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SUMMARY

Many lines of evidence demonstrate that the thalamus plays an
important role in gating and relaying pain sensation. However, the
alteration of thalamic neuronal activity under a hyperalgesic state caused
by peripheral or central tissue injury is less well understood. By using the
topical application of capsaicin to produce hyperalgesia,
electrophysiological studies in awake primates and psychophysical
studies in both primates and humans were designed to investigate the
role of VPM neurons in mechanical sensitivity and hyperalgesia.

Experiment 1: The first study tested a transient hyperalgesia model

using capsaicin in awake monkeys performing an operant task and
compared the results with the psychophysical data from human. One
monkey and seven human subjects participated in this experiment. The
monkey escaped more thermal and mechanical stimuli presented at the
site of capsaicin application than stimuli presented at the site of vehicle
application, suggesting of thermal and mechanical hyperaigesia. Human
subjects reported higher pain intensity for similar stimuli after the
application of capsaicin, in accordance with the monkey escape behavior.
The procedure is repeatable and produces minor distress in monkey.
Thus, it could provide a practicable method for studying neural

mechanisms of hyperalgesia.



Experiment 2: The second study investigated the response
characteristics of thalamic VPM neurons to punctate mechanical stimuli.
Single-unit recording was performed within the thalamic nucleus in two
awake behaving monkeys while applying innocuous and noxious
mechanical stimuli to the receptive fields of the monkey’s face. Thirty-
seven neurons were studied in detail, nineteen of these were classified as
low threshold (LT) in which the mechanically evoked activity between the
innocuous and noxious level was not found to be significantly different.
Eighteen neurons were classified as wide-dynamic-range (WDR), which
showed graded responses maximally to noxious stimuli. Nociceptive-
specific (NS) neurons were not found in this study. Both LT and WDR
neurons demonstrated somatotopical distribution within the VPM nucleus.
The size of receptive fields was not significantly different between two

types of VPM neurons.

Experiment 3: The first and second studies illustrated an important
animal model of hyperalgesia and demonstrated the response
characteristics of VPM neurons to punctate mechanical stimul,
respectively. The third study further investigated the correlated VPM
neuronal activity under hyperalgesia induced by capsaicin.  Fifteen
neurons (5 LT, 10 WDR) were fully characterized and evaluated for the
effects of capsaicin. For the WDR cells, both spontaneous and
mechanically evoked responses increased after capsaicin. In contrast,

there was a non-significant decrease in both spontaneous and evoked



activity in LT neurons. These findings suggest that the VPM WDR but not
the LT neurons could participate in neural processing underlying
capsaicin-induced mechanical hyperalgesia. The decreased LT neuronal
activity supports the hypothesis of the touch gate theory that low
threshold somatosensory transmission can be suppressed in a state of
pain or hyperalgesia. This observation is a corollary to the gate control
theory statement that pain sensation could be suppressed by the activity

of large fibers.

Experiment 4: Results of the third study showed that capsaicin increases

spontaneous and mechanically evoked activity of WDR neurons of
thalamic VPM nucleus in alert monkeys. However, neither the difference
nor the ratio of mechanically evoked and spontaneous activity was altered
significantly by capsaicin. Based on these findings, we predicted that
these neuronal properties could result in an unaltered ability of human
subjects to discriminate intensities of mechanical stimuli before and after
the application of capsaicin. In this study, the effects of capsaicin on
mechanical perception and discrimination were tested on the facial skin in
eight human subjects. Ratings of mechanical sensation were increased
after capsaicin in both innocuous (245mN) and near-noxious (882mN)
baseline forces. The stronger baseline force (882mN) was found to
induce mechanical hyperalgesia. In the discrimination test, two

mechanical baseline forces (245 & 882mN) were each paired with two
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incremental forces (AF) and forced-choice discrimination was tested. The
results showed that mechanical discrimination was not altered by
capsaicin. These results, combined with the electrophysiological findings
in monkeys, suggest and show that : 1) thalamic WDR neurons
participate in neural processes underlying capsaicin-induced pain
sensation and mechanical hyperalgesia, 2) the difference and ratio
between mechanically evoked and spontaneous activity does not alter
significantly after the application of capsaicin, coincident with the

unchanged discriminative ability in humans.



RESUME

Plusieurs évidences existent démontrant I'importance du thalamus
comme relais de la sensation de la douleur. Par contre, la modification de
I'activité neuronale du thalamus lors d'états d’hyperalgésie causée par une
Iésion centrale ou périphérique est mal comprise. Nous avons réalisé des
études électrophysiologiques chez le singe éveillé et des études
psychophysiques chez le singe et I'humain lors de conditions
d'hyperalgésie induite par I'application topique de capsaicine. Le but de
notre projet était d'étudier le réle des neurones du noyau ventro-postéro-
médian (VPM) dans la sensibilitt méchanique et I'hyperalgésie.

Expérience 1. Lors de la premiére étude, nous avons employé un

modeéle d'hyperalgésie transitoire créée par I'application topique de
capsaicine chez le singe éveillé. Nous avons comparé les données du
singe avec les données psychophysiques de 'humain. Un singe et sept
humains ont participé a cette expérience. Le singe a évité plus souvent
les stimuli thermiques et mécaniques au site d’'appplication de la
capsaicine qu'au site du véhicule suggérant une hyperalgésie thermique
et mecanique. Aprés l'application de capsaicine, les sujets humains ont
rapporté des niveaux de douleur plus élevés pour des stimuli
comparables appuyant ainsi les données comportementales obtenues
chez le singe. Cette précédure est reproductible et n'entraine pas de

signe de détresse de la part du singe. Ainsi, ce modéle pourrait étre une



viii
méthode idéale pour I'étude des mécanismes impliqués dans

I'hyperalgésie.

Expérience 2: La deuxiéme étude porte sur les caractéristiques de la

réponse des neurones du thalamus VPM a des stimuli mecaniques.
L'enregistrement unitaire dans le noyau thalamique a été réalisé chez
deux singes éveillés. Pendant les enregistrements, des stimuli
mécaniques indolores et douloureux sont appliqués au champ récepteur
(CR) au niveau de la face du singe. Trente-sept neurones ont été
enregistrés dont dix-neuf ont été classés comme mécanorécepteurs a
seuil bas (SB). Chez ces derniers, I'activité evoquée par des stimulations
meécaniques indolores n'est pas significativement diférente de celle
évoquée par des stimuli douloureux. Dix-huit neurones ont été classifiés
comme mécanonocicepteurs (MN) caractérisés par une réponse qui
augmente graduellement avec l'intensité du stimulus. Dans cette étude,
aucun nocicepteur spécifique (NS) n'a été trouvé. Autant les SB que les
MN démontrent une distribution somatotopique a lintérieur du noyau
VPM. La superficie du CR n’était pas différente chez les deux types de
neurones thalamiques.

Expérience 3: Les deux premiéres études ont révélé un modéle animal

important d’hyperalgésie et ont démontré les caractéristiques des
réeponses des neurones du VPM a des stimuli meécaniques. L'étude
présente approfondie la corrélation entre I'activité des neurones du VPM

sous linfluence de l'hyperalgésie induite par la capsaicine. Quinze



X
neurones (5 SB, 10 MN) ont été entiérement caractérisés et évalués sous
linfluence de la capsaicine.Pour les MN, Iactivité spontanée et cell
évoquée mécaniquement ont augmenté aprés I'application topique de
capsaicin. Par contre, il y avait une diminution non-significative de
l'activite spontanée et de l'activité évoquée mécaniquement chez les
neurones SB. Ces résultats suggérent que les MN mais non les SB du
VPM pourraient participer dans le processus neuronal sous-jacent a
I'hyperalgésie mécanique induite par I'application de capsaicine. La
diminution de l'activitt neuronale observée chez les SB sopportent
hypothése de la théorie du portillon voulant que la transmission
somatosensorielle a seuil bas puisse étre supprimée dans les états
douloureux ou d’hyperalgésie.

Expérience 4: Dans la troisiéme expérience, nous avons démontré que

la capsaicine augmente l'activité spontanée (AS) et I'activité eévoquée
mécaniquement (EMv) chez les neurones MN du noyau VPM thalamique
chez le singe éveillé. Par contre, ni la différence (EMv moins AS) ni le
ratio (EMv divisé par 'AS) de 'Emv et I'AS n'ont été modifiés par la
capsaicine. D'aprés ces résultats, nous prévoyons que ces décharges
neuronales inchangées pourraient entrainer une habilité inchangée chez
des sujets humains a discriminer des intensités différentes de
stimulations mécaniques avant et aprés application de capsaicine. Dans
cette etude, les effets de la capsaicine sur la perception et la

discrimination meécanique ont été testés au niveau du visage de huit



sujets humains. La sensation mécanique induite par la capsaicine a été
augmentée pour les stimuli mécaniques indolores (245 mN) et aussi pour
les stimuli pratiquement douloureux (882 mN). La force la plus élévée
(882 mN) a produit une hyperalgésie. Dans le test de discrimination, les
deux forces mécaniques (245 et 882 mN) ont été couplées avec deux
forces plus élevées (aF) et un test de choix forcé a été utilisé. Les
résultats démontrent que la capacité de discrimination mécanique n'est
pas modifiee par I'application de capsaicine. Ces résultats, combinés
avec les données électrophysiologiques chez le singe suggeérent et
démontrent que: 1) Les neurones MN du thalamus participent dans le
processus sous-jacent a la douleur et I'hyperalgésie induite par la
capsaicine. 2) 'augmentation de I'activitt EMv-S et Emv/AS évoquées
par les stimuli mécaniques et qui ne démontrent pas de différence apres
I'application de capsaicine coincide avec I'habilité de discrimination

inchangée observée chez 'humain.
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PREFACE

Although many important advances that have been achieved in the
understanding of peripheral and spinal processing of somatosensory and
pain information, thalamic mechanisms are less well known. This is
particularly important because the thalamus not only serves as a relaying
center, but also plays a role in the integration and gating of the
convergent information. Further understanding of thalamic mechanisms
is also an important step towards the treatment of chronic pain and
hyperalgesia or allodynia which occurs in patients with central pain

syndrome.

This research project examines the response of thalamic VPM
neurons to punctate mechanical stimulation under normal and
hyperalgesic states and compares these to behavioral and
psychophysical data in monkeys and humans. The thesis consists of a
general literature review concerning thalamic sensory processing,
mechanisms of hyperalgesia and experimental pain models, four
experimental chapters and a chapter of general discussion and

conclusion.
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Partl. LITERATURE REVIEW

Chapter 1. Thalamus and the somatosensory

processing



1.1 General Introduction of the thalamus

The thalamus is the major component of the diencephalon,
bounded by the third ventricle, the hypothalamic sulcus, and the stratum
zonale. In primates, the thalamus is oriented obliquely with the anterior
poles towards the midline and the posterior poles laterally. The thalamus
is made of many nuclei, some of which are very small and some primary
functions are still not well known. The nomenclature of thalamic nuclei
has not been consistent. For example, in describing homologous
structures shared by humans and other primates, the nomenclature of
motor-related thalamic nuclei has been used inconsistently among
different groups of investigators and clinicians (Macchi and Jones, 1997:
Percheron et al., 1996). In order to transfer our knowledge of the
thalamus, which has mostly been derived from animal studies, to the
human thalamus, it is important to use a common nomenclature.

All sensory impulses except those related to olfaction terminate in
the nuclei of the thalamus. For example, the thalamus receives inputs
related to audition, vision, touch, temperature and pain, and from there
this sensory information is relayed to the related cortical regions and is
perceived as a particular modality of somato-sensation in humans. Much
evidence now indicates that the thalamus is not just a passive relay site,

but also plays an important role in sensory gating that can be influenced



by the state of arousal (Casey, 1966; Coull, 1998: Morrow and Casey,
1992; Steriade et al., 1993).

In addition to processing sensory information, the thalamus also
mediates motor functions by transmitting information from the cerebellum
and basal ganglia to the motor regions of the frontal lobe (Darian-Smith,
1996; Macchi and Jones, 1997; Percheron et al., 1996). Moreover, the
thalamus is also involved in autonomic reactions and the maintenance of
consciousness (Delacour, 1997; Jasper, 1998: Tononi and Edelman,
1998). As well, because of the close relationship of the thalamus and
cerebral cortex, the role of the thalamus in neuropsychiatric illness has
also been investigated (Jones, 1997; Scheibel, 1997). Jones (1997)
proposed that loss of certain thalamic neurons and related corticothalamic
inputs could lead to the disintegration of thought processes in
schizophrenic patients.

Traditionally, thalamic nuclei are classified into two functional
groups: relay nuclei and diffuse-projection nuclei. Relay nuclei process a
single sensory modality or relay distinct motor afferents, as well as project
to and receive the reciprocal projections from specific regions of the
cerebral cortex. These reciprocal connections presumably allow the
cortex to modulate the input that it has received. Diffuse-projection nuclei
have more widespread connections than do the relay nuclei, and are

regarded as part of the system that governs the state of arousal.



Anatomically, the thalamus is divided into six groups of nuclei by
the Y-shaped white matter of the internal medullary lamina, and these
groups are: the lateral, medial, anterior, intralaminar, midline and reticular
nuclei. The medial nuclei are relay nuclei, and are thought to be involved
in limbic functions and affective-motivational aspect of pain (Albe-Fessard
et al., 1985). The anterior nuclei may participate in emotion by relaying
information from the hypothalamus to the cingulate cortex (Vogt, 1985).
The intralaminar, reticular and midline nuclei are diffuse-projection nuclei,
that is, they perform certain functions with the limbic system and
modulate the thalamic activity. The largest among the intralaminar nuclei
is the centromedian nucleus. The reticular nucleus is the only thalamic
nucleus with an inhibitory output.

The lateral thalamus, which is involved in sensorimotor functions,
is probably the most studied thalamic subgroup. Nuclei of the lateral
thalamus receive restricted sensory or motor inputs from the periphery
and the cerebellum respectively, and basal ganglion and relay to and
receive projections from a specific cortical region. The lateral thalamic
nuclei are relay nuclei that are further divided into the ventral and dorsal
tiers. Within the ventral tier, the ventral anterior and ventral lateral nuclei
play an important role in motor control, while the ventral posterior nucleus
is particularly important for somatic sensation. The medial geniculate
nucleus mediates information about hearing, and the lateral geniculate

nucleus mediates information about vision. The dorsal tier, including the



lateral dorsal, lateral posterior and pulvinar nuclei, might work together to
integrate sensory information and emotional expression.

Functional grouping of the lateral thalamus has been investigated
by electrophysiological recordings of single neuron responses (Asanuma
et al., 1985; Chung et al., 1986a,b; Jones, 1985; Macchi et al., 1986).
The largest somatic sensory relay nucleus in the lateral thalamus is
referred to as the ventrobasal complex. This nuclear complex is
composed of two main portions: the ventral posterolateral nucleus (VPL),
which receives somatic sensory inputs from the body; and the ventral
posteromedial nucleus (VPM), which receives inputs from the facial
areas. Neurons in VPL and VPM encode the timing, intensity and
location of innocuous cutaneous mechanoreceptive stimuli from the
dorsal-column-medial-lemniscal pathway (DCML) as well as the noxious
and innocuous information from the spinothalamic (STT) pathway
(Berkley, 1980; Bushnell et al., 1993; Bushnell and Craig, 1993; Bushnell
and Duncan, 1987; Casey and Morrow, 1983; Casey, 1966; Chung et al.,
1986a; Jones, 1990; Jones and Friedman, 1982; Jones et al., 1982;
Kenshalo, et al., 1980; Morrow and Casey, 1992; Poggio and

Mountcastle, 1960; 1963; Tremblay et al., 1993).

1.2 Ascending somatosensory pathways
The main subthalamic somatosensory inputs are conveyed from the

spinal cord and trigeminal nuclei. There are two parallel ascending
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pathways. In general, the DCML pathway transmits proprioceptive and
tactile information from each type of mechanoreceptor afferents, such as
Meissner, Merkel, and Pacinian (receptors or endings), while the
trigemino- and spinothalamic tracts (STT) transmit thermoreceptive,
nociceptive and mechanoreceptive information (Jones and Friedman,
1982; Jones et al., 1982, Poggio and Mountcastle, 1963: Willis and
Coggeshall, 1991). In addition to the STT, several other pathways also
transmit nociceptive information indirectly to the thalamus. These include
the post-synaptic dorsal column, spinoreticular, spinomesencephalic and
spinocervical tracts (Willis and Westlund, 1997: Willis and Coggeshall,

1991; Willis, 1985a,b).

1.2.1 Lemniscal Inputs

This pathway relays information about tactile and limb proprioception,
which originates from larger diameter primary afferents and ascends
ipsilaterally to the dorsal column nuclei. From the dorsal column (cuneate
and gracile) nuclei, the tract decussates and projects to the thalamus as
the medial lemniscus. The medial lemniscal input to thalamus conveys
information from the contralateral dorsal column nuclei, principal
trigeminal nucleus, and lateral cervical nucleus. This input enters into the
thalamus and terminates particularly in the VP regions.

The cuneate and gracile nuclei project to the contralateral VPL in an

organized manner that follows an overall somatotopic organization. They



receive the ascending fibers which have the cutaneous receptive fields
and project to the central core of VPL (Berkley and Hand, 1978;
Groenewegen et al., 1975, Hand and Van Winkle, 1977). The
ventrocaudal region of the dorsal column nuclei, which responds to
deeper stimuli, projects in a diffuse manner to the dorsal parts of VPL
(Hand and Van Winkle, 1977).

Terminations in VPM come from the tactile trigeminal projections
arising from the ventral two-thirds of the principal nucleus that join and
ascend together with the medial lemniscus after decussating in the rostral
pons. This pathway has been dembnstrated in rats, cats and monkeys
by electrophysiological and immunohistological studies (Burton and Craig,
1979a,b; Mizuno, 1970; Smith, 1975). An ipsilateral trigeminothalamic
pathway from the principal trigeminal nucleus has also been reported
(Smith, 1975). The ipsilateral trigeminal pathway ascends with the
crossed trigeminal fibers in the medial lemniscus and terminates in VPM,
dorsomedial to the part receiving the crossed fibers in monkeys (Smith,
1975). This observation is also confirmed in studies with cats using
retrograde labeling techniques. However, studies using rats failed to
report the same observation, thus there appears to be a significant
species difference in this pathway.

In addition to conveying information about innocuous tactile stimuli
from large primary afferents, the dorsal column also contains a system of

postsynaptic fibres carrying nociceptive information (Bannatyne et al.,



1987; Bennet et al., 1983; Cliffer and Willis, 1994; Enevoldson and
Gordon, 1989; Giesler and Cliffer, 1985). These post-synaptic-dorsal
column (PSDC) fibers make synapses in the spinal dorsal horn and travel
along the dorsal column. Neurons of dorsal column nuclei responding to
noxious distension of the uterus and vagina in animals have been
reported by some investigators (Berkley and Hubscher, 1995: Cliffer et
al., 1992; Ferrington et al., 1988). Furthermore, the effectiveness of
limited median myelotomy in reducing cancer pain in humans has also
been demonstrated (Gildenberg and Hirshberg, 1984; Hirshberg et al.,
1996). These findings provide evidence that the DCML also participates
in transmitting nociceptive information, especially in relaying visceral pain

(Al-Chaer et al., 1996a,b,1995; Hirshberg et al, 1996).

1.2.2 Spinothalamic Inputs

The spinothalamic tract is the main ascending pathway conveying
sensory information about pain and temperature to the thalamus (Gybels
and Sweet, 1989; Willis and Coggeshall, 1991; Willis, 1985a,b); it is also
capable of transmitting tactile information. This observation has been
confirmed by experimental spinal lesions in animal studies and clinical
findings in humans (Vierck et al., 1990; Vierck and Luck, 1979).

The origin of the spinothalamic tract has been investigated in rats,
cats, and monkeys (Willis and Coggeshall, 1991). The spinal neurons

projecting to VPL are concentrated in certain laminae. In cats, they are



located in VI-VIII; in monkeys, larger fractions of STT neurons are located
in the marginal zone (lamina 1) and lamina V (Apkarian and Hodge,
1989b; Craig et al., 1989; Willis et al., 1979). Neurons that project to the
medial thalamus are situated in the deeper dorsal horn and ventral horn
(lamina VI-VII) (Willis et al., 1979). Most of these projections are
contralateral, although a small fraction projects ipsilaterally (Apkarian and
Hodge, 1989a). According to the characteristics of responses evoked by
peripheral stimulation, STT neurons have been classified as either
nociceptive-specific (NS), wide-dynamic-range (WDR) or low-threshold
(LT). NS neurons are specially concentrated in lamina | (Willis et al.,
1974), WDR neurons are concentrated in lamina V (Chung et al., 1979;
Kenshalo et al., 1979; Price et al., 1978), and LT neurons are found in all
layers.

Projections of the spinothalamic tract have been traced to the
thalamus in both human and non-human primates (Willis and Coggeshall,
1991). The spinothalamic afferents from the contralateral side of the
spinal cord terminate throughout VPL; the fibers arising in the nucleus
caudalis of the spinal trigeminal complex terminate in VPM of cats and
monkeys (Burton et al., 1979). Medial lemniscal and spinothalamic axons
originating from the same spinal segments are closely associated in VPL
(Apkarian and Hodge, 1989a,b; Berkley, 1980,1983; Boivie,1979). Some
investigators suggest that single VPL neurons may receive inputs from

both medial lemniscal and spinothalamic axons (Ralston and Ralston,
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1994). Using electron microscopic methods they have shown the
convergence of medial lemniscal and spinothalamic tract input onto the
proximal dendritic trees of thalamocortical neurons. This would account
for the observation that thalamic neurons respond to input conveyed
through both the dorsal column and the lateral funiculus (Al-Chaer et al.,
1996a).

In additon to terminating in VPL, the STT also terminates in the
following nuclei: the medial part of the posterior complex (Pom), the
central lateral (CL) nucleus, and other intralaminalr and medial thalamic
nuclei (Apkarian and Hodge, 1989c; Apkarian and Shi, 1994 Berkley,
1980; Boivie, 1979; Gingold et al.,1991; Kerr, 1975; Mantyh, 1983). By
injection of the anterograde tracer PHA-L in the cervical or lumbosacral
enlargement in cats and monkeys, the projection of laminae | has been
traced to the posterior part of the ventral medial nucleus (VMpo) (Craig et
al., 1994; Craig, 1992, 1991). The VMpo neurons were found to respond
particularly to noxious and cold stimuli in anesthetized monkeys (Bushnell

and Craig, 1993; Craig et al., 1994).

1.2.3 Spinoreticular tract

Neurons of the spinoreticular tract originate in the deeper layers of
the dorsal horn and in laminae VII and VIII (Willis and Coggeshall, 1991).
Recently, an additional source of spinoreticular tract neurons was also

described from lamina | in cats and monkeys (Craig, 1995). In general,
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the spinoreticular and spinothalamic tracts ascend together in the
ventrolateral spinal cord and brainstem (Mehler et al., 1960). Some
spinoreticular neurons are the collateral branches from spinothalamic
tract cells (Giesler et al., 1981; Haber et al., 1982; Kevetter and Willis,
1983). The spinoreticular projections terminate in several nuclei at
different levels between the medulla and mesencephalon, including the
retroambiggus, superspinalis nucleus, lateral reticular nucleus, the
nucleus gigantocellularis, the nucleus paragigantocellularis dorsalis and
lateralis (Kerr, 1975; Mehler et al., 1960).

From the nucleus gigantocellularis, the spinoreticular tract projects
to the central median and parafasicularis nuclei of medial thalamus.
Since many reticular neurons respond preferentially to noxious stimuli
(Casey, 1969; 1971; Foote et al., 1991; Guilbaud et al., 1973), the
spinoreticular tract may convey nociceptive information and be involved in
the affective-motivational component of pain (Peschanski and Besson,
1984).

1.2.4 Spinomesencephalic tract

Another indirect pathway that transmits nociceptive information to
the thalamus is the spinomesencephalic tract (SMT). In primates, the
cells of origin of the SMT are located in laminae | and IV-VI, while some
are in the ventral horn and lamina X (Mantyh, 1982; Wiberg et al., 1987;
Willis et al., 1978). The SMT neurons respond either exclusively to

noxious stimuli or in a graded fashion to stimuli in the innocuous to
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noxious range, and thus are said to be nociceptive (Wilis and
Coggeshall, 1991). The SMT projects to periaqueductal gray matter
(PAG), deep layers of superior colliculus, the parabrachial nucleus,
anterior and posterior pretectal nuclei, and the red nucleus. Some SMT
neurons have collateral projections that terminate in the lateral thalamus
(Yezierski et al., 1987; Zhang et al., 1990).
1.2.5 Spinocervical tract

The spinocervical tract originates from lamina IV and ascends to
the lateral cervical nucleus in segments C1 and C2 in both cats and
monkeys (Brown et al., 1980; Bryan et al., 1974; Craig, 1978; Willis and
Coggeshall, 1991).  From the lateral cervical nucleus, axons of the
spinocervical tract then cross the midline at the spinobulbar junction and
join the medial lemniscus to the contralateral VPL, VPM, and medial parts
of the posterior complex (Augustin, 1985; Berkley, 1980; Dykes et al.,
1981).  Since nociceptive responsiveness of the neurons of the
spinocervical tract has been demonstrated in cats (Cervero et al., 1977)
and monkeys (Bryan et al., 1974; Downie et al., 1988), this tract is
therefore a potential nociceptive pathway to the lateral thalamus.
However, the comparable nucleus and functional significance is still
unclear in humans.

1.2.6 Trigeminal sensory system

Somatosensory information from the face and oral cavity is
principally conveyed by the trigeminal or fifth cranial nerve. This

trigeminal innervation consists of three peripheral branches: the
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ophthalmic, the maxillary, and the mandibular. The ophthalmic division
innervates the superior third of the face and a part of the dura mater.
The maxillary division innervates upper part of the oral cavity and
cutaneous structures of the middle third of the face. The lower part of
the oral cavity and inferior third of the face are innervated by the
mandibular branch. The trigeminal nerve is functionally equivalent to a
peripheral spinal nerve, in which the ophthalmic and maxillary
branches are pure sensory nerves while the mandibular division
carries both sensory and motor fibers.

Trigeminal sensory afferents synapse on the second-order cells
located in the principal sensory trigeminal nucleus and the spinal
trigeminal nucleus. Most of the large-diameter fibers that carry tactile
information from the face travel to ipsilateral principal sensory nucleus.
From there, these fibers decussate through the trigeminal lemniscus
and join the spinal DCML, which in turn projects to the contralateral
VPM nucleus of the thalamus. In addition, some afferent fibers
conveying tactile information project to spinal trigeminal nucleus and
proceed within the dorsal columns to the posterior nucleus of the
thalamus.

Thinly myelinated and unmyelinated trigeminal afferents that carry
information of pain and temperature terminate in the spinal trigeminal
nucleus. According to Olszewski (1950), spinal trigeminal nucleus in

human and monkey consists of three subnuclei: the nucleus caudalis,
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nucleus interpolaris, and nucleus oralis. The nucleus caudalis is
continuous with the dorsal horn of the cervical spinal cord and possesses
similar anatomical structure. Gobel et al., (1977), therefore, introduced
the term “medullary dorsal horn” to emphasize this similarity and
suggested eight-layered nomenclature similar to Rexed’'s laminar
subdivisions of spinal gray matter.

Due to the clinical findings that trigeminal tractotomy (Sjéqvist
operation) could alleviate pain sensation and abolish the temperature
sensibility in the orofacial region, the nucleus caudalis is considered to be
the major component of the trigeminal nuclear system concerned with
nociception. This hypothesis was supported by Price et al., (1976,1978)
in studies on the anesthetized monkeys. They showed that orofacial
nociceptive input is encoded by the WDR and NS neurons of nucleus
caudalis. In awake monkeys, Hoffman et al., (1981) described the
properties of nociceptive neurons that transmit information about noxious
heat stimuli. They examined the neuronal properties of medullary dorsal
horn while monkeys were performing the discrimination task of innocuous
(37-43°C) and noxious (45-49°C) thermal stimuli applied to the face. They
found that these neurons have restricted receptive fields and exhibit
stimulus-response functions similar to those found in the anesthetized
monkeys. The magnitude and latency of neuronal responses suggested
that both WDR and NS neurons code sensory-discriminative information

about noxious heat stimulation. Further investigation by the same group
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indicates that the behavioral context (such as, warning signal preceding
noxious stimuli) can modulate the responses of these nociceptive
neurons (Hayes et al., 1981).

Based on the psychophysical findings that humans and monkeys
can detect small increases in noxious heat applied to the face (Bushnell
et al., 1983, Handerwerker et al., 1982; Kenshalo et al., 1989; Robison et
al., 1983), the relationship between the activity of medullary dorsal horn
nociceptive neurons and the ability to detect noxious heat stimuli was
investigated in awake monkeys (Dubner et al., 1989). They
demonstrated that a subgroup of WDR neurons showed greater
discharge frequency on correctly detected trials. These findings indicate
that nociceptive neurons of medullary dorsal horn have the capacity to
precisely encode stimulus features in the noxious range; and that a
subpopulation of WDR neurons is likely to participate in the encoding
process by which monkeys perceive the intensity of such stimuli (Maixner
et al., 1989).

1.3 Somatosensory processing in the lateral thalamus

Electrophysiological studies of the thalamic ventral posterior
nucleus in animals demonstrate that the somatosensory information from
the contralateral limbs and trunks is transmitted to the ventrobasal
complex (VB) (Dykes, et al., 1982; Jones and Friedman, 1982; Jones et
al., 1982; Mountcastle and Henneman, 1952; Poggio and Mountcastle,

1963, 1960,). Many studies also have shown that most of these VB
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neurons are modality specific (Dykes, 1983; Dykes et al., 1981: Jones
and Friedman, 1982; Jones et al., 1982: Loe et al., 1977; Poggio and
Mountcastle, 1963; Rose and Mountcastle, 1954; Welker and Johnson,
1965). They receive different modalities of somatosensory inputs from
the spinal cord, including cutaneous tactile, subcutaneous pressure,

noxious and thermal (Jones, 1985).

1.3.1 Tactile or hair movement

A major part of the VP nucleus responds to cutaneous tactile
stimulation. These neurons respond to hair movement and light stroking
of the skin with modality and location specificity, which are the
characteristics of lemniscal inputs (Poggio and Mountcastle, 1963, 1960).
The receptive fields are usually small and localized in contralateral limbs
and trunk. Neurons in VPL responding to deflection of body hairs have
rapidly adapting discharges and no direction selectivity (Golovchinsky et
al., 1981; Gordon and Manson, 1967). On the other hand, neurons that
respond to light touch are found to have either slowly or rapidly adapting
discharges. Neurons that respond to hair movement on the face are well
represented in VPM. In addition, many neurons in VPM receive inputs
from the mucosa of the lips, tongue, and mouth. The receptive fields are
small and localized, and their responses are usually rapidly adapting. On
the nose, lip, tongue and palate close to midline, the receptive fields are

sometimes bilateral (Poggio and Mountcastle, 1963). Hayward (1975)
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described the different types of discharge patterns to stimulation of
several types of facial hair in unanesthetized monkeys’ VPM. He
demonstrated that neurons responding to movement of common hairs are
rapidly adapting cells situated in the dorsal half of the VPM, and have
slightly larger receptive fields than units responding to movements of the
circumoral vibrissae or of long facial whiskers, which were situated in the
ventral half of VPM. In addition, it was shown that circumoral vibrissa
have slowly or rapidly adapting discharges, while facial whisker units
have only slowly adapting discharges along with direction selectivity.

(Cited from: Jones, 1985).

1.3.2 Light pressure

The pressure-sensitive receptors usually are located in the dermis,
muscle, and joints and can be activated by different degrees of pressure.
Therefore, the thalamic neurons may receive inputs from subcutaneous
and deeper tissues as well, making it difficult to define the thalamic
pressure-sensitive neurons.

In VPL, neurons which can be activated by a maintained light
pressure have their receptive fields located in either hairy or glabrous skin
(Gordon and Manson, 1967, Tsumoto, 1974). These neurons can be
classified further as either slowly (SA) or rapidly adapting (RA). Rapidly
adapting, light pressure-sensitive neurons of VPL probably receive their

inputs from the Meissner receptors in glabrous skin (Gordon and Manson,
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1967). Other rapidly adapting VPL neurons might receive inputs from
Pacinian corpuscles. Dykes et al., (1981) described multi-unit responses
in ventral posterior inferior (VPI) of squirrel monkeys when tapping the
wrist and attributed these to Pacinian inputs. Slowly adapting VPL light-
pressure-sensitive neurons that respond to the stimulation of glabrous
skin are mediated by inputs from Merkel receptors (lggo and Ogawa,
1977, Janig et al., 1968).

In VPM, some neurons respond to tapping of the teeth, usually
with RA characteristics, and have small receptive fields confined to one or
more teeth (Bombardieri et al., 1975; Poggio and Mountcastle, 1963).
The teeth of the mandible and maxillae are somatotopically represented
in VPM (Lisney, 1978).

1.3.3 Nociceptive information

The spinothalamic tract transmits nociceptive and thermal
information from the contralateral side of the spinal cord to lateral, medial
or posterior regions of thalamus, including the VPL, VPM, VPI, and POm
nuclei in the lateral thalamus, CL in the medial thalamus and posterior
part of ventral medial nucleus (VMpo). The postsynaptic dorsal column
pathway projects from the dorsal column nuclei to the VPL and POm
nuclei. Some of the brainstem neurons receiving inputs from the
spinoreticular and spinomesencephalic pathways project to the central
median and parafascularis nuclei of medial thalamus. The spinocervical

tracts relay from the lateral cervical nucleus to the VPL and POm nuclei.
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The most extensively studied thalamic nuclei receiving projection
from ascending nociceptive pathways are those in the VP region
(Applebaum et al., 1979; Carstens and Trevino, 1978; Kerr, 1975; Mehler
et al., 1960; Perl and Whitlock, 1961; Willis et al.,, 1979). This area is
particularly interesting due to its proposed specific role concerning the
sensation of pain and temperature. Single-unit recordings of nociceptive
responses have been investigated in the VP thalamus of monkey by
many investigators (Apkarian and Shi, 1994: Bruggemann et al., 1994;
Bushnell and Duncan, 1987; Bushnell et al., 1893; Casey and Morrow,
1987, 1983; Chandler et al., 1992 Chung et al., 1986a,b; Duncan et al.,
1993; Kenshalo et al., 1980: Morrow and Casey, 1992; Tremblay et al.,
1993; Yokota et al., 1988). However, there is no consensus about the
proportion of VP neurons that are nociceptive. Some investigators report
that only a few neurons can be activated by noxious stimuli (Casey, 1966;
Kenshalo et al., 1980; Poggio and Mountcastle, 1963; 1960), others
describe significant populations (Chung et al., 1986a,b; Yokota et al.,
1988, 1985), while Chung et al (1986a,b) reported a large proportion of
nociceptive neurons in VPL of anesthetized monkeys. This difference
may result from the possible application of more intensive stimuli in the
anesthetized animal or from sensitization of nociceptive neurons by
repeated noxious stimuli.

Although both NS and WDR neurons have been reported in the

primate lateral thalamus, most investigators report a predominant
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proportion of WDR neurons in this region of the thalamus (Bushnell and
Duncan, 1987; Casey and Morrow, 1987,1983: Chung et al., 1986a,b:
Kenshalo et al., 1980). The WDR neurons of VP nuclei respond to
innocuous mechanical stimulation, and show maximal or preferential
response to noxious mechanical and sometimes noxious thermal
stimulation. These neurons appear to be scattered among those
responding to innocuous mechanical stimuli. They generally have small
contralateral receptive fields and are somatotopically organized, capable
of encoding the intensity of the stimuli (Bushnell et al., 1993; Bushnell and
Duncan, 1987; Casey and Morrow, 1983: Morrow and Casey, 1992:
Tremblay et al., 1993). The receptive field and response properties of
these neurons in the lateral thalamus suggest that they play an important
role in sensory-discriminative aspects of pain perception.

Recordings of neuronal activity have also been studied in the
human VP thalamus (Lenz et al, 1994b: 1993a,b). Lenz and his
colleagues reported that stimulation in VPL often evoked pain and even
could induce anginal pain (in a patient with a history of angina pectoris)
without the accompanying cardiovascular changes (Lenz et al., 1994a).
These findings imply that VPL may also be involved in visceral and
referred pain.

As mentioned above, in addition to the VPL and VPM nuclei,
noxious information is also relayed to other thalamic nuclei. These nuclei

include VPI of lateral thalamus (Apkarian and Shi, 1994: Morrow and
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Casey, 1992), VMpo of posterior thalamus (Craig et al., 1995,1994), and
the parafascicular (Pf), centrolateral, medial dorsal and central median
nuclei of the medial thalamus (Bushnell and Duncan, 1989; Casey, 1966:
Dong et al., 1978; Dostrovsky and Guilbaud, 1988; Kawakita et al., 1993).
Other findings from Craig et al. (1994) demonstrated that the neurons in
VMpo nucleus in monkeys respond preferentially to noxious and cold
stimuli. Studies have shown that these neurons project to the insula,
suggesting its role in the motivational-affective aspect of pain sensation.

Human studies involving electrical stimulation of discrete thalamic
sites indicate functional differences between the medial thalamus and the
ventrocaudal (corresponding to the VPLc in monkeys) nucleus in their
contributions to pain mechanisms. Studies of Hassler (1982,1970b)
support the hypothesis that the VcPc nucleus in humans is involved in the
localization and discrimination of the sensory aspects of pain. He found
that stimulation of this area in conscious humans resulted in localized
pain. Other investigators confirmed this result and reported that
stimulation in nucleus ventrocaudalis parvocellularis resulted in well-
localized, unpleasant burning or sharp painful sensation (Davis et al.,
1996; Dostrovsky et al., 1992: Halliday and Logue, 1972; Lenz et al.,
1993a.b, 1990a,b).

The effects of thalamic lesions or electrical stimulation to relieve
pain have been examined in human clinical treatments and studies.

Lesions that are directed toward the entire VB complex show poor results
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in pain relief and are accompanied by the undesirable side effect of
mechanoreceptive deficit (Sano et al.,, 1966: White and Sweet, 1969).
This deficit did not occur when the lesion was limited to the caudal area,
which is approximately equivalent to VPLc in primates. Temporary
reduction in the perception of acute pain was noted in ventrocaudal
lesions. Better and longer relief was noted in the lesions of VPM for facial
pain, possibly because such lesions may also interrupt the projection to
the intralaminar thalamic nuclei (Mundinger and Becker: 1977: White and
Sweet, 1969)

In addition, the excitability of the thalamus is controlled by the brain
stem, and relates to arousal and conscious states. Morrow and Casey
(1992) reported that thalamic somatosensory responses in awake
monkeys could be modulated by the state of arousal. Thus, thalamic
functions should include the relay function and the state-dependent
function.

The thalamus serves as a passageway for somatosensory
information to the cerebral cortex. A model of organization of
thalamocortical projections to the sensory cortex shows thalamic nuclei
with unique subthalamic inputs that in turn project to a particular region of
the cortex (Darian-Smith and Darian-Smith, 1993: Darian-Smith et al.,
1980; Jones, 1985). Antidromic stimulation showed that the VPL and
VPM neurons project to the Sl cortex (Dong and Chudler, 1995; Kenshalo

et al., 1980). Double-labeling studies demonstrated that WDR neurons in
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VPL project to Sl (Gingold et al., 1991) while most NS neurons in VPI
project to Sl (Stevens et al., 1993). These findings provide the evidence
that the lateral thalamus mediates the sensory-discriminative aspect of
pain perception. Evidence is now accumulating that MDvc and Pf project
to anterior cingulate cortex (Musil and Olson, 1988; Vogt et al., 1987) and
that VMpo projects to the insular cortex (Craig, 1994; Craig et al., 1994),
implicating that in pain processing, MDvc/Pf and VMpo are important for

emotional or behavioral reaction to pain.



Chapter 2 Hyperalgesia and Allodynia
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2.1 Introduction

Hyperalgesia is defined as an increased response to painful thermal
or mechanical stimuli as a result of tissue injury and inflammation
(Merskey, 1986). Most definitions of hyperalgesia include allodynia, pain
which is caused by a stimulus that does not normally provoke pain.
Sensitization is defined as an increase in neuronal responsiveness after
tissue damage and underlies hyperalgesia and allodynia. Hyperalgesia
and allodynia can result following peripheral tissue injury or damage to the
peripheral and central nervous systems (Bonica, 1979; Sunderland, 1978).
Hyperalgesia can occur to both heat and mechanical stimulation. This
phenomenon was described by Déjérine and Roussy (1906) in the patients
with thalamic lesions. Déjérine and the subsequent researchers, Head and
Holmes (1911), and Riddoch (1938) described “central pain”, which
included spontaneous pain and hyperalgesia following various lesions of
the spinal cord, brain stem and brain. Similar alteration in sensitivity was
also reported in patients with herpers zoster (Bauman, 1979), or
associated with bone injury (Houghton et al., 1997). Clinically, hyperalgesia
is characterized by a decrease in pain threshold and an increase in pain
perception, and is often accompanied by a spontaneous pain sensation.
Hyperalgesia seems to serve as a protective function to prevent further

injury and therefore may ultimately promote healing.
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Primary and secondary hyperalgesia

Two distinct types of hyperalgesia were described earlier this
century. The first one is primary hyperalgesia, which occurs at the site of
the injury. The other one is secondary hyperlagesia, and it occurs at the
surrounding or remote undamaged site (Hardy et al., 1950; Lewis, 1935).
Primary and secondary hyperalgesia differ in their sensory characteristics
and probably in underlying mechanisms. Primary hyperalgesia is
characterized by increased pain sensations to heat and mechanical stimuli
(Lewis, 1935, 1942; Hardy, 1953). On the other hand, it is believed that
secondary hyperalgesia is restricted to mechanical stimuli but not heat (Ali
et al., 1996; Dahl et al., 1993; Raja et al., 1984). For instance, in one
experiment, cutaneous injury produced by 53°C heat application on human
glabrous skin induced hyperalgesia to mechanical stimuli in both injured
and undamaged areas; however hyperalgesia to heat stimuli was found
only in the primary injured site. Similar results were observed by using
capsaicin and mustard oil in humans and animal studies (Ali et al., 1996).
This dissociation of mechanical and heat hyperalgesia in the primary and
secondary areas suggests that the neural mechanisms for these altered
sensations might be different.

However, some investigators report that heat hyperalgesia also
occurs in the secondary area when induced by capsaicin (Arendt-Nielsen
et al, 1996; Wallace et al., 1997) or heat burn (Pederson and Kehlet,

1998). They argue that the absence of heat hyperalgesia in the secondary
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area seen in earlier studies may be attributed to the small size of the
stimulator and insufficient stimulus intensity.

Different experimental models such as thermal heat and various
chemical substances have been used to induce hyperalgesia. Due to its
accessibility, most investigations of hyperalgesia were focused on the
cutaneous tissue. The characteristics of cutaneous hyperalgesia have
been intensively studied with heat injury and the application of capsaicin.
Using the model of heat burn, the stimulus-response function for heat pain
applied to the injured site is shifted to the left, indicating a decrease in pain
threshold and increased pain sensation to suprathreshold stimuli (Lynn,
1977; Raja et al., 1984). However, hyperalgesia to heat was not observed
in the undamaged skin. In contrast to heat hyperalgesia, mechanical
hyperlagesia was found in both primary and secondary areas. Similar
sensory changes were observed in the model of capsaicin application in
humans (LaMotte et al., 1991; Simone et al., 1989a,1987). Therefore, this
literature review will focus on the mechanisms of cutaneous hyperalgesia

after tissue injury induced by heat or capsaicin.

2.2 Neural mechanisms of pain in normal skin

To understand the mechanisms of hyperalgesia, it is necessary to
know how the primary nociceptive afferents and the central nociceptive
neurons are involved in transmitting pain sensation in normal skin. For

many years, intensive neurophysiological studies have been searching for
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the primary nociceptive afferents in animals and humans, as well as for the
psychophysical comparisons in humans. In the central nervous system,
nociceptive neurons located in the spinal cord, thalamus and
somatosensory cortex were found to be able to encode noxious stimuli.
These central nociceptive neurons include NS and WDR types.
2.2.1 Primary nociceptive afferents

There are two groups of primary nociceptive afferents that innervate
the skin, namely the thinly-myelinated A-s fibers and the unmyelinated C
fibers. Many unmyelinated C-fiber nociceptors respond to mechanical and
heat stimuli and therefore are called the C-fiber mechano-heat nociceptor
(CMH) (Meyer et al., 1994; Raja et al., 1988). In some cases, responses
to cold stimuli or chemical stimuli may also be evident and are referred to
as polymodal nociceptors. The responses of CMHs to heat stimuli ranging
from 41 to 49 °C in monkeys were found to be comparable with pain
ratings in human subjects (Meyer and Campbell, 1981). This provides
evidence that CMHs are responsible for heat pain sensations from normal
skin. Other findings in which heat pain sensation is not decreased
following the selective block of A fibres, also support the conclusion that C-
fibers are responsible for heat pain (Torebjérk and Hallin, 1973).
Furthermore, Torebjérk and Ochoa (1980) demonstrated that painful
sensations could be induced by micro-neurographic stimulation of single
C-fiber nociceptors in humans.

Most thinly-myelinated A-§ fiber nociceptors, on the other hand, are
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responsive to mechanical stimuli but are normally insensitive to heat.
However, these A-§ fibers can become sensitized to heat after injury
(Fitzgerald and Lynn, 1977), and therefore are referred to as type 1 A-fibre
mechano-heat nociceptors (type 1 AMH). This type of nociceptor exists in
both hairy and glabrous skin and may be responsible for the continuous
pain caused by prolonged heat stimuli (Meyer and Campbell, 1981). A
second type of Ag-nociceptor (type 2 AMH) has been identified in monkeys
and in humans (Adriaensen et al., 1983; Dubner and Bennett, 1983; Meyer
et al., 1991a,b, 1985; Treede et al., 1990,1984). This type 2 AMH fiber
has heat response properties similar to those of CMHs but with shorter
activation latency, and they seem to exist only in hairy skin (Treede et al.,
1990).

For the primary nociceptive afferents, prolonged application of a
constant stimulus leads to adaptation, while repeated application of brief
stimuli leads to fatigue (Meyer and Campbell, 1981: Handwerker et al.,
1987). Therefore, spatial and temporal summation of nociceptive inputs at
central levels is needed to evoke pain under normal circumstances.

The afore-mentioned nociceptors that encode both noxious thermal
and mechanical stimuli do not respond well to chemical irritants such as
capsaicin. The pronounced pain provoked by such a chemical irritant
suggests the existence of other receptor types in the skin. These fibers are
not responsive to mechanical stimulus in normal tissue and are referred to

as mechanically insensitive afferents (MIAs) (Davis et al., 1993:LaMotte et
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al., 1988; Meyer and Campbell, 1988; Meyer et al., 1991a,b). Some of
these MIAs were found to respond to chemical stimuli and therefore may
be chemoreceptors (Davis et al., 1993).

2.2.2 Central nociceptive neurons

Two classes of neurons possibly involved in pain sensation have
been described in the central nervous system (Willis, 1985). One class is
called NS neurons. These types of neurons have high thresholds for
cutaneous stimuli that are transmitted only by nociceptors. NS neurons in
the spinal cord were found in lamina | and V (Christensen and Perl, 1970).

Another type of central nociceptive neuron also encode the intensity
of noxious stimuli, and are referred to as WDR neurons. This type of
neuron responds to both noxious and low-threshold mechanoreceptive
inputs, and in fact, they may better account for the sensory discriminative
aspect of pain (Dubner et al., 1989). They can be activated by mechanical
and heat stimuli, and receive convergent inputs from A- and C-fibres. Most
WDR neurons are located in lamina V.

As described in the previous chapter, most spinal nociceptive
neurons (NS and WDR) send projecting axons into the spinothalamic tract
(STT) and terminate in the VP, VPI or VMpo of the thalamus. In the ventral
posterior lateral nucleus (VPL), most nociceptive neurons were reported as\
WDR (see chapter 1). Furthermore, recordings from human thalamic
principal sensory nuclei have demonstrated that some of these thalamic

neurons are able to encode noxious heat (Lenz et al., 1993a,b) and
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mechanical stimuli (Lenz et al., 1994a).

At the cortical level, both NS and WDR neurons were found in areas
3b and 1 of the primary somatosensory cortex in monkeys (Chudler et al.,
1990; Kenshalo et al., 1988; Kenshalo and Isensee, 1983).  These
neurons respond to both mechanical and thermal stimuli and generally
have small contralateral receptive fields. Brain imaging studies revealed
contralateral S| activation during the application of painful stimuli (Coghill et
al, 1995; Duncan et al., 1994; ladarola et al., 1993; Talbot et al., 1991).
However, some other studies failed to observe such activation (Jones et

al., 1991).

2.3 Neural Mechanisms of Primary hyperalgesia

The underlying mechanisms of primary hyperalgesia may be
attributed to the combination of peripheral and central sensitization. (Kilo et
al., 1994; LaMotte et al., 1992,1991; Torebjérk et al., 1992; Schmelz et al.,
1996). Experiments designed to study the peripheral neural mechanisms of
primary hyperalgesia logically focused on the responses of nociceptors in
the injured area. In this section, the sensitization of primary afferent
nociceptors that account for primary hyperalgesia to heat stimuli will be
described first, then the role of primary afferent nociceptors in mechanical
hyperalgesia will be discussed. In addition, the possible central

mechanisms of primary hyperalgesia will also be summarized.
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2.3.1 Peripheral mechanisms of primary heat hyperalgesia

Nociceptor sensitization ~ Since primary hyperalgesia occurs at the
site of injury, the correlated sensitization of nociceptors was proposed to be
the essential peripheral neural mechanism of the primary hyperalgesia.
Sensitization of nociceptors is characterized by 1) the decrease in
threshold, 2) an increase in response to suprathreshold stimuli, and 3)
occasional spontaneous activity. These properties correspond to the
characteristics of hyperalgesia in human subjects.

The nociceptors’ sensitization to heat stimuli has been studied
extensively in primates and humans with mild heat injury (Beitel and
Dubner, 1976a; Campbell et al., 1979; Campbell and Meyer, 1983: Croze
et al., 1976; Kumazawa and Perl, 1977; LaMotte et al., 1984, 1983a,b,
1982b; Meyer and Campbell, 1981; Thalhammer and LaMotte, 1982;
Torebjérk et al., 1984; Torebjérk and Hallin, 1978). The results suggest
that the types of sensitized nociceptors are different in the glabrous and
hairy skin.

On glabrous skin, a correlated psychophysical investigation in
human and neural response of Type | AMH and CMH nociceptors in
anesthetized monkeys was conducted by Meyer and Campbell (1981).
They applied heat stimuli ranging from 41 to 49 °C to the glabrous skin of
hands in humans and monkeys before and after a burn with 53C for 30

seconds. For the AMHs, the heat threshold greatly decreased and the
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response to suprathreshold stimuli was increased after the burn. Similar
observations of sensitization of AMHs by heat were also reported by other
investigators (Burgess and Perl, 1967; Dubner et al., 1977; Fitzgerald and
Lynn; 1977). In contrast, the CMHs showed a decreased response to
suprathreshold stimuli following the bumn. This lack of sensitization of
CMHs innervating monkey glabrous skin was supported by other
investigators (LaMotte et al., 1983a). These data suggest that AMHs, but
not CMHs, participate in the primary heat hyperalgesia of the glabrous skin.

On hairy skin, in addition to the AMHs, the CMHs can also be
sensitized by heat after burn (Beital and Dubner, 1976; Bessou and Perl,
1969; Campbell and Meyer; 1983; Fitzgerald and Lynn, 1977; LaMotte et
al., 1983a,b; 1982; Lynn, 1977; Perl, 1976; Thalhammer and LaMotte,
1982; Torebjork et al., 1984). Therefore, both C-fiore and A-fibre
nociceptors are likely to play a role in heat hyperalgesia on hairy skin.
These observations indicate that the distribution of CMHs varies with skin
type (Campbell and Meyer, 1983) and respond differently to heat following
a burn.

The use of chemogenic materials to produce tissue damage in
studying hyperalgesia was also reported. Results from psychophysical
experiments with topical application of capsaicin (Culp, 1989; Koltzenburg
et al., 1992) or mustard oil (Koltzenburg et al., 1992) indicate that
sensitization of C-nociceptors accounts for heat hyperalgesia in human

hairy skin and is linearly dependent on the log of capsaicin dose between 2
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x 10* M and 2 x 10" M (Culp et al., 1989). Similar studies with topical
capsaicin (1%) or freezing skin to -28°C have also shown that heat pain
threshold was lowered by 5 — 9 °C and was probably due to nociceptor
sensitization. (Kilo, et al., 1994).

These data provide evidence that the primary hyperalgesia to heat
stimuli is due to sensitization of primary nociceptive afferents.
Nevertheless, Baumann et al., (1991) failed to demonstrate this peripheral
mechanism of neurogenic hyperalgesia. They injected 100 ug capsaicin
and recorded in the primary afferents that innervated the arm, hand, or leg
of an anesthetized monkey. They found that both CMHs & AMHs
responded too weakly to account for the level of pain that was measured in
the human subjects. They suggested a novel type of chemonociceptive
primary afferent that subserves the heat and mechanical hyperalgesia at
the site of injection of capsaicin, and that the sensitization that contributed
to the neurogenic hyperalgesia was in the CNS. However, it was observed
in the same study that the topical application of capsaicin enhanced the

responses of CMHs and AMHs to heat.

2.3.2 Peripheral mechanisms of primary mechanical hyperalgesia
Mechanical hyperalgesia can be produced at both primary and

secondary areas related to the injured skin. Different types of mechanical

hyperalgesia can be distinguished according to the stimulus modalities and

qualities. One type of mechanical hyperalgesia is induced by stroking the
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skin and has been called stroking hyperalgesia, dynamic hyperalgesia, or
allodynia (Hardy et al., 1950; LaMotte et al., 1991; Lewis, 1942: Simone et
al., 1989a; Torebjork et al., 1992). The second type of mechanical
hyperalgesia is evident using punctate stimuli and has been termed
punctate hyperalgesia (LaMotte et al., 1991). The other type of mechanical
hyperalgesia is evident in tonic blunt probes (Culp et al., 1989; Koltzenburg
et al., 1992). The peripheral mechanisms of mechanical hyperalgesia are
likely to be different from the heat hyperalgesia.

Nociceptor sensitization ~ Primary hyperalgesia to mechanical
stimuli has been observed in human psychophysical studies (Raja et
al.,1984). It was presumed that the sensitization of primary nociceptive
afferents could account for this mechanism. A study conducted by Bessou
and Perl (1969) showed that the mechanical threshold of CMHs decreased
33% in cats. Reeh et al., (1987) also reported that the mechanical
threshold decreased after a mechanical injury in the A-fibres of rats.
Therefore, sensitization of primary nociceptive afferents to mechanical
stimuli might be expected to parallel the sensitization to heat stimuli.
However, such sensitization to mechanical stimuli has not been observed
in primates or humans either for AMHs (Campbell et al., 1979) or CMHs
(Campbell et al, 1988; LaMotte et al., 1987; Simone et al., 1986;
Thalhammer and LaMotte, 1982). Thus, the sensitization of primary
nociceptors can not completely account for the primary mechanical

hyperalgesia. Other possible mechanisms might also be involved.
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Expansion of the receptive field The expansion of the receptive

field of nociceptors into an adjacent area may be an alternate peripheral
mechanism for primary mechanical hyperalgesia. Investigations into
changed receptive fields of nociceptors were conducted in monkeys' hairy
skin (Thalhammer and LaMotte, 1982). The results demonstrated that
most of AMHs and some CMHSs expanded their receptive fields after a heat
injury. Consequently, a stimulus will activate more nociceptors than it
would have before injury, resulting in increased sensation without the
presence of lowered mechanical threshold. This spatial summation could
be one of several possible peripheral mechanisms underlying primary
mechanical hyperalgesia.

Mechanically _Insensitive __Afferents _ (MIAs) Other possible

explanations for primary mechanical hyperalgesia have also been
proposed ( Davis et al., 1993; 1990; Meyer et al., 1991a,b). Schaible and
Schmidt (1985) described “sleeping nociceptors” in knee joints, which are
normally unresponsive to mechanical stimuli but become responsive after
inflammation. Similar primary afferents were described in the skin and are
referred to as mechanically insensitive afferents (MIAs) (Meyer et al.,
1991b). The role of these MIAs in pain sensation is still unclear. However,
a large percentage of thinly-myelinated A-fibers and C-fibers were found to
belong to this group (Meyer et al., 1991b). According to their study, these
afferents can be sensitized to mechanical stimuli after injection of an

artificial inflammatory solution (contains bradykinin, histamine, serotonin,
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and prostaglandin E1) in the hairy skin of anesthetized monkeys.

Decreased inputs from low-threshold mechanoreceptors Another

possible mechanism underlying primary mechanical hyperalgesia is a
change in peripheral inputs from the large mechanoreceptors. The
suppression of activity of large mechanoreceptors after injury was
observed in cats (Beck et al., 1974). It was proposed that a decreased
response of low-threshold mechanoreceptors could lead to a reduction in
the concurrent inhibition of inputs into the dorsal horn. This disinhibition of
primary afferents could therefore enhance the nociceptive inputs in the

dorsal horn and thus contribute to primary mechanical hyperlagesia.

2.3.3 Central neural mechanisms of primary hyperalgesia

Persistent activity in primary nociceptive afferents results in
increasing responsiveness of dorsal horn neurons in the spinal cord
(Cervero et al., 1992; Cook et al., 1987; Dubner and Ruda, 1992; Hylden et
al., 1989a,b; Laird and Cervero, 1989; Simone et al., 1989b). After a
cutaneous injury within the receptive fields, neural sensitization to heat
stimuli has been reported at the level of the spinal cord (Ferrington et al.,
1987; Keshalo et al., 1982, 1979; Simone et al., 1991b), thalamus
(Guibaud et al., 1987; Kenshalo et al., 1980; Peschanski et al., 1980) and
cortex (Kenshalo and Isensee, 1983). However, these enhanced central

activities may be due solely to the increasing inputs from peripheral
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sensitized nociceptors and do not necessarily indicate a change in central
processing.

Changes of receptive fields of central neurons after peripheral tissue
injury could provide a possible central mechanism of primary hyperalgesia.
The expansion of receptive fields of dorsal horn neurons after an injury
produced by a burn (McMahon and Wall, 1984) or by a central action of
chemicals (Sherman et al., 1997a,b) has been observed in rats. Intrathecal
administration of strychnine could alter the receptive fields and sensory
modalities of VPL neurons (Sherman et al., 1997a) or altered response
properties of NS neurons in medial thalamus (Sherman et al., 1997b).

Furthermore, mechanical hyperaigesia may result from central
alteration such that the input from low-threshold mechanoreceptors causes
pain sensation. In cats, capsaicin could induce rapid reorganization of
receptive fields of cuneate nuclei (Pettit and Schwark, 1996). This
phenomenon has been investigated in secondary hyperalgesia and will be

discussed below.

2.4 Neural mechanisms of secondary hyperalgesia

Secondary hyperalgesia is characterized by the presence of
enhanced sensitivity to mechanical stimuli in the surrounding undamaged
tissue after injury. This altered sensitivity to mechanical stimuli generally

includes an increased magnitude of pain sensation to noxious stimuli
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(hyperalgesia) and a change in the modality of the sensation, e.g. from
touch to pain (allodynia).

Two different mechanisms have been proposed to explain how
hyperalgesia spreads from the injured site to the surrounding undamaged
tissue.  Earlier studies by Lewis (1942) emphasized a peripheral
mechanism, while Hardy (1950) proposed a central mechanism. Lewis
(1942) suggested that the release of substances from the activated
nociceptive afferent terminals could in turn sensitize other nearby primary
nociceptive afferents (axon reflex). Conversely, Hardy (1950) described a
central mechanism that suggested the involvement of a spreading
sensitization within the spinal cord. Both hypotheses emphasize the
importance of initial sensitization of primary nociceptive afferents but differ
in whether the conduction was toward the CNS or just a local spread to the
periphery. To verify these hypotheses, experiments have been designed to
block the proximal or distal propagation, but no consensus has been

achieved in the results.

2.4.1 Peripheral mechanisms of secondary hyperalgesia

Role of nociceptors To develop secondary hyperalgesia, the
initiation of nociceptive activity is necessary. Several lines of evidence
support this hypothesis. For example, capsaicin, which only activates
nociceptors without affecting low-threshold mechanoreceptors, can

produce secondary hyperalgesia. This is contrasted with innocuous stimuli
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such as touch or warm temperature, which do not produce secondary
hyperlagesia. Furthermore, it was shown that cooling or anesthetizing the
injured site can suppress secondary hyperalgesia, while rewarming the
skin could bring it back (LaMotte et al., 1991). This indicates that activity in
sensitized nociceptors at the injured site is also required to maintain the
secondary hyperalgesia.

Peripherally spreading sensitization Cutaneous injury may develop a
flare response in a broad surrounding area. This phenomenon involves
several factors: a) excitation of nociceptors, b) the effector ending near an
adjacent blood vessel, c) the release of vasodilator agents, and d) the
dilatation of arterioles. The most accepted hypothesis proposes that the
flare spreads via the cutaneous axon reflexes (Lewis, 1927). This
hypothesis states that the branching of primary afferent neurons supplies
both the sensory ending and the effector ending on blood vessel. Lewis
described secondary hyperalgesia as resulting from the sensitization of
nociceptors located in the injured area, which leads to the propagation of
action potentials in other branches of the afferents, thus resulting in the
release of chemicals such as substance P in the adjacent area. He also
demonstrated that electrical stimulation of the peripheral nerve caused
hyperalgesia along the distribution of the nerve. This axon-reflex
mechanism that accounts for the flare response was also reported by
Lembeck (1983). Thus, substance P could participate in the phenomenon

of widespread vasodilatation (flare) on the injured site. Carpenter and
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Lynn (1981) were able to demonstrate that depleting nerve terminals of
substance P by long term application of capsaicin could block the effector
side of the axon reflex and diminish the flare size. Fitzgerald (1979)
reported that in the intact area adjacent to an injured site, antidromic
electrical stimulation in rabbits’ peripheral nerves could result in
sensitization of C-fiber nociceptors to heat. However, several other authors
have not succeeded in replicating this observation in studies using rats and
primates (Meyer et al., 1988; Reeh et al., 1986; Thalhammer and LaMotte,
1983).Szolcsanyi et al., (1992) proposed that C-polymodal nociceptors and
their varicosities serve as receptor-effector function for the spread of flare.
Furthermore, using infrared thermography, Serra et al., (1998)
demonstrated that after cutaneous injection of capsaicin, the flare
response reflects a multifocal dilatation of underlying arterioles around the
injury site. In addition, the area of flare was found to coincide with the area
of mechanical and heat hyperalgesia.

Other neurophysiological studies focused on the change in
mechanical sensitivity following an injury. In monkey studies, A-fiber and
C-fiber nociceptors failed to demonstrate a change in mechanical
thresholds following a heat injury adjacent vto the receptive field
(Thalhammer and LaMotte, 1982). However, in studies using rats A-fiber
nociceptors showed a lowered mechanical threshold after an adjacent

mechanical injury (Reeh et al.,, 1987). These controversial observations
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suggest that peripheral sensitization may not account sufficiently for
secondary hyperalgesia in primates.

It was shown by injection of xylocaine that secondary hyperlagesia
induced by intradermal injection of capsaicin does not spread beyond the
xylocaine area (Simone et al.,, 1985). This observation provides indirect

evidence for a peripheral mechanism for secondary hyperaigesia.

2.4.2 Central mechanisms of secondary hyperalgesia

A central mechanism for secondary hyperalgesia was postulated by
Hardy and his colleagues (Hardy et al., 1950). According to their
hypothesis, inputs of sensitized nociceptors from the injured areas to the
dorsal horn produce a "sensitization" of dorsal horn neurons that also
receive inputs from the regions surrounding the injury. This sensitization
could be due to facilitation of nociceptive neurons or to enhanced synaptic
links between central nociceptive neurons and low-threshold
mechanoreceptors (e.g. stroking hyperalgesia or allodynia).

Neurophysiological evidence for central mechanisms of secondary
hyperalgesia have been reported in some studies using rats and monkeys.
In these studies, it was shown that a burn injury inside the receptive fields
(RF) of monkey STT neurons led to an increased response while applying
the mechanical stimuli outside the injured skin area (Kenshalo et al., 1982).

McMahon and Wall (1984) reported a decreased mechanical threshold of
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the RF of rat lamina | neurons when small burns were caused outside the
RF.

To support the central mechanism for secondary hyperalgesia,
LaMotte and his colleagues (1991) performed a psychophysical study in
humans in which a proximal nerve block was performed to prevent the
development of secondary hyperalgesia. Three hours after the recovery
from the proximal blockade of lateral antebrachial nerve with 1% xylocaine,
secondary hyperalgesia did not occur. Therefore, it seems that the
sensitized neurons in the CNS are necessary for the existence of
secondary hyperalgesia.

Nevertheless, the central mechanism for stroking hyperalgesia still
remains inconclusive. Treede and Cole (1993) presented a report of a
patient with large fiber neuropathy, showing that an intradermal injection
of capsaicin produced only punctate but not stroking hyperalgesia. By
using different woolen fabrics to produce different prickle sensations to
normal and hyperalgesic skin, Cervero et al., (1994) suggested that
stroking hyperalgesia is due to central sensitization to input from low-
threshold mechanoreceptors and that punctate hyperalgesia is due to
central sensitization to input from nociceptors. Recently, Cervero and
Laird (1996a,b) proposed a new mechanism using a capsaicin pain
model in humans. They suggested that the low-threshold A-B
mechanoreceptive fibers depolarize the central terminals of nociceptive

primary afferent neurons via interneurons.



As described above, an increase in receptive field size is more
evidence for a central mechanism. In rat dorsal horn neurons, an
expansion of the RF could be induced by applying mustard oil outside the
RF (Woolf and King, 1990). Mechanical injury within the RF of dorsal
horn neurons led to the expansion of the RF into uninjured skin (Laird
and Cervero, 1989). In addition to the spinal cord, a supraspinal center
may also be involved in central mechanisms. Thalamic neurons in rats
exhibit enhanced responsiveness to mechanical and heat stimuli whose
RF is remote to the injury site (Guilbaud et al., 1986). In primates, a
thalamic correlation with secondary hyperalgesia has not yet been

documented.

2.5 Summary

Primary heat hyperalgesia can be accounted for by the
sensitization of primary nociceptive afferents. In glabrous skin, AMHs
become sensitive to heat after the injury. In hairy skin, both AMHs and
CMHs are involved in this heat sensitivity after injury. Regarding primary
mechanical hyperlagesia, it has been observed that central mechanisms
may also be necessary to account for the change in mechanical sensation
in addition to the changes in threshold and receptive fields.  In the spinal
cord, changes in threshold to heat and mechanical stimuli have been
described. Increases in the size of the receptive field of dorsal horn

neurons also indicate an important sensory integration in primary
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hyperalgesia at both spinal and supraspinal levels.

An additional mechanism that may contribute to primary
hyperalgesia without lowering the nociceptor threshold is the recruitment
of silent nociceptors and of previously insensitive branches of
nociceptors, leading to the expansion of receptive fields (Thalhammer
and LaMotte, 1982; Schmelz et al., 1996,1994; Schmidt et al., 1995).
Secondary hyperalgesia is characterized by enhanced sensitization to
mechanical stimuli adjacent to the injured area. The proposed peripheral
mechanism consists of an axon reflex, a phenomenon which spreads
peripherally by the coupling of C-fibers or via the release of
neuropeptides. However, neurophysiological evidence for the peripheral
mechanism of secondary hyperalgesia is not convincing.  Substantial
evidence suggests that central sensitization is the principal mechanism of
secondary hyperalgesia. This central sensitization may occur in the
spinal cord or at higher levels. Dorsal horn neurons demonstrate changes
in stimulus-response functions and receptive field size from a remote
injury. Secondary mechanical hyperalgesia may result from the enhanced
nociceptors’ input and from low-threshold mechanoreceptors as well.
Recently, Pederson and Kehlet (1998) found that there is no difference in
pain response to mechanical stimuli in the primary and secondary zone.
They suggested that central mechanisms might be responsible for the
punctate mechanical hyperalgesia regardless of whether it is in the

primary or secondary zone.



Chapter 3 Experimental methods in the study of pain and
hyperalgesia
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3.1 Introduction

3.1.1 General consideration

When using animal models to assess pain, it is understood that they
will be exposed to different intensities of stimuli ranging from innocuous to
noxious. For this reason ethical issues should be taken into account to
minimize any pain the animals may suffer (Zimmerman, 1987,1986,1983).
In general, experimental animals should not be exposed to pain situatibns
that humans could not tolerate. Furthermore, in order to avoid unexpected
tissue damage, verification of the noxious stimuli should be performed
before applying them to the animals. In experiments involving the use of an
anesthetized animal, sufficient anesthetics and systemic monitoring should
be provided throughout the procedures. Adequate post-operative pain
control is also indicated in some cases. Experiments such as the ones that
are involved in the investigation of pain mechanisms, or the ones that
correlate the psychophysical and neurophysiological results, require only
minimal anesthesia in order that the animals subject to the same type of
stimulation as experienced by humans. In these types of experiments,
animals can be trained to perform an operant procedure by initiating the
trials and are able to escape intolerable noxious stimulations.

To be considered as an ideal behavioral animal model for assessing

pain, the following criteria have been suggested by Dubner (1989): 1) It
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should distinguish between responses to innocuous versus noxious stimuli,
2) The responses measured should vary in magnitude over a range from
threshold to tolerance, 3) Threshold and suprathreshold measures should
be taken into account together, 4) The model should be susceptible to
behavioral and pharmacological manipulation, 5) Sensitivity to other non-
sensory factors, such as attention, motivation and motor performance
should be distinguished, and 6) There should be little or no tissue damage
with repetitive stimulation. In addition, the data obtained from animal
models should present reliable parallel comparisons with that of humans

(Watkins, 1989).

3.1.2 Types and properties of stimuli

For experimental models of pain assessment, selecting an
appropriate type of stimulus is important. The following are the most
commonly used types of stimuli in human and animal pain studies: thermal
(cold and heat), mechanical, electrical stimuli and chemogenic agents. For
neurophysiological investigations, certain potentially tissue-damaging
noxious stimuli may be adopted. For psychophysical studies however,
reversible transient noxious stimulation is preferred.

Heat Thermal injury has long been used to mimic the effects of
clinical pain. The radiant heat technique (Hardy et al., 1950; Raja et al,,
1984) and the contact thermode probe (Darian-Smith et al., 1973; Dubner

et al., 1975; Kenshalo et al., 1967; LaMotte et al., 1991,1982a) are the most
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commonly used methods to apply heat stimuli. In the radiant heat method,
the light from a projection lamp is focused through a lens and directed to a
part of the skin blackened to enhance heat absorption. A thermocouple
measures the skin temperature and sends feedback to the device. For
behavioural studies, however, this method does not change the temperature
fast enough and therefore an animal could, through expectation, respond to
the innocuous temperature before the stimulus reaches the target level.
Laser devices, which allow a very rapid change in skin temperature, can
overcome this disadvantage (Mor & Carmon, 1975).

A contact thermode probe with a Peltier device and a thermistor for
measuring the temperature of the junction between the skin and the
thermode have been used extensively in pain studies (Bushnell et al., 1993;
Darian-Smith et al., 1973; Dubner et al., 1975; Kenshalo et al., 1967). With
this technical improvement, the rate of temperature change can be as fast
as 20°C/s. However, contact thermodes have the disadvantage of activating
the mechanoreceptors innervating the area of skin under the thermode
probe.

Different degrees of heat temperature have been used to produce
cutaneous injury: it could be induced by 53°C for 30 s(Raja et al., 1984) or
by 49-50°C for 5-7 minutes in humans (Dahl et al., 1993; Mginiche et al,,
1993). This could result in skin damage equivalent to a second-degree burn
and primary heat hyperigesia as well as mechanical hyperalgesia in the

secondary area for up to 24 hours (Mginiche et al., 1993). Similar burning
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effects have been reported in human studies even when using a lower heat
temperature of 47°C for seven minutes, (llkjoer et al.,1996; Petersen et al.,
1997). LaMotte et al (1982b) reported that heat injury in hairy skin caused
a greater degree of hyperalgesia than that in glabrous skin. In primate
normal hairy skin, heat stimuli between pain threshold and tolerance are
believed to activate CMH nociceptors, whereas the AMHSs are only activated
by temperatures above 51°C (LaMotte et la., 1982b: Campbell et al., 1988).

Cold Noxious cold temperatures are not often used to produce an
inflammatory state. This method was first introduced by Lewis in 1936.
Recently, some investigators have demonstrated a freeze injury model by
freezing the skin to -28° C in humans (Kilo et al., 1994). Moderate pain
with itching and burning that lasted for two hours were reported. Punctate
mechanical hyperalgesia was found in the secondary area and heat
hyperalgesia occurred prominently in the primary area. These observations
remained present even 22 hours post-injury. Punctate hyperalgesia
persisted throughout an A-fiber block, suggesting peripheral mechanisms
are being mediated by C fibers or by thinly myelinated A fibers (Kilo et al.,

1994).

Chemical agents = Many chemical substances have been used to

investigate pain and hyperalgesia in animals and humans. Formalin has
been injected in the footpads of rats and cats to mimic clinical human pain

(Dubuisson & Dennis, 1977; Tjelsen et al., 1992). Injection of carrageenan
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or complete Freund’'s adjuvant (CFA) results in an acute and more
persistent pain that mimics postoperative pain or arthritis (Guilbaud et al.,
1992a; Schaible et al., 1987). Enhanced neuronal responses in rat
thalamus and SMI after the injections of carrageenan were also observed
(Guilbaud et al., 1992a). Mustard oil injection or topical application on
human hairy skin have been used to investigate the mechanisms of pain
and hyperalgesia (Cervero and Laird, 1996a; Cervero et al., 1993,
Koltzenburg and Handwerker, 1994; Koltzenburg et al., 1992; Schmidt et al.,
1995). Sharp burning pain and hyperalgesia were reported after application.

in addition to the chemical agents mentioned above, capsaicin is
probably the most common chemical irritant used in the study of pain. The
topical application or low-dose intradermal injection of Capsaicin, the
~ pungent substance found in hot chili peppers, produces burning pain and
heat or mechanical hyperalgesia in humans (Carpenter and Lynn, 1981;
Cervero et al., 1994; Culp et al., 1989; Kilo et al., 1994; Koltzenburg et al.,
1992: LaMotte et al.,, 1992,1991; Morris et al., 1997; Simone et al,
1991,1989, 1987; Torebjork et al., 1992; Treed and Cole, 1993). Whereas
low doses of capsaicin activate C-fibers, higher or repeated doses lead to
desensitization of C-fibers. The mechanisms by which capsaicin induces
pain, hyperalgesia and desensitization will be discussed in detail.
3.1.3 Types of experimental pain models

Two types of animal models have been developed to mimic human

clinical pain in order to assess their characteristics and mechanisms. The
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first method is comprised of tissue injury models, in which tissue damage is
produced by applying noxious stimuli (heat, cold and chemicals) to create
acute or chronic pain and sequential hyperalgesia. The second method is
the neuropathic model, which involves surgical intervention to mimic chronic
or central pain syndromes in humans by creating nerve injuries or lesions
in the peripheral or central nervous systems.

Tissue injury models As mentioned earlier, injection or topical

application of chemicals (formalin, mustard oil, capsaicin, carageenin,
Freund’s adjuvant solution) has been used to produce tissue injury and
inflammation in animal models. Due to the absence of adequate verbal
communication in animals, their behavioral responses, such as limb
withdrawal reflexes, tail flick reflex or vocalization, are considered as the
criteria when assessing pain sensation. These methods usually measure the
latency of response after the application of noxious stimulation to the testing
areas.

In the learned operant experiments, animals acquire the knowledge
to avoid or escape the noxious stimuli (Vierck and Cooper,1984). Some
investigators have trained animals to press a bar to reduce the intensity of
an electrical stimulus (Weiss & Laties, 1963) or to release a lever in
response to detecting changes in thermal or mechanical stimuli (Bushnell
et al., 1993). However, animals in the operant experiments have the

tendency to avoid the trials rather than to escape, and consequently the
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threshold of pain tolerance is difficult to determine. Therefore, caution
should be taken when developing an escape animal model.

The human experimental models of pain induced by chemical or
thermal injury were first introduced by Lewis (1936) and Hardy et al., (1950).
A similar model of neurogenic inflammation by intradermal injection or
topical application of capsaicin in humans was demonstrated by other
investigators (Koltzenburg et al., 1992; LaMotte et al., 1991; Morris et al.,
1997; Simone et al., 1987; Torebjork et al., 1992). Capsaicin was found to
introduce primary hyperalgesia along with a flare reaction in the surrounding
area as characterized by mechanical hyperalgesia. This capsaicin model
was also used in anesthetized monkey to investigate the response of spinal
dorsal horn neurons (Chung et al., 1993; Dougherty et al., 1994b; Simone
et al.,, 1991) and the reorganization of DCN in cats (Pettit and Schwark,

1996). A detailed description of the studies will follow.

Neuropathic pain model Based on pain resulting from a lesion of
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