuous cyclic extensior/flexion movement of the lower leg was used to study how
proprioceptive input and/or passhly spinal pattern generators may moduate dedricdly evoked
NWR. This exercise did na resemble ay functional locomotion bu the nature of the movement
only invalved orejoint and therefore a relaively smple interpretdion d the results.

Reflexes were dicited at afixed joint angle and movement velocity, either when the knee
extensor (redus femoris) was loaded (resistance during knee etension) or alternatively when
biceps femoris was loaded. Additionally, reardings during correspondng static condtions were
caried ou. In general, the NWR was foundto vary with the diredion d the movement.

The genera reflex pattern consisted of a silent period followed by an excitatory burst in
the adive muscle, and in heartagonistic muscle areflex burstwasobserved.

The largest excitatory resporse in redus femoris occurred in the dynamic extension
condtion while the muscle was adive in acordance with the findings of Crenna ad Frigo
(1984. They found the largest reflexes in the knee etensor muscles (vastus lateralis) during
normal contradion d the muscle in the suppat-phase of locomotion. On the other hand,
stimulation in the stance phase, in which the muscle is normally inadive, resulted in a we&
reflex resporse. Under stationary condtions, Rosg and Decdi (1994 founda moduation d the
nociceptive reflex in tibialis anterior depending on which limb suppated the body while
standing. Increased reflexes were observed when standing on the contralateral leg and deaeased
reflexes when suppating on the ipsilateral leg compared with symmetricd stance (standing on
both legs). Apparently, this result isin contradiction to the findings of Crenna and Frigo (1984).
Most likely thisreflects a differencein balance protection as there wasno chance d falling in the
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experiment of Ross et a. (1994. In agreament herewith are findings by Patla and Belanger
(1987 in which cycling on an ergometer resulted in nored moduation d the nornnociceptive
cutaneous reflex size. The authors suggest theladk of postural stability and patential cortralaeral
suppat (through the aank) as explanation for the ladk of phasic moduation (Patla and Belanger
1987. As the subjeds were seaed in |, the most likely reason for the large reflex in redus
femoris during dynamic extension would be to preserve the calence of the movement in
agreement with a functional cutaneous reflex moduation (Yang and Stein 1990 Berger et al.
1984 Crennaand Frigo 1989 as the posture was of no importance

During adive flexion d the knee joint in I, the adive muscle (biceps femoris) was
inhibited at a shorter latency than it was the cae for redus femoris during extension. However,
as no red redprocd adivation accurred in redus femoris during the silent period in biceps
femoris, the net result was an increesed flexion d the kneejoint induced by the reflex burst
succealing the silent period in biceps femoris. Crenna and Frigo (1984 aso found a phase-
dependent moduation d this muscle with the largest resporse in the swing phaseg, i.e. initialy in
the normal adivation period.

The phase-dependent results outlined above ae in agreement with the findings of
corresponcence between muscle adivity and reflex size. Comparing tibialis anterior responses
for runnng and walking (Duysens et al. 199), the ataneous evoked reflex sizes (non
noci ceptive intensities) are generally large during running where the badkgroundadivity is aso
largest. However, it is not alinea relationship as relatively (to the baseline muscle tone) larger
reflexes were found duing running than compared to standing (Duysens et a. 1993.

Comparing the resporses in the nonradive muscles, the excitatory reflex burst in biceps
femoris during the extension phase was larger than the burst seen in RF while flexing the leg.
One posshble explanation for this could be the diredion d the movement relative to the stimulus
pasition onthe foat dorsum (Dimitrijevic and Nathan 1968 Shahani and Yourg 1971). Thus,
when the kneeis extended, this could be interpreted as a movement against the potential pain
source and against the ‘normal’ withdrawal diredion (kneeflexion). In acerdance herewith, the
latency to the BF reflex burst during flexionwas longer than to the BF burst during extension (1)

Further, reflexes elicited duing the voluntary dynamic movement were generaly larger
than reflexes dicited in a static condtion with the same load and joint angles. This is in
acordance with studies which investigated the relationship between reflexes elicited duing
running and standing (Duysens et a. 1993 or between walking and dfferent isometric
contradions (Kanda and Sato 1983. Though, bdh studies did na use nociceptive stimulus
intensities. Brown and Kukulka (1993 compared cycling and static contradions and olserved
large reflexes in the dynamic @ndtions, however, using non-noxious intensities

3.4.3 Subjedive pain ratings and reflex size

In I, a systematic discrepancy between changes in the reported pain intensity and the size
of the nociceptive reflexes between the static and the dynamic condtions was found. Thus, the
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lowest pain intensities were observed together with the largest reflexes for the dynamic
condtions (seefigure 7 in I). However, findings of other studies could suppat the deaease in
perceptual sensitivity during movement. Chapman et al. (1987 have observed an increase in the
perception threshold during movement, anda Finnish grouphas found a écrea in bath themal
and pain sensitivity when ddng physicd dynamic exercise (Kemppainen et a. 1985 while
isometric contradions did na change the pain threshold na supra-threshaold ratings (Feine  al.
1990.

Further, the resultsin | may contradict the influence of attention described in sedion 3.3,
as the oy/clic movement most likely direds the dtention away from the coming stimulus towards
maintai ning the rhythm and shoud, therefore, result in NWR inhibition.

3.4.4 Conclusions (1)

The main findings in | are. 1) Genera increased reflexes during voluntary dynamic
condtions compared with correspondng static condtions. 2) An oppaite-related moduation d
reflex size and pain intensity ratings with high NWR and low pain intensity scores during
dynamic condtions. The latter indicates a passble, independent processng of the excitability in
reflex and ascending sensory pathways.

Under certain condtions (e.g. during a motor task), cutaneous withdrawal reflexes may
be evoked by nonnociceptive stimulus intensities and unargo severe moduation to comply
with the functional context. The findings in | could indicate the autaneous reflex moduation to
occur independently of the sensory transmisson.

3.5 Facilitation of the nociceptive withdrawal reflex by concurrent C-fibre input

3.5.1 Spind aff erent convergence

In light of the multisensorial convergence described in sedion 3.1,the involvement of
different nociceptive dferentsin spinal integration hes been dscussd. In spinal cdas, integration
of nociceptive (adivated by radiant hea) and classc FRA (Steffens and Schomburg 1993 or of
nociceptive and cutaneous medhanoreceptors (Behrends et al. 1983 result in incressed post-
synaptic patentials in a-motoneurons. This could indicae a cetral summation d adivity in
these dferents on the spinal level. However, excitatory convergence of nociceptive input in man
resulting from diff erent aff erent popdations isnat fully investigated.

3.5.2 Central summation d nociceptive inpu (11)

Central summation is a term including both temporal and spatial summation. Severa
psychoptysicd studies of temporal and spatial summation have been conducted. In human pain
studies, summation d afferent nociceptive inpu has been shown for repetitive hea stimuli
denoted temporal summation (Price & a. 1977 and for increassed stimulus area - spatial
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summation (Price & a. 1989 Douglasset a. 1992. Temporal summation requires a stimulation
frequency above 1/3 Hz (Price @ a. 1977. However, for hea stimulations, only secnd in
(burning or throbking pain (Price 1988) correspondng to adivation d aff erent C-fibres exhibits
the fadlit atory mecdhanism. Ad-adivity (evoking first pain) does not show this buil d-up tendency
to repeaed hea stimuli. Thisis most likely due to fatigue of the type-Il A-mechano-hea (AMH)
nociceptors (Treade d@ a. 1995 resulting in a gradual suppresson d the first pain intensity
(Price @ al. 1977. The brief therma stimuli used in studies of temporal summation do na
adivate type-l AMH (Treede @ a. 1995. Regarding spatial summation, increased pain ratings
(intensity and unpeasantness for increagd stimulus areas (less han 3 cm?) of contad thermodes
have been olserved bah within (Price & al. 1989 and between dermatomes (Douglass et al.
1992.

In I, a possble cantral summation between Ad- and C-fibre adivity was investigated.
With a 200 ms radiant hea stimulation onthe sole of the foot using a xenonlamp, buning pain
(seaond m@in) was evoked. Based on plot studies, the pure second ain sensation was only
achieved when the skin was painted badk at a position with a relatively thick epidermal layer.
Acoording to Treede d a. (1995, glabrous Kin isnat innervated by type-1l AMH fibres but only
type-l AMH that usualy have very high thresholds (median above 53°C) and with long resporse
latencies. Therefore, the radiant hea most likely adivated pdymodal C-fibres (CMH). In I, the
mean readion time to these light stimuli was 961 ms indicating that in some of the subjeds,
condwtion d the hea information must have taken placein faster aff erents than C-fibres. Still,
all subjeds described the pain quality as a profound buning sensation appeaing one to two
semnds after light onset, which is usually associated with C-fibres (Price 1988. Next to the
blad skin area(i.e. presumably within the same dermatome), eledrodes for eledricd stimulation
were mournted by which NWR were dicited in the aiterior tibial muscle. Thus, afferent Ad-
adivity was achieved by eledricd stimuli while dferent C-fibre adivity was evoked by the
radiant hed, and a possble spatial summation d the dferent adivity at the spina level was
investigated.

When seleding different inter-stimulus-intervals varying between 0 and 3000ms, the
central processng of these different stimulus modalities was investigated taking the dferent
condwction elocity into consideration. For ISl values between 800and 1200ms, significantly
increased NWR values and pain intensities were recorded. In addition, the reflex and associated
pain intensity at 3000 ms I1SI were lower than the recrdings with 10001200 ms ISI but till
above basdline. Thus, a locd maximum occurred in the NWR resporse when dlicited
approximately 1 s after light onset. One possble eplanation for this finding could be the
prolonged hea sensation described by most of the subjeds, which likely refleded a prolonged
firing in dasa horn neurons (Mendell and Wall 1965 Sivilotti et al. 1993 Dickenson and
Sullivan 1987 Schouenborg and Dickenson 1988
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The most dired interpretation d the potentiation o the NWR approximately 1 s after
onset of the light (i.e. colliding with the second @in sensation) is a wnvergence onto common
interneurons within the spinal cord. Both A& and C-fibres evoke prolonged “slow” dischargesin
dorsal horn neurons (Wagman and Price 1969 Sivilotti et al. 1993, howvever, C-fibre inpu is
most efficient. Furthermore, a progressve increase in ‘flexion’ reflexes in the spinalised ca to
repetitive C-fibre stimuli has been observed bu no change in reflex size to Ad-fibre stimulus
intensity was found (Price 1972. Of course, the spina medanism behind the integration in Il
canna be dedded onthe basis of a norrinvasive study.

Sewond-order WDR neurons are likely candidates for several reasons. Only these neurons
show prolonged firing to C-fibre input (Dickenson and Sullivan 1990Q. Indeed, orly adivity in
WDR-neurons wind-up to repeaed C-fibre input while NS neurons are unaffeded by prolonged
nociceptive inpu (Schouenbarg and Dickenson 1988. WDR neurons alone can encode the
intensity and spatial distribution d thermal stimuli (Coghill et a. 1993. One possble aspirant
could be the putative last-order WDR interneurons in the NWR spina pathway (locaed in rat
lamina IV-VI) suggested by Schouenbarg et a. (1992, seesedion 3.2.However, if this model
halds, the correlation foundin Il between the pain intensity (mean 20% increase, approximately)
and NWR size (mean 100% increease, approximately, seefigure 2 in II) must, therefore, reflea
two dfferent spinal WDR neurons integrating afferent inpu; one projeding to the ventral horn
and the other projeding to supra-spinal structures. Alternatively, independent moduation takes
placein the reflex pathway and ascending pathways beyondthe dorsal horn.

A medhanism behind the central summation could be an opening of the NMDA receptor
system on WDR neurons by the nociceptive hea pulse resulting in increased reflex sensitivity
(Dickenson and Sulli van 1987), seethe next sedion. However, there is noindication o a general
increase in excitability as al thecondtions inll were endamised.

Alternative mechanisms for the NWR patentiation in the 1SI-interval between 800 and
1200ms could be a patential long loopreflex pathway invalving supra-spinal centres and thereby
changes in the descending inhibition of the spinal reflex pathway

3.5.3 Conclusions (11)

The main finding of Il was a potential centra summation d adivity in naiceptive Ad-
and C-afferents. This was observed bah in the subjedive pain ratings and in the NWR size.

3.6 Central hyperexcitability - reflex quantification and NMDA involvement

Mendell and Wall (1965 discovered that repetitive stimulations of afferent C-fibres
caused gradual increased firing in dasal horn neurons (wind-up) followed by an after-discharge
and an increased sensitivity lasting seconds. This observation initiated reseach in persistent
changes in central excitability. This wind-up pfenomenonis likely the basis for increased central
excitability (Dickenson 1995. By repeding a C-fibre dedricd stimulus to rats once every
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seond for 20 s, an increase in centra excitability is induced lasting up to 90 min. (Wall and
Woadlf 1984 Wodf and Wall 1986. The increased central excitability is nat induced by adivity
in thick myelinated A-fibres (Wodf and Wall 1986. Wodf and King (1990 discovered an
expansion d receptive fields, increassed resporsiveness and lowering of thresholds after
application d mustard all on cas which are dl indicators of increased central excitability. The
same increased central excitability may be induced by natural stimuli injuring the tissue. Themmal
stimuli (75°C for 60 s) to the rat paw induwced a marked deaease in the threshold for
mechanicaly evoked withdrawal reflexes (Woadlf 1983 lasting for hours.

Generdly, it is agreed that persistent nociceptive (C-fibre) inpu after tissue injury
induces central hyperexcitability (Dubrer 1991 McMahon et a. 1993 Yaksh 1993 Wodlf
19949.

3.6.1 Hyperalgesia

After tisue injury, hyperagesia (deaeased pain threshdd) to bah therma and
medhanicd stimuli appeas at the injury (primary hyperalgesia, 1°HA). The hea hyperalgesia
refleds a receptor sensitisation by release of various inflammatory agents from the nerve
endings. Medhanicd HA at the injury is nat a result of sensitisation d normal respondng
peripheral receptors (Meyer et a. 1994. However, silent mediano-sensitive C-fibres (silent
nociceptors i.e. na respondng under normal condtions to natural stimuli) are reauited after
tisue injury (Schmelz et al. 1999 causing an increase in the dferent barrage to medanicd
stimuli from the injured region and this may contribute to the primary medanicd hyperalgesia.
This corresponds to a receptive field expansion and thereby increased spatial summation (Meyer
et a. 1994. An dternative medianism could be a disinhibition, as a lowering of LTM
resporsiveness has been olserved after a hea injury (Bedk et al. 1974 and thereby a paotential
disinhibition d nociceptiveinpu (Meyer et al. 1994.

Surroundng the injury, an area with hyperalgesia to medanicd stimuli (secondary
hyperalgesia, 2°HA) and allodynia (pain mediated by tadile medano-receptors) appeas (the
phenomenon d cutaneous hyperalgesia is reviewed in Treade d@ al. (1992). Often the term
sewndary hyperalgesia is used to include both hyperalgesia and al odynia (Meyer et a. 1994
Treade and Magerl 1995 Dubnrer 1991). The medanism resporsible for 2°HA is believed to be
a central sensitisation (Torebjork et al. 199Q Gracdy et a. 1993 Meyer et a. 19994 meaning
increased excitability of dorsal horn neurons to medhanicd inpu. However, peripheral
medanisms have been suggested (Lewis 1936 invaving a peripheral axonreflex by which
antidromic adivity shoud sensitise neighbou receptors surroundng the injury. It has not been
possble to show any sensitisation d medano-recetors (Thahammer and LaMotte 1982
Treade and Magerl 1995. In the 2°HA, altered central changes such as faalitated processng of
nociceptive input and/or atered synaptic dficag/ of LTM inpu to nociceptive medating neurons
(Treade et d. 1992 Dubrer 1991 have been suggested.
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Experimentally, cutaneous hyperalgesiain humans may in areversible manor be induced
by either chemicd or thermal adivation d C-afferents. Capsaicin, the purgent extraa of chili
peppers (seesedion 2.8.3, adivates C-fibres (Kenins 1982 with high affinity causing intense
burning pain, and theredter cutaneous hyperalgesia. However, the latter depends on the
application method. The most frequently used route of applicaion is probably intradermal
injedion (Simone d a. 19890 Gracdy et al. 1993 Torebjork et al. 1992 causing a short-lasting
extreme pain intensity. The pain intensity and duation are cgsaicin dose-dependent and this
also applies for the size of the 2°HA (Simone & a. 1989l), see table 4.1. The dternative
administration methodis topical application under occlusion, see the methodecti

Severa studies have been condicted to investigate mechanisms of hyperalgesia through
the cgpsaicn hyperalgesia model, see tble 4.1.

Sensitisation d nociceptors as described above acounts for the primary hea-HA,
however, the central changes &sciated with the increagdexcitability and 2°HA are not clea. In
a study of spino-thalamic trad neurons in monkeys (Simone d a. 1991, the resporse of WDR-
neurons correlated well with the pain intensity reported by humans to the same c@saicin
injedion. On the other hand, bdh NS and WDR neurons increased their firing to mechanicd
stroking of the skin suggesting that after intense C-fibre inpu, NS neurons ad as WDR neurons
andthetotal spinal excitability is thereby increasi(Simone et d. 1991, Dubrer 1991]).

3.6.2 The NMDA-system and its involvement m central hyperexcitability

The induction d increased central excitability involves a cacade of moduatory events
within the dorsal horn. Activation d nociceptors causes a release from presynaptic terminals of
various neurotransmitters such as fast ading excitatory amino adds (EAA, aspartate and
glutamate) and more slowly released neuropeptides (NP). Under norma physiologica
condtions, EAA adivates post-synaptic AMPA and kainate receptors and only partly depdarises
the post-synaptic neuron via the NMDA (N-methyl-D-aspartate) receptor. When the NMDA
asociated channel is opened (Mg?* block is removed), Ca®* enters the cel, seefigure 4.1. After
robust nociceptive inpu, the NMDA receptor plays, therefore, a maor role in centra
sensiti sation by opening for Ca?*-influx resulting in an increase in intracdl uar Ca?* concentration
which initiates central plastic changes (Coderre et d. 1993.

The NMDA-receptor is unique becaise it is both vdtage and ligand gated (Dickenson
1994). Further, it requires presence of glycine before the binding of glutamate is capable of
opening the ion-channel. Even with presenceof both gdycine and dutamate, the ion-channel doe
naot open under narma synaptic conditionsbecaise it is blocked by a magnesium ion. This Mg?*-
ion is removed when the cdl is depdarised (the voltage gate). Thus, the NMDA recetor ion
channel requires other depolarising synaptic adivity prior to a potentia opening. This may
happen via other fast transmisson (e.g. EAA on the nonrNMDA receptors) or slow synaptic
potentials after presynaptic release of neuropeptides (Dougherty and Willi s 1997).
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NMDA-recetors are important for wind-up in WDR-neurons (Dickenson 1990 and
increased central excitability (Woolf and Thompson 1991 Yaksh 1993. Repetitive dedricd
stimulations with a frequency abowve 0.1 Hz (Dickenson 1993 of receptive fields of dorsal horn
WDR-neurons evoke wind-up which is then blocked by AP5 (a competitive NMDA antagonist)
(Dickenson and Sullivan 1987 Dickenson and Sullivan 1990 or ketamine (Davies and Lodge
1987. The first neurona resporse is not affeded bu only the firing build up to successve
stimuli. Under normal physiologicad condtions, bah A- and C-fibre stimuli are most likely
mediated by nonNMDA receotors (Dickenson and Sullivan 1990 while wind-up invalves the
NMDA-system. Further, bah the induction and maintenance of central hyperexcitability depend
on the NMDA recetor system as observed in the Woodlf-model of 20 s C-fibre input or in a
model of chemicd irritation with mustard all (Wodf and Thompson 199).

non—NMDA mediated
depolarisation

increased /%Cell death
excitability

long term
changes

Figure 4.1 The NMDA-receptor system. The Mg?* ion Hock of the ion chanrel is removed by
depdarisation o the cdl by other receptor systems. Abbreviations: Ket - ketamine, Dex -
Dextromethorphan, Gly - glycine, and PCP - phencyclidine. CPP, AP5, and MK-801 are dl
antagonists © the receptor

There is a number of different sites in the NMDA-recgtor complex where
pharmamlogicd moduation is possble (Dickenson 1994. Competitive antagonists for the
NMDA reaognition site «ist, e.g. CPP, which has been used to abdlish ‘wind-up’ pan in a
patient with severe neuropathic pain (Kristensen et a. 1992. A phencyclidine (PCP) receptor is
foundwithin the ion-channel and agents binding to this receptor ad as non-competitive NMDA -
antagonists by blocking the dhannel for ion transport. One of the paotential drugs ading at the
PCP site is ketamine (Maurset et al. 1988 Qye @ a. 1992, which has been investigated under
several experimental and clinicd condtions (see table 4.2). In most models, ketamine has
positive dfed reducing pain intensity and various pain correlates. However, it is also dften
asciated with mild or severe psychatomimetic side dfeds (Maurset et al. 1989 Klepstad et al.
1990 Max et a. 1995 when gven intravenously. Regarding the site of actibketamine, it has
been argued that the analgesic dfed after intravenous infusion may also reflea blocking of
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NMDA-receptors in the brain (Jdye & a. 1992. However, the blocking of wind-up in single
dorsal horn neurons by ketamine (Davies and Lodge 1987 suggests a spinal adion as well.

3.6.3 Cutaneous hyperalgesia and the involvement of the NMDA receptor system (I, V)

Ketamine (an i.v. bdus of 0.2 mg/kg over 10 min. followed by a dase of 5 pg/kg/min. to
maintain plasma @nstant plasma concentration) was used to test the involvement of the NMDA
receptor system (1V) in the central procesang of experimental stimuli in a model of cutanous
HA. Nore of the subjeds in IV reported any major side effects of the ketamine infusion anel wer
therefore alert and fully capdle of verbally responding to the different stimuli presented to hem.

By topicd applicaion d cgosaicin (concentrations of 0.1% in 1l and 1% in V),
cutaneous hyperalgesia was induced on the dorsal, lateral side of the foat. Independent of the
doses, cgpsaicin consistently evoked a burning, painful sensation which lasted a few minutes
after the cgpsaicn cream was removed from the skin after one hourapgi céion.

Hea hyperalgesia was present within the goplicaion areain bah studies with heda pain
thresholds lowered to around 338C (see llI/IV) probably refleding a sensitisation d CMH
receptors (Baumann et a. 1991). Hyperalgesia to medhanicd stimuli in the 1°HA (Culp et al.
1989 was naot quantified bu a degree of tenderness (Ill1) was present just after remova of the
cgpsaicin. Hyperalgesia to static presaure (nonnoxious) in the 1°HA mediated by C-fibres has
also been olserved (Koltzenburg et a. 1999. This was often observed in 11l /IV as constant, week
presaure to the application area, eg. by the thermode suddenly evoked auming sensation.

In the part of the 2°HA in which all tests were performed, nothermal hyperalgesia was
observed in any of the tested subjeds. Systematicd mapping of the 2°HA was only performed in
IV where avon-Frey hair was used to assessthe aeaof pin-prick HA. There was a tendency to
NMDA sensitivity in the size of the 2°HA (IV, though na significant), as observed by Park et al.
(1995. In astudy by Arendt-Nielsen et al. (1996 using the same cagsaicin dose and applicaion
method as in 1V, the aeawith hyperalgesia to single agon laser stimuli showed a striking high
correlation with the hyperalgesic aeato a von-Frey hair (purnctuate HA) (Arendi-Nielsen et al.
1996. This could indicate that purctuate HA refleds central sensitisation d Ad-afferent inpu as
the agon laser is mainly stimulating typell AMH. This suppgements the observation that
hyperalgesiato purctuate (von-Frey) stimuli persisted after an ischemic nerve compresson d all
A-fibres indicating that purctuate HA is mediated partly by C-fibres but probably also by Ad-
fibres (Kilo et a. 1994. In contrast, Serra @ al. (1993 suggest that 2°HA aone refleds
sensitisation d C-afferents proximal to the receptor. Punctuate hyperalgesia outlaststhe on-going
pain (Kilo et al. 1999 asit was aso the caein bah Ill and V. Thisis suppated by findings of
LaMotteet d. (1991) and Treede et d. (1993 using intradermal cgpsaicin injedions.

Pain evoked by light brushing (alodynia) has been found after topicd capsaicin
applicaion (Koltzenbug et a. 1992 Gronross and Pertovaaa 1993 or intradermal applicaion
(Torebjork et a. 1992 Treale and Cole 1993. A nerve compresson which namally blocks the
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sensation d touch totally abadlished the dl odynia suggesting that it is mediated by AR-afferent
(Koltzenbug et al. 1992. In the same study, coding (25°C) of the cgsaicin-exposed skin
abalished the onrgoing (sportaneous) pain, and consequently no alodynia was present. A
successve re-heaing (36°C) of the skin rekinded the sporntaneous pain and krought bad the
allodynia (Koltzenburg et al. 1999. Therefore, ongoing (nociceptive) afferent input seem vital
for the presence of allodynia (Gracdy et al. 1999. As the on-going pain dsappeaed within a
few minutes in the present studies, this explains why thedgnia also wane (Ill, 1V).

In Il and 1V, the degreeof central hyperexcitability induced by the cagsaicin applicaion
and the dependency of the NMDA system were asssed by moduation d the NWR. Different
mechanicd and thermal condtioning stimulations were gplied to bah the 1°HA and Z2HA in
order to explore central mechanisms of HA.

Assesgnent of the NWR by eledricd stimulations of the sural nerve was not affeced
(fadlit ated) by the presence of cutaneous hyperalgesia within the same dermatome (Ill). Under
similar condtions, Grénross and Pertovaaa (1993 observed an increase in the NWR. Yet, the
increased NWR in that study was highly dependent on continuows inpu as coding the
application site and thereby stopping the sportaneous pain reversed the fadlitated reflex.
Therefore, a cantral summation mecdhanism may as well acourt for the increased reflexes in the
light of the findings in Il. In IV, there was no significant difference between pacéo and
ketamine regarding the reflex size with presence of cutaneous HA (in mean values, ketamine
caused a deaease in reflex size in acordance with Arendt-Nielsen et a. (1995 while the
placébo infusion dd na change the NWR size). However, an effed of ketamine was found on
the asciated pain intensity. In bah 1l and IV, no onrgoing pain was present when recording
uncondtioned reflexes.

On-going pain was re-evoked by a thermal (less than 4C0°C, namally nonpainful)
condtioning stimulus in the 1°HA followed by a reflex recording either while the sportaneous
pain was gill present or just after it ceased (the latter condtion ony in Ill). When the on-going
pain was still present, enhancd reflexes were eorded (111), while rdlexes recrdedafter the on-
going pain ceaed were not changed (111). Two passble medhanisms can explain these fadlit ated
reflexes. Either, the C-fibre dferent barrage evoked by the thermal stimulus rekindled a state of
increased central excitability (Wodf and Wall 1986 Wodf and Thompson 199). Alternatively,
it isa caentral summation d afferent C- and Ad- adivity as foundin Il. Ketamine did na reverse
this reflex fadlitation bu caused lower pain ratings (a pain score of the ‘overal’ pain intensity)
compared with placeébo treament.

Tadile mndtioning stimuli by continuows high frequency (40 Hz), low intensity (not
painful), eledricd stimulations or continuotsly rotating von-Frey hairs (see tapter 2) to the
2°HA were used to investigate the interadion d afferent AB-adivity from a 2°HA and Ad-
adivity. With a ladk of on-going pain, the tadile cndtioning stimuli did na evoke ay pain
sensation and no moduation d the NWR was observed in Ill, indicaing no a weg 2°HA.
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However, as described abowve, athermal condtioning stimuli to the 1°HA rekinded the 2°HA by
briefly evoking on-going pain. Thus, the tadile cndtioning stimuli (only eledricd) evoked pain
when tested just after the ongoing pain waned. Correspondngly, incressed NWR and pain
ratings (l1l') were recorded in association with the painful, tadile, condtioning stimuli i ndicating
a central excitatory convergence of tadile and naiceptive df erents with presence of 2°HA. This
potential convergenceis in agreament with findings in cas by Steffens and Schomburg (1993.
Indeed, this positive integration may serve to fadlit ate the withdrawa of an injured region
(Schomburg 1990. The central summation could be aresult of atered central synaptic dficacg
of the AB-afferents. Thisfadlitation & NWR is nediated through the NMDA receptor systes, a
ketamine reversed this tadile mediated fadlit ation (1V). An effea of ketamine on spinal reflexes
suppatsaspina site of adion.

Finaly, in IV repetitive dedricd stimuli (five stimuli presented at four different
frequencies 0.5, 1, 2,and 3Hz) were gplied to the 2°HA to test the involvement of the NMDA
receptor system in temporal summation with presence ofcutaneousHA. Prior to this experiment,
afadlit ation of the temporal summaion mechanism had keen olerved in a carespondng 2°HA
to bah eledricd and argon laser stimuli (Arendt-Nielsen et al. 1996. The results presented in IV
indicate avery unequivocd effed of ketamine for the repetitive stimuli while no effea was
observed onsingle dedricd stimuli to the same aea Thus, temporal summation in a 2°HA for
al the gplied frequencies involves the NMDA recetor system. This is in acwordance with
several other basic (Dickenson and Sullivan 1987 Davies and Lodge 1987 Dickenson and
Sullivan 1990 and human studies (Warncke & al. 1994 Arendt-Nielsen et al. 1995. Whether
the tempora summation mechanism is fadlitated beyond what could be epeded from the
lowering of the pain threshald in the 2°HA canna be clarified in 1V due to thedrug infusions

3.6.4 Conclusions (ll1/1V)

In I, a patential central summation d APB- and Ad- afferent adivity was shown bah
regarding subjedive pain ratings and size of the NWR. The NWR fadlitation involved the
NMDA recetor system. Further, with presence of on-going pain from the primary hyperalgesic
area the NWR and asociated pain ratings were fadlitated (lll) in acordance with the
observations in Il. This fadlitation was only reversed regarding pain intensity by the NMDA
antagonist.

3.7 Motorneuron excitabili ty

All four papers present moduation d the nociceptive reflex by various physiologicd and
pharmaamlogicd manipulations. Potentially, this moduation may also take place & a motor
neuronal level by e.g. descending adivity diredly on the motor neurons and nd in the pain
sensory pathway. In II-1V, control studies of the excitability of the motor neuron pod were
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performed using the Hoff man-reflex technique. In principle this procedure shoud be followed in
every experimental pain study using the NWR. Thus, the dfed of the radiant hea stimuli on the
soleus H-reflex was tested in |, the dfed of cgpsaicin was tested in lll, and in IV the dfed of
ketamine was tested. None of the control studies foundany changes in the monasynaptic reflex
suggesting nore of these interventions had any effed on motoneuronal excitability. The findings
in lll are in acordance with the findings by Hugon (1973 who found nofadlitation d the
stretch reflex in the bicegps muscle while the NWR (RIIl) reflex was fadlitated by repetitive,
eledricd stimuli (RIll - sensitisation). Further, application d another C-fibre irritant, mustard
oil, onthe skin of arat induces a state of central hyperexcitability with increased NWR (flexor
reflexes) (Wodf and Wall 1986, bu incressed motorneuronal excitability in the biceps muscle
only occurred afew minutes after the application d the mustard ail (Cooket a. 1986.

Shahani (1970 founda short lasting moduation d the H-reflex by electrical, nocicepti
condtioning stimuli of the tibia nerve & the ankle, as a fadlitation accurred just after the
condtioning stimulus followed by an inhibition. This moduation lasted upto 400ms. Capaday
et a. (1995 found an inhibition in the soleus H-reflex 100-120 ms after a non-nociceptive
condtioning stimulus was applied to the @mmmon peroned nerve. The radiant hea stimuli used
in 1l correspondsomewhat to the @nditioning stimuli used by Shahani (1970 but no moduation
of the H-reflexes was observed in Il.

Retrospedively, the H-reflex tests in Ill shoud also have been caried ou after the
thermal and/or eledricd condtioning (tadile stimulation to the 2°HA) stimuli as an increase in
the NWR was only observed under these @ndtions. With the present findings it canna be
excluded that the increased NWR resporses ®en after various condtioning stimuli were partly
due to increased motorneuronal excitability.

3.8 Discrepancy between modulation of the subjedive pain perception and the NWR

Espedaly in | and 1V, the wrrelation between the moduation d the subjedive pain
intensity and the size of the NWR did na comply with the findings in the literature. In I, an
inverse relationship was observed indicating a parale but individual sensory processng of the
reflex pathway and the ascending sensory pathway. In IV, tendencies in mean values irglicate th
propational relationship as svera groups have observed under relaxed condtions (Chan and
Dallaire 1989 DeBroucker et al. 1989. A methoddogicd explanation for this could be that in I-
IV a fixed stimulus intensity was used by which moduation d the resporse was quantified.
Thus, in the study by Campbell et al. (1991), in which hea stimuli were used to €elicit the NWR,
they found a very poa correlation ketween the pain intensity ratings and reflex size & eath
stimulus. In the studies by Chan and Dallaire (1989 and DeBroucker et al. (DeBroucker et al.
1989, a varying stimulus intensity was used resulting in high correlation between NWR and
subjedive resporses.
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The present findings could indicate that the sensitivity of the methodis nat sufficient to
reved changes in spina excitability based on ore stimulus intensity only. Instead a stimulus
resporse function is nealed. On the other hand, it could also suppat the independent spinal
processng in sensory and reflex pathways as mentioned previously. The findings by
Schouenbarg and colleagues of individual receptive fields for ead muscle in the NWR in rats
(see sedion 3.2, which dd aso na projed to the cevicd spinal level, could suppat our
observations. Further, in Il in which significant changes in subjedive ratings and the NWR size
were found,the size of the changes does nat suppat alinear elaiondip. Also, different findings
of the rrelation between pain intensity and NWR thresholds could suppat individual
moduation. Thus, Bromm and Treede (1980 found withdrawal reflexes for non-painful
intensities. Campbell et al. (1991) neaded supra-threshald intensities to elicit the NWR (as we
observed) while others have observed identicad pain intensity and NWR thresholds. Finaly,
findings of a disociation between pain intensity and NWR size (RIIl) in the cntralateral limb
after an anterolateral cordotomy led to suggestions of a potential descending moduation in
ventral columns/ventrolateral funiculi. Or aternatively, it led to interruption d the information
loop to and from the brainstem which orly affeded the motor resporse (Garcia-Larrea ¢ al.
1993. Thus, several lines of evidence ae foundfor aless #rict common moduation suggesting
that the NWR should alone beusedasan alditional tod in experimental pain resach.

DeBroucker (1989 suggested that the NWR could beusedasan ‘objective’ physiological
correlate of experimental pain intensities in humans based onthe linea propartionality between
subjedive pain and size of the NWR (RIIl). However, given the definition d pain listed in
chapter 1, this redly does not make aty sense & pain is in nature an personal subjedive
experience Further, if these two measures are dways correlated there would often be no pant in
measuring the NWR as psychoptysicd assessnents could instead provide the required
information abou e.g. analgesic dficag/. Though, the site of adion would of course be less
clea. Instead, the NWR shoud be used when information abou eg. spina nociceptive
excitability is akey question.
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4 GENERAL CONCLUSIONS AND IMPLICATIONS

An automatic system for determining the NWR threshold has been developed by which a
standardised procedure was used for the recordings. This g/stem makes it posgble for one
investigator to carry out studies withou subjedively influencing the threshold estimation. The
technique of recording the NWR was wsed in four humanexperimental pain studies.

In I, increased spinal NWR excitability was observed duing voluntary dynamic
movements while & the same time adeaease in subjedive experience of the pain was found.
This cdls for a more differentiated view on common spinal processng of sensory inpu in the
generation d nociceptive withdrawal reflexes and ascending sensory information than other
studies on experimental pain may suggest.

A possble spinal integration d adivity in various afferents was observed in Il and IlI.
Under normal condtions, adivity in C-afferents simmates with adivity in Ad-afferents (Il). In
I, this ginal integration was extended to adivity in thick myelinated afferents (AB) with
presence of cutaneous hyperalgesia. Thus, these studies indicate that the subjedive pain intensity
and spinal generated NWR are bath enhanced with increase in the global pain signalli ng inflow.
In general, the results in Il and Il do nd suggest any divergence in spinal processng of
information to the ventral horn and ascending information.

In IV, ketamine (a NMDA receptor channel blocker) was used to investigate the
involvement of this ion-channel in the ceitra medanisms invalved in cutaneous hyperalgesia.
The interpretation d the results in the NWR-invaving tests was less apparent as the pain
intensity ratings and the size of the NWR did na co-vary significantly in any of the test-
condtions (though, mean values indicae an effed on bdh parameters). However, with presence
of hyperalgesia, the potential spinal summation ketween AB- and Ad-adivity seems to involve
the NMDA receptor system.

Though, there is no evidence for spedfic neuronal NWR pathways nor for the ascending
nociceptive pathways, the most apparent model to explain the present findings is an afferent
convergence onto WDR neurons (multisensorial convergence dike the FRA-system). The firing
rate of these neurons deddes the size of the withdrawal reflex. With namal spinal excitability,
tadile adivity does nat in itself elicit the withdrawal reflex, perhaps except during an adive
movement. After tisuue inflammation, the excitability of the WDR-neurons is elevated, most
likely viathe NMDA receptor system (1V), and the increased synaptic eficag/ to AB-inpu now
results in pain and large withdrawal readions (lll). Whether such a processng involves
independent neuronal integration (one WDR neuron mediating sensory information and ore
mediating to the motorneurons) is nat clea. The purpose of such an individual organisation is
also na clea. However, part of our findings and the observations by the Schouenbarg group may
suppat (partly) individual spinal pathways. This divergence between pain intensity ratings and
NWR size does not exclude the use of the NWR method in experimenta reseacch to elucidate
spinal nociceptive processng.
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5 DANSK SAMM ENFATNING

Denne Ph.D. afhandling er baseret pa 4 videnskabelige atikler, som er optrykt bagest i
afhandingen. Malet med Ph.D. studiet er at afdakke spinale moduationsmekanismer under
normale og hyperagetiske forhod v.ha registrering af den ncciceptive dvaagerefleks.
Derudower evalueres af vaargerefleksen som et redskab i eksperimentel smerteforskning.

| forbindelse med dette Ph.D. studie @ der udviklet et system til bestemmelse &
afvaargereflekstaasklen ved brug af feedbadk til den elektriske stimulator baseret pa det
evokerede respors. Dette system muligger standardiseret fastlamggelse & reflekstaarsklen
uafhaengig af forsggslederen.

| den farste atikel (1) blev betydningen af en aktiv dynamisk beveegelse pa starrelsen af
den nciceptive dvaagerefleks undersggt. Forsggspersonerne udferte en cyklisk bevamelse &
uncerbenet med enbelastning paskiftevis &kstensions og flektionsfaseme. Ved enfag ledvinkel
og bevamel seshastighed stimuleredes huden pa den dasolaterale side & foden innerveret af n.
surdlis. Afvaagerestionen blev registreret i m. redus femoris (RF) og m. biceps femoris (BF).
Malinger under til svarende statiske muskelkondti oner blev tilli ge gennemfert. Resultaterne viser
en fasisk moduation af afveageraktionerne, sdledes at de sterste reflekser i RF/BF forekom,
medens disse muskler var naturligt aktive i beveggelsen. D.v.s. starst refleks i RF under dynamisk
ekstension a sterst refleks i BF under dynamisk flektion. Reflekserne var generelt sterre under
dynamiske forhold relativt til de statiske mdlinger, selvom refleksmgnstrene var identiske.
Forsggspersonerne scorede desuden smerten evokeret af den elektriske stimulation.
Smerteperceptionen var generelt lavere under de dynamiske forhold relativt til de statiske
malinger, hvilket umiddelbart indikereren wfhamngig spinal moduation.

| artikel Il blev afvaargerefleksen malt fra m. tibialis anterior ved elektrisk stimulation
under foden. Ved siden af den elektriske stimulationselektrode blev kraftigt lys anvendt til
varmestimulation. Lyset kom fra en xenonlampe (hvidt lys). Pilotforsag viste, at dette lys
evokerede en forsinket bramdende smerteperception, rér det blev pafert en sortmalet harlgs
hudowerflade. Det er tidligere vist, at denne karakteriske perception opinder fraledning i ikke-
myeli niserede fibre (C-fibre). Ved systematisk at registrere dvaagerefleks og smerteperception
ved forskelli ge forsinkelser af el-stimulationen mellem 0 og 3000ms relativ til | ysgimulationen
blev den spinde interaktion af dise to stimulationer undersggt. Givet de forskellige
ledningshastigheder for Ad og C-fibre vil synkroniseret aktivitet i disse fibre ankomme med
forskellige forsinkelser til rygmarven. Bade smerteperceptionen og sterrelserne
afvaargereflekserne viste markant kraftigere respors ved en forsinkelse pa ca ét sekund, hvlket
sandsynligvis indikerer, at en summation af nociceptiv aktivitet pa tveas af sensoriske
modalit eter sker parygmarven.

| tredie atikel (1) blev cgpsaicin (ekstrakt af chilli peber) brugt til at inducere kutan
hyperalgesi. Maling af afveagerefleksens garrelse samtidig med mekaniske og termae



-35-

konditi oneringsgimuli til de primaare og sekundeare (2°HA) hyperalgesiomrader blev anvenct il
at undersgge forskellige mekanismer bag 2°HA. Sdledes var afvaargerefleksen kraftigere med
til stedevagrelse & sportan smerte fra omradet pafart cgpsaicin, hvlket umiddelbart underbygger
resultatet fra ll, idet den sportane smerte sandsynligvis oprinder fra &tivitet i sensitiserede C-
fibre. Svage dektriske stimuli (normalt ikke smertefulde) pafert det 2°HA fadlit erede
afvaargerefleksen samt medfaerte kraftigere smerteperception til refleksgimuleringerne, hvilket
kan indikere, at afferent aktivitet i AB- og Ad-fibre summerer spinalt med til stedevagelse &
central hyperexcitabilit et. Denne fadlit ering forekom alene dter kondtionering af hyperalgesien
v.ha svag termal stimulering i primaa-omradet, hvilket tilli ge indikerer, at kutan hyperalgesi
afhaanger af vedvarende (nociceptiv) inpu.

| artikel 1V blev betydningen af NMDA receptoren for tilstedeveaelse & central
hyperexcitabilit et undersggt ved bl.a. at gentage malingerne & de signifikante parametre i Il
under doblelt-blind Hokade & NMDA recetoren v.ha ketamin. Resultaterne viser, at
potentieringen af afvaagerefleksen med vedvarende taktile stimuli kunre reverseres v.ha
ketamin og derfor (delvist) er medieret via NMDA receptoren. Ketamin havde dog ingen
signifikant eff ekt pa den tilharende smerteperception.

Speddlt i artikel 1 og IV var moduationen af afvaagerefleksen og smerteperceptionen
forskellig. | artikel | resulterede den aktive bevagelse i starre reflekser, men lavere
smerteintensitet relativt til malingerne under statiske forhold. Virkningen af ketamin i IV
bevirkede ikke samtidige signifikante andringer af refleksdarrelsen og smerteintensiteten i de
enkelte forsggskondtioner. Dise dvigelser kan have metoddogiske &sager, men kan ogsa
skyldes (delvis) individuel spinal moduation af sensoriske nervebaner og ventral konvergerende
baner. Motorneuron eksitabilit eten blev som kontrol testet i m. soleus i forbindelse med kutan
varmestimulering (xenonlampen), capsaicin applicaion samt administration af ketamin. Ingen
af disse kontrolforsag viste aandret motorneuron eksitabilitet.

Naavagende forsag viser en spinal integration af aff erent aktivitet, som signalerer smerte
med kraftigere reflekser og smerteperception til felge. Denne integration er delvis NMDA-
medieret. Discrepancen mellem smerteperception og refleksdarrelse kan indikere en delvis
uafhaangig spinal moduation. Studierne viser ogsd, at den naciceptive dvaagerefleks kan
anvendes i eksperimentell e studier til at undersgge spinal nociception.
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