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CHAPTER 1
INTRODUCTION

BACKGROUND AND RATIONALE

Medication overuse headache (MOH) is one of the most common chronic
headache disorders (1). It is found 1-2% in the world population (2). The prevalence of
MOH is approximately half of patients with chronic headache. MOH develops after
overuse of acute or symptomatic headache drugs in primary headache patients,
especially migraineurs. The manifestation of MOH is described as an increased
frequency of headache (15 or more days per month for more than 3 months) and also
suffering from other clinical symptoms, such as depressed mood and sleep disturbance
(1). From the epidemiological study, patients with MOH reports disability and poor
quality of life. An understanding of MOH mechanism may provide the effective

prevention and treatment.

Based on the previous studies, pathophysiology of MOH was reported as an
alteration of trigeminal nociceptive system and an increase of the cortical excitability (3-
6). Interestingly, Srikiatkhachorn A. and colleagues suggested the clues receiving from
clinical observations in patients with MOH which may relate to the mechanisms of MOH
(7). From the observations, they proposed that analgesic overuse is the cause of chronic
headache and central nervous system plays an important role in the mechanism of
MOH. In addition, all analgesics or specific-headache drugs seem to share a common
mechanism in generating MOH. Moreover, an abnormality of the other neural systems is
involved in the MOH condition. Finally, they hypothesized that chronic medication may

alter the central modulating system leading to MOH in susceptible patients.

The central modulating system is mediated by several neurotransmitters in
brainstem nuclei to optimize the central nervous system activity (8). Serotonin
neurotransmitter, which has the main source in raphe nuclei, was shown to involve in the

pathogenesis of MOH (9-11). Because of nucleus raphe magnus (NRM) is a
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serotonergic brainstem nucleus, it is possible that chronic medication may affect NRM

function.

Paracetamol is a non-specific analgesic drug of choice for mild to modulate
headache. It is used worldwide for its cost-effectiveness and access availability.
However, an overuse of paracetamol may induce MOH (1). The previous study
demonstrated an increase in CSD evoked-neuronal excitability at cortex and trigeminal
nucleus caudalis (TNC) in chronic paracetamol-administered rats (12). This study aimed
to investigate an involvement of NRM in neuronal excitability of chronic paracetamol-

treated rats.

RESEARCH QUESTION
Does a chronic paracetamol treatment increase the neuronal excitability in

cortex and trigeminal nucleus caudalis via nucleus raphe magnus?

HYPOTHESIS
A chronic paracetamol treatment increases the neuronal excitability in cortex

and trigeminal nucleus caudalis via nucleus raphe magnus.

OBJECTIVES
1. To examine an involvement of nucleus raphe magnus on cortical spreading

depression-evoked neuronal excitability of chronic paracetamol-treated rats

2. To examine an involvement of nucleus raphe magnus on nitroglycerin-induced

neuronal excitability of chronic paracetamol-treated rats
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CONCEPTUAL FRAMEWORK
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CHAPTER 2
REVIEW OF LITERATURES

MEDICATION OVERUSE HEADACHE (MOH)

Medication overuse headache (MOH) previously calls rebound headache, drug-
induced headache or medication-misuse headache. MOH develops after overuse of
acute or symptomatic drugs and mostly occurs in migraine and tension-type headache
patients (1). The manifestation of MOH is described as an increased frequency of
headache (15 or more days per month for more than 3 months) and also suffering from
other clinical symptoms, such as depressed mood and sleep disturbance (1). It is
important in clinical diagnosis because approximately half of people with headache on
15 or more days per month for more than 3 months have MOH (1). Although the
mechanisms underlying pathogenesis of MOH remain unclear, there are numerous
investigations which provided the interesting knowledge regarding pathogenesis of
MOH.

Clinical evidences indicated that patients with MOH had an increase of neuronal
activity at the supraspinal level (6, 13, 14). The hyperexcitability of neurons in this
condition may a result from neurotransmitter changes, for example serotonin reduction.
As Srikiatkhachorn A. et al. reported that the platelet serotonin was decreased (15),
while the density of 5HT,, receptors on platelets was increased (16) and normalized
after drug withdrawal (17) in patients with MOH. Consistently, chronic analgesic-
administrated rats in several drug classes elicited neuroadaptive changes in trigeminal
nociceptive system leading to neuronal hyperexcitibility. For instance, Okada-Ogawa A.
and colleagues reported that sustained-morphine exposure rats expanded cutaneous
receptive field and reduced threshold stimuli (3). Additionally, an enhancement of
calcitonin gene-related peptide (CGRP) expression in dorsal root ganglion culture cells
and CGRP release from the primary afferent neurons in sustained-morphine exposure
condition were demonstrated in studies from Ma J. et al. and Gardell L.R. et al.,

respectively (4, 18). CGRP is a neuropeptide which reported as a modulator of
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nociceptive transmission (19). An elevation of CGRP seems to decrease the descending
inhibitory pain mechanism and facilitate pain transmission (20). Furthermore, persistent-
triptans administration to rats elicited cutaneous allodynia in periorbital area and hind
paw. Allodynia is a clinical manifestation that represents a state of central sensitization
(5). Also, long term dihydroergotamine or paracetamol exposure can increase Fos
expression in the TNC and cortex of rats which indicated an enhancement of neuronal
activity (12, 21).

An alteration of the descending pain control system has been reported in
patients with MOH. Perrotta A. and colleagues demonstrated that MOH patients showed
abnormality of pain transmission and loss of diffuse nociceptive inhibitory control (DNIC)
(22). They studied an abnormality of descending pain control system by evaluating the
effect of heterotopic nociceptive stimuli which activate the DNIC. Additionally, the
anatomical studies from Riederer F. and colleagues using magnetic resonance imaging
(MRI) demonstrated changes in gray matter volume of brainstem structures in patients
with MOH (23, 24). In animal investigations, electrophysiological study from Meng I.D.
and colleagues revealed that chronic morphine increased the proportion of on-cells, a
group of cells which responses to noxious stimuli, in rostral ventromedial medulla (RVM)
(25). Furthermore, Vanderah T.W. et al. reported that microinjection of lidocaine into the
RVM caused the reversible blockade of sustain morphine-induced allodynia and
hyperalgesia (26). Moreover, Okada-Ogawa A. et al. informed that sustained-morphine
exposure eliminated DNIC in rats which can be reestablished after inactivation of the
RVM (3). Loss of DNIC in sustained morphine-treated rats is consistent with the study

from Perrotta A. et al. in MOH patients (22).

TRIGEMINAL NOCICEPTIVE SYSTEM

Trigeminal nerve is the principal sensory nerve of the head and face (27). Its
three major branches, namely ophthalmic, maxillary and mandibular branches, are
derived from the trigeminal ganglion (TG). The trigeminal innervations which relate to

primary headache symptom mostly come from ophthalmic branch, including the fibers
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surrounding the large cerebral vessels, pial vessels, large venous sinuses and dura

mater (28).

Based on the anatomical studies, the main areas and groups of neurons related
to the trigeminal pain transmission are described. The ascending trigeminal pain
transmission is demonstrated in Figure 1. When pain is initiated, the nociceptive inputs
are transferred through the first, second and third order neurons respectively, before
signal translation in brain. Trigeminal afferent fibers can be categorized into three main
groups which are Ag, Ay and C-fibers (27). The small diameter nerve fibers, Ag and C-
fibers, were shown to convey pain sensation run from neurons in the trigeminal ganglion
through the pons and medulla. These primary afferent fibers involve in the spinal
trigeminal tract and terminate in the trigeminal spinal nucleus. Trigeminal spinal nucleus
can be subdivided into trigeminal nucleus oralis, trigeminal nucleus interpolaris and
trigeminal nucleus caudalis (TNC) which is known as the principal brainstem relay site
for nociceptive information from the head and face (27, 29). Additionally, the primary
afferent fibers are found predominantly in the superficial (I/1l) and deep (V/VI) lamina of
TNC (30). The second order neurons in TNC decussate and terminate in the
contralateral ventral posteromedial nucleus (VPM) of the thalamus and brainstem areas,
whereas the third order neurons from VPM of the thalamus project to the face area of the
somatosensory cortex on the inferior portion of the postcentral gyrus where initial cortical

processing takes place.
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Cortex

Mid brain

Pons

Medulla

\ S ] Trigeminal nucleus caudalis

(TNC)

Figure 1 Pathways of trigeminal nociceptive system

Trigeminal afferent fibers convey nociceptive inputs through the neurons in trigeminal nucleus
caudalis which their fibers decussate and terminate in the thalamus. The signals from thalamus were
sent to the somatosensory cortex where perceptions of pain are integrated. Additionally, pain
transmission is mediated by brainstem nuclei, especially PAG, LC, RVM. These nuclei send
descending projection to modulate nociceptive transmission at medullary dorsal horn neurons of
trigeminal nucleus caudalis. Figure was adapted from Ossipov MH. (30). LC, locus coeruleus; PAG,

periaqueductal grey; RVM, rostral ventromedial medulla.
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Mechanisms of trigeminal pain processing also contain the descending pain
control projections to modulate the nociceptive inputs (Figure 1). This is a top-down
pathway which mainly controls by neurons in brainstem (31). Focusing on the
pathophysiology of the primary headache, especially migraine, the main structures for
descending modulation are hypothalamus, periaqueductal grey (PAG), locus coeruleus

(LC) and NRM, the major nucleus in RVM (28).
CENTRAL MODULATING SYSTEM AND NRM

The central modulating system is mediated by several brainstem nuclei which
provide ascending projections to brain and descending projections to spinal cord. Its
function contributes to optimize the central nervous system activity by using several
neurotransmitters, including acetylcholine, norepinephrine, epinephrine, dopamine,
histamine and serotonin (8). For example, these cholinergic and monoaminergic
neurons are shown to regulate the internal homeostasis, pain perception and behavioral
arousal (8). An involvement of central modulating system in the pathogenesis of MOH
was hypothesized by Srikiatkhachorn and colleages based on the evidences from
clinical observations. They reported that patients with MOH also suffer from the problem
of vegetative functions which regulate by central modulating system, such as depressed
mood and sleep disturbance (7). Additionally, an alteration of serotonergic receptor
was found in patients with MOH (17). Preclinical study also supports clinical findings, a
combination of the overuse of rizatriptan, specific migraine drug, and stimulation with
dural inflammatory soup led to decrease of serotonin expression and upregulation of 5-
HT,, receptors (11)

NRM is a part of raphe nuclei which is a serotonergic brainstem nucleus. It is
located in the caudal pons and the most rostral portion of the medulla at the midline
(32) (Figure 2). Anatomical studies of NRM have shown that most of the 5-HT neurons
project to the spinal cord, while very few 5-HT containing neurons and non 5-HT neurons
form a significant ascending projection through the median forebrain bundle (MFB) (33).
NRM was shown to involve in the generation of migraine headache through cortico-

NRM-trigeminal nucleus neuraxis (34). This study demonstrated that neuronal activation
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of the cortex can decrease the neuronal activity of the NRM in responses of trigeminal
neurons. Besides, NRM was shown to play an important role in the spinal modulatory
pain transmission by descending inhibitory influence (31). However, substantial
evidences showed biphasic pain modulation (facilitation or inhibition) of NRM (35). This
may a result from several neurotransmitters and neuropeptides contained in NRM
neurons. Not only serotonergic neurons but also glycinergic, GABAergic and opiodergic

neurons were found in NRM (36).

Sagittal section Cross-sectional section

Nucleus raphe magnus

Figure 2 Nucleus raphe magnus

ANIMAL MODELS OF MIGRAINE

The animal models of migraine have been developed based on an
understanding of migraine pathogenesis from humans. These models can be divided
into two main categories regarding to the pathophysiology of migraine which are models

of the headache phase and models of the other migraine symptoms, such as aura.

Models of the activation of trigeminovascular system

The method commonly reproduced the headache phase are the activation of
trigeminovascular system regarding to the concept that migraine pain involves the sole

sensory trigeminal innervation of the cerebral vessels, especially at dural and facial
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structures (37). Electrical, mechanical and chemical stimulation are common methods of
inducing activation in this system, e.g. passed square wave electrical pulse on dural
vessels, repeated von Frey filaments testing on dural structures and applied
inflammatory mediators on meninges. However, there are some limitations which should
be concern in each stimulating method. For instance, electrical stimulation is not a
physiological stimulus (38). It is only model which develop to approach painful nature.
Additionally, topical application of inflammatory mediators to the dura could alter blood-
brain-barrier functioning which directly activate central mechanism rather than stimulate

peripheral afferent fibers (38).

Nitroglycerin (NTG) was demonstrated to induce headache immediately during
the infusion and lead to a typical migraine attack one to several hours after termination
of the infusion in migraineurs and healthy volunteers (39, 40). The evidences have been
shown that nitric oxide (NO) donating from NTG is the key molecule for initiating
headache in human (40, 41). Futhermore, NO-induced migraine was demonstrated to
act on peripheral site (42, 43). The observations in human lead to a using of NO donors
as a headache stimulant in animal study. Though, dosage of NO donors which
commonly infused in animals was higher than those required to initiate headache in
humans (38). Nowadays, NTG infusion is proposed as a valid model for episodic and
chronic migraine headache in animal (44, 45). Three main reasons were described to
support this idea. Firstly, NO donors can induce headache and premonitory symptoms
similar to migraine (40, 42). In addition, these migraine symptoms can be aborted by
nitric oxide synthase (NOS) inhibition (46). Secondly, NO donor was shown to activate
the trigeminovascular system (47, 48). Finally, specific antimigraine drug, such as

sumatriptan, was reported to reduce NTG- induced pain response (43, 45).

The effects of NO-induced headache possibly associate to cerebrovascular
dilation and neuromodulating function in the trigeminal nociceptive system through NO-
cyclic guanosine monophosphate (cGMP) pathway (49). The studies from Kruuse C.
and colleagues (2002, 2003) supported that the main mechanism of NO-induced

headache involved in NO-cGMP pathway (50, 51). These studies were demonstrated
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that sildenafil, a selective inhibitor of cGMP-hydrolyzing phosphodiesterase 5, can
induce more headache than placebo in normal subjects and migraineurs. The NO-
cGMP pathway was shown in Figure 3. In brief, NO activates the enzyme-soluble
guanylate cyclase. Then, this enzyme stimulates the production of cGMP. After that, this
second messenger cGMP phosphorylates protein kinase G which has many intracellular
functions. In the vascular smooth muscle cells, phosphorylation of protein kinase G
results in an opening of calcium-activated potassium channels (52). This pathway leads
to a vasodilation. Additionally, changes in gene expression from NO-cGMP pathway
may occur in neurons leading to an alteration of the cell response to variety of stimuli.
Reuter U. et al. (2001) reported that delayed dose-dependent inducible nitric oxide
synthase (iNOS) mRNA upregulated in dura mater at second hour and increased
corresponding protein expression at forth, sixth and tenth hour after NTG infusion (53).
Besides, other actions of NO may associate to NO-induced headache. For instance, NO
was shown to facilitate the release of CGRP, the key factor of migraine initiation, by
activating of voltage gated Ca’” channel (54). Consequently, CGRP was shown to
induce vasodilation and delayed migraine headache (55). Also, Ferrari L.F. et al. (2016)
reported that the delayed-onset mechanical hyperalgesia induced by intradermal NTG
is mediated by an activation of mast cells (56). They suggested that the endothelial cells
were stimulated by the mediators from mast cells and release adenosine triphosphate
(ATP) to act on P2X3 purinergic receptor, a ligand-gated ion channel, in perivascular

nociceptors.
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Figure 3 Possible actions of nitric oxide-induced headache

NO activates the enzyme-soluble guanylate cyclase. This enzyme stimulates the production of
cGMP. After that, this second messenger cGMP phosphorylates protein kinase G which has many
intracellular functions. For instance, the ability to control the function of ion channels results in
vasodilation and release of CGRP. In addition, protein kinase G -induced changes in gene
expression may occur in neurons leading to an alteration of the cell response to variety of stimuli.
Moreover, an activation of mast cells from NO was shown to activate perivascular nociceptor. CGRP,
calcitonin gene-related peptide; NO, nitric oxide; cGMP, cyclic guanosine monophosphate; cGTP,

cyclic guanosine triphosphate.

Models of cortical spreading depression (CSD)

Cortical spreading depression (CSD) is known as a fundamental mechanism of
migraine aura which refer to transient focal neurological deficits, such as visual
impairment (57). CSD was shown to facilitate a synaptic transmission leading to

excitability in the cortex (58). Furthermore, CSD event was reported as a noxious
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stimulus to trigeminovascular system at the first and second order neurons (59, 60). In
animal models, CSD induction is widely used as a migraine model which represents the

cortical excitability condition.

CSD is a phenomenon firstly described by Leao A.A.P. in 1944 (61). The
characteristics of CSD involve a slowly propagated wave of neuronal and glial
membrane depolarization, followed by a sustained suppression of spontaneous
neuronal activity, changes in vascular calibre, blood flow and energy metabolism (57,
61). CSD wave propagation results from a massive potassium ion (K") efflux which is
believed to depolarize adjacent cells, exacerbated by glutamate release and calcium
ion (Ca”") influx (62). An increase of intracellular Ca’* and extracellular H', K,
glutamate, arachidonic acid and nitric oxide are able to activate trigeminovascular
system. In animal models, electrical, mechanical or chemical stimulation which affect the
release of ions or the neurotransmitters, for example K*, ca”" and glutamate, can induce
CSD propagation. CSD can be measured by electrocorticographic recording of direct
current (DC) shift. Also, imaging studies, including MRI and optical intrinsic signal
imaging are used for CSD measurement. The alteration of the CSD variables, such as

the number of CSD wave, seems to represent the changes of neuronal sensitization.

In a potential connection between CSD and MOH, Chronic triptans exposure,
migraine specific agent, significantly decreased electrical stimulation threshold to
generate a CSD event in rats (63). Consistently, 30-days paracetamol administered rats
showed an increase in the number of CSD wave (12). Moreover, a significant increase of
area under the curve from the CSD amplitude in 30 days dihydroergotamine-treated rats
was reported (21). All these previous studies were reported an alteration of CSD event

which associate to a cortical hyperexcitability in long term drug-exposed animals.

FOS EXPRESSION

The c-fos is a proto-oncogene that is expressed within some neurons after
changing the open time of voltage-gated calcium channels (64). Neuronal excitation

leads to a rapid and transient induction of c-fos by increasing calcium ions influx (64).
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The c-fos protein or Fos is the product of the c-fos gene which regulates the
transcription of other target genes (44). At least three second-messenger systems are
coupled to Fos induction i.e. protein kinase C, cAMP, calcium-calmodulin (44). This
nuclear protein can be detected within the nuclei of neuron by immunohistochemical

technigue 20-90 minutes after neuronal excitation and disappears 4-16 hours later (65).

The expression of Fos widely used as a transynaptic marker for neuronal activity
following noxious stimulation at a single cell level because the basal expression of Fos is
very low and high-threshold noxious stimuli can induce a very dramatic increase of Fos
expression (66, 67). Additionally, the pattern of Fos expression is topographically
correlated with primary afferent projection (67). In trigeminal nociceptive system, TNC,
brainstem, thalamus and cortex are widely chosen to detect Fos expression. However,

Fos protein cannot be expressed in some structures, such as trigeminal ganglion (TG).

Since Fos expression is specific, easy to perform and quantify, it is broadly used
as a marker for neuronal activation after long-term analgesic treatments in animals.
Concerning migraine-specific agents, Green and colleages reported that sumatriptan
pre-exposure for 7 days significantly decreased CSD thresholds and increased Fos
expression in the TNC (63). Furthermore, chronic rizatriptan exposure was reported to
obviously increased the number of Fos immune-reactive cells in TNC (11). Consistently,
chronic paracetamol and dihydroergotamine administration enhanced CSD-evoked Fos
expression in cortex and TNC (12, 21). All these studies indicate an increase in cortical

excitability and facilitation of trigeminal nociceptive system.
PARACETAMOL (ACETAMINOPHEN, APAP)

Paracetamol is an analgesic, antipyretic and weak anti-inflammatory drug. It is
worldwide used to reduce mild to moderate pain and fever. Although an action of
paracetamol was shown in both central and peripheral sites, its action appears to be
mostly central. An analgesic effect of paracetamol mainly relates to inhibition of

prostaglandin (PG) synthesis from arachidonic acid. The other effect is related to the
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change in neural system, including serotonergic system and cannabinoid receptor
activity.

Paracetamol is reported to reduce the active form of prostaglandin-
endoperoxide synthase (PTGS) enzyme in PG synthesis. Normally, the conversion of
arachidonic acid to prostaglandin occurs at two different site of PTGS enzyme,
cyclooxygenase (COX) and peroxidase (POX) sites. The tyrosine-385 radical (Tyr385%)
at the COX site transforms arachidonic acid to PGG, (68). Then, PGG, is reduced to
PGH, by a ferryl protoporphyrin IX radical cation (Fe*"'=0PP*") at the POX site (69).
Paracetamol was shown to reduce Fe''=0PP** (70). Therefore, PG synthesis was

inhibited. (Figure 4)

Arachidonic acid

Cyclooxygenase

Prostaglandin G, (PGG,)

Paracetamol | ——| Peroxidase

Prostaglandin H, (PGH,)

ylveagre \

Prostacyclin Thromboxane A,
Prostaglandins

(PGs)

Figure 4 Paracetamol inhibits of the prostaglandins synthesis

Paracetamol was shown to inhibit prostaglandins synthesis at the peroxidase site of prostaglandin-

endoperoxide synthase enzyme.

There are several studies reported that serotonergic and endogenous
cannabinoids system are associated the antinociceptive action of paracetamol. For

example, in human studies, the co-administration of 5-HT, receptor antagonists with
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paracetamol changed the analgesic action produced by paracetamol (71, 72). Tjolsen
and colleagues (1991) demonstrated that the analgesic action from paracetamol in
formalin test was reduced after serotonin pathway was lesioned with intrathecal 5,6-
dihydrotryptamine (5,6-DHT) (73). Additionally, Sandrini M. et al. (74) reported the 5-HT,
receptor number at the prefrontal cortex decreased after paracetamol administration.
Alternatively, an active metabolite of paracetamol, the fatty acid amide N-
arachidonoylphenolamine (AM404), was demonstrated to inhibit endocannabinoid
uptake leading to pain reduction by cannabinoid receptor activation (75).

Although there are several studies about paracetamol actions, the study of long-
term effect to the neural system still requires. Recent studies from Blecharz and
colleagues (76, 77) reported that serotonin was increased in the prefrontal cortex and
medulla oblongata after chronic paracetamol treatment. In addition, long term
paracetamol-treated rats also increased 5-HT,, receptor at the trigeminal ganglion and
cortex (10).

The major adverse effect of paracetamol is hepatoxicity. It is usually due to an
overconsumption of paracetamol leading to an imbalance of the paracetamol toxic
metabolites and its reaction with glutathione. In general, paracetamol toxic metabolite,
N-acetyl-p-benzouinoneimine (NAPQI), can be neutralized by glutathione and eliminated
in urine and bile (78). However, an excessive paracetamol result in greater NAPQI
formation. After glutathione is exhausted, un-neutralized NAPQI is free react with

alternative targets leading to cell necrosis in the liver (79).
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CHAPTER 3
MATERIALS AND METHODS

RESEARCH DESIGN

Laboratory experimental research
RESEARCH METHODOLOGY

EXPERIMENTAL DESIGN 1: To examine an involvement of NRM on cortical excitability
and neuronal excitability in TNC of chronic paracetamol-treated rats after activated by

KCl crystal (Figure 5)

1) Male Wistar rats were separated into two main groups, paracetamol-treated and
control groups. The rats in paracetamol-treated group were intraperitoneally
injected with 200 mg/kg paracetamol for 30 days while the rats in control group

were injected with 0.9% NaCl.

2) On day 31st, eletrocorticographic signaling was continuously recorded for 2
hours after CSD initiation. In addition, rats in control and paracetamol-treated
groups were microinjected at NRM with 0.2 ul glutamate, muscimol or 0.9% NaCl

30 minutes later after CSD initiation.

3) After electrocorticographic recording for 2 hours, rats were euthanized with
sodium pentobarbital and prepared for immunohistochemical staining. The
microinjected-site was assessed by checking histological sections with a light
microscope. Only rats showing dyes spot in the NRM were considered for

analysis.
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Figure 5 Experimental design 1

To examine an involvement of NRM on cortical excitability and neuronal excitability in TNC of chronic

paracetamol-treated rats after activated by KCI crystal.

EXPERIMENTAL DESIGN 2: To examine an involvement of NRM on neuronal

excitability in TNC of chronic paracetamol-treated rats after activated by NTG (Figure 6)

1) Male Wistar rats were separated into two main groups, paracetamol-treated and
control groups. The rats in paracetamol-treated group were intraperitoneally
injected with 200 mg/kg paracetamol for 30 days while the rats in control group

were injected with 0.9% NaCl.

2) On day 31st, the neurons in TNC were identified by mechanical and electrical
stimulation before extracellular recording. Spontaneous neuronal activity was
recorded for 10 minutes as baseline. Then, NTG was continuously infused into
the femoral vein to induce neuronal excitability for 2 hours. One hour after NTG

infusion, the rats in control and paracetamol-treated group were microinjected
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with 0.2 pl glutamate, muscimol or 0.9% NaCl at NRM. The extracellular

recording was finished 1 hour after microinjection.

3) After finished extracellular recording, the rats were euthanized and prepared for
immunohistochemical staining. The microinjected-site was assessed by
checking histological sections. Only rats showing dyes spot in the NRM were

considered for analysis.
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Figure 6 Experimental design 2

To examine an involvement of NRM on neuronal excitability in trigeminal nucleus caudalis of chronic

paracetamol-treated rats after activated by nitroglycerin.

ANIMAL PREPARATION

Adult male Wistar rats weighing 180-200 g were purchased from the National
Laboratory Animal Center of Salaya Campus, Mahidol University. These animals were

housed in stainless-steel bottom cages 4-5 animals per cage at animal research center,
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Faculty of Dentistry, Chulalongkorn University. The room temperature was 25-30 C with
12:12 dark-light cycle. 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 3 days before experimentation.

Rats were divided into 2 main groups, chronic paracetamol-treated and control
groups. In paracetamol-treated rats, paracetamol (T.P. drug laboratories, Thailand) were
injected intraperitoneally at a dose equivalent to 200 mg/kg while the control rats were
given the 0.9% NaCl (Hospital Products Public, Thailand) as a vehicle. The volume of all
drug injections was calculated according to standard criteria (intraperitoneally 10
ml/kg). All animals were received daily injection between 9.00-12.00 a.m. for 30 days.
Based on the previous data from Yisarakun W. et al, there were no biochemical
parameters of liver damage in paracetamol-treated rats at a dosage of 200 mg/kg for
30 days (80). They reported that the liver enzyme function in paracetamol-treated
groups, including alanine aminotransferase (ALT), aspartate aminotransferase (AST)
and alkaline phosphatase (ALP), did not show a significant difference compared with

control group.

In each experimental protocol, the rats were anesthetized by intraperitoneal
administration of sodium pentobarbital (Nembutal®, Sanofi, Thailand) at dose 60 mg/kg.
Additional doses of anesthetics were given as required to maintain surgical anesthesia
based on testing of corneal reflex and response to tail pinch. A tracheostomy was done

to help the ventilation.

All procedures were approved by the Ethical Committee of Faculty of Dentistry,

Chulalongkorn University (animal use protocol No. 1632001).
CHEMICAL PREPARATION

Glutamic acid (Sigma, USA) was dissolved in 0.9%NaCl to prepare 50 mM
glutamate for microinjection. Muscimol solution (10 nM) for microinjection was prepared
from Muscimol (Calbiochem, UK) which dissolved in 0.9%NaCl. All solutions for NRM

microinjection were contained Pontamine Sky blue (Sigma, USA) (2.5% by weight). NTG
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(Pharmaland, Thailand) was dissolved in 0.9%NaCl to prepare an intravenous NTG
solution (0.5 mg/kg) on the day of experiment. Buffer solution stock (0.2 M) was
prepared from 5.16g Potassium phosphate (KH,PO,) (Riedel-de Haén, Germany) and
22.98g Sodium phosphate (Na,HPO,) (Merck, Germany) in 1000 ml distilled water. On
the day of experiment, equal parts of 0.2 M buffer solution stock and distilled water were
mixed to prepare 0.1 M buffer solution. The 4% paraformaldehyde fixative was freshly
prepared from adding equal parts of 8% paraformaldehyde fixative stock to 0.2 M buffer
solution stock on the day of experiment. To prepare 8% paraformaldehyde fixative stock,
paraformaldehyde (Sigma, USA) 40 g was dissolved in 500 ml distilled water. The
solution was heat to 60-65°C while stirring. NaOH (Eka Nobel, Sweden) was added to

clear the solution.
ELECTROPHYSIOLOGICAL RECORDING
1) CORTICAL SPREADING DEPRESSION MODEL
a. SURGICAL PREPARATION

After tracheostomy, the rat was placed on a surgical pad and its head
was fixed on a stereotaxic frame (Singa technology corporation, Taiwan). Next, frontal
and parietal bones were exposed by mobilization of skin from the midline incision. At the
left side, the anterior craniotomy (diameter 5 mm) was performed using saline-cooled
drill (NSK, Japan) at the coronal suture, 1 mm laterally from bregma. The posterior
craniotomy (diameter 3 mm) was performed in the parietal bone at 7 mm posteriorly and
1 mm laterally from bregma. The anterior craniotomy was used for placing the electrode,
while CSD was initiated from the posterior craniotomy opening (Figure 7). The dura was
opened by needle (guage 27) under microscopic observation (Takagi, Japan). Normal
saline was applied to clean and keep moist in the intracranial space. Solid KCI (3 mg)

(Merck, Germany) was applied to the posterior craniotomy opening to initiate CSD.



34

Panets! bone

Ground electrode

KCl spplication sccess

Recording elecirode

Figure 7 The surgical areas for electrocorticographic recording

The anterior craniotomy (diameter 5 mm) was performed at the coronal suture, 1 mm laterally from
bregma for placing recording electrode. The posterior craniotomy (diameter 3 mm) was performed in
the parietal bone at 7 mm posteriorly and 1 mm laterally from bregma for CSD initiation. Figure was

adapted from Paxinos G. et al. (81).

To prepare microinjected-site, a midline rectangular craniotomy was
made over the cerebellum by carefully grinding action (Figure 8). Next, microinjection
needle was inserted into NRM by microsyringe manipulator. The coordinates for the
NRM are -11.6 mm anterior/posterior, 0 mm lateral and -10.5 mm ventral from bregma
(32). The 0.2 pl solution of glutamate, muscimol or saline contained Pontamine sky blue
was injected through a 5 pl syringe (Hamilton, USA). Microinjections were controlled at a
constant rate over 1 minute by microsyringe pump controller (World precision

instrument, USA).
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Figure 8 The surgical area for microinjection at nucleus raphe magnus

A midline rectangular craniotomy (diameter 5 mm) was made over the occipital bone at 10 mm
posteriorly from bregma for placing microinjection needle. Figure was adapted from Paxinos G. et al.

(81).

b. ELECTROCORTICOGRAPHIC RECORDING AND DATA COLLECTION

CSD wave was recorded as direct current (DC) shift by a recording
electrode. The glass recording electrode was prepared from a micropipette puller
(Sutter Instrument, CA, USA), filled with 4 M NaCl and fixed with digital storage
oscilloscope and inserted perpendicularly to cortex to depth 1 mm from cortical surface
by using a hydraulic micromanipulator (Narishige, Japan). A ground electrode was fixed
as a reference point. The obtained electrical signal was amplified using microelectrode
amplifier (IX2-700, Dagan, USA). Analog data were converted to a digital form using
data acquisition system. All tracing were analyzed by using computer software
(Labchart 8) (ADinstrument, Australia). Such waveform was continuously monitored for
30 minutes as baseline. Then, rats in control and paracetamol-treated groups were
subdivided into two subgroups. Each subgroup was microinjected with 0.2 pl glutamate,

muscimol or saline at NRM and continuously recorded for 90 minutes.
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2) NTG-INDUCED HEADACHE MODEL

a. SURGICAL PREPARATION

After tracheostomy, rats were canulated at femoral artery and vein. The
femoral artery was inserted a catheter contained saline to record blood pressure during
the whole experiment, whereas the femoral vein catheter was prepared for NTG
administration. The skin at C1-C2 areas was transected in the mid-sagittal plane. Then,
the laminar process of C1 was removed. The medullary brainstem was exposed by
cutting the underlying dura mater. Normal saline was used to clean and keep moist in

the brainstem area.

A midline rectangular craniotomy was performed over the cerebellum to
allow access to the NRM (Figure 8). The coordinates for the NRM are -11.6 mm
anterior/posterior, 0 mm lateral and -10.5 mm ventral from bregma (32). The 0.2 pl
solution of glutamate, muscimol or saline contained Pontamine sky blue was injected

through a Hamilton syringe which were controlled by a microsyringe pump controller.
b. EXTRACELLULAR RECORDING AT TNC AND DATA COLLECTION

Glass recording electrode filled with 4 M NaCl was advanced by
microstepper into the left side of the TNC with reference to an atlas of the rat brain (16).
Then, neurons were test for convergent input from peri-orbital skin at the left side by
cotton rubbing. Also, neurons were identified their responding with a stable latency to
electrical stimulation (0.5 Hz, 0.1 ms, 15-20 V) at middle meningeal artery. In this
experiment, the response latency of neurons varied from 5-45 ms and a conduction
distance is approximately 25 mm. These data suggested that the afferent input came

from A-delta fiber (>2 m/s) or C-fiber (0.5-2 m/s). (Figure 9)
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Figure 9 Example of spike latency of recording neurons

The arrows show the latencies of the spikes after electrical stimulation at middle meningeal artery.

The conduction velocities indicate the afferent input from A-delta fiber or C-fiber.

The signals were amplified, bandpass (DP-311, Warner instruments,
USA) and saved for offline analysis with labChart 8 software. Hum bug noise eliminator
was used (Quest Scientific, UK). After identifying neuron in TNC, spontaneous activity of
neurons in TNC was recorded for 10 minutes as a baseline. Then, NTG (0.5 mg/kg 1 ml)
was infused at a constant rate of 0.5 mi/h to the femoral vein for 2 hours by using syringe
pump controller (Harvard apparatus, USA). Neuronal activity was continuously
monitored for two hours after NTG infusion. One hour after NTG infusion, rats in control
and paracetamol-treated groups were subdivided into three subgroups. Each subgroup
was microinjected with 0.2 pl glutamate, muscimol or saline at NRM and continuously
recorded the neuronal activity for 60 minutes. Data were shown in percent change from
baseline value of the neuronal activity. Each rat was examined only one time. The
position of each recording site was determined by measuring the distance from the

obex and the depth from surface of brainstem.
IMMUNOHISTOCHEMICAL STUDY

1) PERFUSION AND TISSUE PREPARATION

After completion of CSD monitory or single unit recording at TNC, 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 advanced distally to the
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aortic arch. Then, the vasculature was flushed transcardially with 200 ml buffer solution,
followed by 200 ml of 4% paraformaldehyde. Brain and the cervical spinal cord were
removed and immediately immersed in 4% paraformaldehyde for 24 hours. Then,

tissues were stored in buffer solution.
2) IMMUNOHISTOCHEMICAL STAINING FOR THE FOS

Brain sections (1-4 mm caudal from bregma) were processed and
embedded in paraffin. Then, the 5 pm-thick paraffin sections were cut and mounted on
positive-charge glass slides (Matsunami, Japan). The procedure for
immunohistochemical staining in paraffin-embedded sections was shown in Figure 10
Firstly, the paraffin sections were deparaffinized and rehydrated. The slides were baked
on the slide warmer at 60 C for 15 minutes. Then, the slides were incubated with three
changes of xylene, 5 minutes in each change. Next, the slides were incubated with two
changes of 100% ethanol, one change of 95% ethanol and two changes of distilled
water, 3 minutes in each change. To unmask the antigens, the slides were incubated in
target retrieval solution, citrate buffer pH 6.0 (Dako, USA) and heated in microwave
(Opticook, Moulinex, France) for 10 minutes. After that, the slides were cooled for 30
minutes at room temperature and rinsed two times with distilled water. Then, the slides
were incubated in 3% H,O, for 10 minutes, washed two times with distilled water and
one time with PBS. To block the non-specific antigen, the slides were incubated in 3%
normal horse serum in PBS for 60 minutes. After washed with PBS for three times, the
sections were incubated with c-FOS specific antibody solution (1:50, code E 8, Santa
Cruz, USA) at 4 C overnight. Next, the slides were washed with PBS for 3 times and
incubated with labeled polymer-HRP anti-mouse/rabbit (Envision system, Dako, USA) for
30 minutes, followed by PBS rinsing. After that, the slides were incubated in substrate
containing 3,3’-Diaminobenzidine (DAB) (1 drop of DAB:1 ml of substrate) for 5 minutes.
The reaction was stopped by washing with PBS. Finally, the slides were immersed in

95% ethanol, 100% ethanol and xylene before mounting with coverslips.
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Processed and embeded in paraffin
Baked on slide warmer at 60°C (15 min)

Incubated in xylene (3x5 min), 100% ethanol (2x5 min), 95% ethanol (1x5 min) and DW(2x3 min)
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Incubated in citrate buffer pH 6.0 and heat with microwave (10 min)
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Incubated in 3% H,0O, (10 min)

¢ Washed with DW (2x3 min) and PBS (1 time)
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|

Incubated in c-Fos specific antibody solution (1:50) and store at 4C (overnight)

Washed with PBS (3 times)

Incubated in labeled polymer-HRP anti-mouse/rabbit (30 min)

Washed with PBS (1 time)
Incubated in substrate containing DAB (5 min)

¢ Washed with PBS (1 time)

Incubated in 95% ethanol, 100% ethanol, xylene and mounting

Figure 10 Fos staining protocol for paraffin-embeded sections of brain

The free-floating TNC sections were prepared for Fos
immunohistochemical staining. The brief process was demonstrated in Figure 11. TNC
(1.5 mm rostrally and 6 mm caudally from the tip of obex) was immersed in a 30%
sucrose in buffer solution for 2 days before slices preparation. Next, TNC was cross-
sectional cut by a cryostat microtome (Leika, Germany) at 30 um thickness. Every third

section from TNC was collected for Fos immunocytochemistry.

TNC sections were rinsed in three changes of PBS (Sigma, USA) to
remove embedding media. Next, the sections were incubated with 50% ethanol (Merck,
Germany) for 30 minutes and 3% hydrogen peroxide (Merck, Germany) in 50% ethanol
for 30 minutes to block endogenous peroxidase. After repeated rinses in PBS, the non-
specific binding of the antibody was blocked by incubating the tissues with a 3% normal
horse serum (Invitrogen, New Zealand) in PBS for 60 minutes at room temperature. After

washed with PBS for three times, the sections were incubated in the c-Fos specific
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antibody solution (1:1000, code SC52, Santa Cruz, USA) at 4 C. After overnight
incubation, the sections were rinsed three times with PBS. Then, the sections were
incubated with labeled polymer-HRP anti-rabbit (Envision system, Dako, USA) for 30
minutes, followed by PBS rinsing. Afterwards, all sections were incubated in substrate
containing DAB (1 drop of DAB:1 ml of substrate) for 10 minutes. The reaction was
stopped by washing with PBS. Finally, these sections were mounted on glass slides, air-

dried and covered with coverslips.

TNC sections = Incubated in 50% ethanol (30 min)
Washed with PBS (3 times) ¢

Incubated in 3% H,0, in 50% ethanol (30 min)

Washed with PBS (3 times)

<

Incubated in 3% normal horse serum in PBS (60 min)

Washed with PBS (3 times)

<

Incubated in c-Fos specific antibody solution (1:1000) and stored at 4c (overnight)

Washed with PBS (3 times)

€

Incubated in labeled polymer-HRP anti-rabbit (30 min)

Washed with PBS (1 time)

<E

Incubated in substrate containing DAB (10 min)

¢ Washed with PBS (1 time)

Mounted on glass slides, air dried and covered with coverslip

Figure 11 Fos staining protocol for free-floating sections of trigeminal nucleus caudalis

3) DATA COLLECTION FOR THE IMMUNOREACTIVE CELLS

Two brain sections (the first and the seventh of brain sections) were
scanned using Aperio ScanScope slide scanner (Leica, USA). Each brain section was
drawn an outline on primary somatosensory cortex (barrel field region) area (Figure 12).

Then, the c-Fos immunoreactive cells (Fos-IR cells) in the outline was counted using
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Aperio ScanScope software (Leica, USA). This program separated Fos-IR cells into
three levels, 1+, 2+ and 3+, depending on their color intensity. Only Fos-IR cells which

showed the highest intensity (3+) were counted in this study.

Alternatively, the numbers of immunoreactive cells in the lamina | and the
lamina Il areas of TNC for 20 slices were counted manually by using a light microscope
(Figure 12). Only cell profiles with a visible staining on the focal plane were analyzed.
The Fos-IR cells were defined as those with a dark brown stain in their nucleus.
Furthermore, the Fos-IR cells in ipsilateral and contralateral side of CSD induction were

counted separately.

A Primary somatosensory cortex (Barrel field region) B lamina I-Il of spinal cord

Figure 12 Areas for data collection at cortex and trigeminal nucleus caudalis

Figures came from Paxinos G. et al. (81).

DATA ANALYSIS

All data were presented as meanzstandard deviation (SD). Statistical analysis
was performed using Kruskal-Wallis H test, Mann-Whitney U test and Willcoxon Rank
Sum test. Statistical significant was set at p<0.05. The computer software SPSS version

22 for windows was used to analyse all data.
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CHAPTER 4
RESULTS

This study comprises two experiments in order to investigate an involvement of
NRM on the neuronal excitability at cortex and TNC in long term paracetamol-treated
rats.
EXPERIMENT 1: To examine an involvement of NRM on CSD-evoked neuronal
excitability of chronic paracetamol-treated rats

The average body weights of rats were 365.4+37.0 g and 346.0+£15.2 g in control
(N=22) and paracetamol-treated (N=21) groups, respectively. There were no statistically
changed in rats’ body weights among these two groups (P=0.727).The animal behavior

did not differ between control and paracetamol-treated groups.

MICROINJECTION AREA

The microinjected-site within NRM was assessed by checking histological
sections with a microscope after finishing the experiment. Animals which were
microinjected outside of the NRM were dismissed of this work. The sites of
microinjection needles in both control and paracetamol-treated groups were

demonstrated in Figure 13.
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Figure 13 Schematic of microinjected-site at nucleus raphe magnus in experiment 1

A. Photomicrograph represents the microinjected-site at nucleus raphe magnus. B. Schematic of
microinjection sites in both control and paracetamol-treated groups. White circle, control group with
saline microinjection; White triangle, control group with glutamate microinjection; White square,
control group with muscimol microinjection; Black circle, paracetamol-treated group with saline
microinjection; Black triangle, paracetamol-treated group with glutamate microinjection; Black

square, paracetamol-treated group with muscimol microinjection.

ELECTROCORTICOGRAPHIC RECORDING

The change of direct current (DC) shift was observed to evaluate the CSD
development. A series of CSD wave was recorded within 2 hours after CSD initiation
(Figure 14). NRM microinjection was generated 30 minutes after CSD initiation. The

number of CSD wave was assessed.
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Figure 14 Effect of chronic paracetamol exposure on CSD development and
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modulating effect of microinjection into nucleus raphe magnus.

Chronic exposure to paracetamol significantly increased the number of CSD wave during the 30-
minute baseline period. Muscimol injection increased the number of CSD wave in control group

compared to saline injection. This effect was absent in rats with chronic paracetamol treatment.

Chronic exposure to paracetamol significantly increased the number of CSD
wave during the 30-minute baseline period. The number of baseline CSD wave
observed in the paracetamol-treated and control groups were 6.7£1.0 and 5.7+1.0

waves, respectively (P=0.003).

Ninety minutes post-saline microinjection, the number of CSD wave in
paracetamol-treated group was still higher than in control group (N=7, 18.4+5.8 waves
and N=7, 10.9+3.4 waves respectively; P=0.015). In control group, the number of CSD

wave after the glutamate microinjection did not differ compared with the saline
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microinjection group (N=8, 10.8+2.2 waves; P=0.958). On the other hand, muscimol
microinjection in control group increased the number of CSD wave (N=7, 15.7+4.4
waves; P=0.041). However, the enhancing effect of muscimol on CSD development was
not seen in the paracetamol-treated group (N=6, 17.3+5.6 waves; P=0.738).
Furthermore, the total numbers of CSD wave 90 minutes after glutamate microinjection in
the paracetamol-treated group were 17.3+2.4 waves (N=8, P=0.632). The numbers of
CSD wave within 90 minutes post-microinjection were demonstrated in Figure 15. Data
were shown in Table 1

No. of CSD wave
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0 Groups
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Figure 15 Effect of chronic paracetamol exposure on the number of CSD waves and

modulating effect of microinjection into nucleus raphe magnus.

The number of CSD wave in paracetamol-treated group was still higher than in control group after
saline microinjection. Muscimol injection increased the number of CSD wave in control group
compared to saline injection. This effect was absent in rats with chronic paracetamol treatment.
*P<0.05 compared between groups. SS: control with saline microinjection group. SG: control with
glutamate microinjection group. SM: control with muscimol microinjection group. PS: paracetamol-
treated with saline microinjection group. PG: paracetamol-treated with glutamate microinjection

group. PM: paracetamol-treated with muscimol microinjection group.
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Table 1 The average numbers of CSD wave after microinjection at nucleus raphe

magnus area

Control group Paracetamol-treated group
Saline Glutamate Muscimol Saline Glutamate Muscimol
injection injection injection injection injection injection
Number of
10.9+34 10.8+2.2 15.7+4.4* 18.4+5.8* 17.312.4 17.315.6
CSD wave

*P<0.05 compared to control group with saline microinjection

CSD-EVOKED FOS EXPRESSION

In primary somatosensory cortex, the numbers of Fos-IR cells were shown in
Table 2 and Figure 16-19. Fos-IR cells in ipsilateral and contralateral side to CSD
induction were counted separately. The results showed that the number of Fos-IR cells
in ipsilateral side to CSD induction was significantly greater than Fos-IR cells in
contralateral side. Chronic paracetamol exposure was shown to increase the number of
CSD-evoked Fos expression in the ipsilateral cortex compared with control rats
(486.6+63.2 and 346.8+58.0 cells/mm’ respectively, P=0.050). Though, the number of
Fos-IR cells in the contralateral cortex observed in these two groups was not
significantly different (87.3+60.0 and 28.2+8.9 cells/ mm’ respectively, P=0.229).

Focusing on the ipsilateral side of control group, the number of Fos-IR cells on
the ipsilateral cortex significantly increased after muscimol microinjection compared with
saline microinjection at NRM (554.4+74.4 and 346.8+58.0 cells/ mm’ respectively,
P=0.050). However, the difference was not found in glutamate-injected group compared
with saline-injected group (335.7+30.7 and 346.8+58.0 cells/ mm’ respectively,
P=0.788).

In paracetamol-treated group, glutamate microinjection did not change the
number of Fos-IR cells in ipsilateral cortex compared with saline microinjection

(522.9+180.6 and 486.6+63.2 cells/ mm’ respectively, P=0.827). Also, the number of



Fos-IR cells after muscimol microinjection was not significant different compared with
saline microinjection (563.5+13.6 and 486.6+63.2 cells/ mm’ respectively, P=0.275)
(Figure 19)

47
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Figure 16 Photomicrograph shows the effect of CSD-evoked Fos expression in primary

somatosensory cortex of control groups.

The number of Fos-IR cells in ipsilateral side to CSD induction was significantly greater than Fos-IR
cells in contralateral side of control groups. A: contralateral cortex of control with saline
microinjection group. B: contralateral cortex of control with glutamate microinjection group. C:
contralateral cortex of control with muscimol microinjection group. D: ipsilateral cortex of control with
saline microinjection group. E: ipsilateral cortex of control with glutamate microinjection group. F:

ipsilateral cortex of control with muscimol microinjection group.
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Figure 17 Photomicrograph shows the effect of CSD-evoked Fos expression in primary

somatosensory cortex of paracetamol-treated groups

The number of Fos-IR cells in ipsilateral side to CSD induction was significantly greater than Fos-IR
cells in contralateral side of paracetamol-treated groups. A: contralateral cortex of paracetamol-
treated with saline microinjection group. B: contralateral cortex of paracetamol-treated with glutamate
microinjection group. C: contralateral cortex of paracetamol-treated with muscimol microinjection
group. D: ipsilateral cortex of paracetamol-treated with saline microinjection group. E: ipsilateral
cortex of paracetamol-treated with glutamate microinjection group. F: ipsilateral cortex of

paracetamol-treated with muscimol microinjection group.
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Figure 18 Photomicrograph shows the effect of chronic paracetamol exposure and
modulating effect of microninjection into nucleus raphe magnus on CSD-evoked Fos

expression in primary somatosensory cortex.

Chronic paracetamol exposure was shown to increase the number of CSD-evoked Fos expression in
the ipsilateral cortex compared with control group. In control group, the number of Fos-IR cells on the
ipsilateral cortex significantly increased after muscimol microinjection compared with saline
microinjection at nucleus raphe magnus. In paracetamol-treated group, the difference was not found
after muscimol microinjection compared with saline microinjection. A: control with saline
microinjection group. B: control with glutamate microinjection group. C: control with muscimol
microinjection group. D: paracetamol-treated with saline microinjection group. E: paracetamol-

treated with glutamate microinjection group. F: paracetamol-treated with muscimol microinjection

group
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Table 2 The average numbers of CSD-evoked Fos expression in cortical neuron of

primary somatosensory cortex

Control groups

Paracetamol groups

CSD-evoked

Fos Saline Glutamate Muscimol Saline Glutamate Muscimol
expression injection injection injection injection injection injection
Ipsilateral

side 346.8458.0 335.7£30.7 554.4+74.4* 486.6+63.2** 522.9+180.6 563.5+13.6
(cells/mmz)

Contralateral

side 28.2+8.9*  51.5#43.5* 74.6+x10.7*

(cells/mmz)

120.6+30.4* 103.6+66.7* 65.9+33.6*

*P<0.05 compared between ipsilateral and contralateral side of CSD induction within group, **P<0.05

compared to control group with saline microinjection
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Figure 19 Effects of chronic paracetamol exposure and modulating effect of
microninjection into nucleus raphe magnus on CSD-evoked Fos expression in primary

somatosensory cortex.

Chronic paracetamol exposure was shown to increase the number of CSD-evoked Fos expression in
the ipsilateral cortex compared with control group. In control group, the number of Fos-IR cells on the
ipsilateral cortex significantly increased after muscimol microinjection compared with saline
microinjection at nucleus raphe magnus. In paracetamol-treated group, the difference was not found
after muscimol microinjection compared with saline microinjection. *P<0.05 compared ipsilateral side
of CSD induction between groups, the number of Fos-IR cells in ipsilateral side to CSD induction was
significantly greater than contralateral side in all group (P<0.05). Gray bar, Fos-IR cells in ipsilateral
side of CSD induction; White bar, Fos-IR cells in contralateral side of CSD induction; SS: control with
saline microinjection group. SG: control with glutamate microinjection group. SM: control with
muscimol microinjection group. PS: paracetamol-treated with saline microinjection group. PG:
paracetamol-treated with glutamate microinjection group. PM: paracetamol-treated with muscimol

microinjection group.

At TNC, Fos-IR cells in ipsilateral and contralateral side to CSD induction were
counted separately. The results showed that the number of Fos-IR cells in ipsilateral side
to CSD induction was significantly greater than Fos-IR cells in contralateral side (Figure
20-22). In addition, it was found that paracetamol-treated rats were increased Fos

expression in ipsilateral side of CSD induction (Figure 23, P=0.077). The numbers of
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Fos-IR cells at ipsilateral TNC were 30.0+6.6 and 20.0+3.4 cells/slide in the
paracetamol-treated and control groups with NRM saline-microinjection respectively. On
the other hand, Fos-IR cells in the contralateral TNC was not altered compared between
paracetamol-treated and control groups (20.3+7.8 and 13.5+5.2 cells/slide respectively,
P=0.103).

Focusing on the ipsilateral side, microinjection with glutamate did not change
the number of Fos-IR cells as compared to the saline microinjection in the control group
(20.9+1.8 cells/slide, P=0.546). However, the number of Fos-IR cells was increased after
muscimol microinjection (27.2+6.9 cells/slide, P=0.036). In the paracetamol-treated
group, glutamate or muscimol microinjection did not change the number of Fos-IR cells
(29.4+5.3 cells/slide, P=0.870 and 27.5+3.8 cells/slide, P=0.436 respectively). The

averages of Fos-IR cells in TNC were demonstrated in Table 3 and Figure 23.
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The number of Fos-IR cells in ipsilateral side to CSD induction was significantly greater than Fos-IR

cells in contralateral side of control groups. A: ipsilateral TNC of control with saline microinjection
group. B: ipsilateral TNC of control with glutamate microinjection group. C: ipsilateral TNC of control
with muscimol microinjection group. D: contralateral TNC of control with saline microinjection group.
E: contralateral TNC of control with glutamate microinjection group. F: contralateral TNC of control

with muscimol microinjection group.
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Figure 21 Photomicrograph shows the effect of CSD-evoked Fos expression in

trigeminal nucleus caudalis of paracetamol-treated groups.

The number of Fos-IR cells in ipsilateral side to CSD induction was significantly greater than Fos-IR
cells in contralateral side of paracetamol-treated groups. A: ipsilateral TNC of paracetamol-treated
with saline microinjection group. B: ipsilateral TNC of paracetamol-treated with glutamate
microinjection group. C: ipsilateral TNC of paracetamol-treated with muscimol microinjection group.
D: contralateral TNC of paracetamol-treated with saline microinjection group. E: contralateral TNC of
paracetamol-treated with glutamate microinjection group. F: contralateral TNC of paracetamol-

treated with muscimol microinjection group.
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Figure 22 Photomicrograph shows the effects of chronic paracetamol exposure and
modulating effect of microninjection into nucleus raphe magnus on CSD-evoked Fos

expression in trigeminal nucleus caudalis.

Chronic paracetamol exposure was shown to increase the number of CSD-evoked Fos expression in
the ipsilateral TNC compared with control group. In control group, the number of Fos-IR cells on the
ipsilateral TNC significantly increased after muscimol microinjection compared with saline
microinjection at nucleus raphe magnus. In paracetamol-treated group, the difference was not found
after muscimol microinjection compared with saline microinjection. A: control with saline
microinjection group. B: control with glutamate microinjection group. C: control with muscimol
microinjection group. D: paracetamol-treated with saline microinjection group. E: paracetamol-
treated with glutamate microinjection group. F: paracetamol-treated with muscimol microinjection

group
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Table 3 The average numbers of CSD-evoked Fos expression in neurons of trigeminal

nucleus caudalis

CSD-evoked Control group Paracetamol-treated group
Fos Saline Glutamate = Muscimol Saline Glutamate Muscimol
expression injection injection injection injection injection injection
Ipsilateral
side 20.0+3.4 20.9+1.8  27.246.9* 30.0+6.6** 29.4+5.3 27.5+3.8
(cells/slide)

Contralateral
side 13.5+5.2* 16.0£3.0* 21.5£5.9* 20.3+£7.8* 22.6x4.7* 17.7+£3.3*

(cells/slide)

*P<0.05 compared between ipsilateral and contralateral side of CSD induction within group,

**P<0.05 compared to control group with saline microinjection
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Figure 23 Effects of chronic paracetamol exposure and modulating effect of
microninjection into nucleus raphe magnus on CSD-evoked Fos expression in trigeminal

nucleus caudalis.

Chronic paracetamol exposure was shown to increase the number of CSD-evoked Fos expression in
the ipsilateral TNC compared with control group. In control group, the number of Fos-IR cells on the
ipsilateral TNC significantly increased after muscimol microinjection compared with saline
microinjection at nucleus raphe magnus. In paracetamol-treated group, the difference was not found
after muscimol microinjection compared with saline microinjection. *P<0.05 compared ipsilateral side
of CSD induction between groups, the number of Fos-IR cells in ipsilateral side to CSD induction was
significantly greater than contralateral side in all group (P<0.05). Gray bar, Fos-IR cells in ipsilateral
side of CSD induction; White bar, Fos-IR cells in contralateral side of CSD induction; SS: control with
saline microinjection group. SG: control with glutamate microinjection group. SM: control with
muscimol microinjection group. PS: paracetamol-treated with saline microinjection group. PG:
paracetamol-treated with glutamate microinjection group. PM: paracetamol-treated with muscimol

microinjection group
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EXPERIMENT 2: To examine an involvement of NRM on NTG-induced neuronall
excitability of chronic paracetamol-treated rats

The average body weights of rats were 342.6+22.9 g and 353.3£23.9 g in control
(N=24.) and paracetamol-treated (N=23) groups respectively. There were no statistically

changed in rats’ body weights among these two groups (P=0.578).
MICROINJECTION AREA

The microinjected-site within NRM was assessed by checking histological
sections with a microscope after finishing the experiment. Animals which were
microinjected outside of the NRM were dismissed of this work. The sites of

microinjection needles in all groups were shown Figure 24.

Figure 24 Schematic of microinjected-site at nucleus raphe magnus in experiment 2

A. Photomicrograph represents the microinjected-site at nucleus raphe magnus. B. Schematic of
microinjection sites in both control and paracetamol-treated groups. White circle, control group with
saline microinjection; White triangle, control group with glutamate microinjection; White square,
control group with muscimol microinjection; Black circle, paracetamol-treated group with saline
microinjection; Black triangle, paracetamol-treated group with glutamate microinjection; Black

square, paracetamol-treated group with muscimol microinjection



EXTRACELLULAR RECORDING

60

Recording sites were located in an area 2.0-4.5 mm caudal to the obex, 0.8-2.5

mm lateral to the midline and 0.2-1.0 mm from the surface of the brainstem.

The spontaneous neuronal activity was monitored 10 minutes as baseline before

120 minutes NTG infusion. NRM microinjection was started 60 minutes after NTG

infusion. The example of TNC firing rate in control and paracetamol-treated rats within

130 minutes were demonstrated in Figure 25-26.
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Figure 25 Modulating effect of microinjection into nucleus raphe magnus on

nitroglycerin-evoked neuronal firing in trigeminal nucleus caudalis (representative

records of patterns of TNC firing).
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In control rats, glutamate microinjection decreased the TNC firing whereas muscimol microinjection

was shown to increase the number of TNC firing compared with saline microinjection.
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Figure 26 Effect of chronic paracetamol exposure and modulating effect of

microninjection into nucleus raphe magnus on nitroglycerin-evoked neuronal firing in

trigeminal nucleus caudalis (representative records of patterns of TNC firing).

In the paracetamol-treated rats, the number of TNC firing was not significantly different after

glutamate or muscimol microinjection at NRM.
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The extracellular signaling was shown in the percent of baseline value in 20
minutes interval after the onset of NTG infusion. Table 4 showed the NTG-induced TNC
neuronal firing between control and paracetamol-treated groups in 60 minutes before
NRM microinjection. An increase of neuronal excitability in both control and
paracetamol-treated groups was found almost immediately after the onset of NTG
infusion. TNC neuronal firing statistically increased within 20 minutes post-NTG infusion
in control and paracetamol-treated groups (117.6+22.7percent, P<0.05 and 117.8+31.4
percent, P=0.013 respectively). Though, the NTG-induced TNC neuronal firing in
chronic paracetamol-treated rats was not significant different compared with control rats

in 0-20, 20-40 and 40-60 minutes interval (P=0.537, P=0.580 and P=0.595 respectively).

Table 4 The average of neuronal firing at trigeminal nucleus caudalis after nitroglycerin

infusion

*P<0.05 compared within group with baseline

The averages of TNC neuronal activity were shown in 20 minute interval after
microinjection at NRM of control and paracetamol-treated groups (Table 5). In control
groups, glutamate microinjection decreased the TNC firing. The numbers of TNC firing
in the 20 minutes post-microinjection were 133.7+31.1 and 182.1+35.6 percent for
glutamate and saline microinjection groups, respectively (P=0.009). The percent of
spikes at 40 minutes in the glutamate and saline microinjection groups were 109.1£37.5
and 171.5+21.7 percent, respectively (P=0.009). At 60 minutes, the percent of TNC
firing rates were 113.7+£56.9 and 158.9+59.5 percent in the glutamate and saline
microinjection groups, respectively (P=0.741). On the other hand, muscimol

microinjection was shown to increase the number of TNC firing compared with saline



63

microinjection in the control group. The TNC firing rates in muscimol microinjection
group were 306.5+107.3, 289.2+141.7 and 246.3+105.2 percent at 20, 40 and 60
minutes, respectively (P=0.005, P=0.046 and P=0.093).

In the paracetamol-treated rats, the number of TNC firing was not significantly
different after glutamate microinjection. The numbers of TNC firing in the 20 minutes
post-microinjection were 174.8+56.6 and 253.7+67.2 percent for glutamate and saline
microinjection groups, respectively (P=0.064). The percent of spikes at 40 minutes in the
glutamate and saline microinjection groups were 181.8+49.5 and 216.9+18.5 percent,
respectively (P=0.132). At 60 minutes, the percent of TNC firing rates were 178.9+56.6
and 221.2+36.1 percent in the glutamate and saline microinjection groups, respectively
(P=0.083). Also, the TNC firing rate after muscimol microinjection did not show the
statistical different from saline microinjection in paracetamol-treated group. The number
of TNC firing in muscimol microinjection group were 306.5+107.3, 289.2+141.7 and
246.3+105.2 percent at 20, 40 and 60 minutes, respectively (P=0.728, P=0.908 and
P=0.563). The effects of chronic paracetamol treatment and NRM microinjection on

NTG-evoked TNC neuronal firing in 2 hours were demonstrated in Figure 27.

Table 5 The average of neuronal firing at trigeminal nucleus caudalis after nucleus

raphe magnus microinjection

Neuronal Control groups Paracetamol-treated groups
firing
(percent Saline Glutamate Muscimol Saline Glutamate Muscimol
of injection injection injection injection injection injection
baseline)

0-20min 182.1£35.6 133.7£31.1*  306.5£107.3* 253.7#67.2* 174.8456.6  249.5+96.4

20-40min 171.5£21.7 109.1£37.5*  289.2£141.7* 216.9+18.5° 181.8#49.5 295.0£157.7

40-60min 158.9+59.5 113.7+56.9 246.3£105.2  221.2+£36.1 178.9+56.6 232.4+152.4
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Figure 27 Effect of chronic paracetamol exposure and modulating effect of
microinjection into nucleus raphe magnus on nitroglycerin-evoked neuronal firing in

trigeminal nucleus caudalis.

In control groups, glutamate microinjection decreased the TNC firing whereas muscimol
microinjection was shown to increase the number of TNC firing compared with saline microinjection.
In contrast, the number of TNC firing of the paracetamol-treated groups was not significantly different
after glutamate or muscimol microinjection at NRM. White circle with solid line, control group with
saline microinjection; White triangle with solid line, control group with glutamate microinjection; White
square with solid line, control group with muscimol microinjection; Black circle with dash line,
paracetamol-treated group with saline microinjection; Black triangle with dash line, paracetamol-
treated group with glutamate microinjection; Black square with dash line, paracetamol-treated group

with muscimol microinjection

NTG-EVOKED FOS EXPRESSION

In primary somatosensory cortex, the numbers of Fos-IR cells were shown in
Table 6 and Figure 28-29. The numbers of Fos-IR cells were counted at ipsilateral sides
of meningeal stimulation. After chronic paracetamol treatment, Fos expression
significantly increased compared with control group (Figure 28). The numbers of Fos-IR
cells in the cortex seen in the paracetamol-treated and control groups with NRM saline-

microinjection were 298.5+169.6 and 104.1+30.7 cells/mm’, respectively (P=0.050).
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Although, muscimol microinjection tended to increase the number of Fos-IR cells
in control group, it did not significantly change the number of Fos-IR cells compared
with saline microinjection. Also, glutamate microinjection did not alter the number of Fos-
IR cells. The number of Fos-IR cells after glutamate and muscimol microinjection were
119.9+56.8 and 189.0£82.7 cells/ mm”, respectively (P=0.564 and P=0.275
respectively). Additionally, the number of Fos-IR cells did not change after NRM
microinjection in paracetamol-treated group. The number of Fos-IR cells after glutamate
microinjection was 280.5£73.4 cells/ mm?’, while the number of Fos-IR cells after
muscimol microinjection was 258.6£145.8 cells/ mm’ (P=0.827 and P=0.513

respectively) (Figure 29).
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Figure 28 Photomicrograph shows the effects of chronic paracetamol exposure and
modulating effect of microninjection into nucleus raphe magnus on nitroglycerin-evoked

Fos expression at primary somatosensory cortex.

Chronic paracetamol exposure was shown to increase the number of NTG-evoked Fos expression in
the ipsilateral cortex compared with control group. Glutamate or muscimol microinjection did not
change the number of Fos-IR cells compared with saline microinjection in both control and
paracetamol-treated groups. A: control with saline microinjection group. B: control with glutamate
microinjection group. C: control with muscimol microinjection group. D: paracetamol-treated with
saline microinjection group. E: paracetamol-treated with glutamate microinjection group. F:

paracetamol-treated with muscimol microinjection group.
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Table 6 The average numbers of nitroglycerin-evoked Fos expression in cortical

neurons of primary somatosensory cortex

Control groups Paracetamol groups
Saline Glutamate Muscimol Saline Glutamate Muscimol
injection injection injection injection injection injection

Fos
expression 104.1+£30.7 119.9456.8 189.0+82.7 298.5+169.6* 280.5+73.4 258.6+145.8

(cells/mmz)

*P<0.05 compared to control group with saline microinjection
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Figure 29 Effect of chronic paracetamol exposure and modulating effect of

microninjection into nucleus raphe magnus on nitroglycerin-evoked Fos expression at

primarysomatosensory cortex.

Chronic paracetamol exposure was shown to increase the number of NTG-evoked Fos expression in
the ipsilateral cortex compared with control group. Glutamate or muscimol microinjection did not
significantly change the number of Fos-IR cells compared with saline microinjection in both control
and paracetamol-treated groups. *P<0.05 compared ipsilateral side of CSD induction between
groups. SS: control with saline microinjection group. SG: control with glutamate microinjection group.
SM: control with muscimol microinjection group. PS: paracetamol-treated with saline microinjection
group. PG: paracetamol-treated with glutamate microinjection group. PM: paracetamol-treated with

muscimol microinjection group.
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The numbers of Fos-IR cells in TNC were counted at ipsilateral sides of
meningeal stimulation (Figure 30). Chronic paracetamol treatment increased the number
of Fos-IR cells in the TNC compared with the control group (84.8+29.1 and 49.9+23.3
cells/slide respectively, P=0.030) (Table 7). In control group, glutamate microinjection at
NRM did not significantly decrease the number of Fos-IR cells compared with saline
microinjection (40.2+11.8 and 49.9+23.3 cells/slide respectively, P=0.348). Besides, the
number of Fos-IR cells in TNC in the muscimol-treated group was 70.5+25.1 cells/slide.
Muscimol microinjection had a tendency to increase in the number of Fos-IR cells in the
TNC (P=0.110).

In paracetamol-treated groups, the tendency to increase Fos expression was
absent after muscimol microinjection. The number of Fos-IR cells in TNC did not

significantly change after glutamate or muscimol microinjection at NRM (Figure 31).
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Figure 30 Photomicrograph shows the effects of chronic paracetamol exposure and
modulating effect of microninjection into nucleus raphe magnus on nitroglycerin-evoked

Fos expression at trigeminal nucleus caudalis.

Chronic paracetamol exposure was shown to increase the number of NTG-evoked Fos expression in
the ipsilateral TNC compared with control group. Glutamate or muscimol microinjection did not
significantly change the number of Fos-IR cells compared with saline microinjection in both control
and paracetamol-treated groups. A: control with saline microinjection group. B: control with
glutamate microinjection group. C: control with muscimol microinjection group. D: paracetamol-
treated with saline microinjection group. E: paracetamol-treated with glutamate microinjection group.

F: paracetamol-treated with muscimol microinjection group.
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Table 7 The average numbers of nitroglycerin-evoked Fos expression in neurons of

trigeminal nucleus caudalis

Control groups Paracetamol-treated groups
Saline Glutamate ~ Muscimol Saline Glutamate ~ Muscimol
injection injection injection injection injection injection

Fos
expression 49.9+23.3 40.2+#11.8 70.5+25.1 84.8429.1* 7591254 72.2+x14.1

(cells/slide)

*P<0.05 compared to control group with saline microinjection
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Figure 31 Effects of chronic paracetamol exposure and modulating effect of
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microninjection into nucleus raphe magnus on nitroglycerin-evoked Fos expression at

trigeminal nucleus caudalis.

Chronic paracetamol exposure was shown to increase the number of NTG-evoked Fos expression in
the ipsilateral TNC compared with control group. Glutamate or muscimol microinjection did not
significantly change the number of Fos-IR cells compared with saline microinjection in both control
and paracetamol-treated groups. *P<0.05 compared ipsilateral side of CSD induction between
groups. SS: control with saline microinjection group. SG: control with glutamate microinjection group.
SM: control with muscimol microinjection group. PS: paracetamol-treated with saline microinjection
group. PG: paracetamol-treated with glutamate microinjection group. PM: paracetamol-treated with

muscimol microinjection group.
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CHAPTER 5
DISCUSSION AND CONCLUSION

EFFECT OF CHRONIC PARACETAMOL EXPOSURE

In this study, chronic paracetamol administration was shown to increase the
CSD susceptibility. Also, the increase of neuronal firing at TNC was found in NTG-
infusion model after long term paracetamol treatment. It is consistent with the former
study which showed that chronic paracetamol exposure increased CSD development
and CSD-evoked Fos-IR cells in the TNC (12). Because of the hallmarks of CSD are the
complete membrane depolarization of neurons and glia, an increase of the number of
CSD wave represents the hyper-sensitization of cortical neurons. These finding suggest
that chronic paracetamol exposure can increase the neuronal excitability of the cortex
and TNC.

An increase of the neuronal excitability after chronic paracetamol treatment may
a result from the major change of serotonergic system and the imbalance of amino acid
in the brain structures. Serotonin-depleted rats were shown to enhance CSD-evoked
cortical excitability and CSD-evoked TNC neuronal excitability (82). Additionally, chronic
paracetamol administration resulted in the decrease of analgesic efficacy coincide with
the decrease in platelet 5-HT level (9). Furthermore, Supornsilpchai and colleages
reported that chronic paracetamol exposure lead to an up-regulation of pro-nociceptive
5-HT,, receptor in cerebral cortex and trigeminal ganglion which relate to cortical hyper-
excitation and trigeminal nociceptive facilitation (10). The former studies from Blecharz
and colleages demonstrated that eight-week long subcutaneous paracetamol treatment
results in the reduction of serotonergic neurotransmitter and the increase of GABA
amino acid in the prefrontal cortex (76, 83).

Since paracetamol shows a low affinity to 5-HT receptors, an indirect action
between paracetamol and serotonin system may a result from cannabinoid receptor
activation. An active metabolite of paracetamol, AM404, was shown to indirectly activate

cannabinoid receptor because of AM404 inhibits the degradation and reuptake of
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anandamide, the endocannabinoid (75, 84). Therefore, chronic paracetamol treatment
seems to prolong activate cannabinoid receptors, CB, and CB,, which are found in the
brain and brainstem (85). Based on these previous studies, long term cannabinoid
receptors activation is one of the possible mechanisms which lead to an increase of
neuronal excitability after chronic paracetamol treatment. The study from Tao R. and Ma
Z. suggested that cannabinoids can exert effect on 5-HT efflux in the neural circuit
between dorsal raphe nucleus and nucleus accumbens depending on the direct or
indirect effect of CB, receptor (86). Moreover, Hill and colleagues examined the
reciprocal interaction between 5-HT,, and 5-HT,, receptors after chronic cannabinoid
administration by using behavioral, physiological and hormonal measurements. They
reported that chronic cannabinoid treatment can up-regulate 5-HT,, receptor activity,
while concurrently down-regulate 5-HT,, receptor activity (87).

Since the release of ions and neurotransmitters, especially K’, Ca” and
glutamate, to the extracellular space is the important step to induce CSD propagation,
an alteration of CSD susceptibility by 5-HT system may relate to the modulation of these
factors. For instance, the 5-HT, ,and 5-HT,; receptors activation was shown to inhibit N-

and P/Q-type Ca” channels (88). This leads to the reduction of glutamate release (89).

INVOLVEMENT OF NRM ON THE CORTICAL EXCITIBILITY

As mentioned above, the enhancing effect of chronic paracetamol exposure on
neurons in cerebral cortex and central trigeminal nociceptive pathway may be the result
of altered central serotonin-dependent modulation system. Therefore, in this study,
direct microinjection with glutamate or muscimol was done into NRM, a major serotonin
nucleus.

This study demonstrated that muscimol microinjection in non-treated animals
exhibited the enhancement of CSD development and CSD-evoked Fos expression in
cortex and TNC. Central serotonin function seems to disinhibit by direct microinjection
with muscimol into NRM. It is consistent with the original hypothesis from Bausbuam and
Fields in 1984. They proposed that GABAergic interneurons in the NRM tonically release

GABA neurotransmitter which inhibits spinally projecting neurons via GABA, receptors
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activation (31). On the other hand, NRM stimulation by glutamate microinjection did not
reduce the number of CSD wave and CSD-evoked FOS expression. This result may
associate to the tonically release of serotonin from the serotonergic cells in NRM (90).
Furthermore, Mason P. et al. suggested that serotonin indirectly modulate the
nociceptive transmission by mediating neuropeptides and other neurotransmitters (90).
This study also showed that chronic analgesic exposure may alter the function of
NRM. In the paracetamol-treated animals, microinjection with glutamate or muscimol
neither changed the CSD development nor CSD-evoked FOS expression in cortex and

TNC.

INVOLVEMENT OF NRM ON THE TRIGEMINAL NOCICEPTIVE SYSTEM

Based on the CSD model, it is not possible to conclude whether the facilitation of
trigeminal nociception was caused by the direct effect upon trigeminal nociceptive
system or indirectly via the increased CSD response. As we known that trigeminal
ganglion and TNC were stimulated by CSD event (59, 60). To investigate this problem,
NTG infusion model was used in this study to bypass the effect of CSD activation. The
increased of TNC neuronal firing observed in NTG infusion model indicated that chronic
paracetamol treatment can directly affect the trigeminal nociceptive system.

In the present study, muscimol microinjection in control rats can increase NTG-
induced TNC neuronal firing, while glutamate microinjection was shown to decrease
NTG-induced TNC neuronal firing. These findings are consistent with the previous
studies which showed that GABA, receptor agonist microinjection at NRM facilitated
craniovascular nociceptive transmission (91). In addition, an activation of NRM by
glutamate microinjection facilitates the descending inhibitory influence on the spinal
nociceptive transmission (92, 93). In this study, direct microinjection with muscimol into
NRM seems to inhibit central serotonin function by hyperpolarizing 5-HT neurons
leading to facilitation of the spinal medullary transmission. In contrast, glutamate
microinjection may activate serotonergic neurons resulting in descending inhibitory
transmission at medullary dorsal horn. These results supported by the extensive

evidences which demonstrated biphasic modulation, facilitation and inhibition, from
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NRM to spinal medullary transmission. Though, not only serotonergic neurons but also
GABAergic neurons, Glycinergic neurons and several neuropeptides were found in
NRM (36, 94, 95). Accordingly, an absolute outcome came from a non-specific
activation or inhibition of all NRM neurons. The present study demonstrated that TNC
neuronal firing was significantly changed for forty minutes after NRM microinjection in
control rats. However, there is not difference in the last twenty-minute period. Likewise,
the number of Fos-IR cells did not significantly alter. The influence of continuous NTG
infusion must be taken into account. The exogenous nitric oxide was shown to attenuate
the descending inhibitory pain transmission (96). Furthermore, the increased FOS
expression was found in the spinal dorsal horn after NO perfusion (97). Hence, the
continuous NO infusion seems to maintain the neuronal activation. Moreover, the
electrophysiological study from Fossier P. et al. reported the modification of 5-HT by NO
(98). This study showed a decrease of 5-HT efficacy to modulate cholinergic synaptic
transmission after NO application or nitric oxide synthase (NOS) activation.

The change of TNC neuronal firing observed in NTG infusion model after NRM
microinjection confirmed a significant role of NRM in optimizing sensitivity of trigeminal
nociceptive neurons. Consistent with CSD model, the alteration of NRM function was
shown after chronic paracetamol treatment. Glutamate or muscimol microinjection at
NRM did not change the NTG-induced trigeminal neuronal firing in the paracetamol-
treated animals.

From the present study, NRM, the major serotonergic brainstem nucleus, was
shown to modulate the neuronal excitability of central trigeminal nociceptive system. An
alteration of NRM function was found after chronic paracetamol exposure. It can be
concluded that the medication-induced NRM dysfunction is a possible mechanism

underlying the pathogenesis of MOH.
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