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CHAPTER |

INTRODUCTION

Migraine and other forms of primary headaches have recently become of
major interest to neuroscientists. A prevalence of 15-18% in female and 6% in males
(Lipton and Stewart, 1997) argues in favor of the syndrome being due to transiently
disordered physiology rather than a disease state. Migraine is one of the most
common conditions encountered both in the general neurology and special headache
clinic. According to the International Headache Society criteria (2004), this condition
can be classified to various subtypes depending on their clinical features. There are
two main types of migraine. The first, migraine without aura (previously called
common migraine), is characterized by headache attacks lasting 4-72 hours. The
headache is usually severe, unilateral pulsating, and accompanied by nausea,
vomiting, photophobia. In the second type, migraine with aura (previously know as
classical migraine) is characterized by the presence of transient neurological deficits
preceding the phase of headache. Its gradual course of progression and the
distribution of neurological deficits do support the hypothesis.

In 1944, Leao reported his observation concerning a specific pattern of change
of the electroencephalogram (EEG) which can be triggered by non-noxious
stimulation. This electrophysiologic phenomenon is characterized by an increase in
EEG activity of focal cortical areas usually occipital lobe. This excitation-depression
wave gradually expands forward and normally disappears at the central sulcus. Based
on the similarity in time_course and pattern of spreading, Leao proposed that this
electrophysiologic phenamenon, which was later termed cortical spreading depression
(CSD), might be the mechanism underlying the aura phase of migraine (Leao, 1944).
Though CSDcorrelated -well- with the clinical features. of -neurological deficits,
occurring during the aura phase, the relationship between this phenomenon and the
generation of headache is still inadequately explained.

Discovery of vanilloid receptor subtypel (VR1) is considered one of the most
important finding in current pain research. Its physiological properties satisfy several
aspects of nociceptive mechanism. For instance, its gating mechanisms which can be
controlled either by tissue acidity or heat fit well with non-selective property of

nociceptors. Its expression in small-sized dorsal root ganglion (DRG) and trigeminal



ganglia (TG) neurons also reflects its involvement in nociceptive process (Millan,
1999)

Recently, it has been shown that expression of VR1 receptor can be altered in
several nociceptive states. In 2003, Amaya et al. demonstrated that chemically-
induced tissue inflammation can increase VR1 positive neuronal profile in rat DRG
neurons. In 2002, Fukuoka et al. demonstrated an increase in VR1 receptor expression
in rat DRG neurons after spinal nerve ligation. These data provide evidence that both
noxious stimulation and injury in nervous system can increase VR1 expression in
DRG. Such change may relate to functional alteration of pain perception and may
underlie the development of chronic pain syndrome. Plasticity change of VR1 in TG
has not yet been investigated.

It is widely recognized that serotonin has role in indicate of pain and
headache. Substantial evidences indicate that serotonin is implicated in the
pathophysiology of migraine (Raskin, 1991). Urinary excretion of 5-hydroxyindole-3-
acetic acid, the metabolite of 5-HT, has been reported to increase during the headache
phase (Sicuteri et al., 1961), whereas platelet 5-HT levels decrease (Anthony et al.,
1969). Intravenous administration of 5-HT can alleviate migraine symptoms elicited
by 5-HT depleting agents (Kimball et al., 1960). These clinical evidences indicate the
relationship between low 5-HT and headache.

The following study Is designed to investigate the plasticity of trigeminal
nociceptive system in two conditions, namely 5-HT depletion and facial
inflammation. We study expression of Fos in TNC as an indicate of trigeminal
nociception. We also studied the change in VR1 expression in TG in this condition.
The studies also aim at determining the effect on cortical activity evoked by non-

noxious stimulation.



CHAPTER I

REVIEW OF LITERATURES

TRIGEMINAL NERVOUS SYSTEM

The trigeminal nerve is the largest cranial nerve and contains both sensory and
motor fibers. It is the sensory nerve to the greater part of the head and the motor nerve
to several muscles, including the muscles of mastication. The trigeminal nerve has
three branches, the ophthalmic, maxillary and mandibular divisions (Fig 2.1) (Snell,
1992).
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Figure 2.1 Structure of trigeminal nerve (Snell, 1992)

The tract that the descending axons travel in is called the ‘spinal tract of
nucleus of V, and the long tail of a nucleus that they finally synapse in is called the
spinal nucleus of V. These names come from the fact that they actually reach as far
down as the upper cervical spinal cord. The spinal nucleus of V can be divided into
three regions along its length; the region closest to the mouth is called subnucleus
oralis, the middle region is called subnucleus interpolaris, and the region closest to the
tail is called subnucleus caudalis. The pain fibers actually synapse in subnucleus



caudalis. The secondary afferents from subnucleus caudalis cross to the opposite side,

and join the spinothalamic tract on its way to the thalamus (Fig 2.2).
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Figure 2.2 Trigeminal pathway (Snell, 1992)

THE TRIGEMINAL NUCLEUS COMPLEX:

The small diameter fibers carrying pain and temperature enter at mid pons,
and turn down the brainstem. They travel down the pons and medulla until they reach

the caudal medulla, which is where they finally synapse and cross (Fig 2.2).

Most of the sensory fibers enter the trigeminal ganglion, regardless of which
trigeminal division they are coming from. Their cell bodies, like those of all
somatosensory neurons, lie outside the CNS in the ganglion, and their proximal
processes enter the brainstem in the mid-pons. From there they fan out to their

different targets. Each modality will be described separately below.



The somatosensory information from the face joins that from the body and
enters the thalamus with it. However, face information actually enters a different
nucleus in the thalamus. Recall that information from the body enters the
ventroposterior lateral nucleus (VPL). Information from the face actually enters the
ventroposterior medial nucleus (VPM). The thalamocortical afferents take all of the
signals, whether from VPL or VPM, to primary somatosensory cortex. Once there, it
is distributed in a somatropic (body-mapped) fashion, with the legs represented

medially, at the top of the head, and the face represented laterally.

TRIGEMINAL NOCICEPTIVE SYSTEM

The dura and cranial blood vessel, which are pain sensitive structures, are also
supplied by trigeminal afferents, particularly from the ophthalmic and mandibular
divisions (Arbab et al., 1986; Andres et al., 1987). Surrounding the large,
supratentorial cerebral vessels, pial vessels, large venous sinuses, and dura mater is a
plexus of nociceptive fibers, largely myelinated (Ao) fibers and unmyelinated (C)
fibers, that arise from the trigeminal ganglion, while the posterior fossa innervation
arises from the upper cervical dorsal roots (Goadsby, 1997). The cell bodies of most
of the afferent fibers lie in the trigeminal (Semilunar or Gasserian) ganglion in the
middle cranial fossa at the base of the skull (Waite and David, 1995). Trigeminal
ganglion cells are pseudounipolar and can also be classified on the basis of
ultrastructural and immunocytochemical differences (Kai-kai, 1989), into large, type
A cells and smaller, type B cells, with subclasses of each trigeminal ganglion cells
also contain amino acids and neuropeptides similar to those in spinal ganglia (Kai-
Kai, 1989; Ichikawa and Helke,~1993; Liu et al., 1993). In general, dorsal root
ganglion cells contain one or more peptides. Some of the peptides that have been
identified in dorsal root ganglion cells by immnohistochemical staining include the
following: substance P (SP), somatostatin (SOM), cholecystokinin (CCK), calcitonin
gene-related peptide (CGRP), bombesin, vasoactive intestinal polypeptide (VIP),
galanin, vasopressin, oxytocin, dynorphin (DYN), enkephalin (ENK), o-
neoendorphin, corticotrophin releasing factor, and neurokinin A (Willis and
Coggeshall, 1991). To date it unclear if the presence of a particular set of peptides can
predict the function type of sensory receptor (Cameron et al., 1988). It seems likely
that the peptides are neuromodulators that act in concert with fast-acting

neurotransmitters, either enhancing or diminishing their action (Willis et al., 1995).



The trigeminal sensory nuclei extend from the midbrain to the upper cervical
spinal cord and are divided into three main groups: the mesencephalic nucleus, the
main or principal sensory nucleus, and the spinal trigeminal nucleus. Spinal
trigeminal nucleus is itself subdivided into oral, interpolar and caudal parts. About
half of the trigeminal fiber divides into ascending and descending branches when they
enter the pons; the remainder ascend or descend without division. The ascending
branches terminate in the main sensory nucleus and the descending branches
terminate in the spinal nucleus. The sensation of touch and pressure are conveyed by
nerve fibers that terminate in the main sensory nucleus. The sensory fibers from
ophthalmic division of the trigeminal nerve terminate in the inferior part of the spinal
nucleus (caudal part); fibers from the maxillary division terminate in the middle of
spinal nucleus (interpolar part); and fibers from the mandibular division end in the
superior part of the spinal nucleus (oral part) (Snell, 1992).

Trigeminal nucleus caudalis (TNC) extends from the level of the obex to the
upper cervical dorsal horn with which it is continuous. TNC, which receive
nociceptive afferent fibers froms the ophthalmic division of trigeminal nerve, has
functional and anatomical organization of nociceptive neurons as same as the dorsal
horn of the spinal cord. Nociceptive neurons are located in the superficial dorsal horn,
in the marginal layer (also called lamina 1) and the substantial gelatinosa (lamina II).
The majority of these neurons receive direct synaptic input from Aé and C fibers.
Many of the neurons in the marginal layer (lamina 1) respond exclusively to noxious
stimulation (and thus are called nociceptive-specific neurons) and project to higher
brain centers. Some neurons in this layer, called wide-dynamic range neurons respond
in a graded fashion to both nonnoxious and noxious mechanical stimulation. The
substantial gelatinosa (lamina ) is made up almost exclusively of interneurons (both
excitatory and inhibitory), some of ‘which respond only to nociceptive inputs while
other respond also to nonnoxious stimuli. Lamina Il and 1V contain neurons that
receive monosynaptic input from AP fibers. Lamina V contains primarily wide
dynamic-range neurons that project to the brain stem and to region of the thalamus.
These neurons receive monosynaptic input from AB and A fibers. They also receive
input from C fibers, either directly on their dendrites, which extend dorsally into the
superficial dorsal horn, or indirectly via excitatory interneurons that themselves

receive input directly from C fibers (Figure 2.3).



DORSAL
COLUMN
SYSTEM

SPINOTHALAMII
TRACT

Figure 2.3 Nociceptive afferent fibers terminate on projection neurons in the
dorsal horn of the spinal cord. Projection neurons in laminar | receive direct
input from myelinated (Ad) nociceptive afferent fibers via stalk cell interneurons
in laminar Il. Laminar V neurons are predominately of the wide dynamic-range
type. They receive low threshold input from the large-diameter myelinated fibers
(AB) of mechanoreceptors as well ‘as both direct and indirect input from
nociceptive afferent fibers (As and C). In this figure the laminar V neuron sends
a dendrite up through laminar 1V, where it is contacted by the terminal of an Ap
primary afferent. A dendrite in laminar 11l arising from a cell in laminar V is
contacted by the axon terminal of a laminar Il interneuron (Basbaum and Jessel,
2000).



Cells containing GABA, glutamate or aspartate are seen in all layers (Haring
et al., 1990; Magnusson et al., 1986). Colocalization of glutamate with SP and CGRP
has been demonstrated in primary afferent terminal in the dorsal horn (Wiesenfeld-
Hallin et al., 1984). The second order neurons that lie in the TNC and in the dorsal
horn of upper cervical spinal cord at the C1 and C2 levels project their fibers via
quintothalamic tract. This tract decussates before snapping on third order neurons in
the thalamus (Goadsby, 1997). Traditionally TNC and its thalamic projections have
been considered to be the pathway responsible for temperature sensibility and
nociception from cranial inputs, analogous to the dorsal horn and spinothalamic
pathway in the spinal cord.

Furthermore, second order neurons of TNC synapses in the superior salivatory
nucleus, which is parasympathetic outflow (Goadsby, 1997). The parasympathetic
innervation of the head arises from cell bodies in the superior salivatory nucleus,
passes out with fibers of the facial and glossopharyngeal nerve; and synapses in the
sphenopalatine and otic ganglia before reaching the vessels. The classical transmitters
in these systems are noradrenaline and acetylcholine. During the past 25 years it has
been demonstrated that some perivascular autonomic nerves contain other so called
NANC (non-adrenergic non-cholinergic) transmitters or modulator substances. In the
parasympathetic system, peptide histidine methionine (PHM), NO are transmitters or
modulator (Thomson, 1997; Nozaki et al., 1993). Most of the neurovascular nerve
fiber display neuronal nitric oxide synthase (nNOS) immunoreactivity, which produce
NO, justifying the novel term “nitroxergic nerves”. Berger et al. (1994) has revealed
the presence of nNOS in nerve fibers of the rat dura mater. Being a potent vasodilator,
NO was proposed to participate in the pathogenesis of vascular headache by
activation of nitroxergic nerves in a manner similar to. CGRP (Goadshy and
Edvinsson, 1993).

MIGRAINE

DEFINITION AND CLASSIFICATION

Migraine is a primary neurobiology disorder, resulting from dysfunction of the
trigeminovascular system. The disorder manifests as recurring attacks, usually lasting
4-72 hours. These attacks, which can interfere with normal functioning, involve

unilateral throbbing headache pain of moderate to severe intensity. They also usually



involve nausea, sometimes vomiting, and light, sound, and sensitivity to other sensory
stimuli (Blau, 1992)

Migraine may occur with or without an aura that, when present, generally lasts
between 5 and 60 minutes. Aura occurs in about 15-20% of patients with migraine.
The most common type of aura is visual but also can be somatosensory. The typical
presentation of the visual aura is the scintillating scotoma, also referred to as
“fortication specta” or “teichopsia”.

In most patients who experience aura, the aura develops before the head pain
being, but on occasion an aura may appear or recur when the headache is most
intense. An aura is present before every migraine attack in some individuals, but in
the other patients, aura accompanies only a small proportion of attacks. The intensity
of aura varies among attacks and may remain constant from attack to attack in a
particular person or may vary in successive attacks in the same person. However, aura
only occurs in a minority of patients with migraine.

Furthermore, premonitory symptoms, called prodrome, may precede migraine
attack; these symptoms occur 24-72 hours before the onset of other symptoms. During
this period, patients may experience feeling of well-being, talkativeness, surges of
energy, hunger, anorexia, drowsiness, excessive yawning, depression, irritability,

restlessness, or tension.

CLASSIFICATION OF MIGRAINE

Migraine headaches are classified according to their clinical features, as well as
according to current concepts of pathophysiology. Patients who have migraine
without aura generally have normal cerebral blood flow and do not report focal
neurologic symptoms. In those who have migraine with aura, changes in regional
cerebral blood flow can be demonstrated and neurologic symptoms originating in the
brain or brain stem are reported (Lauritzen et al., 1984).

MIGRAINE WITHOUT AURA

Migraine without aura is an idiopathic recurring headache disorder that
manifests in the form of attacks that last 4-72 hours. Typically, the headaches are
unilateral, have a pulsating quality, and are moderate to severe in intensity. These
headaches are aggravated by routine physical activity and are associated with nausea

or vomiting, photophobia, and phonophobia.
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MIGRAINE WITH AURA

Migraine with aura is also an idiopathic recurring disorder that manifests in
some women as migraine without aura but is also accompanied by transient
neurologic symptoms. Aura symptoms usually develop gradually, over 5-20 minutes,
and last less than 60 minutes. Headache, nausea, or photophobia usually followed
neurologic aura symptoms directly or after a free interval of less than 1 hour. The
headache usually lasts 4-72 hour, but rarely will be completely absent (migraine aura

without headache).

THE CORTICAL SPREADING DEPRESSION AND PATHOGENESIS OF
MIGRAINE AURA

Cortical spreading depression (CSD) is a transient disturbance of mechanisms
maintaining ionic homeostasis which spread across the brain, moving from the back
(occipital region) of the cerebral cortex toward the front at about 3-5 mm/minute
(Figure 2.4). These perturbations in ionic homeostasis are characterized by a negative
shift of extracellular d.c. potential, suggesting a cell depolarization (Figure 2.6). This
electrical phenomenon can be induced in animals with non-noxious stimuli, and is
frequently referred to in the literature as the” spreading depression of Leao
“(Lauritzen, 1994).

The migraine aura may be defined as any neurological disturbance that
appears shortly before or during the development of a migraine headache. Seemingly
similar migraine auras may have different features, suggesting that different brain
regions are involved (Lauritzen, 1994). A typical migraine aura from the visual cortex
is a scintillation scotoma with a characteristic ‘distribution of fortification figures.
Usually, the disturbance starts at the visual field center -and propagates to the
peripheral part within 10-15 min. Function returns to normal within another 10-15
min.

Migraine auras are usually visual, apparently starting in area 17, i.e. the part of
the brain with the highest neuronal density. This is consistent with the observation
that CSD is much easier to elicit in brains with a high neuronal density. Functioning
glia cells tend to decrease the probability of successful elicitation of a CSD. Both the

migraine aura and CSD propagate along the cortical surface (Figure 2.4).



11

Figure 2.4 Hypothesis of development of a migraine attack based on aspects of
CSD and migraine (Lauritzen, 1987). The figures represent lateral views of the
human brain at different time intervals after the start of the attack, spaced by 30
min. The dotted area represents the region of reduced rCRF, the striped area
represents the region of neuronal depolarization during the first minute of CSD.
1, Initially during a migraine attack a CSD is elicited at the occipital pole,
spreading anteriorly at the lateral, medial, and ventral sides of the brain. At the
CSD wave front, transient ionic and metabolic disequilibria trigger perturbed
neuronal function, rCBF changes and neurological sympotoms. 2, Following
CSD, cortical rCBF decreases by 20-30% for 2-6 hours. 3, rCBF in regions not
invaded by CSD remains normal until encountered by CSD. 4, The region of
reduced rCBF expands as the CSD moves anteriorly. 5, Somarosensory
symptoms from the extremities appear when the CSD invades the primary
sensory cortex at the post-central gyrus. 6, CSD usually stop on reaching the
central sulcus, but in many patients it dose not even propagate this far. The
ventral spread of CSD causes activation of pain-sensitive fibers and headache. 7,
Full-scale attack. The CSD has stopped and is now detectable as a persistent
reduction of cortical rCBF. At this time the patient suffers from headache, but
has no focal deficits (Lauritzen, 1987b).
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Cortical spreading depression: basic features

The reaction was first identified in rabbit cerebral cortex using a Cambridge
electrocardiograph (Leao, 1944). The basic observation was that the EEG following
mild noxious stimuli would become completely extinguished for a minute or so and
that the depression would propagate very slowly across a wide cortical region.

Cortical spreading depression has been induced in most grey matter region
(Bures et al., 1974). It has been observed in human cortical tissue in vitro (Avoli et
al., 1991), and in human hippocampus and striatum in vivo (Sramka et al., 1978).
Thus, human cortical tissues do support the development of CSD, but a recording of
CSD from the human neocortex in vivao is still missing (Gloor, 1986).

Successful elicitation of CSD in experiments depends on the susceptibility
of the tissue and the trigger factor involved. Common methods of triggering CSD
include local electrical and mechanical stimulation or injections of high
concentrations of KCI. Potassium plays a central role for CSD and it is reasonable to
assume that any disturbance of K" homeostasis would predispose the brain region to
CSD (Grafstein, 1963). Brain K" clearance systems are heavily dependent on the
capacity of glial-neuronal cell ratio in the primary visual cortex. Therefore, one would
expect human CSD to be initiated occipitally. As is well known, visual auras are
indeed very frequent in migraine (Olesen et al., 1990).

Neurons and glial cells depolarize during CSD, giving rise to an intense, but
transient spike activity when the reaction enters the tissue (Sugaya et al., 1975).
Neuronal silence immediately follows, lasting for a few minutes, but evoked
potentials usually take a longer time to recover, 15-30 min (Bures et al., 1974). This
sequence of brief excitation followed by a short-lasting depression is supposed to be
the neurophysiology basis of the sensory symptoms during migraine auras (Leao and
Morison, 1945; Milner, 1958; Gardner-Medwin, 1981; Lauritzen, 1987b).

The depolarization is associated with dramatic changes in the distribution of
ions between the intra-and extracellular compartments: K* and hydrogen ions leaves
the cells, while Na*, Ca" and CI" enters together with water, as the size of the
extracellular space decrease to approximately half of the control values. A return to
normal of most ion concentrations and of the size of the extracellular space occur
spontaneously after 30-60 s, whereas Ca" and pH usually take a few more minutes to
recover. There is no satisfactory explanation of the spreading mechanism of CSD, but

the spread probably involves the diffusion of one or more chemical mediators, most
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likely K* and glutamate, into the extracellular compartment (Nicholson, 1993). It has
been suggested that a calcium wave in glial cells underlies CSD, but this still remains
to be proven (Leibowitz, 1992).

A simplistic scheme of the mechanism of spread of CSD is given in figure
2.7. It is important to appreciate the transient nature of CSD. If the
electrophysiological changes are sustained and propagation is absent, then the
phenomenon is usually anoxia or hypoglycemia rather than CSD. Repeated episodes
of CSD increase the immunohistochemical staining of glial fibrillary acidic protein in
the rat cortex that is associated with activation of this cell type (Kraig et al., 1991)
and a prolonged period (24 h) of expression of the c-fos pro-oncogene (Herrera et
al.,1993) and inhibition of protein synthesis (Mies, 1993).

Cortical spreading depression phenomena occur in experimental animals in
the penumbra zone, immediately adjacent to a cortical infarct, where nerve cells are
viable but electrically silent (Nedergard and Astrup,1986; Gill et al., 1992; ljima et
al., 1992). In many respects, the ionic disequilibria during CSD resemble transient
ischemia, but there is usually no shortage of energy supply during CSD (Lauritzen et
al., 1990). There dramatic changes of neuronal function and ion homeostasis are
associated with profound changes of the local circulation (Figure 2.8).

CSD AND TRIGEMINAL ACTIVATION

CSD is the pathophysiological correlated of migraine aura. According to the
spreading depression theory of migraine, a CSD-like event leads via the
depolarization-induced release of vasoactive, proinflammatory neuropeptides to
“neurogenic inflammation”, which excites unmyelinated sensory C-fiber of the
trigeminal system, thus causing pain (Hardebo, 1991; Lauritzen, 1994). The
neurogenic inflammation accounts for several phases of migraine and is supported by
many lines of evidences. Several studies. in animals have shown that upon stimulation
of the trigeminovascular system, the complex of trigeminal sensory afferents that
innervate the dura mater and the larger blood vessels of the brain, neuropeptides such
as substance P (SP) and calcitonin gene related peptide (CGRP) are released at the
afferent terminal site, causing neurogenic inflammation (NI) in the perivascular space
of blood vessels of the meninges. Plasma protein extravasation (PPE) and
vasodilatations are proven to result from neurogenic inflammation (Siberstein, 1992).

Using animal models it has been shown that the classic ergot alkaloids, sumatriptan
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and also the new generation, centrally active triptans inhibit dural PPE which is
induced by trigeminal afferent stimulation. Also, non-steroidal-anti-inflammatory-
drugs inhibit dural PPE and have been reported to be effective in the treatment of
migraine.

Moskowitz has provided an elegant series of experiments whose results
suggest that the pain of migraine may be a form of sterile neurogenic inflammation
(Moskowitz, 1993). Neurogenic plasma extravasations can be seen during electrical
stimulation of the trigeminal ganglion in the rat. Plasma extravasations can be blocked
by several anti-migraine drugs (Buzzi et al., 1990; Cuter et al., 1995; Kallela et al.,
1998). These experiments provided evidence that neurogenic inflammation can be
prevented by blocking transmission in the nerve fibers, and they explain a peripheral
mechanism of action for acute-headache medications that work by blocking nerve-

fiber transmission in the trigeminal system rather that through a vascular route.
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Figure 2.5 The shape of a typical DC-potential recorded following the
appearance of one CSD (Gorji et al., 2004).
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Figure 2.6 Electrophysiological changes accompanying cortical spreading

depression in the rat brain. Interstitial ion concentrations of sodium, potassium,

calcium and hydrogen were measured by ion-selective electrodes.

The

extracellular potential (Ve) and the single unit activity were measured by single-

barreled electrophysiological changes which were recorded in the parietal cortex

(Laurizen, 1994).
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Figure 2.7 Simplistic scheme of autocatalytic cycle possibly occurring
during CSD (Laurizen, 1994).
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Figure 2.8 Original traces showing change in cortical D.C. potential (mV),
rCBF LDF (laser Doppler flux units) and NO release (pA) over time (min)
following application of KCI solid to the parietal cortex of a vehicle treated
animal (Read, Smith and Benham, 1997).
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TECHNIQUE FOR INDUCTION OF CSD IN ANIMALS

Several methods have been employed to initiate CSD in animal brain. These
methods can be grouped into 3 major categories including local electrical, mechanical
or chemical stimulation. Among these methods two techniques which are frequently

used are mechanical stimulation and KCI application.

MECHANICAL STIMULATION

Blunt stabbing and pin pricking are common method to elicit CSD. Several
research groups, such as Lambert et al., 1999 and Ebersberger et al., 2001 always
choose the pinprick technique to evoke CSD on the animal cortex, including cats, rats
and rabbits (Lambert et al., 1999; Lambert and Michalicek, 1994; Piper et al, 1991;
Ebersberger et al., 2001). This method is delivered by rapid insertion of a 26-30 gauge
needle, through the dipole and dura (1-2 mm depth) into cortical tissue and
immediately withdrawn. The location needs avoiding the pial vessels. However, this
technique has been disagreed with some research groups. They suggested that this

technique may link to the noxious stimulation (Read et al., 2000).

KCI APPLICATION

As previously mentioned, potassium play a central role for CSD and it is
reasonable to assume that any disturbances of K" homeostasis would predispose the
brain region to CSD (Grafstein, 1963). The KCI application is the most popular
technique that has been chosen by many research groups, such as Read et al., (1997),
Smith et al., (2000), Moskowitz et al., (1993) and colonna et al., (1997). This
technique can be further divided into 2 methods, including the microinjection of KCI

on the cortical surface and the placement of solid KCI on the surface of cortex.

The microinjection of KCI technique

After performing craniotomy, a fused silica needle or PE-90 (a catheter tube)
or glass micropipette is placed 1 mm below the dural surface. Then KCI is injected to
the cortical area. The concentration of KCI vary 670 mM to 1 M. (Ingvardsen et al.,
1997; Meng et al., 1995; Moskowitz et al., 1993; Colonna et al., 1997)
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The placement of solid KCI technique

After the craniotomy opening is performed, a solid KCI is placed directly
to the cortical surface area. The weights of KCI vary 3 to 30 mg. depending on the
size of animal (for example, rat uses 3 mg and cat uses 30 mg). (Smith et al., 2000;
Read et al., 1997; Read et al., 2000)

Less popular methods of KCI application are able available, such as a
remote intracortical injection, application of KCl-soaked paper on cortical surface,
etc. (Wahl et al., 1994; Douen et al., 2000; Koponen et al., 1999). For the sake of
comparison, application of NaCl into brain tissue is usually included as the control.

THE SEROTONIN, TRIGEMINOVASCULAR CONTROL AND MIGRAINE

Serotonin is formed by the hydroxylation and decarboxylation of tryptophan.
The greatest concentration of 5-HT (90%) is found in the enterochromaffin cells of
the gastrointestinal tract. Most of the remainder of the body’s 5-HT is found in
platelets and the CNS. The raphe caudal nucleus projects largely to the medulla and
spinal cord for the regulation of pain perception. The rostral nucleus projects
extensively to the limbic structures and the cerebral cortex. In the limbic system,
especially, the projections are co-localized with norepinephrine receptors and the two

transmitters seem to work in conjunction in the regulation of arousal.

1. ROLE IN VASCULAR TONE

5-HT is synthesized in nerve terminals innervating the cranial and cerebral
vascular (Bonvento et al., 1991; Cohen et al., 1992; Lincoln, 1995). The extent of the
physiologic importance of 5-HT in the control of vascular smooth muscle tone, either
as a co- or neurotransmitter, is not clear. However, cranial blood vessels are
particularly sensitive to 5-HT, and they can either contract or relax to 5-HT, acting on
5-HT,a, 5-HT1g or 5-HT 7 receptors (Martin, 1994; Saxena, 1995; Villalon et al.,
1997). The affinity of 5-HT for 5-HTg and 5-HT; receptors is much higher than for
5-HT,a receptors (Martin, 1994; Saxena, 1995; Villalon et al., 1997).Thus, as
depicted 5-HT constricts large conducting arteries and arteriovenous anastomoses
mainly via the 5-HTg receptor and dilates arterioles via the 5-HT- receptor. If either
plasma or neuronal 5-HT is involved in the maintenance of vessel wall tone, a

decrease in the concentration of 5-HT in the neurovascular junction can lead to
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constriction of arterioles, but a dilatation of large arteries and arteriovenous
anastomoses. There is some evidence of such hemodynamic changes occurring during

the headache phase of migraine (Sexena, 1995; Villalon et al., 1997).

Whether or not 5-HT plays a pathologic role in migraine at the neurovascular
junction, there is no denial that acutely acting antimigraine drugs (ergots and triptans)
constrict cranial arteries and arteriovenous anastomoses (De Vries et al., 1998;
Villalon et al., 1997). It seems clear that constriction of arteriovenous anastomoses by
the triptans and, partly also the ergot alkoloids involves the 5-HT;g receptor (De Vries
et al., 1998). However it is surprising that the contractile effect of 5-HT itself on
porcine carotid arteriovenous anastomoses is not affected much by GR 127935, a
selective and potent 5-HTigup receptor antagonist (De Vries et al., 1998).This
unexpected finding suggests that arteriovenous constriction by 5-HT in the pig

involves a novel receptor subtype.

2. ROLE IN NOCICEPTIVE MODULATION

Serotonergic neurons are also involved in a well-described pain-modulating
circuit that includes the amygdala, periagueductal gray (PAG), dorsolateral pontine
tegmentum (DLPT), and rostroventral medulla (RVM). According to this model, cells
in the PAG project primarily to RVM cells that in turn act on the spinal dorsal horn.
When activated, RVM neurons inhibit pain sensory processing, presumably by
inhibiting the dorsal horn cells that are receiving pain information. Through
descending projections, this circuit controls spinal pain-signaling mechanisms as well
as dorsal horn pain transmission and is an endogenous mechanism of pain relief. In
multiple studies in rodents, Fields and ‘coworker, 1991 have shown that 5-HT is
important neurotransmitter in this pain-modulating circuit (Fields et al., 1991). All
pain is not created equal, however sharp, stabbing pain and dull aching pain involve
different neural pathways. Under normal circumstances, an acute pain will be
transmitted to the brain and will then be resolved in part due to the endogenous pain-
modulating system. In persistent pain, however, resolution does not take place.
Instead, plastic changes take place in the neural pathways involved in transmitting
acute pain. Several other animal studies further support the important role of 5-HT in
the process of pain modulation. Molecules that block the synthesis of 5-HT have been

shown to inhibit antidepressant-mediated pain relief in mice. In related research,
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depletion of central serotonergic systems has been shown to block antidepressant-
mediated pain relief in mice. 5-HT is likewise important for the functioning of the
endogenous pain-suppressing descending projections described originally by Fields
and Basbaum (1978). Normally, as part of a negative feedback loop, the output of the
pain-transmission neurons helps activate the pain-suppression system. The PAG,
DLPT, and RVM are the key regions of the brain involved in this descending pain
modulation. Research shows that lesions made to these areas of the brain block pain
relief associated with the antidepressant clomipramine. Furthermore, within the spinal

cord itself, activation of serotonergic receptors also produces pain relief.

3. ROLE IN CONTROLLING CENTRAL ACTIVITY

Numerous observations suggest diverse and modulatory roles for 5-HT in
cortex. Because of the diversity of cell types and multiple receptor subtypes and
action of 5-HT, it has proven difficult to determine the overall role of 5-HT in cortical
function. Normal fluctuations in cortical states, mood, attention, and information
processing rely on activation of neocortical 5-HT receptors (Waterhouse et al., 1986b;
Jacobs et al., 1990; Reuter and Jacobs, 1996; Marek and Aghajanian, 1998). Altered
serotonergic transmission is implicated in anxiety and depression, seizures, action of
psychotropic hallucinogens, and schizophrenia (Statnick et al., 1996; Marek and
Aghajnian, 1998). Frontoparietal cortex receives serotonergic projections from the
dorsal and median raphe nuclei (Waterhouse et al., 1986a; Tork, 1990). More than
one dozen 5-HT receptor types have been described (Hoyer et al., 1994), several of
which are expressed in frontoparietal cortex (Bruinvels et al., 1994; Pompeiano et al.,
1994; Burnet et.al., 1995; Wright et al., 1995; Morales and Bloom, 1997; Vysokanov
et al., 1998). With the exception of the 5-HT3 receptor (ligand-gated ion channel), 5-
HT receptors couple to G-proteins to exert their effects (Hoyer et al., 1994). These
observations suggest diverse modulatory roles for 5-HT in cortex.

In vivo, firing rates of pyramidal neurons are generally decrease by
iontophoresis of 5-HT (Krnjevic and Phillis, 1963; Jordan et al., 1972; Reader et al.,
1979; Lakoski and Aghajanian, 1985). 5-HT also reduced the responses of
somatosensory cortical neurons to afferent input (Waterhouse et al., 1986b) and
altered memory fields in prefrontal cortex (Williams et al., 2002).

Previous in vitro studies of the action of 5-HT in cortex concentrated on layer

V pyramidal neurons. In rat cortex, these cell were hyperpolarized or depolarized by
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5-HT, with most cells exhibiting both responses (Davies et al., 1987; Araneda and
Andrade, 1991; Tanaka and North, 1993; Spain, 1994; Marek and Aghajanian, 1998).
The hyperpolarizations involved activation of 5-HT ;5 receptors and increased
potassium conductance (Gg). Depolarizations were reported to involve 5-HTa
receptors and a decrease in Gk. 5-HT also reduced the slow afterhyperpolarization
(SAHP) (Araneda and Andrade, 1991; Tanaka and North, 1993) and induced and
afterdepolarization (ADP) (Araneda and Andrade, 1991). In cat sensorimoter cortex,

the 5-HT response correlated with pyramidal cell firing type (Spain, 1994).

5-HT has long been involved in the pathophysiology of migraine. Shortly after
its discovery, 5-HT was implicated in the pathophysiology of migraine based on the
original finding by Sicuteri and colleagues (Olesen et al., 2000) of an increased
urinary excretion of 5-HT’s primary metabolite, 5-hydroxyindoleacetic acid (5-
HIAA) during migraine attacks. A maost convincing piece of evidence, in favor of
migraine being a low serotonergic syndrome has been provided from physiologic
studies on the evaluation of auditory evoked potentials. The amplitude of these
evoked potentials has shown to be inversely related to central serotonergic
neurotransmission. In migraine patients, a marked increase in amplitude was observed
between attacks, in support of a low 5-HT transmission and abnormal cortical
processing of sensory information. The implication of serotonergic pathways in this
response has further been confirmed by the observation that 5-HTg1p receptor
agonists, which can penetrate the brain and activate cortical inhibitory prejunctional
5-HT1g/1p autoreceptors, can decrease the amplitude of auditory evoked potentials in
migraine sufferers. These observations all converge to support the notion that
migraine is associated with a cortical hypersensitivity to stimulate the headache-free
interval, which is, at least in part, due to low 5-HT transmission (Wang et al., 1996;
Srikiatkhachorn et al., 1998).

Such a scenario of a chronically low availability of the 5-HT could result in a
sensitization of all or specific populations of 5-HT receptors in migraine sufferers.
Interestingly pharmacologic and molecular evidence seems to support the original
hypothesis that migraine is the consequence of an inappropriate increased sensitivity
of 5-HTyz receptors (Kalkman 1994). More specifically, suggested that activation of
cerebrovascular endothelial 5-HTg receptors, following and increase bioavailability

of 5-HT at the onset of a migraine attack would induce the endothelial production and
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release of nitric oxide (NO). Nitric oxide can dilate cranial blood vessels and activate
trigeminovascular afferents, thus invoking two aspects of the neurogenic
inflammation response thought to be involved in pain generation and transmission.
This mechanism reinforces the view that central dysfunctions in migraine will lead to
perturbations of the cranial circulation. Indeed, activation of 5-HTig;p receptors
causing cranial vasoconstriction and inhibition of trigeminovascular activity leads to
alleviation of migraine symptoms (Kalkman, 1994; Lance 1993).

Arguments in favor of the biochemical triggering event being an increase in 5-
HT availability include the observations that several drugs that release 5-HT from
neurons and blood platelets (fenfluramine and reserpine) and some 5-HT reuptake
inhibitors (zimeldine and femoxatine) are all able to provoke migraine attacks and
more frequently so in migraine subjects than in controls (Humphrey, 1991). The same
may be the case with red wines, which also release 5-HT from blood platelets, and
possibly from neuronal stores. However, fenfluramine and reserpine used for
extended periods can confer resistance to migraine headaches, and 5-HT given during
an attack will induce a headache relief. It seems therefore that the mobilization of 5-
HT from intracellular stores at an early stage will trigger migraine attacks. However
the receptors inducing the migraine attack (possibly the 5-HT,g) are different from
those (5-HTifamily) that relieve migraine headaches (Humphrey, 1991; Olesen et al.,
2000, Srikiatkhacharn et al., 2002).

It has been claimed that changes in circulating 5-HT alone cannot explain all
the facets of a migraine attack (Humphrey, 1991). Despite the fact that a low brain
serotonergic activity has been evidenced between attacks on the basis of an increase
amplitude of auditory action potentials, an increase in central 5-HT neurotransmission
at the onset and during an attack has not yet been demonstrated. Thus, whether the
pharmacologic manipulations with 5-HT agonists and 5-HT releasing agents bear any
relevance to a spontaneous migraine -attack is still largely speculative. However, a
positron emission tomography study performed in migraine patients during their
spontaneous migraine attacks showed an increased cerebral blood flow in the brain
stem, including in an area corresponding closely in location to the serotonergic dorsal
raphe nucleus (Olesen et al., 2000). This fascinating observation may suggest that
serotonergic dorsal raphe neurons become active and release 5-HT during a migraine
attack, and as such they have been considered as part of the migraine generating

center. These neurons project to many areas of the central nervous system, including
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the cerebral cortex and the area postrema, where abnormal information processing has
been documented during migraine. They are also intricately related to the cranial
vasculature, which constitutes the primary focus of pain generation in migraine. These
characteristics, together with the known interactions between serotonergic,
dopaminergic, and noradrenergic systems in the brain, suggest that dysfunctions of
the 5-HT system are likely to have functional repercussions much larger than those
expected on the basis of 5-HT neurotransmission alone. This may explain some of the
complexity of the neurochemical changes associated with migraine, most specifically

those related to other amines (Olesen et al., 2000).

VANILLOID RECEPTOR SUBTYPE 1 (VR1) AND TRANSDUCTION OF
NOXIOUS STIMULATION

VRL1 is a non selective cation channel expressed by primary sensory neurons
of the “pain” pathway. It can be activated by vanilloid compound (e.g. capsaicin),
protons, or heat (>43 degrees C). After being activated, this receptor allows sodium,
calcium, and possibly potassium ions to flow down their concentration gradients,
causing initial depolarization and neurotransmitter release.

Accumulating evidences show that expression of VR1 receptor in dorsal root
ganglion (DRG) cells is subjected to change. For example, Amaya et al., (2003)
demonstrated that inflammation can increase in VR1 positive neuronal profile in rat
DRG neurons using histochemical methods. In their experimental, peripheral
inflammation was generated by intraplantar injection of Freund’s complete adjuvant
(CFA) into the left hind paws. They found that the inflammation induced a 1.5 fold
increase in percentage of VRI1-like immunoreactivity positive profiles. Area
frequency histogram showed that VR1 expression was increase exclusively in small
and medium-sized neurons after inflammation.

Beside inflammation, injury-in-nervous system can also alter VR1 expression.
In 2002, Fukuoka, Tokunaga and Tachibabana investigated the expression of VR1
receptor in rat DRG neurons after spinal nerve ligation. They found that VR1 mRNA
expression was increased in the small and medium-sized DRG neurons. This change
could be observed at the first day after injury and persisted to 28" day. The increase in

VR1 expression was confirmed by immunoreactive at the third day after surgery.



24

The above data provide evidence that both noxious stimulation and injury in
nervous system can increase VR1 expression in DRG. Such change may relate to
functional alteration of pain perception and may underlie the development of chronic

pain syndrome

STRUCTURE OF VR1

The rat VR1 cDNA contains an open reading frame of 2514 nucleotides. This
cDNA encodes a protein of 838 amino acids with 6 transmembrane domains. The
cytoplasmic, N-terminal hydrophilic segment (423 amino acids) contains a relatively
proline rich region followed by three ankyrin-repeat domains (Fig 2.9). The C-

terminus (154 amino acids) has no identifiable proteins motifs (Table 2.1).
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Figure 2.9 Structure of vanilloid receptor subtype 1 (Caterina et al., 1997)
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ANATOMICAL LOCALIZATION AND TISSUE SPECIFICITY OF VR1

VR1 IN PRIMARY SENSORY NEURONS

As first shown by resiniferatoxin (RTX) autoradiography (Szallasi, 1995),
VRs are expressed along the entire length of vanilloid-sensitive sensory neurons, from
the peripheral terminal to the axons to the somata to the central ending. In
corresponding areas the presence of VRI1-like immunoreactivity has also been
demonstrated (Guo et al., 1999; Tominaga et al., 1998). Northern blot analysis
confirmed the presence of VR1 transcripts in dorsal root and trigeminal ganglia
(Caterina et al., 1997; Helliwell et al., 1998a). VR1-like immunoreactivity was
detected in more than 50% of DRG neurons, with the expression being most prevalent
in small to medium sized neurons (Guo et al., 1999). VR1-like immunoreactivity was
also observed in both the central (e.g. dorsal horn of the spinal cord) and peripheral
(e.g. skin and cornea) processes of primary afferent neurons (Guo et al., 1999). In
DRG neurons, VR1-like immunoreactivity was associated with the Golgi complex
and plasma membrane (Guo et al., 1999). In the dorsal horn of the spinal cord, the
VR1 protein was associated with “small clear vesicles” in preterminal axons and with
the plasma membrane of nerve terminal (Guo et al., 1999). The latter finding is in line
with an earlier observation of Szolcsanyi (Szolcsanyi and Jancso-Gabor, 1975),
according to which capsaicin depletes”small clear vesicles” from nerve ending.

The distribution of VR1-like immunoreactivity in the spinal dorsal horn
deserves particular attention. The labeling is strongest in the Lissauer zone (lamina I).
VR1 protein is also abundant in the inner, but not in the outer, layer of lamina Il (Guo
et al., 1999). It should be noted that several important proteins involved in pain
transmission are also enriched in the inner layer of lamina Il (i.e. in close proximity to
VR1).

VR1 IN VAGAL (NODOSE GANGLION) NEURONS

An unexpected result in the VR1 cloning article by Julius and colleagues
(Caterina et al., 1997) is the failure of Northern blot hybridization to detect mMRNAS
encoding VR1 in nodose ganglia. However, using a probe corresponding to
nucleotides 1513-2482 of the rat VR1 sequence, a strong in situ hybridization signal

was detected in nodose ganglia neurons (Helliwell et al., 1998)
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VR1 IN BRAIN

The presence of VR1 mRNA in the hypothalamus has recently been confirmed
by reverse transcription-polymerase chain reaction (Sasamura, 1998). These vanilloid-
sensitive terminals in the hypothalamus are probably glutaminergic because capsaicin
evokes glutamate release from slices of hypothalamus (Sasamura, 1998). In 1988,
capsaicin microinjected into the substantia nigra or caudatus putamen was reported to
induce peripheral vasodilatation and a subsequent hypothermic response (Hajor,
1988). These biological actions suggested the existence of intrinsic vanilloid-sensitive
cells in the basal ganglia. VR1 mRNA seems to be widely present in the brain.
Relative levels are as follows: hypothalamus and cerebellum>cortex, striatum, and

midbrain> olfactory bulb, pons, hippocampus, and thalamus (Sasamura, 1998).

VR1 IN NONNEURONAL TISSUES

It has been long noted that capsaicin exerts a variety of effects on nonneuronal
tissues (Buck and Burks, 1986; Holzer, 1991). These actions were considered
nonspecific because they were at variance with prevailing concept of capsaicin being
selective for sensory neurons. In 1998, they showed that vanilloids induce calcium
uptake by mast cells (Biro et al., 1998a) and in a glioma cell line (Biro et al., 1998b)

VR1 AND PAIN

VR1 are predominantly expressed on C and Ad fibers projecting to the dorsal
horn of the spinal cord and in trigeminal ganglion neurons projecting to the spinal
nucleus of the trigeminal tract. Of the many stimuli that activate cation currents in
primary sensory neurons, low extracellular pH and noxious heat have been proposed

as physiological activators of vanilloid receptors (Table 2.2).

VR1 AS ARECEPTOR FOR NOXIOUS THERMAL STIMULI

Many proteins, including receptors and channels, show alterations in their
structure or activity as a function of temperature, but VR1 has thermal response
characteristics that make it especially interesting in the context of nociception. Most
notably, VR1 is gated by heat , but only when ambient temperatures exceed 43°C
(Tominaga et al.,1998), a threshold matching that of heat-evoked pain responses in
humans and animals or heat-evoked electrophysiological responses in primary

afferent nerve fibers or cultured sensory neurons (Cesare and McNaughton 1996,
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LaMotte and Campbell 1978, Raja et al., 1999). Evidence for a direct relationship
between VR1 expression and heat sensitivity is supported by several observations
(Tominaga et al., 1998), the most basic of which is that sensitivity to capsaicin and
heat sensitivity are significantly correlated (in both frequency and magnitude) among
VR1-transfected HEK239 cells. Responses to these stimuli also show cross-
desensitization, and both capsaicin-and heat-evoked currents are attenuated by the
vanilloid receptor antagonists capsazepine and ruthenium red. In addition, both
responses are characterized by outwardly rectifying current-voltage relations and
relatively high permeability to calcium ions. Some distinctions do exist, such as
quantitative differences in cation permeability rations or requirements for
extracellular calcium in desensitization, suggesting that vanilloid and heat activate
VR1 through overlapping but distinct mechanisms. In VR1-transfected HEK293 cells
(as in sensory neurons), capsaicin or heat evokes single-channel currents in excised
membrane patches, demonstrating that channel activation occurs via a membrane-
delimited mechanism that dose not require the action of diffusible cytoplasmic second
messengers (Tominaga et al., 1998). Site-specific mutations in VR1 can significantly
alter capsaicin potency or thermal activation thresholds (Jordt, Tominaga and Julius,
2000), providing further evidence that \VR1 itself transduces responses to these stimuli
when expressed in heterologous cells.

These observations of heterologous nonneuronal systems have led us to
propose that VR1 functions as a molecular transducer of noxious thermal stimuli in
vivo. Consistent with this hypothesis, sensitivity to capsaicin and sensitivity to
noxious heat are also well correlated among small-diameter sensory neurons in
culture (Kirschstein, Busselberg and Treede, 1997; Nagy and Rang 1999a,b).
Moreover, VR1 and native heat-evoked currents have a number of properties in
common, including similar current-voltage relationships (Cesare and McNaughton,
1996, Nagy and Rang, 1999b, Reichling and Levine, 1997), selective permeability to
cations' (Cesare and McNaughton, 1996, Nagy and Rang, 1999b, Reichling and
Levine, 1997), and in some studies, sensitivity to vanilloid receptor antagonists
(Kirschstein et al., 1999). At the same time, numerous discrepancies between native
heat-and vanilloid—evoked responses have been reported, including differences in
relative permeability to calcium and sodium ions (Cesare and McNaughton, 1996,
Nagy and Rang, 1999b) and sensitivity to vanilloid receptor antagonists (Nagy and
Rang, 1999b, Reichling and Levine, 1997). Moreover, Nagy and Rang have recently
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shown that amplitudes of the capsaicin-and heat-evoked responses among individual
sensory neurons are not tightly correlated, contrary to the scenario expected if the
same channel responds to both stimuli. Most significantly, capsaicin and heat-evoked
responses showed poor co segregation at the single-channel level in membrane
patches excised from cultured rat sensory neurons (Nagy and Rang, 1999b). That is,
most patches were sensitive to capsaicin or heat, but only a few patches responded to
both stimuli. From these findings, Nagy and Rang (1999a) proposed that distinct ion
channels respond to capsaicin and heat. These channels could consist of entirely
different molecules or different functional isoforms of VR1 generated through
alternative RNA splicing, post-translational modification, or association with other
cellular proteins. Unfortunately, similar patch clamp analyses have not been carried
out with VR1-expressing HEK293 cells; such experiments might help to address these

issues.

VR1 AS A RECEPTOR FOR PROTONS

Tissue damage, such as that associated with infection, inflammation, or
ischemia, produces an array of chemical mediators that activate or sensitize
nociceptor terminals to elicit pain and promote tenderness at the site of injury
(Handwerker and Reeh, 1991, Levine and Taiwo, 1994). Protons constitute one
important component of this pro-algesic response, reducing the extracellular pH to
levels below the physiological norm of 7.6. Extracellular protons elicit both transient
and sustained excitatory responses in cultured sensory neurons, the latter of which is
believed to account for persistent pain associated with local tissue acidosis (Bevan
and Geppetti, 1994). Protons are capable of modulating the activity of a number of
receptors and ion channels expressed by primary afferent nociceptors, including acid-
sensitive channels of the degenerin family (Chen et al., 1998; Lingueglia et al., 1997;
Waldmann et al., 1997a, b), ATP—gated channels (Li et al., 1997, stoop et al., 1997),
and vanilloid receptors (Caterina et al., 1997, Jordt et al., 2000, Kress et al., 1996,
Martenson et al., 1994, Petersen and LaMotte 1993, Tominaga et al., 1998). Which, if
any, of these entities contributes to acid-evoked pain is presently unclear, but
electrophysiological and genetic studies of native and cloned vanilloid receptors
suggest that they play a significant role in mediating sustained proton responses in

Vivo.
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Because protons have been proposed to act as modulators of native vanilloid
receptors, there is significant interest in understanding the relationship between
sensitivity to capsaicin and protons sensitivity at the cellular and molecular levels.
Temperature response curves generated in VR1-expressing oocytes or HEK239 cells
show that a reduction in extracellular pH produces markedly larger responses at
temperatures that are noxious to mammals (>43°C). Moreover, a reduction in pH
dramatically lower the threshold for channel activation, such that at pH 6.3,
substantial currents can be seen at temperatures as low as 35°C, conditions under
which the channel is normally closed (at pH 7.6). This augmentation of VR1 thermal
responsiveness by protons closely resembles the increase in nociceptor thermal
sensitivity associated with inflammation (Handwerker and Reeh, 1991). In both cases,
there is a significant decrease in the threshold for heat-evoked responses and an
increase in responses magnitudes at temperatures above the initial pain threshold.
Importantly, VR1 shows especially dynamic modulation of heat-evoked currents
between pH 8 and 6 (Jordt, Tominaga and Julius, 2000), sensitivity rang that matches
the extent of local acidosis attained during most forms of tissue injury. Below pH 6,
sustained membrane currents can be observed in VR1-expressing HEK239 cells at
room temperature (22°C), with a half-maximal effective pH of 5.4 (Tominaga et al.,
1998). Whether these proton-evoked responses result simply from a decrease in the
channel’s thermal response threshold or involve additional steps is not entirely clear,
but recent structure function studies suggest that proton-evoked channel activation
and proton-mediated potentiation can be functionally uncoupled (Jordt, Tominaga and
Julius, 2000).

PLASTICITY OF VR1

VR1 is responsive to multiple stimuli, including heat, protons. Injury brings
on many changes that affect the activity of the nociceptor, including local tissue
acidosis and the production of pro-algesic agents, such as bradykinin, ATP,
monoamines, and arachidonic acid metabolites. The result is one in which response
thresholds to noxious stimuli are decreased, thereby contributing to the development
of thermal and mechanical hypersensitivity. The capacity of VR1 to detect and
integrate information from diverse physical and chemical inputs makes this channel

potentially well suited for assessing the physiological environment of the primary
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afferent nerve terminal and for altering nociceptor excitability in the setting of tissue
injury.

This prediction is clearly borne out by the analyses of VR1-deficient mice. In
these studies, tissue injury was elicited by treatment of the hindpaw with an
inflammatory agent or nerve injury was produced by partial ligation of the sciatic
nerve. Wild-type mice exhibit increased sensitivity to both thermal and mechanical
stimuli after such treatments. In contrast, VR1-null mice show hypersensitivity to
mechanical stimuli, as well as normal thermal hypersensitivity following nerve injury,
but they do not show increased sensitivity to thermal stimuli following tissue injury.
Thus, VR1 appears to be essential for the development of thermal hypersensitivity
associated with tissue inflammation, but not that associated with nerve injury.

Clearly, inflammation-induced thermal hypersensitivity may result from the
convergent action on VR1 of heat, low pH, and other inflammatory mediators.
However, other mechanisms, such as up-regulation of VVR1 expression or sensitization

of VR1 by post-translation modification may also come into play.
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PERIPHERAL STIMULATION AND FOS EXPRESSION

The proto-oncogene c-fos is one of several immediated-early genes that can be
rapidly induced in many kinds of cells following various from stimulation. There are
two possible, but not incompatible, views of result of mobilizing the Fos transcription
factor complex. First, some evidence suggests that reducing c-fos levels with
antisense treatments decreases nociceptive thresholds (i.e., animals become more
sensitive to painful stimuli) (Hunter et al., 1995). This observation implies that Fos is
leading a reactive response against excessive stimulation by mobilizing inhibitory
mechanisms, such as an increase in the production of dynorphin (Noranjo et al., 1991;
Noguchi et al., 1991; Dubner and Ruda 1992; Lucas et al., 1993). The second view,
for which there is no evidence as yet, is that the activation of c-fos is the first step in
establishing long-term changes in excitability that may be reflected in the
development of behavioral states, for example, hyperalgesia.

The acute expression of Fos in the spinal cord depends upon the nature and
site of noxious stimulation and on the time after stimulation. At two hours following
noxious thermal, chemical, or mechanical stimulation, Fos expression is seen mainly
in neurons within the superficial laminae (I-1T) and lamina V. This acute expression of
Fos is largely transient, especially in the superficial layers of the cord where it is
rarely seen three to four hours after stimulation. Extensive non-noxious stimulation of
the hind paw by brushing will induce Fos within neurons of laminae I11-1V, where the
non-nociceptive large-diameter Ap fibers terminate (Hunt et al., 1987; Herdegen et
al., 1991a,b).

With extended survival times (greater than 12-24 hours after noxious thermal
stimulation of the skin), the distribution of Fos becomes bilateral, and positive
neurons are found predominantly within the deeper laminae of the dorsal horn (V-VI)
and the intermediated gray matter (lamina V). The unfolding of this pattern
following acute heat stimulation cannot be blocked by the application of local
anesthetic to the peripheral nerve, which suggests independence from onging

nociceptor activity (Williams et al., 1990).
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Table 2.1 Characteristics of vanilloid-sensitive primary sensory neurons (Szallasi

and Blumberg, 1999)

Main division

Sensory modalities
evoked by capsaicin

1. Dorsal root ganglion neurons projecting to spinal dorsal horn
2. Trigeminal ganglion neurons projecting to spinal nucleus of
trigeminal tract

Smalll neurons with unmyelinated fibers (C-fiber neurons)
Large neurons with thin-myelinated fibers (Ad-neurons)
Peptidergic neurons expressing neurotrophin receptors trkA and
p75

Nonpeptidergic neurons that bind the lectin B4 and express
P2X3 receptors

Pain and itch

C-afferents: polymodal nociceptors; heat nociceptors and warm
receptors; mechano-heat insensitive chemonociceptors
(mechano-cold receptors?)

Ad-afferents: polymodal receptors

Selected neuropeptides Arginine vasopressin

Selected receptors

Selected activators

Bombesin/gastric-releasing peptide

CGRP, CCK, Dynorphin, Eledoisin, Galanin, NKA,
Somatostatin, SP, VIP

ASICs, a2-Adrenoreceptors, Bradykinin receptors, CCK
receptors,

y-Aminobutyric acid receptors, Histamine receptors, NK-1R ,
NMDA receptors, Opiate receptors, Prostaglandin receptors,
VRs

a. Endogenous: inflammatory mediators (e.g. bradykinin and
histamine) protons (low pH)

b. Exogenous: noxious heat, protons (low pH), toluene

diisocyanated vanilloids
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Table 2.2 Biochemical Pharmacology of Vanilloid receptors (Szallasi and
Blumberg, 1996)

Signal transduction mechanism Ligand-gated non-selective cation channel
Anatomical location Primary sensory neurons in dorsal root as well as
trigeminal gaglia (peripheral and central fibers and
their endings; perikary): predominantly small
neurons with unmyelinated (C)-fibers, but also some
large neurons with thin myelinated (Ad)-fibers
Sensory neurons of the vagus with somata in nodose
ganglia
Intrinsic neurons in the CNS (e.g. preptic area, locus
ceruleus, reticular formation, etc.)
Naturally occurring agonists Capsaicinoid (e.g. capsaicin in red peppers or
(Vanilloids) piperine in black pepper)
Resiniferanoid (e.g. resiniferatoxin in the cactus-like
plant Euphorbia resinifera)
Unsaturated dialdehydes (e.g. isovelleral in the
mushroom Lactarius vellereus)
Endogenous agonist Unknown (protons or proton-generated substances?)
Notable synthetic agonists Olvanil and nuvanil (apparently more active on
central than on peripheral receptors)
Phorbol 12-phenylacetate 13-acetate 20-
homovanillate (abolishes positive cooperativity of
binding by the receptors)
Antagonists Competitive: capsazepine
Functional: ruthenium red (believed to block the
channel without interfering with ligand binding)
Modulators of ligand binding  pH
or channel function Temperature
Calcium concentration in the extracellular fluid
Receptors structure Thiol-protein; most likely oligomeric with at least two

interacting binding sites (positive cooperativity)




34

Based on this review, 5-HT depletion and inflammation are accepted to be involved
in the pathogenesis of migraine. Here, we performed study the effects of inflammation
and 5-HT depletion on development of cortical activity and activation of neural cell in
trigeminal nociceptive pathway. The cortical activity was studies using cortical
electrode, the neural activity in trigeminal nociceptive pathway were evaluated by VR1

and Fos immunoreactivity.

THE OBJECTIVES OF THIS STUDY

1. To study the effects of facial inflammation on cortical activity and

trigeminal nociceptive system in CSD model.

2. To study the effects of 5-HT depletion on cortical activity and trigeminal

nociceptive system in CSD model.

3. To study the effects of facial inflammation with 5-HT depletion on cortical

activity and trigeminal nociceptive system in CSD model.
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MATERIALS AND METHODS

EXPERIMENTAL ANIMALS

Adult male Wistar rats weighing 200-300 grams were purchased from the
National Laboratory Animal Center of Salaya Campus, Mahidol University. The
animals were housed five animals per cage in stainless-steel bottom cages and were
kept in a well-ventilated room in which the temperature was 25-30°C with an
automatic lighting schedule. All animals were allowed to access food and tap water ad
libitum. To limit the effect of nonspecific stress, all animals were accustomed to daily
handling for at least 5 days before experimentation. All the protocols in this study

were approved by the local ethics committee in Chulalongkorn University.
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CHEMICALS

- Chemical agents

Pentobarbiturate sodium (Nembutal®) was purchased from Sanofi (Thailand)
Ltd. Normal saline was purchased from Hospital Products Public Co, Ltd. DL-P-
chlorophenyalanine (PCPA) and Complete Freund’s Adjuvant (CFA) were purchased
from Sigma, USA. Potassium chloride (KCI), calcium chloride (CaCly),
hydrogenperoxide (H,0,) and magnesium sulphate (MgSO,) were purchased from
Riedel-de Hach, Germany. Sodium chloride (NaCl), sodium carbonate (NaHCO3) and
methanol were purchased from Merck, USA. ABC streptavidin-horseradish
peroxidase complex was purchased from Vector, USA. 3,3’-Diaminobenzidine
(DAB) were purchased from Dako, Denmark. Paraformaldehyde and Triton-X100
were purchased from Sigma, USA.

- Antibodies

Goat anti-VR1 and Rabbit anti c-fos were purchased from Santa Cruz,
USA.Polyclonal Rabbit anti goat immunoglobulin/Biotinylated, Normal horse serum
and Streptavidin-HRP were purchased from Dako, Denmark.
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EXPERIMENTAL DESIGN

The experiments in this study were divided into three major parts as follows:

Part I:  Study of the effect of facial inflammation on CSD-evoked changes in

cortical activity and trigeminal nociceptive system.

Part Il: Study of the effect of 5-HT depletion on CSD-evoked changes in
cortical activity and trigeminal nociceptive system.

Part 11l: Study of the effect of facial inflammation with 5-HT depletion on
CSD-evoked changes in cortical activity and trigeminal nociceptive system.
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Part I: The effect of facial inflammation on CSD-evoked changes in cortical

activity and trigeminal nociceptive system.

This study was conducted to determine the effect of peripheral tissue
inflammation on CSD and trigeminal nociceptive. Inflammation of facial was induced
by injection of CFA. Activity of cerebral cortex was measured by cortical electrode.
Trigeminal nociceptive was determined by expression of Fos positive.

In order to evaluate the effect of the s.c. administration of CFA in the study of
depolarization shift, VR1 and c-fos expression, the rats in this group were subdivided
into two subgroups (Figure 3.1).

A. Facial inflammation group.

In the facial inflammation group, rats were injected subcutaneously with 0.1
ml of CFA (Sigma) (Amaya et al., 2003) into their forehead.
B. Control group.

In the control group, rats were injected subcutaneously with 0.1 ml of PBS

into their forehead.

Three days after administration of CFA or PBS. CSD was introduced in both
groups by topical application of solid KCI (3 mg). Cortical activity in response to KCI
application (so called depolarization shift) was monitored using cortical electrode.
One hour after monitoring, DC shift was measured area under the curve from
Acgknowledge 3.2.4 software program version 3.4. After DC shift measurement, the
rats were deeply anesthetized and perfused transcardially with 250 ml PBS, followed
by 250 ml of 4% paraformaldehyde. After perfusion the brain and the spinal cord
were removed and were processed for VR1 and c-fos immunoreactivity. (see page 41,
46 for detail of straight method)
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Part I1: The effect of 5-HT depletion on CSD-evoked changes in cortical activity

and trigeminal nociceptive system.

This study was conducted to determine the effect of 5-HT depletion on CSD
and trigeminal nociceptive. 5-HT depletion was induced by injection of PCPA.
Activity of cerebral cortex was measured by cortical electrode. Trigeminal
nociceptive was determined by expression of Fos positive.

In order to assess the effect of the i.p. administration of PCPA in the study of
depolarization shift, VR1 and c-fos expression, the rats in this group were subdivided
into two subgroups (Figure 3.2).

A. 5-HT depletion group.

In the 5-HT depleted group, the rats were intraperitoneally injection with
PCPA at the dosage of 100 mg/kg BW (Curzon and Green, 1970).
B. Control group

In the control group, the rats were intraperitoneally injection with PBS at the

dosage of 0.1 ml.

Six days after administration of PCPA or PBS. CSD was introduced in both
groups by CSD. The depolarization shift, VR1 and c-fos expression were detected.
(see page 41, 46 for detail of straight method)
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Part I11: The effect of facial inflammation with 5-HT depletion on CSD-evoked

changes in cortical activity and trigeminal nociceptive system.

This study was conducted to determine the effect of peripheral tissue
inflammation and 5-HT depletion on CSD and trigeminal nociceptive. Inflammation
of facial tissue was induced by injected of CFA and 5-HT depletion was induced by
injection of PCPA. Activity of cerebral cortex was measured by cortical electrode.
Trigeminal nociceptive was determined by expression of Fos positive.

In order to evaluate the effect of the i.p. administration of PCPA and s.c.
administration of CFA in the study of depolarization shift, VR1 and c-fos expression,
the rats in this group were subdivided into two subgroups (Figure 3.3).

A. Facial inflammation with 5-HT depletion group.

In the facial inflammation with serotonin depletion group, the rats were
intraperitoneally injection with PCPA at the dosage of 100 mg/kg BW. Three days
after PCPA injection, rats were injected subcutaneously with 0.1 ml of CFA into their
forehead.

B. Facial inflammation group.

The rats in the facial inflammation group, rats were injected subcutaneously
with 0.1 ml of CFA into their forehead.

Six days after administration of PCPA with CFA or CFA. CSD was
introduced in all groups of animals by CSD. The depolarization shift, VR1 and c-fos

expression were detected. (see page 41, 46 for detail of straight method)
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METHODS
ANIMAL PREPARATION

The rats were anesthetized for the duration of the experiments by
intraperitoneal administration of 60 mg/kg of sodium pentobarbital. Additional doses
of anesthetics were given as required to maintain surgical anesthesia based on testing
of corneal reflex and response to tail pinch. After tracheostomy, the ventilation was
assured by using positive pressure ventilation (rodent ventilator model 683, Harvard
Apparatus, USA). Blood pressure was monitored throughout the experiments with
pressure transducer (Nikon model TP-300T) which was recorded on the
Acgknowledge 3.2.4 software program. The femoral vein was cannulated for

intravenously infusion of anesthetics drug.

THE CORTICAL SPREADING DEPRESSION MODEL

After tracheostomy and cannulation, the rat was placed on surgical frame and
its head was fixed on a stereotaxic frame. The right parietal bone was exposed by
mobilization of skin either side of the midline incision. The anterior craniotomy
(diameter about 7 mm.) was performed using saline-cool drill in the frontal bone at
1mm anteriorly and laterally from bregma. The posterior craniotomy (diameter about
2 mm.) was performed in the parietal bone at 7mm posteriorly and 1mm laterally
from bregma. The anterior and posterior craniotomy openings were used for placing
of the electrode and for initiation of CSD, respectively. The dura was opened by using
microneedle. An artificial cerebrospinal fluid was infused in the intracranial space.
Solid KCI 3 mg was applied to the parietal craniotomy opening to induce CSD.
Application of KCI induced a repeated pattern of cortical depolarization
characterizing the CSD. However, NaCl application had no effect on cortical activity
(Figure 3.4).
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Figure 3.4 The tracing showing KCI application induced a repeated

NaCl application had

pattern of cortical depolarization characterizing the CSD

no effect on cortical activity.
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DEPOLARIZATION SHIFT

Depolarization shift was measured by cortical electrode. Glass microelectrode
(internal diameter 5 um) was prepared from bromosilicate, pulled with microelectrode
puller (Narishige PP-88, Scienctific Instrument Lab, Tokyo, Japan). Microelectrode
was filled with NaCl 4 M and then an Ag/AgCl wire was inserted.

Rats were fixed to stereotaxic frame. Completely filled glass microelectrode
was inserted perpendicular to cortex to depth 500 um from cortical surface using
hydraulic micromanipulator (Narishige, Scientific Instrument Lab, Tokyo, Japan).
Another Ag/AgCI electrode was fixed to the back which was served as a reference
point. The obtained electrical signal was amplified using microelectrode amplifier
(Nihon Koden, MEZ-8301, Japan). Analog data was converted to digital from using
data acquisition system (BioPac Physiograph MP 100A Santa Barbara, CA). All
tracing were analyzed using computer software AcgKnowledge version 3.4 (Biopac
Physiograph System, Santa Barbara, CA) (Figure 3.5). Such waveform was

continuously monitored for one hour.
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MEASUREMENT OF DEPOLARIZATION SHIFT
Tracings of DC shift were recorded with Biopac system for 60 minute after
CSD induction. Variables regarding CSD waves induced AUC, amplitude, duration,

number of peak, interpeak interval and summed AUC with one hour were measured.

AREA UNDER THE CURVE OF DEPOLARIZATION SHIFT

To calculate the area under the curve (AUC) of each CSD wave, a line was
draw between the endpoint of the selection area as the baseline (Figure 3.6). This
calculation returns a positive result, and the measurement can be considered the total
area between the waveform and the baseline. The area is expressed in terms of mV

sec (amplitude units*horizontal units).

Figure 3.6 Schematic of DC shift showed the ascending point (A) and
descending point (B). Area under the curve of DC shift was measured as the area
above of A-B.
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AMPLITUDE OF DEPOLARIZATION SHIFT
The amplitude of each selected DC shift was assessed by Acknowledge 3.2.4

computer program. The peak amplitude of the propagated wave was determined by
the height of the peak above the baseline (Figure 3.7).
C

—~J

Figure 3.7 Schematic of DC shift showed the reference point A and
defined point B and C. The amplitude of DC shift was measured as the distance

between C-AB.

DURATION OF DEPOLARIZATION SHIFT
The duration of DC shift was measured as a time difference between the

start and endpoints of the selected DC shift (Figure 3.8).

Figure 3.8 Schematic of DC shift showed the start time point (A) and

finish time point (B). Duration of DC shift was measured as the time of A-B
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THE TOTAL NUMBER OF THE PEAK OF DEPOLARIZATION SHIFT
The total number of peaks of the DC shift was counted during the time frame

of 60 minutes (Figure 3.9).

~\.n'| It‘ SEVY) l\.-\f o

60 minute

Figure 3.9 Schematic of DC shift showed the total number of the peak of

DC shift was measured as the length of 60 minute.

THE INTERPEAK INTERVAL OF DEPOLARIZATION SHIFT
The interpeak interval of DC shift was measured by a time difference

between two peaks (Figure 3.10).
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Figure 3.10 Schematic of DC shift showed the reference point A and point
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B. The interpeak interval of DC shift was measured as the length of A-B.
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SUMMED AREA UNDER THE CURVE OF DEPOLARIZATION SHIFT
The AUC of all DC shift was summed during the time frame of 60 minute
(Figure 3.11).

60 minute

Figure 3.11 Schematic of DC shift showed the total AUC of the peak of

DC shift was measured as the length of 60 minute.

IMMUNOHISTOCHEMISTRY

PERFUSION AND TISSUE PREPARATION

After completion of CSD monitory, animals were further proceeding for
immunohistochemical study. The experimental rats were deeply anesthetized with
sodium pentobarbital. Laparotomy and thoracotomy were done. A cannula was
inserted into the apex of the heart.and was advanced just distally to the aortic arch.
Then, the vasculature was flushed transcardially with 250 ml PBS, followed by 250
ml of 4% paraformaldehyde in a 0.1 M phosphate buffer, pH 7.4. Brain and the
cervical spinal cord were removed and were immediately immersed in 4%
paraformaldehyde in 0.1 M PBS for 60 minutes. Then the tissue was stored in a 30%
sucrose solution in a phosphate buffer overnight for cryoprotection. The cervical
spinal cord (C1-C2) was cut in a horizontal plane by a cryostat microtome (Microm

HM 50N) at 30 um thickness and collected in a series of two in four sections.
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IMMUNOHISTOCHEMICAL STUDY FOR THE VR1

The sections were rinsed in three changes of PBS and, incubated with 50%
ethanol for 30 minutes. To block endogenous peroxidase, the sections were incubated
with 3% hydrogen peroxide in 50% ethanol for 30 minutes. After repeated rinses in
PBS, the non-specific binding of the antibody was blocked by incubating the tissues
with a 3% normal horse serum (NHS), 1% bovine serum albumin (BSA) in PBS for
60 minutes at room temperature. After three rinses in PBS, the sections were
incubated in the Goat anti VR1 antiserum at a dilution of 1:1000 in PBS at 4 °C for 3
day. After incubation, the sections were rinsed 3x10 min with PBS and were then
incubated with biotinylated Rabbit anti-Goat immunoglobulin at a dilution of 1:400 in
PBS at 4 °C for 24 hours. After overnight incubation, the sections were rinsed 3x10
min with PBS, and incubated for 30 minute with ABC-horseradish peroxidase
complex. After incubation, the sections were then again rinsed 3x10 min in PBS.
Finally, they were reacted for peroxidatic activity in a solution containing
diaminobenzidine (DAB) and 0.01% hydrogen peroxide for 10 minutes. Then, tissue
sections were washed 2x5 min with PBS, mounted onto gelatinized glass slides, and
coverslipped the slides with permount.

IMMUNOHISTOCHEMICAL STUDY FOR THE c-FOS

The sections were rinsed in three changes of PBS. To block endogenous
peroxidase, the sections were incubated with 50% ethanol for 30 minute and 3%
hydrogen peroxide in 50% ethanol for 30 minutes. After repeated rinses in PBS, the
non-specific binding of the antibody was blocked by incubating the tissues with a 3%
normal horse serum (NHS), 1% bovine serum albumin (BSA) in PBS for 60 minutes
at room temperature. After three rinses in PBS, the sections were incubated in the
specific antibody solution (Rabbit anti c-fos antiserum) at a dilution of 1:1000 in the
same solution at 4 °C for 24 hours. After overnight incubation, the sections were then
rinsed in PBS, incubated for 90 minutes with biotinylated mouse anti rabbit IgGs at a
1:200 dilution in PBS containing 2% NHS and 1% BSA, rinsed again in PBS, and
incubated for 90 minutes in an avidin-biotin-peroxidase solution (Vectastain ABC Kit,
vector, Burlingham). This was followed by rinses in PBS and bound peroxidase was
revealed by incubation of all sections in a solution containing DAB, 0.01% hydrogen

peroxide for 10 minutes. The reaction was stopped by repeated rinses in PBS.
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Following this reaction the tissue sections were washed and mounted onto gelatinized

glass slides.

MEASUREMENT OF THE NUMBER OF THE VR1 IMMUNOREACTIVE
CELLS

VR1 immunoreactive (VR1-IR) neurons were distinguished by their darkly
stained cell bodies and processes. Expression of VR1 in trigeminal ganglion in each
rat was determined by counting the VR1-IR cells from 10 randomize selected section
per animal. Total 100 cells were count per section. Data was expressed as percent of
VR1-IR cells per rat. (100/slidex10 slide)

The VRI1-IR cells were counted and reported as the number of
immunoreactive cells in the TG ipsilateral to the KCI (CSD group) application and
contralateral side. VR1 positive cells in TG ipsilateral / contralateral TG neurons

counted separately.

MEASUREMENT OF THE NUMBER OF THE ¢c-FOS IMMUNOREACTIVE
CELLS

Cell counts were carried out iIn sections processed for the c-fos
immunohistochemistry. A total of 10 sections per animal were used. Only cell profiles
with a visible nucleus on the focal plane were analysed. The c-fos immunoreactive
cells (Fos-IR cells) were defined as those with a dark brown stain in their nucleus.
The Fos-IR neurons in the lamina | and the lamina Il area of each section were
counted. Fos-IR cells in-ipsilateral and contralateral side to CSD induction were
counted separately.

For all experimental rats, the Fos-IR cells were counted and reported as the
number of immunoreactive cells in the dorsal horn ipsilateral to the KCI (CSD group)

application and contralateral side.
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DATA ANALYSIS

All values were presented as mean + standard deviation (SD). The results of
DC shift were presented in sum area under the curve, amplitude of DC shift, the total
number of the peak and duration of DC shift. The differences among groups were
tested using Student t-test. Probability values of less than 0.05 were considered to be
statistically significant.

The percent of VR1 expression in TG and c-fos in TNC were present in mean
+ SD and Student t-test were used for analysis. Probability values of less than 0.01
were considered to be statistically significant. All statistical analyses were performed
using computer software SPSS version 11.5 for windows (SPSS, Chicago, IL, USA).



CHAPTER IV

RESULTS

The results of this study were organized into three parts as follows.

Part I: Results from all experiments performed for studying the effect of
facial inflammation on cortical activity and trigeminal nociceptive system in CSD

model.

Part 11 Results from all experiments performed for studying the effect of
5-HT depletion on cortical activity and trigeminal nociceptive system in CSD

model.

Part I11: Results from all experiments performed for studying the effect
of facial inflammation with 5-HT depletion on cortical activity and trigeminal

nociceptive system in CSD model.
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I: THE EFFECT OF FACIAL INFLAMMATION ON CORTICAL
ACTIVITY AND TRIGEMINAL NOCICEPTIVE SYSTEM IN THE CSD
MODEL

The results of this part are subdivided into three parts as follows:

1. The effect of facial inflammation on the depolarization shift changes induced
by CSD.

2. The effect of facial inflammation on the VR1 expression induced by CSD.

3. The effect of facial inflammation on the c-fos expression induced by CSD.
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1. The effect of facial inflammation on the depolarization shift changes
induced by CSD.

The DC shift changes was studied in the all group in order to evaluate the
effect of CSD on duration, peak amplitude, number of peak, interpeak latency,
averaged and summed AUC of depolarization shift changes in one hour.

Application of KCI induced a repeated pattern of cortical depolarization
characterizing the CSD (Figure 4.1). In control group, the averaged amplitude and
duration of these CSD waves was 24.65+ 1.59 mV and 43.13+ 7.67 seconds,
respectively (Table 4.1) (Table 4.2). The mean number of CSD wave occurring within
one hour was 11.13+ 1.25 waves (Table 4.3) and interpeak latency was 4.72+ 1.53
minutes (Table 4.4). The averaged AUC and sum was 58.99+ 10.01 mV-seconds,
648.32+ 73.57 mV-seconds, respectively (Table 4.5) (Table 4.6). Comparing with the
CFA-treated group, we found that the averaged and sum AUC of CSD wave were
increased significantly (77.22+ 12.56 mV-seconds and 1054.43+175.86 mV-seconds,
respectively) (Figure 4.7) (Figure 4.8). Pretreatment with CFA shortened the
interpeak latency and increase total number of wave (Figure 4.2). The averaged
number of CSD wave occurring with one hour was 14+ 1.51 waves (Table 4.3) and
the interpeak latency in this group was 3.20+ 0.35 minutes (Table 4.4) and In the
contrary, no significant difference was observed when the peak amplitude and
duration of CSD waves were compared with the control group (Figure 4.3) (Figure
4.4). The peak amplitude and duration of CSD waves in the CFA-treated group were
26.2+ 3.94 mV and 57.58+ 19.50 seconds, respectively (Table 4.1) (Table 4.2).
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Figure 4.1 The tracing showing the depolarization shift changes after KCI 3 mg
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Figure 4.2 The tracing showing the depolarization shift changes after KCI 3 mg
application in CFA-treated group. Arrow shows the start of KCI application.
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Table 4.1 The mean value + SD of amplitude of DC shift obtained from control

group and CFA-treated group.

Group Mean+ SD of amplitude (-mV)
Control 24.65+ 1.59
Inflammation 26.20+ 3.94
Amplitude (-mV)
40
30 -
20 PUSN
10 | )
0 DODOOE
Control CFA

Figure 4.3 Bar graphs showing the mean value + SD of amplitude of DC shift

obtained from control group and CFA-treated group.
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Table 4.2 The mean value + SD of duration of DC shift obtained from control

group and CFA-treated group.

Group Meanz SD of duration (seconds)
Control 43.13+ 7.68
Inflammation 57.58+ 19.5

Duration (seconds)
QO fy. 1 S -
80
70
60

50 T

40
30 W
20 4
10

Control CFA

Figure 4.4 Bar graphs showing the mean value + SD of duration of DC shift
obtained from control group and CFA-treated group.
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Table 4.3 The mean value + SD of number of peak of DC shift obtained from
control group and CFA-treated group.

Group Mean+ SD of number of peaks (waves)
Control 11.13+1.25
Inflammation 14.00+ 1.51*

Number of peak (waves)
A 4 W e
*
15 T
£, i
10 sl e |
5 i
0 S
Control CFA

Figure 4.5 Bar graphs showing the mean value + SD of number of peaks of DC
shift obtained from control group and CFA-treated group. Significant difference

was assessed with Student t-test.*p<0.05 compared with control group.
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Table 4.4 The mean value + SD of interpeak latency of DC shift obtained from
control group and CFA-treated group.

Group Mean+ SD of interpeak latency (minutes)
Control 4,73+ 1.54
Inflammation 3.20+ 0.35*

Interpeak latency (minutes)

control CFA

Figure 4.6 Bar graphs showing the mean value + SD of interpeak latency of DC
shift obtained from control group and CFA-treated group. Significant difference

was assessed with Student t-test.*p<0.05 compared with control group.
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Table 4.5 The mean value + SD of average AUC of DC shift in one hour obtained

from control group and CFA-treated group.

Group Mean+ SD of average AUC (mV-second)
Control 58.99+ 10.01
Inflammation 77.22+ 12.56*

Average AUC (mV-second)

100 ——8M8 —=— ¥ A TA LS WY
aof] T

60{

40 -

20
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Control CFA

Figure 4.7 Bar graphs showing the mean value + SD of average AUC of DC shift
in one hour obtained from control group and CFA-treated group. Significant
difference was assessed with  Student t-test.*p<0.05 compared with control

group.
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Table 4.6 The mean value + SD of sum AUC of DC shift in one hour obtained

from control group and CFA-treated group.

Group Mean+ SD of sum AUC (mV-second)
Control 648.32+ 73.57
Inflammation 1054.43+ 175.68*

Sum AUC (mV-second)

%0+ — ————
*

T

1000

500

Control CFA

Figure 4.8 Bar graphs showing the mean value + SD of sum AUC of DC shift in
one hour obtained from control group and CFA-treated group. Significant
difference was assessed with Student t-test.*p<0.05 compared with control

group.
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Table 4.7 Comparing the electrophysiological variables related to CSD between

the inflammation group and control group.

Inflammation  Control  Mean difference p-value

(95% ClI)

Amplitude 26.20+ 3.94 24.65+ 1.59 1.55 0.319
(mV) (-0.04 to 5.59)

Duration 57.58+ 19.50 43.13+ 7.68 14.45 0.072
(seconds) (-6.67 t0 5.05)

Number of peaks 14.00+ 1.51 T3NS 3.00 0.001
(waves) (-4.51 to -1.49)

Interpeak latency 3.20+ 0.35 4,73+ 1.54 1.53 0.016
(minutes) (-1.88 to -0.01)

Average AUC 77.22+ 1256 58.99+ 10.01 18.23 0.006
(mV-second) (5.67 to 30.79)

Summed AUC 1054.43+ 175.68 648.32+ 73.57 406.11 <0.001

(mV-second) (156.86 to 655.36)
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2. The effect of facial inflammation on the VR1 expression induced by CSD.

In this experiment, 10 sections of TG were collected from each group. The
slides of the sections were studied under the light microscope and neurons were
classified as immunoreactive or non-reactive based on the immunostaining feature.
The VRI1-IR neurons were defined as those with dark-brown stained in their
cytoplasm. It was shown that the VR1-IR neurons comprised small to medium sized
neurons. The large-diameter neurons were usually VR1-negative. The total of 100
cells was counted from each slide. Data were expressed as mean and standard
deviation of percent of VR1-IR neurons.

The effect of CFA on the VR1 expression induced by CSD was tested by
evaluating the number of VR1-IR cells in the CFA pretreated group and in the control
group (Figure 4.10).

CSD induced expression of VR1 in the TG. VR1-IR cells were confined in TG
and were more prevalent on the side ipsilateral to the operation. In control group, the
numbers of VR1-IR cells in the ipsilateral and contralateral sides were 28.88 + 0.60
cells and 21.66 + 1.32 cells per section respectively. Pretreatment with CFA enhanced
the response of trigeminal nociceptive to CSD. The numbers of VR1-IR cells in CFA-
treated group were 41.66 + 3.51 cells and 41.72 + 3.55 cells per section for ipsilateral
and contralateral sides, respectively. The data are shown in Table 4.8. The difference
in the number of VR1-IR cells between CFA and control groups were statistically

significant (Figure 4.9).
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Table 4.8 The mean value + SD of the number of VR1-IR cells in the TG sections
obtained from control and CFA-treated groups.

40

Group Contralateral side Ipsilateral side
Control 21.66+ 1.32 28.88+ 0.60
Inflammation 41.72+ 3.55% 41.66+ 3.51*

Number of VR1-IR cell
50 - =g gy 1 . S
* *
7 T T

Control

Contralateral Ipsilateral

CFA Control CFA

Figure 4.9 Bar graphs showing the mean value + SD of the number of VR1-IR

cells in the TG sections abtained from control group and CFA-treated group.

Significant difference was assessed with Student t-test. *p<0.05 compared with

control group.
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Figure 4.10 The photomicrograph showing the VR1-IR cells in the TG sections
(ipsilateral side to KCI application) obtained from the A) Control group (x10)
and B) Inflammation group (x10). Bar = 150 pm.
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3. The effect of facial inflammation on the c-fos expression induced by CSD

To test whether the second order neuron in trigeminal nociceptive system is
activated by CSD the expression of Fos, a surrogate marker for neuronal activation,
was examined. Ten sections were randomly selected from each rat and the Fos-IR
cells were counted and reported as the number of immunoreactive cells in the dorsal
horn contralateral side and ipsilateral to the KCI application (in the CSD group). The
data are reported as the mean value and the standard deviation.

The Fos expression after CSD induction for 1 hour was mainly distributed in
the lamina | and Il of the cervical spinal cord sections on the side ipsilateral to the
KCI application (Figure 4.12). The numbers of Fos-IR cells in ipsilateral and
contralateral sides were 7.28+0.57 and 1.95 + 0.49 cells /slides respectively.
Pretreatment with CFA enhanced the response of trigeminal nociception to CSD. The
numbers of Fos-IR cells in CFA-treated group were 13.71 + 2.35 cells and 6.50 + 2.00
cells per slide for ipsilateral and contralateral sides, respectively. The data are shown
in Table 4.9. The difference in the number of Fos-IR cells between CFA and control

groups were statistically significant (Figure 4.11).



70

Table 4.9 The mean value + SD of number of Fos-IR cells in the C1 and C2

cervical spinal cord sections obtained from control and CFA-treated groups.

Group Contralateral side Ipsilateral side
Control 1.95+ 0.49 7.28+ 057 #
Inflammation 6.50+ 2.00* 13.71+ 2.35* #
Number of Fos-IR cell
L +—— — - _
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Control CFA Control CFA

Contralateral

Ipsilateral

Figure 4.11 Bar graph showing the mean value + SD of the number of Fos-IR

cells in the C1 and C2 cervical spinal cord sections obtained from control group

and CFA-treated group. Significant difference was assessed with Student t-test.

*p<0.05 compared with control group. # p<0.05 compared with contralateral

side.
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Figure 4.12 The photomicrograph showing the Fos-IR cells in"'the C1 and C2
cervical spinal cord sections (ipsilateral side to KCI application). Fos positive
cells (arrow) are easily visible and well differentiated from the background. Box
in the schematic drawings indicate the area the respective photographs were
taken from. A) Spinal cord, B) Control group (x10) and B) Inflammation group
(%10).
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II: THE EFFECT OF 5-HT DEPLETION ON CORTICAL ACTIVITY
AND TRIGEMINAL NOCICEPTIVE SYSTEM IN THE CSD MODEL

The results of this part are subdivided into three parts as follows:

1. The effect of 5-HT depletion on the depolarization shift changes induced by
CSD.

2. The effect of 5-HT depletion on the VR1 expression induced by CSD.

3. The effect of 5-HT depletion on the c-fos expression induced by CSD.
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1. The effect of 5-HT depletion on the depolarization shift changes induced
by CSD

The DC shift changes was studied in all groups in order to evaluate the effect
of CSD on peak amplitude, duration, number of peak, interpeak latency, averaged and
sum AUC of depolarization shift changes in one hour.

Pretreatment with PCPA induced CSD generation (Figure 4.13). The peak
amplitude and duration of CSD waves in the PCPA-treated group were 26.92+ 3.26
mV and 43.67+ 8.83 seconds, respectively (Table 4.10) (Table 4.11). Pretreatment
with PCPA increase total number of wave and shortened the interpeak latency. The
averaged number of CSD wave occurring with one hour was 14.88+ 2.17 waves
(Table 4.12) and interpeak latency in this group was 3.18+ 0.64 minutes (Table 4.13).
The averaged and sum AUC of CSD wave were increased significantly (73.12+ 11.43
mV-seconds and 1065.82+160.93 mV-seconds, respectively) (Table 4.14) (Table
4.15). In the contrary, no significant difference was observed when the peak
amplitude and duration of CSD waves were compared with the control group (Figure
4.14) (Figure 4.15).
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Figure 4.13 The tracing showing the depolarization shift changes after KCI 3 mg
application in PCPA-treated group. Arrow shows the start of KCI application.
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Table 4.10 The mean value + SD of amplitude of DC shift obtained from control
group and PCPA-treated group.

Group Mean+ SD of amplitude (mV)
Control 24.65+ 1.59
5-HT depletion 26.92+ 3.26
Amplitude (-mV)
40
30 4 T
e
20 e
A
o =t
Control PCPA

Figure 4.14 Bar graphs showing the mean value + SD of amplitude of DC shift
obtained from control group and PCPA-treated group.
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Table 4.11 The mean value + SD of duration of DC shift obtained from control

group and PCPA-treated group.

Group Mean+ SD of duration (seconds)
Control 43.13+ 7.68
5-HT depletion 43.67+ 8.83

Duration (seconds)

90 ——— = ~
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40
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Control PCPA

Figure 4.15 Bar graphs showing the mean value + SD of duration of DC shift
obtained from control group and PCPA-treated group.
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Table 4.12 The mean value + SD of number of peak of DC shift obtained from
control group and PCPA-treated group.

Group Mean+ SD of number of peaks (waves)
Control 11.13+1.25
5-HT depletion 14.88+ 2.17 *

Number of peak (waves)

0 £ FFF == 'S8 —

15 4 [

10

Control PCPA

Figure 4.16 Bar graphs showing the mean value + SD of number of peaks of DC
shift obtained from ‘control group and PCPA-treated group. Significant

difference was assessed with Student t-test. *p<0.05 compared with control

group.



78

Table 4.13 The mean value + SD of interpeak latency of DC shift obtained from
control group and PCPA-treated group.

Group Mean+ SD of interpeak latency (minutes)
Control 4,73+ 1.54
5-HT depletion 3.18+ 0.64*

Interpeak latency (minutes)

control PCPA

Figure 4.17 Bar graphs showing the mean value + SD of interpeak latency of DC
shift obtained from ‘control group and PCPA-treated group. Significant
difference was assessed with Student t-test. *p<0.05 compared with control

group.
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Table 4.14 The mean value + SD of average AUC of DC shift in one hour

obtained from control group and PCPA-treated group.

Group Mean+ SD of average AUC (mV-second)
Control 58.99+ 10.01
5-HT depletion 73.12+ 11.43*

Average AUC (mV-second)
19 4 . 8 SRR W TS
*
80 1|'
60 ——— T ______
40 il
20 (o b
0 9y A
Control PCPA

Figure 4.18 Bar graphs showing the mean value + SD of average AUC of DC
shift in one hour obtained from control group and PCPA-treated group.
Significant difference was assessed with Student t-test. *p<0.05 compared with

control group.



80

Table 4.15 The mean value + SD of sum AUC of DC shift in one hour obtained

from control group and PCPA-treated group.

Group Mean+ SD of sum AUC (mV-second)
Control 648.32+ 73.57
5-HT depletion 1065.82+ 160.93*

Sum AUC (mV-second)
%0
*
1000 T
. [ -~
500 - AP s
0 ............
Control PCPA

Figure 4.19 Bar graphs showing the mean value + SD of sum AUC of DC shift in
one hour obtained from control group and PCPA-treated group. Significant
difference was assessed with student t-test. *p<0.05 compared with control group
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Table 4.16 Comparing the electrophysiological variables related to CSD between
the 5-HT depletion group and control group.

5-HT depletion  Control Mean difference p-value

(95% CI)

Amplitude 26.92+3.94  24.65+ 1.59 2.27 0.098

(mV) (-0.49t0 5.03)

Duration 43.67+ 8.83  43.13+7.68 0.53 0.899

(seconds) (-9.41108.33)

Number of peaks 1488+2.17 11.13+1.25 3.00 0.001

(waves) (-5.65 to -1.85)

Interpeak latency 3.18+ 0.64 4,73+ 1.54 -1.55 0.020

(minutes) (-2.81t0 -0.28)

Average AUC 73.12+ 11.43 58.99+ 10.01 14.13 0.020

(mV-second) (2.61 to 25.65)

Summed AUC  1065.82+ 160.93 648.32+ 73.57 417.50 <0.001

(mV-second) (-5.65 to -1.85)
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2. The effect of 5-HT depletion on the VR1 expression induced by CSD

The effect of PCPA on the VR1 expression induced by CSD was tested by
evaluating the number of VR1-IR cells in the PCPA pretreated group and in the CSD
group.

CSD induced expression of VR1 in the TG. VR1-IR cells were confined in TG
and were more prevalent on the side ipsilateral to the operation. In control group, the
numbers of VR1-IR cells in the ipsilateral and contralateral sides were 28.88 + 0.60
cells and 21.66 + 1.32 cells per section respectively. Pretreatment with PCPA
enhanced the response of trigeminal nociceptive to CSD. The numbers of VR1-IR
cells in PCPA-treated group were 39.22 + 1.64 cells and 38.44 + 3.04 cells per section
for ipsilateral and contralateral sides, respectively. The data are shown in Table 4.17.
The difference in the number of VR1-IR cells between PCPA-treated group and
control group were statistically significant (Figure 4.20).
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Table 4.17 The mean value + SD of the number of VR1-IR cells in the TG

sections obtained from control group and PCPA-treated group.

Group

Contralateral side

Ipsilateral side

Control

21.66+ 1.32

28.88+ 0.60

5-HT depletion

38.44+ 3.04™

39.22+1.64 *

45

Number of VR1-IR cell
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PCPA Control PCPA

Contralateral

|psilateral

Figure 4.20 Bar graphs showing the mean value + SD of the number of VR1-IR

cells in the TG sections obtained from control group and PCPA-treated group.

Significant difference was assessed with student t-test. *p<0.05 compared with

control group.
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Flgureq4.21 The photomicrograph showing the VR1-IR cells in the TG sections
(ipsilateral side to KCI application) obtained from the A) Control group (x10)
and B) PCPA-treated group (x10). Bar = 150um
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3. The effect of 5-HT depletion on the c-fos expression induced by CSD

The Fos expression after CSD induction for 1 hour was mainly distributed in
the lamina | and Il of the cervical spinal cord sections on the side ipsilateral to the
KCI application (Figure 4.23). The numbers of Fos-IR cells in ipsilateral and
contralateral sides were 7.28+0.57 and 1.95 + 0.49 cells /slides respectively.
Pretreatment with PCPA enhanced the response of trigeminal nociception to CSD.
The numbers of Fos-IR cells in PCPA-treated group were 11.63 + 3.07 cells and 6.64
+ 2.21 cells per slide for ipsilateral and contralateral sides, respectively. The data are
shown in Table 4.18. The difference in the number of Fos-IR cells between PCPA-

treated group and control group were statistically significant (Figure 4.22).
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Table 4.18 The mean value + SD of number of Fos-IR cells in the C1 and C2

cervical spinal cord sections obtained from control group and PCPA-treated

group.

Group Contralateral side Ipsilateral side
Control 1.95+ 0.49 7.28+0.57 #
5-HT depletion 6.64+ 2.217 11.63+ 3.07 * #

Number of Fos-IR cell

18
16
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10

o N b O

Control

Contralateral

PCPA Control

Ipsilateral

PCPA

Figure 4.22 Bar graph showing the mean value + SD of the number of Fos-IR

cellsiin the C1 and C2 cervical spinal cord sections obtained from the control

group‘and PCPA-treated group. Significant difference was assessed with Student

t-test.
contralateral side.

*p<0.05 compared with control

group. #p<0.05 compared with
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Figure 4.23 The photomicrograph showing the Fos-IR cells in the C1 and C2
cervical spinal cord sections (ipsilateral side to KCI application). Fos positive
cells (arrow) are easily visible and well differentiated from the background. Box
in the schematic drawings indicate the area the respective photographs were
taken from. A) Spinal cord, B) Control group (x10) and C) 5-HT depletion group
(%10).
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I1: THE EFFECT OF 5-HT DEPLETION AND FACIAL
INFLAMMATION ON CORTICAL ACTIVITY AND TRIGEMINAL
NOCICEPTIVE SYSTEM IN THE CSD MODEL

The results of this part are subdivided into three parts as follows:

1. The effect of 5-HT depletion and facial inflammation on the depolarization
shift changes induced by CSD.

2. The effect of 5-HT depletion and facial inflammation on the VR1 expression
induced by CSD.

3. The effect of 5-HT depletion and facial inflammation on the c-fos expression
induced by CSD.
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1. The effect of 5-HT depletion with facial inflammation on depolarization shift
induced by CSD

The DC shift changes was studied in the all group in order to evaluate the
effect of CSD on peak amplitude, duration, number of peak, interpeak latency ,
averaged and sum AUC of depolarization shift changes in one hour.

Pretreatment with PCPA and CFA induced CSD generation (Figure 4.24).
The peak amplitude and duration of CSD waves in the PCPA with CFA-treated group
were 27.51+ 2.15 mV and 43.57+ 2.66 seconds, respectively (Table 4.19) (Table
4.20). The averaged and sum AUC of CSD wave were 66.80+ 10.04 mV-seconds and
1164.95+248.73 mV-seconds, respectively) (Table 4.23) (Table 4.24). Statistical
analysis showed no significant compared with CFA-treated group. The averaged
number of CSD wave occurring with one hour and interpeak latency were increased
significantly (17.38+ 2.26 waves and 2.63+ 0.41 minutes, respectively) (Table 4.21)
(Table 4.22).
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Figure 4.24 The tracing showing the depolarization shift changes after KCI 3 mg

application in PCPA with CFA-treated group. Arrow shows the start of KCI

application
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Table 4.19 The mean value + SD of amplitude of DC shift obtained from CFA-
treated group and PCPA with CFA treated group.

Group Mean+ SD of amplitude (-mV)
inflammation 26.20+ 3.94
5-HT depletion 27.51+ 2.15
+inflammation

Amplitude (-mV)

o £ F R A
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CFA PCPA+CFA

Figure 4.25 Bar graphs showing the mean value + SD of amplitude of DC shift
obtained from CFA-treated group.and PCPA with CFA-treated group.
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Table 4.20 The mean value + SD of duration of DC shift obtained from CFA-
treated group and PCPA with CFA-treated group.

Group Meanz SD of duration (Seconds)
Inflammation 57.58+ 19.50
5-HT depletion 43,57+ 2.66
+inflammation

Duration (seconds)
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Figure 4.26 Bar graphs showing the mean value + SD of duration of DC shift
obtained from CFA-treated group.and PCPA with CFA-treated group.
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Table 4.21 The mean value + SD of number of peak of DC shift obtained from
CFA-treated group and PCPA with CFA-treated group.

Group Mean+ SD of number of peaks (waves)
Inflammation 14.00+ 1.51
5-HT depletion 17.38+ 2.26 *
+ inflammation

Number of peak (waves)

g0 £ F B "0 ELE N W

15
W T

10

CFA PCPA+CFA

Figure 4.27 Bar graphs showing the mean value + SD of number of peaks of DC
shift obtained from CFA-treated group and PCPA with CFA-treated group.
Significant difference was assessed with student t-test. *p<0.05 compared with

CFA-treated group.
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Table 4.22 The mean value + SD of interpeak latency of DC shift obtained from
CFA-treated group and PCPA with CFA-treated group

Group Mean+ SD of interpeak latency (minutes)
Inflammation 3.20+ 0.35
5-HT depletion 2.63+041%*

+inflammation

Interpeak latency (minutes)
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Figure 4.28 Bar graphs showing the mean value + SD of interpeak latency of DC
shift obtained from CFA-treated group and PCPA with CFA-treated group.

Significant difference was assessed with student t-test. *p<0.05 compared with

CFA-treated group.
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Table 4.23 The mean value + SD of average AUC of DC shift in one hour
obtained from CFA-treated group and PCPA with CFA-treated group.

Group Mean+ SD of average AUC (mV-second)
inflammation 77.22+ 12.56
5-HT depletion 66.80+ 10.04
+inflammation

Average AUC (mV-second)
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Figure 4.29 Bar graphs showing the mean value + SD of average AUC of DC
shift.in one hour obtained from CFA-treated group and PCPA with CFA-treated

group:
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Table 4.24 The mean value + SD of sum AUC of DC shift in one hour obtained
from CFA-treated group and PCPA with CFA-treated group.

Group Mean+ SD of sum AUC (mV-second)
inflammation 1054.43+ 175.68
5-HT depletion 1164.95+ 248.73
+inflammation
Sum AUC (mV-second)
Toogifr 4 J S=—== L% W —
|
1000
500 A
0
CFA PCPA+CFA

Figure 4.30 Bar graphs showing the mean value + SD of sum AUC of DC shift in

one hour obtained from CFA-treated group and PCPA with CFA-treated group.
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Table 2.5 Comparing the electrophysiological variables related to CSD between

the inflammation and inflammation with serotonin depletion groups.

Inflammation Inflammation Mean difference p-value
+5-HT depletion  (95% CI)

Amplitude 26.20+ 3.94 2751+ 2.15 1.31 0.421
(mV) (-2.56 to 5.25)

Duration 57.58+ 19.50 43.57+ 2.66 14.01 0.064
(seconds) (-33.51t05.49)

Number of peaks 14.00+ 1.51 17.38+ 2.26 3.00 0.003
(waves) (-4to-1)

Interpeak latency 3.20+ 0.35 2.63+ 0.41 0.57 0.008
(minutes) (-0.92 to -0.16)

Average AUC 77.22+ 12.56 66.80+ 10.04 10.42 0.088
(mV-second) (-2.14 t0 22.98)

Summed AUC  1054.43+ 175.68 1164.95+ 248.73 110.52 0.456

(mV-second) (313.89 t0 534.93)
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2. The effect of 5-HT depletion and facial inflammation on the VR1 expression
induced by CSD.

The effect of PCPA with CFA on the VR1 expression induced by CSD was
tested by evaluating the number of VR1-IR cells in the PCPA with CFA pretreated
group and in the CSD group.

CSD induced expression of VR1 in the TG. VR1-IR cells were confined in TG
and were more prevalent on the side ipsilateral to the operation. In CFA-treated
group, the numbers of VR1-IR cells in the ipsilateral and contralateral sides were
41.66 + 3.51 cells and 41.72 + 3.55 cells per section respectively. Pretreatment with
PCPA and CFA enhanced the response of trigeminal nociceptive to CSD. The
numbers of VR1-IR cells in PCPA with CFA-treated group were 42.52 + 3.59 cells
and 37.30 + 2.36 cells per section for ipsilateral and contralateral sides, respectively.
The data are shown in Table 4.26. The difference in the number of VR1-IR cells
between CFA-treated group and PCPA with CFA-treated group was statistically no
significant (Figure 4.31).
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Table 4.26 The mean value + SD of the number of VR1-IR cells in the TG
sections obtained from CFA-treated group and PCPA with CFA-treated group.

Contralateral

Group Contralateral side Ipsilateral side
inflammation 41.72+ 3.55 41.66+ 3.51
5-HT depletion 37.30+ 2.36 42.52+ 3.59
+inflammation
Number of VR1-IR cell
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Ipsilateral

Figure 4.31 Bar graphs showing the mean value + SD of the number of VR1-IR
cells in the TG sections obtained from the CFA-treated group and PCPA with

CFA-treated group.
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3. The effect of 5-HT depletion and facial inflammation on the c-fos expression
induced by CSD

The Fos expression after CSD induction for 1 hour was mainly distributed in
the lamina | and Il of the cervical spinal cord sections on the side ipsilateral to the
PCPA with CFA application (Figure 4.34). In CFA-treated group, the numbers of
Fos-IR cells in ipsilateral and contralateral sides were 13.71+2.35 and 6.50+ 2.00
cells /slides respectively. Pretreatment with PCPA and CFA enhanced the response of
trigeminal nociception to CSD. The numbers of Fos-IR cells in PCPA with CFA-
treated group were 12.28 + 1.92 cells and 6.75 + 2.85 cells per slide for ipsilateral and
contralateral sides, respectively. The data are shown in Table 4.27. The difference in
the number of Fos-IR cells between CFA-treated and PCPA with CFA-treated groups
was statistically no significant (Figure 4.33).
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Table 4.27 The mean value + SD of number of Fos-IR cells in the C1 and C2

cervical spinal cord sections obtained from CFA-treated group and PCPA with

CFA-treated group.

Group Contralateral side Ipsilateral side
Inflammation 6.50+ 2.00 13.71+2.35*
5-HT depletion 6.75+ 2.85 12.28+ 1.92#
+inflammation
Number of Fos-IR cell
18 — % 4 g JEeb ([P SESTe T
*
16 #
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CFA PCPA+CFA CFA PCPA+CFA
Contralateral Ipsilateral

Figure 4.33 Bar graph showing the mean value + SD of the number of Fos-IR

cells in the C1 and C2 cervical spinal cord sections obtained from CFA-treated

group and PCPA with CFA-treated group. Significant difference was assessed
with Student t-test. *p<0.05 compared with CFA-treated group. #p<0.05

compared with contralateral side.
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Figure 4.34 The photomicrograph showing the Fos-IR cells in the C1 and C2
cervical spinal cord sections (ipsilateral side to KCI application). Fos positive
cells (arrow) are easily visible and well differentiated from the background. Box
in the schematic drawings indicate the area the respective photographs were
taken from. A) Spinal cord, B) Control group (x10) and C) 5-HT depletion with
inflammation group (x10).



CHAPTER V
DISCUSSION

This study was conducted to investigate the effect of inflammation and
serotonin depletion on the development of CSD-evoked cortical activity and
trigeminal nociceptive system. The first part of this research was conducted to
investigate the effects of inflammation on CSD-evoked cortical activity and
trigeminal nociceptive system. The second part was conducted to investigate the
effect of serotonin depletion on CSD-evoked cortical activity and trigeminal
nociceptive system. The third part was conducted to investigate the effect of serotonin
depletion combine inflammation on CSD-evoked cortical activity and trigeminal
nociceptive system.

CSD is an electrical phenomenon, considered to play an important role in the
mechanism generating aura of migraine whereas inflammation and serotonin are
recognized to play significant roles in the process of headache phase.

CSD cause extensive changes in neurophysiological condition during its
propagation across the brain surface (Hansen, Quisstorff and Gjedde, 1980; Lauritzen,
1987a, b; Sugaya, Yakato and Nada, 1975). Cortical cell are depolarized, extracellular
K" concentration rises, vasoactive metabolites and neurotransmitter released
(Krivanek, 1961). In these circumstances, various factors could promote cortical

changes during CSD.
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1. The effect of facial inflammation on CSD-evoked depolarization shift, VR1
and c-fos expression

Peripheral inflammation can often result in enhanced transmission of sensory
input through the spinal cord dorsal horn, this is termed central sensitization. The
process of central sensitization also enlarges the receptive fields of these neurons, thus
expanding the pain area. Most of the previous evidences demonstrated that sensitized
trigeminal caudalis neurons initiated by chemical stimulation of the intracranial dura
showed an increased response to facial stimulation (Burstein et al., 1998). The
induction of peripheral and central sensitization has been proposed to be significant
steps in the development of headache and allodynia in migraine patients. Here, we
demonstrated that induction of inflamed may cause instability of neuronal function
which enhances the excitability of the brain to develop a migraine attack. The present
study showed that development of CSD and CSD-evoked trigeminal nociceptive were
enhanced in the inflammatory state.

The results from the first study show that the injection of CFA induced VR1-
IR expression in TG. In inflammation group, the numbers of VRI1-IR cells in
ipsilateral and contralateral sides to the CSD were significantly greater than those of
the control group. This finding agrees with process studies which showed that levels
of VR1 increase within nerve fibers at the site of inflammation in human and rodents
(Carlton and Coggeshall, 2001; Yiangou et al., 2001). These and our results indicate
that increase expression of VR1 in the DRG enhances the transport of this receptor.
VR1 participates in inflammatory hyperalgesia because mice lacking this receptor do
not develop thermal hyperalgesia after local inflammation (Caterina et al., 2000;
Davis et al., 2000). Induction of hyperalgesia immediately after inflammation seems
to be, therefore, mainly due to activation of VR1 channel activity.

In ‘addition to the change in  VR1 expression on cortical activity of
depolarization shift obtained form the CFA treated group was also enhanced. In the
inflammation group, the AUC of CSD waves was increase, the interpeak latency was
decreased and the number of CSD waves was increased. On the other hand, no
significant difference in peak amplitude or duration of CSD wave was detected. This
pattern implied that inflammation may interfere with the process of repolarization
hence increasing the cortical excitability. Increasing in cortical excitability may result

in a more intense nociceptor activation and increase trigeminal nociception. This
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hypothesis can be confirmed by our observation of an increase in Fos-IR cell in TNC.
In 2003, Weissman-Fogel et al showed that noxious stimulation of the skin enhances
cutaneous pain perception of migraine patients. These changes probably reflect
sensitization of trigeminal nociceptive pathways. In the present study an increase in
Fos-IR cells was observed in both ipsilateral and contralateral to the side of CSD
activation. The increased Fos-IR cell in contralateral side may indicate an increase in

nociceptive susceptibility in both TNC.

2. The effect of 5-HT depletion on CSD-evoked depolarization shift, VR1 and c-
fos expression

Alteration of 5-HT system is the most important hypothesis for explaining the
pathogenesis of migraine. Clinically, the concentration of 5-HT in platelets were
found to be fluctuated depending on the phases of migraine. Most of the previous
evidences showed that attack of migraine was associated with the period of low 5-HT
(Anthony, Hinterberger and Lance, 1969; Ferrari et al., 1989). This observation is also
true regarding the syndrome of frequent headache especially those associated with
analgesic overuse. Therefore it is likely that, by unknown mechanism, depletion of
this transmitter may predispose the patients to have migraine attack. Here, we
demonstrated that depletion of 5-HT may set the brain to be more vulnerable to
migraine attacks by increasing its excitability. The present study showed that
development of CSD-evoked trigeminal nociception was enhanced in the low 5-HT
state.

The pattern of CSD change associated with low 5-HT observed in this study
was similar to these observed in CFA-treated group. In the low 5-HT group, the AUC
of CSD waves was increased, the interpeak latency was decreased and the number of
CSD waves was increased. On the other hand, no significant difference in peak
amplitude or duration of CSD wave was detected. This pattern implied that the 5-HT
depletion may interfere with the process of repolarization hence increasing the
cortical excitability. It is widely recognized that 5-HT has diverse modulatory effects
on cortical neurons depending on the receptor subtypes. Generally, activation of 5-
HT1 receptor exerts inhibitory effect whilst activation of 5-HT, receptor leads to
cortical activation (Araneda and Andrade, 1991). Therefore, the increased cortical
excitability observed in the low 5-HT group may result either from a decrease in 5-

HT; receptor activation or an increase in 5-HT, receptor activation. We have
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previously reported that 5-HT,a receptor was up-regulated in the conditions with low
5-HT such as migraine patients with analgesic overuse and rats chronically treated
with acetaminophen (Srikiatkhachorn and Anthony, 1996; Srikiatkhachorn, Tarasub
and Govitropony, 2000). However, we cannot conclude that increased CSD response
observed in this study is caused by up-regulation of this receptor subtype. More
studies regarding the plasticity of 5-HT receptors in response to 5-HT depletion may
help clarifying the role of receptor subtypes involving in the development of cortical
hyperexcitability.

Several clinical evidences showed that depletion of 5-HT or its precursor
affects the cortical activity in many aspects. Recent reviews confirmed that tryptophan
depletion has mood-lowering effect. This effect was more prominent in recovered
depressed persons and vulnerable healthy subjects (Moore et al., 2000; Willem,
2001). Depression is a common symptom observed in the prodromal period of
migraine as well as in persons with chronic daily headache. Whether or not the
prodromal depression is associated with a decrease level of 5-HT is still unknown.

Previously, we have proposed that 5-HT depletion may increase headache
frequency by interfering with the endogenous pain control system
(Srikiatkhachachorn, 2002). Results of the present study revealed that, in addition to
the facilitating the nociceptive process at brainstem or spinal level, low 5-HT may
alter threshold for cortical activation.

Another change observed in PCPA-treated group is an increase in VR1-IR.
Since this dram of receptor plays a pivotal role in nociceptive response. An increase
in its number may enhance the response to noxious stimuli. Such change can lead to
the facilitated of noxious perception as indicated by an increase in Fos-IR in TNC.
Activation of naciceptors causes these sensory: fibers to: release neuropeptides,
including substance P and calcitonin gene related peptide (CGRP). In 1995, Ichikawa
and cowarker reported that the co-expression of VR1and CGRP in the TG. Although
CGRP 'is mainly localized to small primary neurons with unmyelinated axons,
substantial subpopulations of the CGRP-IR cells emit myelinated axons (Ishida-
Yamamoto et al., 1989). While, low 5-HT activated c-fos expression in trigeminal
nociceptor showed significant increase as compare with the control group. In 2000
Sharma et al., demonstrated that PCPA attenuated the c-fos upregulation along with
the edematous expansion of the cord. However, the mechanism underlying the

increase in VR1 in low 5-HT state is unclear.
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3. The effect of 5-HT depletion and facial inflammation on CSD-evoked
depolarization shift, VR1 and c-fos expression

In the final part, we demonstrated an enhancing effect of PCPA combine CFA
induced depolarization shift, VR1-IR and Fos-IR changes as compare with facial
inflammation group. The result showed no additional two synergistic effect when both
interventions were combined. It could be possible that either the inflammation or the

depletion of serotonin can already activate the neurons to the maximal response.



CHAPTER VI

CONCLUSION

The objectives of the present study were to determine the effect of 5-HT
depletion and/or facial inflammation on the development of CSD and trigeminal
nociception. The results of this study demonstrated that 5-HT depletion and facial
inflammation could enhance the generation of CSD and facilitated trigeminal
nociception. In CSD model, CFA could increase AUC and number of peak
depolarization shift. These findings reflected the cortical hyperexcitability.
Furthermore CFA could enhance trigeminal pathway which then led to increase of the
activation in synaptic area and second order neurons. The similar results were
observed the effect of low 5-HT using PCPA injection. The combination of CFA and
PCPA did not show the synergistic effects response of the neurons-evoked by CSD.

The present study demonstrated the plasticity of trigeminal nociceptive
system. Several factors, including facial tissue inflammation and 5-HT depletion as
shown in the present study, can enhance this system by increasing the cortical
response as well as facilitate the trigeminal nociception in general. Modification of
trigeminal nociceptive system is a prime target for development of headache aborting

agents.
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