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 Serotonin (5-HT) depletion is one of the important pathogenesis involved in migraine 
pathophysiology. This neurotransmitter is involved in both neural and vascular controls. 
Previous studies in the cortical spreading depression (CSD) migraine animal model 
demonstrated that depletion of serotonin could induce the hyper-excitability of cortical 
neurons. Since the tight association between the neuron and the blood brain barrier (BBB), 
the alteration of the BBB integrity in 5-HT depleted state can be expected. However, the 
alteration of BBB induced by 5-HT depletion and the mechanism underlying of this event 
have never been studied. In order to clarify this point, this study aims to investigate the effect 
of 5-HT depletion on the CSD induced alteration of the BBB integrity and the expression of 
neuropeptides SP and CGRP in the trigeminal ganglion in 5-HT depleted state.  Wistar rats 
were divided into four groups: control, CSD, 5-HT depletion, and 5-HT depletion with CSD 
group. 5-HT was depleted by intraperitoneal injection with parachlorophenylalanine (PCPA) 
3 days before the experiment. The CSD was induced by KCl application on the cortical 
surface. The results from this study demonstrated that the induction of CSD in the 5-HT 
depletion can significantly increase the number of endothelial pinocytic vesicles and 
microvilli compared with those observed the control and CSD group. The degree of astrocytic 
foot plate swelling in 5-HT depletion with CSD group was more severe than that in the CSD 
group. The analysis of tight junction demonstrated that alignment of tight junction between 
the endothelial cells in the 5-HT depleted with CSD group demonstrate the increased of the 
BBB permeability compared with those observed in the CSD group. The results from the 
ultrstructural study are in line with the result from protein analysis by western blotting.  The 
expression of occludin, ZO-1, and ZO-2, which are the important tight junction proteins, are 
all decreased in the 5-HT depleted with CSD group. In addition, we have found that the 
depletion of serotonin could induce an significant increment of CGRP and SP expression in 
TG as compared with those observed in rats with a normal level of 5-HT. 
 Altogether, it can be concluded that CSD activation in the serotonin depletion can 
result in both the increment of the BBB permeability and the expression of vasoactive 
neuropeptide (CGRP and SP) in TG. These abnormalities of the BBB observed in 5HT 
depletion from this study might be one explanation for the close association between migraine 
and cerebrovascular disease.  
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CHAPTER I 

 

INTRODUCTION 

 

The central nervous system (CNS) is considered one of the most important and 

vital systems of the human body. This system requires high oxygen consumption 

(approximately 20% of total oxygen consumption) (1). In order to work properly, this 

system needs to be in the stable environment without alteration in the chemical or ion 

concentration. Therefore, it requires a special circulation system which is capable of 

supplying nutrients and oxygen to the brain, protecting the brain from harmful 

substances, and at the same time pumping the toxic substance from the brain out 

through this circulation. The combined function of all these special properties of the 

circulation in the brain is quite unique and known as the blood brain barrier (BBB) 

(2).  

The BBB is a neurovascular unit which is composed of various cellular 

elements such as endothelial cells, astrocyte end-feet, microglial cells, pericytes, and 

neurons (3). The endothelial cells of the brain capillary are different from others as it 

is the continuous type of endothelial cells connected to each other with tight junctions, 

which comprise of various tight junction proteins such as occludin, zona occluden, 

and claudin (4). With such a variety of relevant functions, abnormality of the BBB 

can easily lead to several pathological conditions in the brain, including Parkinson’s 

disease, Alzheimer’s disease, infectious disease, and stroke (5).  

Migraine is one of the neurovascular diseases, which involved in the activation 

of the trigeminovascular system. This system comprises of the tight association 

between the trigeminal neurons and cerebral circulation (6). It is known that 

activation of the trigeminovascular system can result in the release of numerous 

vasoactive neurotransmitters including nitric oxide (NO), calcitonin gene related 

peptide (CGRP), and substance P (SP) from the perivascular neurons (7). This 

phenomenon is believed to be the cause of the neurogenic inflammation leading to the 

sensitization of the cortical neuron and activation of the trigeminal nociceptive 

pathway, respectively (8). Among those neurotransmitters released at the perivascular 

neurons, CGRP and SP are of particular interested to several researchers due to their 
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capability to induce the neuro-inflammation in the brain as well as their vasodilating 

effect. The previous studies reported that the accumulation of vasoactive 

neurotransmitters around the cerebral vessels can induce the neurogenic inflammation 

and finally lead to the alteration of the BBB (6,9).  

Several previous studies also provided supporting evidences indicating the 

association between migraine and alteration of the BBB. In their study, it was found 

that through the activation of cortical spreading depression (CSD) in the animal 

model, matrix metalloproteinase 9 (MMP-9), a proteolytic enzyme, which breaks 

down the extracellular matrix, was up-regulated within 6 hours after activation (10). 

In addition, Gupta had demonstrated in 2009 that the CSD during a migraine attack 

was correlated with the cerebrovascular dilatation and BBB disruption (11).            

This result was in agreement with the magnetic resonance image (MRI) study by 

Rotstein and colleague They found that the vascular permeability in patients with 

migraine with aura was increased as compared with the case-control (12).             

With several evidences indicating the relation between a migraine attack and the 

alterations of the BBB integrity, migraine was recently recognized as the risk factor 

for the cerebrovascular disease, especially the migraine with aura (13,14). However, 

the mechanism underlying this relationship is still unclear. 

Referring to migraine pathophysiology, serotonin (5-HT) depletion is one of 

the important mechanisms underlying the migraine attack. Several clinical studies 

have revealed abnormality of the 5-HT system in migraine patients. The study in 1961 

by Sicuteri and colleague had demonstrated that the level of 5-HT in platelets has 

decreased and 5-hydroxyindole acetic acid (5-HIAA), the metabolite of 5-HT,  in the 

urinary excretion has increased in patients with migraine (15). Several studies 

indicated that the reduction of 5-HT synthesis in the brain resulted in less 5-HT 

neurotransmission which consequently increased the symptoms of migraine (16–18). 

The previous studies in the headache animal model have demonstrated that the 

induction of CSD in a low 5-HT condition could result in the hyper-excitation of the 

cortical neurons (19). These alterations were observed in parallel with an increase of 

the trigeminovascular nociception.  
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Based on accumulative evidence, we did hypothesize that the depletion of     

5-HT could induce an increase in the cerebrovascular responses to CSD activation as 

well. The CSD might alter the BBB integrity in a 5-HT depleted state more than what 

it did in a normal 5-HT animal. As mentioned earlier that the CGRP and SP are 

important neuropeptides involved in the BBB changes. The CSD activation in 5-HT 

depletion might increase these two neuropeptide expressions in the trigeminal 

ganglion as well.  

In order to prove our hypothesis, this study was performed to investigate the 

effect of 5-HT depletion on the alteration of the BBB integrity and the expression of 

neuropeptides (CGRP, SP) in the CSD animal model. The alteration of the BBB 

integrity was monitored by measuring the changes in the expression of the tight 

junction proteins and IgG extravasation by using western blot analysis.                   

The ultrastructural changes of the endothelial cell were determined by electron 

microscopy. In addition, since the release of neuropeptides from the trigeminal 

ganglion is involved in the alteration of the BBB integrity, the expression of CGRP 

and SP in the trigeminal ganglion was monitored by using the immunohistochemical 

study.  

We hope that the results obtained from this study will let us understand more 

in the relationship between migraine and cerebrovascular damage. The knowledge 

might explain why a migraine patient especially with CSD (aura) has a higher risk for 

stroke or cerebrovascular disease.  
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CHAPTER II 

 

LITERATURES REVIEW 

 

2.1 Blood brain barrier and tight junction  

The central nervous system (CNS) is the most important system in the human 

body. In order to work normally, all the neurons need to be in the stable environment 

with the restricted of ion concentration. Based on the constantly high metabolic 

activity of this system, the CNS utilized about 20% of total oxygen consumption for 

the whole body (1). Hence for this system, the blood circulation is not only for 

supplying the nutrient and oxygen, but also protecting the neural tissue from the 

variations in ion concentration and toxic substances. The special property of the 

circulation in the brain is named Blood Brain Barrier “BBB”. Because of the 

sensitivity of brain, this barrier shields the brain from harmful substances and filtering 

detrimental compounds from the brain back to the blood circulation (2). 

 

 The essential functions of the BBB are (3,5):  

1. Control the ionic composition in the brain to the optimal concentration 

for the synaptic signaling function. 

2. Supply the nutrients and important compounds for neural tissue 

through its transport system. 

3. Shield the brain from the harmful molecules and toxic substances from 

blood circulation. 

4. Introduce the inflammatory cells to the inflammation area of the brain. 

 

The BBB is a neurovascular unit which composes of various cellular elements 

including endothelial cells, microglias, astrocytes, pericytes, and neurons (3).  All 

BBB cellular components need to working together in order to maintain the BBB 

integrity. Endothelial cells are lining inside along the vessels with the special cell to 

cell junction (tight junction). These lining cells are surrounded by the basement 

membrane attached with variety of perivascular neurons terminal and astrocytic foot 

plates (20,21). 
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Anatomical description of BBB 

The understanding of the BBB functions was more evident since the study in 

1967 by which clarified that BBB was the microvessels with specific type of 

endothelial cells characterized by the presence of cell-cell tight junctions, lacked 

fenestrations and selective diffusion barrier (22). Compared to the endothelial cells 

obtained from other organs, the endothelial cells of the BBB demonstrate no 

fenestrations (23), higher number of mitochondria (24), fewer of pinocytotic vesicles 

(25), and presence of tight junctions (26). Pericytes which classified as granular and 

filamentous subtypes attaches to the abluminal membrane of the endothelial cell (27). 

The basement membrane comprises of laminin, fibronectin, collagen type IV and the 

extracellular matrix (28). Astrocytes processes the end-feet to cover the capillaries 

(Figure 2-1). 

  

 

 

 

 

 

 

 

 

 

Figure 2-1 Schematic picture of the neurovascular unit composed of endothelial 

cells, pericytes, microglia, neurons, and astrocytic endfoot (21). 

 

 

2.1.1 Cellular elements of BBB 

 - Endothelial cells 

The cerebral endothelial cells in CNS revealed a special morphology and 

function which is different from those present in peripheral tissues. The ultrastructural 

examination demonstrated the connection of endothelial cell plasma membranes at 

junctional complex by tight junctions and adherent junctions (29). The important 
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characteristic of endothelial cells are: [1] TJs established by the connection of several 

transmembrane proteins with tight sealing and limit the transportation including the 

lacking of fenestrations of cytoplasm (30,31). [2] Fewer pinocytotic vesicles 

indicating the restriction of trancytosis (32), and [3] Massive mitochondria in 

endothelial cells representing the high metabolic function of these cells.  

 

 - Astrocytes 

 Based on the anatomical and morphological information, astrocytes were 

divided into two types, protoplasmic and fibrous astrocytes. Protoplasmic astrocytes 

were found in gray matter, exhibiting several stem branches that gave rise to many 

finely branching processes whereas fibrous astrocytes are found in white matter, 

exhibiting many long fiber-like processes. In addition, the process of astrocyte 

extensive attached with blood vessels. Both subtypes of astrocytes form gap junctions 

between processes of neighboring astrocytes (33).  

Several studies indicated that astrocytes involve in BBB properties regulation 

(34). Astrocytes envelop more than 99% of BBB endothelial cells (2). Interaction 

between astrocytes, endothelial cell of brain capillaries and neurons are important for 

maintaining the neurovascular unit (34). The co-culture of astrocytes and brain 

endothelial cells indicated that astrocytes are important in the maintenance of BBB 

tightness and function (35,36). The temporary loss of astrocytes demonstrated the loss 

and restoration capability of BBB integrity (37). 

 

 - Pericytes 

 Pericytes are undifferentiated, contractile connective tissue cells which send 

out a cellular projection to spread over capillary walls. A previous study found that 

contractile proteins in pericytes may involve in the capillary blood flow regulation 

(38). In addition, pericytes correlating with the endothelial cell indicated gap junction 

between them (39). The co-culture of pericytes, endothelial cells, and astrocytes 

represented the capillary-like structure formation (40). In the pathological condition, 

the migration of pericytes from the brain endothelial cell indicated the association of 

pericytes and the increased BBB permeability (41,42). 
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  - Microglia  

Microglia are cells which contact cerebral blood vessels serving as a 

perivascular macrophage. These cells involve in the immune response of the brain and 

BBB modulation (4). Perivascular microglia have molecules which involve in 

recognition and presentation of antigen indicating the important role of these cells in 

the inflammatory process in the brain (43). In the pathological condition, microglia 

are found in the perivascular space inducing the increase of BBB properties and the 

activation of microglial cell transformation from the ramified to the amoeboid shape 

(44). However, the mechanisms of microglia and BBB permeability are still unclear. 

 

    - Neurons  

The brain highly requires nutrient and oxygen which transported through 

blood circulation to support neural activity and metabolism. Blood flow regulation is 

the one mechanism which facilitates for this function (45). Interestingly, the change of 

cerebral blood flow, hemorrhage, and traumatic injury in the pathological condition 

correlates with the BBB integrity disruption (46,47). In addition, anatomical 

evidences show the direct innervations of microvascular endothelial cells by 

neurotransmitters containing neurons such as noradrenergic (48), serotonergic (49), 

cholinergic (50,51), and GABAergic neurons. The study in Alzheimer’s disease found 

that the loss of cholinergic innervations of cortical microvessels may lead to 

cerebrovascular impairment (51). However, the involvement of neuron activity and 

BBB alteration has not yet been clearly demonstrated. 

 

2.1.2 Tight junction  

The tight junction is a junctional complex between brain endothelial cells 

which is the special characteristic for the BBB. The formation of the junction plays an 

important role in the paracellular diffusion control in the vascular microvessels (52). 

Effective tight junctions are depended on the modulation and regulation of several 

tight junction proteins as follows (Figure 2-2): 
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 - Occludin 

 Occludin is the integral membrane protein, located in tight junctions of 

endothelial cells in the BBB. Occludin (65 kDa protein) has four transmembrane 

domains which are the C-terminus and N-terminus, and two extracellular loops that 

span the intercellular cleft (53). The endothelial cells of CNS have a higher amount of 

occludin than other vascular endothelial cells (2,20,29,54). There is evidence that 

tight junctions containing tissues which have occludin, electrical resistance had 

increased (55). The phosphorylation of serine and threonine to occludin increases the 

barrier permeability (56). In addition, the cytoplasmic C-terminal is interlacing with 

the cytoskeleton via accessory proteins [zonula occludens ZO-1 and ZO-2] (57,58). It 

is controversial that occludin is not major component for the tight junction formation, 

but the decline of occludin expression correlates with BBB disruption in several 

diseases (59–61). 

 

 - Zona occluden (ZO-1, ZO-2) 

Zona occludens are adaptor proteins which belong to the membrane associated 

with the guanylate kinase (MAGUK) protein family which plays an important role in 

supporting the structure of the endothelial cell by connecting the C-terminal of ZO-1 

and ZO-2 with the cytoskeleton protein (62). 

ZO-1 is a phosphoprotein (220 kDa) which is expressed in endothelial and 

epithelial cells. It links the transmembrane proteins of tight junction to actin 

cytoskeleton (58). This interaction is important for TJs function stabilization. 

Abnormality of this junctional complex implicates in vascular permeability (63). 

ZO-2 is a phosphoprotein (160 kDa) which has a high homologus sequence to 

ZO-1 (64). In vitro study showed that ZO-2 is located along the cell-cell membrane 

contact in cultured brain endothelial cells (65). In addition, ZO-2 can replace the 

function of ZO-1 in formation of normal TJs in cultured epithelial cells lacking ZO-1 

(66). 
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Figure 2-2 Schematic picture of the tight junction protein in association with 

BBB tight junctions (67). 

 

2.2 The trigeminovascular system  

  The trigeminovascular system is the neurovascular unit with tight association 

between cerebral vessels and the trigeminal neurons. The activation of this system is 

correlated with the pathophysiology of vascular headache including migraine (68). 

 The activation of the trigeminal neurons which is the pseudounipolar neurons 

located in the trigeminal ganglion (TG) (69,70) results in the released of several 

neurotransmitter in both peripheral and central nerve terminals. At the peripheral end, 

various neuropeptides including CGRP, SP , NO and VIP are released to the cerebral 

vessels (71) which finally can lead to the dilatation of  the cerebral vessels as well as 

the neurogenic inflammation  (72,73). The trigeminal neurons also project the nerve 

fiber centrally onto second order sensory neurons in C1 and C2-level of trigeminal 

nucleus caudalis (TNC) in the brainstem (74). The signal transmitted to the thalamus 

leading to activation of the frontal cortex resulting in the pain consciousness (75). The 
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trigeminal nerve was activated by various stimuli including cortical spreading 

depression (CSD). 

 

2.3 Cortical spreading depression theory 

Cortical spreading depression (CSD) was first explained by Leào 1944 (76). It 

was represented as a propagating depolarization wave followed by repolarization. 

CSD can be initiated by electrical, mechanical, and chemical stimuli (77–79). The 

wave progresses along the cortical surface from the occipital lope at a speed of 

approximately 2–5 mm/min (76,78–80). It can occur in several parts of the brain 

including the cerebral cortex, hippocampus, and cerebellum (81). 

From the previous study, it is found that repetitive CSD waves which occur in 

healthy brains do not induce damage to neural cells (82). but may contribute in the 

protective role in ischemic stress (83–85). However, in the physiologically impaired 

condition, CSD can be destructive (86). CSD activation can induce the alteration in 

neural and vascular compartments (87).The previous study showed that CSD involved 

in the alteration of neurotransmitters (88), metabolism (89), cerebral blood flow 

(CBF), and pro-inflammatory cytokines (90). In addition, CSD induced the dramatic 

increase of K+ concentration from 3 to more than 50 mM in a short timeframe (91). 

Likewise, it induces an increase of glutamate levels in extracellular fluid (92,93). 

During CSD, a short-lasting increase of cerebral blood flow (CBF) occurs, followed 

by a long-lasting regional hyperemia (94). 

CSD is implicated in the pathophysiology of several neurovascular disorders 

such as trauma, strokes, and exacerbates brain injury (95,96). This phenomenon is 

also accepted to be closely correlated with migraine with aura (97).  

 

 2.3.1 CSD and blood brain barrier permeability 

During CSD, several vasoactive neurotransmitters are released from 

perivascular neurons (2). Those neurotransmitters can directly affect to cerebral 

vessels. Interaction between neurons and astrocytes also participate in CBF 

regulation. The cerebral vessel is enclosed by astrocyte endfeet and this contact is 

important for adjusting the regional CBF in local metabolic activity (98–100). The 

swelling of astrocyte foot plates has been demonstrated in cerebral vessels after CSD 



11 
 

activation (101,102). Similar to neurons, astrocyte can produce and release many 

vasodilator substances including carbon monoxide (CO), nitric oxide (NO), hydrogen 

ion, potassium ion, and lipoxygenase products (103–105). This effect of CSD on BBB 

was confirmed by Gursoy in 2004. Based on these accumulative data, it can be 

concluded that CSD activation can lead to the instability of BBB integrity. CSD can 

initiate the disruption of the BBB via the matrix metalloproteinase (MMP-9) 

dependent mechanism (10). 

 

 2.3.2 CSD and perivascular nerves 

  The trigeminal pathway is important in regulating and modulating the 

cerebrovascular responses under physiological and pathological conditions (106,107). 

The trigeminal afferent stimulation during CSD can finally lead to vasodilation and 

neurogenic inflammation in the meninges. These phenomenon occurred via axon-

reflex activation of collateral trigeminal branches and central-reflex activation of 

parasympathetic nerves (97,108,109). With CSD activation, perivascular nerves can 

release various vasoactive neurotransmitters such as NO, endothelin, calcitonin gene 

related peptide (CGRP) and substance P (SP) (Figure2-3). Among them, the role of 

CGRP in the alteration of BBB is of particular interest. Several studies have indicated 

that CGRP is involved in the dilation of cerebral vessels induced by CSD, the 

blocking of the CGRP receptors can attenuated cerebral hyperemia (110–112). It is 

found that approximately half of the dilation in CSD comes from CGRP 

(110,112,113) . The accumulative evidences have demonstrated that serotonin is one 

of the neurotransmitter released from perivascular nerves which contribute to the 

overall cerebrovascular response in CSD activation (114). 
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Figure 2-3 Schematic picture of the neurogenic inflammation (7). 

 

2.4 Serotonin 

Serotonin, which known as 5-hydroxytryptamine (5-HT), is widely distributed 

in the central and peripheral nervous system. 5-HT can act as either hormone or 

neurotransmitter.  This neurotransmitter has been implicated in the pathophysiology 

of mood disorders, systemic hypertension, and migraine (115).  

 

 2.4.1 Origin and metabolism of serotonin  

5-HT was isolated and characterized in 1948. (116–118). 5-HT is produced 

from essential amino acid tryptophan, which is hydroxylated to 5-hydroxytryptophan 

(5-HTP) by tryptophan hydroxylase and 5-HTP is decarboxylated into 5-HT (119) 

(Figure 2-4). Tryptophan hydroxylase is considered as a rate-limiting enzyme with 

low affinity for other amino acids (120), a relatively high Km (121), and a limited 

distribution in the serotonin containing tissues (120,122).  
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In the CNS, the prominent area for 5-HT synthesis is the raphe nuclei which 

project the ascending serotonergic fibers to the forebrain and descending fibers to the 

medulla and spinal cord (123). Outside the CNS, the synthesis of 5-HT is very limited 

in enterochromaffin cells and platelets. In addition, platelets represent a main storage 

site for 5-HT (124,125). 5-HT is degraded by monoamine oxidase (MAO), especially 

the MAO-A isoform which is transformed to a reactive aldehyde, followed by further 

processing by aldehyde dehydrogenase into 5-HT primary metabolite, 5-

hydroxyindoleacetic acid (5-HIAA) (126). 

 

 

 

Figure 2-4 The schematic picture represents the synthetic process of 5-HT from 

tryptophan (127). 
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 2.4.2 5-HT receptor  

5-HT receptors are classified into seven subtypes 5-HT1–7 (128). Six of these 

subtypes belong to the G-protein-coupled receptors family. Six of these subtypes 

belong to the G-protein-coupled receptors family. The 5-HT3 receptor is only one 

which involved in a ligand-gated Na+ /K+ ion channel (129). The detail of all 5-HT 

receptor subtypes are demonstrated in Table 2-1.  

 

In the CNS, 5-HT1B receptors can induce the presynaptic inhibition of neurons. 

It widely distributes in various areas of the brain. The location of this receptor defines 

its function. In the frontal cortex, the 5-HT1B receptors act as a terminal receptor 

inhibiting the release of dopamine. In the basal ganglia and striatum, it presents an 

autoreceptor which inhibits the release of serotonin. In addition, this receptor serves 

as a heteroreceptor, which control the terminal release of neurotransmitters such as 

acetylcholine, glutamate, dopamine, norepinephrine, and γ-aminobutyric acid. 

Moreover, this subtype was found in cerebral and other arteries (130). ). In vascular 

effect, it can induce the vasoconstriction. The 5-HT1B receptors agonist, sumatriptan, 

is developed to be used as an anti-migraine drugs (131). 

The 5-HT1D receptor has a lower expression than the 5-HT1B receptor although 

they share a structural homology. 5-HT1D receptors function as autoreceptors in the 

dorsal raphe nuclei and modulate the release of serotonin in the vascular system (132). 

In the CNS, they induce the vasoconstriction in the brain (133). 

 

 2.4.3 Role of 5-HT in vascular tone  

 5-HT plays an important role in the cerebrovascular control. Both 

vasoconstriction and vasodilation are side effects of 5-HT which depends on the 

receptor subtype located on the vessel wall and surrounding smooth muscle tissue 

(134). The affinity of 5-HT to 5-HT1B and 5-HT7 are higher than that of the 5-HT2A 

receptor, therefore, 5-HT constricts large conducting arteries via 5-HT1B receptors and 

dilates arterioles via 5-HT7 receptors (135–137). 5-HT is involved in the preserving of 

vessel wall tone. The decrease of 5-HT in the neurovascular junction can lead to 

constriction of arterioles, but dilate the large arteries. There are some evidences 

reporting the change of vessels in the headache phase of migraine (136,138). 
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  2.4.4 Role of 5-HT in pain control and nociception 

5-HT modulates pain and nociception in both central and peripheral nervous 

systems. 5-HT released in inflamed tissue sensitizes the peripheral nerve fibers, which 

transfer nociceptive information to the CNS. In the brainstem, a descending projection 

of 5-HT neurons into the spinal cord modulates incoming nociceptive information 

(139) while ascending projections to cortical and limbic regions modulate the 

perception of pain (140). Abnormality of the 5-HT system has been reported in 

various diseases such as mood disorders, pain disorders, and migraine. The alteration 

of the 5-HT level is reported to correlate with pain perception (140). The involvement 

of 5-HT in pain control is confirmed by the evidence which demonstrate that 

activation of  5-HT1B and 5-HT1D receptors by a migraine drugs, triptan, can 

attenuated the migraine headache (137). 

 

 2.4.5 The 5-HT depletion and migraine  

5-HT is involved in the pathophysiology of migraine and the 5-HT receptor is 

distributed throughout the trigeminovascular nociceptive pathway in both neuronal 

and vascular compartments. The depletion of serotonin has been revealed to associate 

with the migraine pathophysiology (141,142). The clinical study in 1961 by Sicuteri 

and college demonstrated that the 5-HT level in platelets has decreased and 5-

hydroxyindole acetic acid (5-HIAA) in the urinary excretion has increased in 

migraine patients (15). Several studies have indicated that the central 5-HT 

concentration has decreased and 5-HT release in to plasma has increased (143). The 

reduction of 5-HT synthesis in the brain leads to less 5-HT neurotransmission, which 

intensifies the symptoms related to migraine (16). The low serotonin transmission in 

the migraineurs leads to an increase in the sensitivity of the auditory and visual 

system, which are the characteristic symptoms of migraine (144). The study of 5-

HT1B/1D receptor agonists, which activate the inhibitory function of prejunctional 

autoreceptors on cortical 5-HT afferents, decreased the 5-HT synthesis, which 

resulted in an increase in the sensitivity of the auditory system in migraine sufferers 

(145).  
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In the 5-HT depletion animal model, the previous study has indicated that 

CSD activation in 5-HT depleted rats resulted in the hyperexcitability of cortical 

neurons (19). However, the response in vascular compartment and mechanism 

underlying the alterations in cerebrovascular responses in the 5-HT depleted state is 

still unclear.  
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Table 2-1 Families of 5-HT receptors.  

 

Family 

Potential/Type 

Mechanism of action 

5-HT1 

Inhibitor: Gi/G0-protein coupled 

Decreasing intracellular concentration of 

cAMP 

5-HT2 

Excitatory: Gq11-protein coupled 

 

 

 

Increasing intracellular concentration of IP3 

and DAG 

5-HT3 

Excitatory: Ligand-gated Na+/K+  

Channel 

 

 

Depolarization of cell plasma 

5-HT4 

Excitatory: Gs-protein coupled  

 

Increasing intracellular concentration of cAMP 

5-HT5 

Inhibitory: Gi/G0-protein coupled 

 

Decreasing intracellular concentration of 

cAMP 

5-HT6 

Excitatory: Gs-protein coupled 

Increasing intracellular concentration of cAMP 

5-HT7 

Excitatory: Gs-protein coupled 

Increasing intracellular concentration of cAMP 

 

IP3: inositol trisphosphate; DAG: diacylglycerol; cAMP: cyclic adenosine 

monophosphate. (146,147). 
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2.5 Calcitonin gene related peptide (CGRP) 

Migraine is a neurological disorder involved with the activation of the 

trigeminovascular system. The activation of the trigeminovascular system can release   

calcitonin gene-related peptide (CGRP). This neuropeptide plays an important role in 

dilation of intracranial blood vessels and transmitting vascular nociception (148). 

CGRP, a 37-amino acid neuropeptide, which belongs to the calcitonin family (149), 

was first identified in 1983 in rats through alternative splicing of the calcitonin gene. 

CGRP exists in 2 forms, α-CGRP and β-CGRP, which both have a high sequence 

homology (150–152) and similar biological activities (153). α-CGRP is usually found 

in sensory neurons whereas  β-CGRP is found in the enteric nervous system (154). 

 

 2.5.1 Distribution and localization of CGRP  

 CGRP is widely distributed in central and peripheral nervous systems. CGRP 

is located in posterior horn cells in peripheral nervous systems. In the central nervous 

systems, CGRP is co-localized with SP in the primary sensory ganglia while co-

localized with acetylcholine in the motor neurons (154). In the cardiovascular system, 

CGRP is stored in nerve fibers which are more abundant around the arteries than 

around the veins (155). 

 

 2.5.2 Physiological functions of CGRP 

 CGRP-containing nerve fibers and CGRP receptors are wildly distributed 

throughout the body. It is demonstrated that CGRP plays an important role in various 

physiological functions. In the central nervous system, CGRP is a neurotransmitter 

involved in several neuronal responses including the pain perception (156,157). 

CGRP after binding with its receptor can enhance the release of SP (158) and other 

excitatory amino acids from primary afferent fibers (157,159).  
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 2.5.3 CGRP receptors 

 The CGRP receptor is a G-protein coupled receptor (GPCR) family (160) 

which is classified into CGRP1 and CGRP2 subtypes (153). The structure of the 

CGRP receptor is composed of seven transmembrane domains protein, termed as 

receptor activity modifying protein (RAMP) and receptor component protein (RCP) 

(160) (Figure2-5). The activation of the CGRP receptor can lead to vascular 

relaxation via both the endothelium-dependent pathway and endothelium-independent 

pathway. In the endothelium independent pathway, CGRP can have a direct action on 

the smooth muscle cells via increases in the cyclic adenosine monophosphate. In the 

previous study, it was found that CGRP receptors coexist with receptors for other 

neurotransmitters and neuromodulators, such as SP, noradrenaline, neuropeptide Y, 

vasoactive intestinal peptide in the dorsal root ganglion, and other neurons 

oho(157,161). In addition, CGRP and its receptor were also found in the 

trigeminovascular system. CGRP immunoreactivity has been detected in trigeminal 

nerve fibers and ganglion cells (162) (Figure 2-6). 

 

 

Figure 2-5 Schematic picture represents the CGRP receptor, which interacts 

with receptor activity modifying protein (RAMP1) and a receptor component 

protein (RCP) (163).  
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 2.5.4 CGRP and its role in migraine pathophysiology 

The pathophysiology of migraine demonstrates the close relationship between 

migraine attack and the activation of the trigeminovascular system. Stimulation of the 

trigeminal ganglia and sensory nerves induces the release of CGRP, which further 

dilates blood vessels and stimulates sensory nerve transmission (164). Previous study 

showed that CGRP-like immunoreactivity was expressed in trigeminal nuclei and 

trigeminal sensory nerve fibers (165). Clinical studies had reported that during the 

migraine headaches, the concentration of CGRP in plasma obtained from jugular 

venous blood had increased (166). Pathophysiology has been strongly confirmed from 

the result which demonstrates that CGRP infusion can provoke migraine-like 

headaches (167) should add the result about the CGRP receptor antagonist, Recently 

the CCRP receptor antagonist has been develop to be an anti-migraine drug (Figure 2-

6). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-6 Schematic picture represents the innervation of  trigeminal neurons 

around the cranial arterial vessel  and the action of various neurotransmitters 

with its  recepter; CGRP, calcitonin gene related peptide; R, receptor; substance 

P, SP; neurokinin A, NKA; TG; trigeminal ganglion; TRPV1, transient receptor 

potential vanilloid 1; 5HT, 5-hydroxytryptamine (168). 
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2.6 Substance P (SP) 

Substance P is firstly reported in 1931 and later considered as the 

neurotransmitter which released from the primary sensory afferent fibers and is 

involved in pain transmission (169,170). Substance P is one member of the tachykinin 

family which has a common C-terminal amino acid sequence and a varying N-

terminal sequence. The change of N-terminals is correlated with the recognition of a 

specific receptor (171).  The neurokinin 1 (NK-1) receptor has a high affinity with SP 

(172,173). Both SP and NK-1 are found in various regions of the CNS, especially the 

dorsal horn (174). The primary nociceptive afferent fibers, which terminate in the 

dorsal horn, mostly contact with nociceptive fibers, which has SP-containing 

terminals (170). In addition, SP and NK-1 are present in small-group neurons which 

are involved in stress, anxiety, and the modulation of pain (173). 

 

 2.6.1 Substance P and neurogenic inflammation 

 The central hyperexcitability and the increased sensitivity of pain are 

stimulated by the release of SP into the dorsal horn (175). In prolonged noxious 

stimulation, SP is released from the primary afferent terminal and bind to neuronal 

NK1 receptors. Excitation occurs by calcium ion influx into neuronal cells. The 

calcium-dependent nitric oxide synthase is activated and formed NO, which increased 

the intracellular cGMP level (170). 

The production of SP and other tachykinins, which are released from 

peripheral primary sensory neurons, involve in the neurogenic inflammation. SP 

prominent effect to the vessels caused the vasodilatation of arterioles, plasma protein 

extravasation in post-capillary venules, and leukocyte adhesion to endothelial cells 

(176). Furthermore, SP was found in the terminals which innervate the artery and 

veins vessel wall which suggests that SP has a role in the regulating blood flow in 

some tissues (177). The action of inhibitory receptors on sensory nerves limits the 

neurogenic inflammatory responses. These receptors include adenosine A1, dopamine 

D2, histamine H3, and 5-HT1B/D. Agonists of these receptors were considered as anti-

inflammatory agents as well as antagonists of the tachykinin receptor (178). However, 

the electrical stimulation of the sensory nerve ending effect on vasodilation was 

caused by the release of CGRP rather than SP (179) . 
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CHAPTER III 

OBJECTIVES 

 

Major objective:  

 To investigate the effect of 5-HT depletion induced with CSD on the alteration 

of BBB.  

 

Minor objectives: 

 This study was divided into two parts as follow: 

 

Part: I Study the effect of 5-HT depletion on the CSD induced the alteration of 

the BBB. 

 3.1 To investigate the effect of 5-HT depletion induced with CSD on 

ultrastructural change in endothelial cells. 

 3.2  To investigate the effect of 5-HT depletion induced with CSD on the 

decrease of tight junction (occludin, ZO-1, ZO-2). 

 3.3  To investigate the effect of 5-HT depletion induced with CSD on IgG 

extravasation. 

 

Part: II Study the effect of 5-HT depletion on the CSD induced neuropeptides 

expression in TG. 

 3.4  To determine the effect of 5-HT depletion induced with CSD on the 

expression of CGRP and SP in TG. 
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CHAPTER IV 

 

MATERIALS AND METHODS 

 

4.1 Animals 

 Wistar rats were supplied by the National Laboratory Animal Center of Salaya 

Campus, Mahidol University. 

 

4.2 Antibodies  

 Rabbit anti CGRP and rabbit anti SP were purchased from Sigma, USA. 

Rabbit anti occludin and rabbit anti ZO-1 were purchased from Invitrogen, USA. ZO-

2 was purchased from Santa Cruz Biotechnology, USA. Anti-rat IgG-HRP linked 

antibody was purchased from Cell Signaling, USA. 

 

4.3 Experimental animals 

 Adult male Wistar Furth rats weighing 250-300 grams were supplied by the 

National Laboratory Animal Center of Salaya Campus, Mahidol University. The 

animals were housed 5 animals per cages in stainless-steel bottom cages. They were 

kept in a well-ventilated room with the control of temperature (28-32°C) and 

light/dark cycle (light on from 6.00 AM-6.00 PM). All animals were allowed to have 

access to food (Purina Laboratory Chow, Premium quality feed, Zuellig Gold Coin 

Mills Pte., Ltd., Singapore) and water ad libitum. To limit the effect of nonspecific 

stress, all animals were accustomed to daily handling for at least 5 days before 

experiment. All the protocols in this study were approved by the Chulalongkorn 

University local ethics committee.  

 

4.4 Study design 

 In order to study the effect of 5-HT depletion on the alteration of the BBB 

induced by CSD, the experiment in this study were divided into two major parts as 

follows: 

 



24 
 

Part: I Study the effect of 5-HT depletion on the CSD induced the alteration of 

the BBB. 

Part: II Study the effect of 5-HT depletion on the CSD induced neuropeptides 

expression in TG. 

 

4.4.1 Study the effect of 5-HT depletion on the CSD induced alteration of 

the BBB (Part I). 

 

In this study rats were divided into 4 groups as follows (Figure 4-1):  

 Control group (n=4) 

 CSD group (n=4 

 5-HT depletion (n=4) 

 5-HT depletion with CSD (n=4) 

 

Three day before the experiment, serotonin depletion was induced by the i.p. 

injection of parachlorophenylalanine (PCPA) at the dosage of 100 mg/kg BW to the 

rat with serotonin depleted state. The 0.9% normal saline (NSS) at the same volume 

was injected into the rats with normal serotonin.  

  The CSD was induced in the rat three days after PCPA or NSS injection. CSD 

activation was generated in the rats by topical application of 3 mg. of potassium 

chloride (KCl) on the surface of the parietal cortex. For the non-CSD groups, sodium 

chloride (NaCl) 3 mg was placed on the parietal brain instead. The detail of the CSD 

activation procedure is described in the method part. 

 After 2 hours of KCl or NaCl application all animals were humanly killed by 

decapitation. The frontal cortex was collected from all animals and the tight junction 

protein expression was detected by western blot analysis. In addition, The perfused  

brain from the experiment in part I was used to study tight junction protein expression 

by immunohistochemistry. The ultrastructural tight junction was determined by 

electron microscopy. The details of these methods are described in the method part. 
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Figure 4-1 Diagram of the study design in part I. 
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4.4.2 Study the effect of 5-HT depletion on the CSD induced neuropeptides 

expression in TG. (Part II). 

 

 In this study, rats were divided into 4 groups as follows: (Figure 4-2):  

 Control group (n=4) 

 CSD group (n=4) 

 5-HT depletion (n=4) 

 5-HT depletion with CSD (n=4) 

 

After 2 hours of the KCl or NaCl application, all animals were humanly killed 

and transcardially perfused with 4% paraformaldehyde. The trigeminal ganglions 

were collected from all animals. The number of neurons with the CGRP and SP 

expression was detected by immunohistochemistry. The whole brain was dissected 

and preserved in 4% paraformaldehyde and 3% glutaraldehyde for 

immunohistochemical and electron microscopic examination, respectively (Part II).  
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Figure 4-2 Diagram of the study design in part II 
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4.5 Methods 

 4.5.1 Animal preparation 

 All experimental rats were anesthetized for the duration of the experiment by 

i.p. administration of 60 mg/kg sodium pentobarbital. Additional dosed of anesthetics 

were given as required to maintain surgical anesthesia based on the testing of corneal 

reflex and response to tail pinch. 

 

 4.5.2 Induction of Cortical Spreading Depression (CSD)  

 After tracheotomy, the rat was placed on a surgical frame and its head was 

fixed on a sterotaxic frame. The right parietal bone was exposed by mobilization of 

skin to both sides side of the midline incision. The anterior craniotomy (diameter 

about 2 mm.) was performed using a saline-cool drill in the frontal bone at 1 mm. 

anteriorly and laterally from bregma. The posterior craniotomy (diameter about 2 

mm.) was performed in the parietal bone at 7 mm. posteriorly and 1 mm. laterally 

from bregma. The anterior and posterior craniotomy openings were used for the 

placement of the electrode and for initiation of CSD, respectively. The dura was 

opened by using a microneedle. An artificial cerebrospinal fluid was infused in the 

intracranial space. Solid KCl 3 mg. was placed on the cortical surface to induce a 

repeated pattern of cortical depolarization characterizing the CSD. However, NaCl 

application, which had no effect on cortical activity was placed in control and 5-HT 

depletion without CSD groups. 

 

 4.5.3 Immunohistochemical study 

 - Perfusion and tissue preparation  

After 2 hours of KCl or NaCl application, animals were further processed 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 trancardially with 250 ml PBS, followed by 250 ml 

of 4% paraformaldehyde in 0.1M PBS, pH 7.4. After perfusion, brains were removed 

and a small portion of the anterior parietal cortex was taken out and cut into multiple 

1x1 mm2 cubes. Then, these small pieces were immediately immersed in 3% 
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glutaraldehyde in 0.1M PBS, pH 7.4 for further transmission electron microscopy 

processing. The brain at 7mm anterior to the bregma and the right trigeminal ganglion 

were immersed in 4% paraformaldehyde in 0.1M PBS, pH 7.4 overnight at 4°C Next, 

the tissue was dehydrated and embedded in paraffin block. The longitudinal sections 

of TG and coronal sections of the brain were cut 3 µm thick by microtome. Sections 

were picked up in 1 in 6 series, placed on the super-frost plus slide, and heated at 

60°C overnight. 

 

 - Immunohistochemical study for CGRP, SP, Occludin, ZO-1 and ZO-2 

 After deparaffinization, the sections were processed for the antigen retrieval, 

endogenous peroxidase blocking and non-specific binding blocking. The labeling of 

CGRP and SP were done by incubated the sections with rabbit  anti CGRP (1:6000 

Sigma, USA), SP (1:2000 Sigma, USA) at 37°C for 30 min. Immunoreactivity of 

CGRP  and SP was detected by using a ultraView Universal DAB Detection Kit 

(Ventana, USA). After that, sections were dehydrated in ethanol and cleared with 

xylene. The whole process was operated on the automatic machine for slide staining 

(Ventana). The stained section was cover slipped with a mounting medium and the 

expression of CGRP and SP immunoreaction was examined under light microscope. 

  For occludin and ZO-1 immunohistochemistry, the coronal sections of the 

brain were deparafinized and processed by a slide staining machine (Ventana). The 

labeling of occludin and ZO-1 were done by incubation of the sections with rabbit anti 

occludin (1:100 Invitrogen, USA), and rabbit anti ZO-1 (1:100 Santa Cruz, USA) at 

37°C for 30 min. Immunoreactivity of occludin and ZO-1 was detected by using an 

ultraView Universal DAB Detection Kit (Ventana, USA). The stained section was 

cover slipped with a mounting medium and the expression of occludin and ZO-1 was 

examined under a light microscope. 
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  - Data Collection 

  Measurement of the number of CGRP and SP immunoreactive cells 

 CGRP immunoreactive (CGRP-IR) neurons were distinguished by their dark 

stained cytoplasm. The expression of CGRP in TG was determined by counting the 

CGRP-IR neurons in TG from 3 selected sections per animal. The TG sections with 

an average of 800-1200 ganglion cells were selected for the study. The data was 

analyzed and reported as the percentage of CGRP-IR cells per section. The identity of 

all samples was concealed throughout the counting process. 

 SP immunoreactive (SP-IR) neurons were distinguished by their dark stained 

cytoplasm. The expression of SP in TG was determined by counting the SP-IR cells 

by the same criteria as CGRP expression which is described above. 

 

  The expression of occludin, ZO-1, and ZO-2 in the cerebral cortex 

The occludin immunoreactive area in the brain section was characterized by 

their dark stains along the cerebral vessel. The expression of ZO-1 and ZO-2 was 

presented at cerebral vessel in the same pattern as occludin which is described above. 

 

 4.5.4 Electron microscopic study 

  For the electron microscopic study, the frontal cortex was removed and cut 

into small cubes sized 1 mm3. All specimens were immediately fixed in 3% 

glutaraldehyde overnight and posted-fix with 1% osmium tetroxide. Specimens were 

dehydrated through 30%, 50%, 70%, 95% and 100% ethanol, respectively. They were 

passed through propylene oxide two times, infiltrated overnight, and embedded in 

plastic media (Epon 812; Electron Microscopy Sciences, Ft. Washington, USA) 

incubated at 60°C for polymerization. Ultramicrotome with a glass knife was used for 

semi-thin and ultra-thin sectioning. Semi-thin sections (0.5 μm thick) were stained 

with toluidine blue in order to select the suitable area for investigation by electron 

microscopy. The ultra-thin sections (70-90 nm thick) were placed on copper grid and 

stained with uranyl acetate and lead citrate. All of stained specimens were examined 

under the transmission electron microscope (JEM 1210; JEOL, Tokyo, Japan).  
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 - Quantitative study: alteration of tight junction alignment 

 In order to evaluate the alteration of the tight junction between endothelial 

cells, ten capillaries (diameter range between 8-10 µm) per sample were selected. 

Electron micrographs which cover the area of tight junction were taken from every 

capillary at the direct magnification of 8,000 times. The angle of the tight junction in 

the endothelial cell was determined by measuring the angle with vessel lumen (Figure 

4-3). 

 

 

 

 

Figure 4-3 The electron micrographs show the criteria of tight junction angle 

assessment. The tight junction (TJ) is demonstrated in between endothelial cell (A). 

The alteration of the tight junction alignment is evaluated by monitoring the angle 

between the tight junction plane of the endothelium (dash line) and the vessel lumen 

(thick line). In this study,   the angle of tight junction was characterized into two 

groups: normal angle (0-20 degree) and high angle (21-90 degree) (Bar = 300 nm). 
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4.5.5 Western blot analysis 

 - Protein extraction 

Animals were deeply anesthetized with an excessive dose of sodium 

pentobarbital and killed by decapitation, brains were promptly removed. The 

ipsitlateral frontal cortex was dissected on ice, frozen in liquid nitrogen and stored at -

80°C until used. Frontal cortex sample were homogenized at 4°C in RIPA buffer (Cell 

signaling, USA), containing a protease inhibitor cocktail (Thermo, USA) After 

centrifugation at 12,000 g for 15 min, supernatant were collected as protein fraction 

and stored at 80°C. Protein concentrations were measured using BCA protein assay 

kit (Thermo, USA) with bovine serum albumin as standard. 

 

 - Western blotting 

The extract protein from cerebral cortex (1o µg) was solubilized in SDS 

sample denatured in 95°C for 5 min and separated on SDS-10% polyacrylamide gels. 

The protein was transferred at constant 0.35 Amp into nitrocellulose membrane. The 

membrane was blocked in Tris-buffered saline containing 0.1% Tween 20 (TBST) 

and 5% dry milk for 1 h at room temperature then incubated with anti rat IgG-HRP 

link (1:1000 Cell Signaling, USA), rabbit anti occludin (1:500 Invitrogen, USA), 

rabbit ZO-1 (1:1000 Invitrogen USA) and rabbit anti ZO-2(1:1000, Invitrogen USA) 

at 4°C for the detection of IgG, occludin, ZO-1 and ZO-2, respectively. After 

overnight incubation all membranes were washed with TBST and incubated with 

horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. 

Activity of peroxidase was detected by enhanced chemiluminescence (ECL) system. 

Intensity of the bands was measured by densitometry using software and results are 

expressed as percentage of the housekeeping protein   β-actin.  
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4.6 Statistical analysis 

 All values were presented as mean ± standard error of mean (SEM). The 

percentage of CGRP and SP expression in TG were present in mean ± SEM. The ratio 

of tight junction proteins (occludin, ZO-1, ZO-2), IgG and β-actin were analyzed by 

Scion Image. One-way ANOVA was used for statistical analysis. Probability values 

of less than 0.05 were considered to be statistically significant. All statistical analyzes 

were performed using Prism5. 
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CHAPTER V 

 

RESULTS 

 

5.1 Study the effect of 5-HT depletion on the CSD induced the alteration of the 

BBB. (Part: I) 

 

 5.1.1 The effect of 5-HT depletion induced with CSD on ultrastructural 

change of endothelial cells. 

 

Cerebral capillaries are composed of the endothelial cells which are different 

from other non-neural endothelium cells. They are continuous endothelial cells which 

connect to each other by tight junction. In physiological condition, they express very 

few microvilli and pinocytic vesicle which indicate the limitation of transcellular 

transportation through these microvessels. The damage in the BBB integrity can be 

indicated by the alteration of all ultrastructures mentioned above. The abnormality of 

endothelial cells was characterized by the increase in the number of microvilli, 

pinocytic vesicles, astrocytic footplate swelling, and changing in alignment of tight 

junction. 

 

 A. Alteration in pinocytic vesicles and microvilli 

In the control group, endothelial cell demonstrated a few pinocytic vesicles 

and microvilli formation. In CSD group, an increase in the number of pinocytic 

vesicles and microvilli in endothelial cells was observed as compared with the control 

group. In 5-HT depletion, we observed an increase in the number of pinocytic vesicles 

and microvilli as well. However, the highest density of pinocytic vesicles and 

microvilli was observed only in endothelial cells obtained from the 5-HT depletion 

with CSD group. Our study revealed that among those all experimental groups, the 

endothelial cells obtained from the 5-HT depletion with CSD activation group 

demonstrated the most prominent ultrastructural alterations (Figure 5-1, Figure 5-2). 
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  B. Alteration of astrocytic footplate swelling  

 The astrocytic footplate swelling is characterized by clear space around the 

vessel. The perivascular astrocytic footplate swelling was hardly observed in the 

control group.     In the CSD activation group, astrocytic footplate swelling was rarely 

found. However, when we observed the capillaries in the rats obtained from the 

depletion of 5-HT In combination with or without CSD activation, a more severe 

astrocytic foot pate swelling was observed. This result indicates that the combination 

of CSD activation and 5-HT depletion increases the severity of astrocytic footplate 

swelling which can lead to cerebral vessel alteration (Figure 5-2). 
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Figure 5-1 The electron micrographs show the pinocytic vesicles in the 

endothelial cell obtained from the control (A), CSD (B), 5-HT depletion (C), and 

5-HT depletion with CSD (D) group. Bar = 300 nm 
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Figure 5-2 The electron micrographs show the microvillus formation (M) and the 

astrocytic footplate swelling (a) which are observed in the capillary obtained 

from the  control (A), CSD (B), 5-HT depletion (C), and 5-HT depletion with 

CSD group (D) Bar = 900 nm 
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  C. Alteration in tight junction alignment 

The alteration of the tight junction alignment was evaluated by monitoring the 

angle between the tight junction plane of the endothelium and the vessel lumen which 

was classified into two categories as normal (the angle between the tight junction and 

the vessel lumen ranges from 0 to 20 degrees) and high angle (the angle between the 

tight junction and the vessel lumen ranges from 20 to 90 degree).  In this study, the 

proportion of the normal angle tight junction was highest in the control group and 

lowest in the 5-HT depletion with CSD activation group. On the other hand, the 

proportion of tight junction with high angle was lowest in the control and highest in 5-

HT depletion combination with CSD group (Figure 5-3, Figure 5-4). 

 

  

Figure 5-3 The bar graph shows the average of the proportion of endothelial 

tight junction alignment in normal and high angle obtained from the control, 

CSD, 5-HT depletion, and 5-HT depletion with CSD groups. The data are mean 

± SEM (n=4). P <0.05 compared with the control group. 
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Figure 5-4 The electron micrographs show the alignment of the tight junction 

between endothelial cells obtained from  the control (A), CSD (B), 5-HT 

depletion (C), and 5-HT depletion with CSD (D) groups. Bar= 300 nm 
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5.1.2 The effect of serotonin depletion on the CSD induced alteration of 

tight junction protein (occludin, ZO-1, and ZO-2) 

 

 A. Expression of occludin 

The quantitative result from western blotting of the expression of occludin had 

demonstrated that this expression in CSD and 5-HT depletion group was lower than 

those observed in the control group, but the difference was not statistically significant. 

Interestingly, induction of CSD in the rat with a 5-HT depleted state resulted in the 

significant decrease of the expression of the occludin in the cerebral cortex as 

compared with those measured in the control group (Figure 5-5). 

The immunohistochemical study of occludin expression in cerebral cortex 

demonstrated that occludin located along the microvessels. The qualitative assessment 

of occludin demonstrated the same pattern in the result as that obtained from western 

blot analysis. In the control group, an abundance of occludin positive vessels was 

widespread in the cerebral cortex. Either CSD induction or 5-HT depletion decreased 

the occludin expression in the cerebral cortex. Interestingly, the lower number of 

occludin positive vessel in the cerebral cortex obtained from the 5-HT depleted rat 

with CSD activation was clearly demonstrated (Figure 5-6). 
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  Occludin   65 kDa 

  

  β- actin      43 kDa 

 

 

 

Figure 5-5 Effect of serotonin depletion on the CSD induced expression of 

occludin. The expression of occludin in the cerebral cortex obtained from all 

experimental groups was analyzed by western blotting. Quantitative data are 

expressed as a relative density to        β-actin. The data are mean ± SEM (n=4). P 

<0.05 compared with the control group. 
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Figure 5-6  The photomicrographs show the expression of occludin 

immunopositive vessel in the cerebral cortex (ipsilateral to the KCl application) 

obtained from the control (A), CSD (B), 5-HT depletion (C), and 5-HT depletion 

with CSD (D) group. Bar = 100 µm 
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 B. ZO-1 Expression  

The expression of the TJ protein ZO-1 was detected in the cerebral cortex 

obtained from all experimental groups. When comparing the level of the expression in 

all four experimental groups, it was found that the level the level of ZO-1 expression 

was highest in the control group. The lowest level of ZO-1 expression was obtained 

from the 5-HT depletion with CSD group. However, all of the differences between 

groups did not reach statistical significance as shown in the data in Figure 5-7. 

The immunostaining of ZO-1 in cerebral cortex shows the result with the same 

pattern as the result from western blot analysis. ZO-1 was detected along the 

microvessels similar to the pattern of occludin.  Both CSD activation and 5-HT 

depletion in the normal state slightly decreased the number of ZO-1 positive vessels 

in the cerebral cortex. However, no significant difference between the levels of the 

expression of ZO-1 for all groups was observed (Figure 5-8). 
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  ZO-1    220 kDa 
 

 β- actin  43 kDa  

 

 

 

Figure 5-7 Effect of 5-HT depletion on the CSD induced expression of ZO-1. The 

ZO-1 expression in the cerebral cortex obtained from all experimental groups was 

analyzed by western blotting. Quantitative data are expressed as a relative density to 

β-actin. The data are mean ± SEM (n=4). (P>0.05) 
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Figure 5-8  The photomicrograph show the expression of ZO-1 immunopositive 

vessels in the cerebral cortex (ipsilateral to the KCl application) obtained from 

the  control (A), CSD (B), 5-HT depletion (C), and 5-HT depletion with CSD (D) 

group. Bar =100 µm 
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 C. ZO-2 Expression  

The expression of ZO-2 in the cerebral cortex was examined by western 

blotting.  The quantitative result demonstrated that CSD activation or the 5-HT 

depletion alone had no effect on the ZO-2 expression in the cerebral cortex. The 

average relative density of ZO-2 to β-actin was 0.72 ± 0.033, 0.58 ± 0.032, and 0.67 ± 

0.013 for control, CSD, and 5-HT depletion groups respectively.  On the other hand, 

the integration of the 5-HT depleted state with CSD activation could significantly 

decrease the expression of ZO-2 as compared with the  control group (the average 

density of ZO-1 was 0.72 ± 0.033 and 0.53 ± 0.047 for the control and 5-HT depletion 

with CSD activation group, respectively) (Figure 5-9). 
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  ZO-2  160 kDa 

 

  β-actin   43 kDa 

 

 

 

Figure 5-9 Effect of serotonin depletion on the CSD induced expression of ZO-2. 

The ZO-2 expression in the cerebral cortex obtained from all experimental groups was 

analyzed by western blotting. Quantitative data are expressed as a relative density to  

β-actin. The data are mean ± SEM (n=4). P <0.05 compared with control group. 
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5.1.3 The effect of 5-HT depletion on the CSD induced IgG extravasation. 

IgG extravasation is one marker which indicates the damage of the BBB 

integrity. IgG was determined by western blotting which can detect both the IgG 

heavy chain          (65 kDa) and the light chain (25 kDa) protein. In this study, In order 

to detect the IgG extravasation, the expression of IgG light chain was measured in the 

cerebral cortex obtained from every experimental group. Our results demonstrated 

that in the rat with normal 5-HT level, CSD activation could significantly increase the 

level of IgG extravasation as compared with that in the control group. Depletion of 5-

HT alone did not have any effect on the IgG level. Interestingly, in combination with 

CSD activation, the depletion of 5-HT could significant increase the IgG 

extravasation as compared with that in the control group. However, when comparing 

the level of IgG extravasation between the normal 5-HT rat and 5-HT depleted rat 

with CSD activation, no significant difference in the IgG level was observed. These 

results indicate that CSD activation can increase IgG extravasation which represents 

the disturbance of BBB integrity (Figure 5-10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

 

  IgG light chain  25 kDa 

 

  β - actin  43 kDa 

 

Figure 5-10 Effect of 5-HT depletion on the CSD induced IgG extravasation. The 

IgG light chain (25 kDa) expression in the cerebral cortex obtained from all 

experimental groups were analyzed by western blotting. Quantitative data are 

expressed as a relative density to β-actin. The data are mean ± SEM (n=4). a
P <0.05 

compared with the control group. 
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5.2 The effect of 5-HT depletion on the CSD induced neuropeptides expression of 

in TG.(Part: II) 

In this experiment, all slides with TG sections were examined under the light 

microscope and scanned with a slide scanner (Aperio ScanScope, Aperio, Vista, CA) 

using computer software Aperio ImageScope version 12.0.0.5039 (Aperio, Vista, 

CA). 5 Areas (500 µm x 300 µm) were randomly selected from the TG section from 

every experimental rat. The results in this part are subdivided into two parts as 

follows: 

 

5.2.1 The effect of 5-HT depletion on the CSD induced CGRP expression 

in TG. 

The CGRP-immunoreactive (CGRP-IR) neurons were defined as those with 

either completely dark brown stains in their cytoplasm (homogenous pattern) or dark 

brown granules in their cytoplasm (granular pattern). The results of CGRP 

immunostaining had shown that most of CGRP-IR neurons were small to medium 

sized neurons. The total number of neurons and the number of CGRP-IR neurons 

were counted in 5 selected areas from each slide. Data were expressed as average 

number of mean and SEM of the percentage of CGRP-IR neurons per TG section 

(Tables 5-1, Figure 5-11). 

We have found that CSD activation could significantly increase the percentage 

of CGRP-IR neurons in the TG as compared with those in the control group. The 

depletion of 5-HT without CSD activation had no effect on the CGRP expression. The 

number of CGRP-IR neurons in this group was not different from control group. 

However, the depletion of 5-HT in combination with CSD activation could 

significantly increase the number of CGRP –IR neurons as compared with CSD and 

control groups.  All of data is shown in Table 5.1 and Figure 5-12. 
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Table 5.1 The effect of 5-HT depletion on the CSD induced CGRP expression in 

TG. 

 

 The data are expressed as the mean ± SEM 
 

P<0.05 compared with control group 
# 

P<0.05  compared with CSD group 
δ 
P<0.05 compared with 5-HT depletion group 

 

 

 

 

 

 

 

 

Variables percentage of -CGRP IR neuron 

Control 26.18 ± 1.84 

CSD 35.53 ± 0.44  

5-HT depletion 34.36 ± 1.20 

5-HT depletion  with CSD 44.24 ± 2.43  # δ 
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Figure 5-11 The bar graph shows the mean value ± SEM of the percentage of 

CGRP-IR neurons in the TG sections obtained from the control, CSD, 5-HT 

depletion, and 5-HT depletion with CSD group. The data are mean ± SEM (n=4).          
a 

P<0.05 compared with the control group. b 
P<0.05 compared with the CSD 

group. C 
P<0.05 compared with the 5-HT depletion group. 
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Figure 5-12 The photomicrographs show the CGRP-IR neurons in the TG 

section (ipsilateral to the KCl application) obtained from the  control (A), CSD 

(B), 5-HT depletion (C), and 5-HT depletion with CSD (D) groups. Bar = 100 µm 
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5.2.2 The effect of 5-HT depletion on the CSD induced SP expression in 

TG.  

The substance P-immunoreactive (SP-IR) neurons were defined as the neurons 

with dark brown stains in their cytoplasm. The majority of SP-IR neurons were 

neurons of small to medium size. The large diameter neurons were usually SP-IR 

negative. The total number of neurons and the number of SP-IR neurons were counted 

from each slide. Data were expressed as mean and SEM of the percentage of SP-IR 

neurons per TG section. (Table 5.2 Figure 5-13) 

Substance P immunohistochemistry showed that neither 5-HT depletion nor 

CSD activation had effect on the SP expression in TG. However, the depletion of 5-

HT in the combination with CSD activation could significantly increase the 

percentage of SP-IR neurons in the TG as compared with the control group (Figure 5-

13, Figure 5-14). 

Based on these results it can be concluded that with the CSD activation, the 

depletion of 5-HT can enhance the expression of neuropeptides, CGRP and SP in TG 

as compared with those observed in rats with a normal level of  5-HT.   
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Table 5.2 The effect of 5-HT depletion on the CSD induced SP expression in TG. 

 

Variables percentage of SP-IR neuron 

Control  14.82 ± 2.05 

CSD   18.83 ± 2.33 

5-HT depletion   22.89 ± 4.91 

5-HT depletion with CSD  37.55 ± 2.02  # δ 

 

The data are expressed as the mean ± SEM 
P <0.01 compared with the control group  
#
P <0.01 compared with the CSD group 

δ
P <0.05 compared with the 5-HT depletion group 
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Figure 5-13 The bar graph shows the mean value ± SEM of the percentage of SP-

IR neurons in the TG sections obtained from the control, CSD, 5-HT depletion, 

and 5-HT depletion with the CSD group. The data are mean ± SEM (n=4). 
P<0.01 compared with the control group. #

P<0.01 compared with the CSD 

group. δP<0.05 compared with the 5-HT depletion group. 
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Figure 5-14 The photomicrographs show the SP-IR neurons in the TG section 

(ipsilateral to the KCl application) obtained from the control (A), CSD (B), 5-HT 

depletion (C), and 5-HT depletion with the CSD (D) group. Bar = 100 µm 
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CHAPTER VI 

 

DISCUSSION 

 

The present results demonstrate that the depletion of 5-HT by PCPA injection 

can induce an increase in the CSD, which in turn induces the alteration the BBB 

integrity. These abnormalities are demonstrated in parallel with an increase in CGRP 

and SP expression in TG. 

The depletion of 5-HT is recognized as an important factor involved in 

migraine pathophysiology. Migraine is a neurovascular disorder which has a great 

impact on public health due to the disability the patient during a migraine attack. Its 

pathogenesis is tightly associated with the activation of the trigeminovascular system 

(6) which can result in both neural and vascular responses. In neural compartment, the 

excitation of cortical neurons can induce several neurotransmitters released from the 

perivascular nerve terminal such as NO, CGRP, and SP (7). Those vasoactive 

neurotransmitters can induce the neurogenic inflammation around the cerebral vessels 

and cause a vasodilatation. The neurogenic inflammation as well as the distension of 

cerebral vessels can either activate or sensitize the perivascular neurons leading to an 

increased release of vasoactive neuropeptide and finally can damage the BBB 

integrity (6,9). Studies in the CSD headache animal model had demonstrated that the 

induction of CSD can induce the leakage of plasma proteins out from the cerebral 

vessels, and the increase in the BBB permeability might relate to the up-regulation of 

the MMP-9, which is a proteolytic enzyme, which has a function to breakdown 

extracellular matrix after activation (10,180). 

Our present study in the CSD animal model has confirmed the previous 

hypothesis, all parameters indicating the abnormality of BBB integrity are significant 

increased in CSD group as compared with control group. Interestingly, we have also 

found that the disruption of BBB integrity induced by CSD activation in the 5-HT 

depletion group is more prominent than those observed in CSD activation in normal 

5-HT. 
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In this study, the increase in the ultrastructural alterations of the endothelial 

cell induced by CSD was demonstrated in the 5-HT depletion group. The number of 

microvilli and pinocytic vesicles and the swelling of perivascular astrocytic footplate 

were higher in the5-HT depleted group as compared with the CSD group. The study 

of the alteration of tight junction protein after CSD activation also indicated an 

increase of BBB permeability in the5-HT depleted state while no significant change in 

the level of ZO-1 was observed, the occludin and ZO-2, important tight junction 

proteins, were significantly decreased in 5-HT depletion as compared with the normal 

5-HT group. These results indicate that with the CSD activation the depletion of 5-HT 

can result in the increment of the abnormality of the endothelial cell and BBB 

disruption compared with those observed in normal 5-HT. 

Occludin is the most dominant of all tight junction proteins which plays an 

important role in the barrier function of the BBB. Accumulative data have indicated 

that the alteration of occludin leads to BBB disruption in several diseases.  Studies in 

inflammatory pain models have demonstrated that even though no change in the level 

of ZO-1 present, the decrease in the occludin level was observed in parallel with the 

increase of BBB permeability (60,181).  In addition, Witt and his colleague had 

demonstrated that induction of hypoxia-reoxygenation, which can induce the 

rearrangement of tight junction structure, could increase the paracellular diffusion and 

alteration of occludin expression but had no effect on claudin-3 and ZO-1 (182). 

Based on these accumulative evidences, the decrease in the ZO-2 and occludin 

observed in the 5-HT depleted group can suggest that the BBB integrity of the 

cerebral vessels obtained from this group are more sensitive to the CSD activation 

than those obtained from normal 5-HT. In this study, increased alteration in the BBB 

integrity was observed in the animal with 5-HT depletion.  

Regarding the BBB structure, the alteration in the tight junction alignment is 

one of the important markers of BBB disruption. The results obtained from several 

studies have indicated that in the physiological condition, the tight junction alignment 

between the cerebral endothelial cells is mostly in the parallel plane with the vessel 

lumen. With this alignment, the sealing between endothelial cells by tight junction is 
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tightest. In the pathophysiological condition, the change in the alignment of tight 

junction had been observed. The higher angle of tight junction alignment to the lumen 

was, the more increase in permeability of cerebral vessel was observed (183,184). In 

this study, the observation of the alignment of tight junctions by electron microscope 

did confirm the result from western blot analysis.  The CSD activation could 

significantly reduce the proportion of tight junction with a normal angle as well as 

increase the proportion of tight junction with a high angle in the5-HT depleted rat as 

compared with those observed in the control group.  

In addition, the swelling of the astrocyte footplate which is a significant 

marker for indicating the BBB disruption was prominent in the 5-HT depletion as 

well. The perivascular endfoot of astrocytes which is closely attached to the 

microvessel wall is another important structure for maintaining the BBB integrity. 

The footplate swelling and detachment of, astrocyte, which is revealed by using the 

transmission electron microscope is recognized as a marker of BBB disruption and 

brain edema in ischemic models (184,185). The study in the astrocytic endfoot 

revealed that plenty of water channel aquaporin-4(AQP4) and the K+ channel, which 

are the channel involve in ionic and water regulation across the BBB, were 

demonstrated on those end feet (34). Several studies had indicated that the up-

regulation of AQP4 is involved in the astrocyte footplate swelling and BBB disruption 

(186–188) Based on the endothelial ultrastructural alterations together with the 

decrease in the tight junction proteins observed in 5-HT depletion with CSD 

activation group, we can hypothesize here that the CSD activation in 5-HT depletion 

can induce the increment of BBB permeability more than those observed in the 

control group.  

 However, study of the IgG extravasation, the parameter indicating the leakage 

of plasma protein into the brain parenchyma, could not confirm this hypothesis. 

The CSD activation could significantly increase the IgG extravasation as compared 

with the control group. However, there is no significant difference when comparing 

the CSD induced IgG extravasation between the normal 5-HT and the 5-HT depletion. 
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Concerning the distribution of the 5-HT receptor in the brain, the receptors are 

widely distributed on both vascular and neural compartments. The localization of the 

5-HT1B receptor on the cerebral vessels has been reported (189). Besides, several 

studies have demonstrated that the 5-HT1B and 5-HT1D receptors have been observed 

at the presynaptic nerve terminal including the perivascular nerve terminal. Since 

these two receptors are G (Gi) protein couple receptors, binding with these receptors 

will result in the decrease of cAMP (146,147,190), therefore the 5-HT is known as a 

neurotransmitter which can modulate in both vascular and neural responses. At a 

vascular response, binding with its receptor can result in the vasoconstriction effect 

(133). While binding with its receptor at the presynaptic site can result in the decrease 

release of neurotransmittors (including SP, CGRP and NO) from nerve terminal 

(130). 1992). Thus, in the condition with low 5-HT, all inhibitory actions from 5-HT 

are decreased which results in the increase of several vasoactive neurotransmitters 

released from those nerve terminals. 

 We have earlier demonstrated that the production of NO was increased in the 

condition with 5-HT depletion (191). NO is well known as a gas molecule which at a 

high concentration can damage the BBB integrity via the ONOO- formation (192). 

Thus, the increment of the NO production in the brain due to the depletion of 5-HT is 

at least one mechanism underlying the alteration of the BBB observed in this study. 

However, the involvement of SP and CGRP, two potent vasoactive neurotransmitters 

released from the trigeminal ganglion, has been considered in this study as well. 

 

 It has been known that CSD activation can activate the trigeminal neurons at 

the trigeminal ganglion to induce the release of the vasoactive compounds such as 

NO, VIP, CGRP, and SP from the nerve terminal at the perivascular space (112,193). 

The results from this study are in agreement with this hypothesis. The CSD activation 

could enhance an increase in the CGRP and SP production in TG. Interestingly, we 

have discovered that the CSD activation in the 5-HT depleted state did enhance the 

expression of both neuropeptides in TG.  The number of both CGRP and SP-IR 

neurons in TG had significantly increased in 5-HT depletion as compared with the 
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normal 5-HT state. 5-HT receptors are widely distributed throughout the body in both 

the neuronal and vascular compartment. In TG, it has been demonstrated by the 

studies in both human and rodent that the 5-HT1receptor is distributed in the 

trigeminal ganglion neurons. Using the immunofluorescent technique, co-localization 

of 5-HT1B and 5-HT1D receptor with CGRP, SP and NOS immunoreactive neurons in 

both human and rat trigeminal ganglion (194,195). Since the 5-HT1B/1D receptor is a G 

protein couple (Gi) receptor, these results indicate that 5-HT can modulate the release of 

those neuropeptides and the activation of those trigeminal neurons by the activation of 

5-HT1 receptor on those trigeminal ganglion neurons. In the condition with a low 

level of 5-HT, the inhibitory control of 5-HT via the 5-HT1 receptor activation is 

decreased, This phenomenon can lead to the hyperexcitation of the trigeminal neurons 

and result in an increase in the expression of CGRP and SP in TG, which can finally 

lead to the excessive release of vasoactive neuropeptide at the perivascular area. The 

accumulation of those neuropeptides can lead to more neurogenic inflammation and 

finally damage to the BBB integrity. 

 The schematic diagrams explaining the difference between the activation of 

trigeminovascular system by CSD in normal 5-HT level and 5-HT depleted state are 

demonstrated in Figure 6-1 and Figure 6-2, respectively.  

 Based on these findings, we can conclude that 5-HT depletion affects the instability 

of the BBB. A decrease in the modulation of 5-HT can lead to a massive release and 

accumulation of CGRP and SP after CSD activation. In combination with a decrease in the 

vasoconstriction of vessels, CGRP and SP could increase the dilation of the cerebral vessels 

and neurogenic inflammation around the blood vessels, which further enhance the BBB 

alteration. These phenomena can finally result in the damage of BBB. 
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Figure 6-1 Schematic diagram of trigeminovascular system activation by CSD in 

the condition with normal 5-HT level.  
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Figure 6-2 Schematic diagram of trigeminovascular system activation by CSD in 

the condition with 5-HT depletion.  
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CHAPTER VII 

 

CONCLUSION 

 

 The results obtained from this study demonstrated that the depletion of 5-HT 

could induce an increase in the CSD-induced alteration of the BBB integrity. Those 

abnormalities were demonstrated in parallel with an increase of CGRP and SP 

expression in TG. It can be suggested that the depletion of 5-HT alters the stability of 

the BBB. In combination with CSD activation, the BBB in the condition with 5-HT 

depletion can be more damaging than in abnormal 5-HT condition. Since the 5-HT 

depletion is tightly associated with migraine, our results can suggest that a low level 

of 5-HT can be one explanation for a high risk of cerebrovascular disease in migraine 

patients.  
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