EFFECT OF CHRONIC PARACETAMOL TREATMENT ON THE CORTICAL
SPREADING DEPRESSION INDUCED THE ALTERATION OF
BLOOD BRAIN BARRIER INTEGRITY

Miss Waranurin Yisarakun

unAngauasuiiudoyaatuiinveinginudaauntnsfing 2554 liusnisluadstyaign (CUIR)
Duuiludeyavesfidndvesinerinug Nasinniaiodinivede
The abstract and full text of theses from the academic year 2011 in Chulalongkorn University Intellectual Repository (CUIR)

are the thesis authors' files submitted through the University Graduate School.

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy Program in Medical Science
Faculty of Medicine
Chulalongkorn University
Academic Year 2014

Copyright of Chulalongkorn University



NANTENUVBINIS LA UEINISINAILDaRE19585998N15UAsUwUAY
Y94 blood brain barrier integrity Lﬁagﬂﬂizﬁuéfw

U59n5)n130! cortical spreading depression

WNENITIEUNS Bansan

v !
1 =

endnusiiludumilivosns@inemundnansuigaivemansauidadi
AU I VINYIAIERTNITUNNE
ANZUNNEANENT PNAINTUUNTINE T
Un1sfnwn 2557

fUaVEURIPAINTAIIITINeSY



Thesis Title

By
Field of Study
Thesis Advisor

Thesis Co-Advisor

EFFECT OF CHRONIC PARACETAMOL TREATMENT ON
THE CORTICAL SPREADING DEPRESSION INDUCED THE
ALTERATION OF BLOOD BRAIN BARRIER INTEGRITY

Miss Waranurin Yisarakun

Medical Science

Assistant Professor Supang Maneesri le grand, Ph.D.
Professor Anan Srikiatkhachorn, M.D.

Assistant Professor Thananya Thongtan, Ph.D.

Accepted by the Faculty of Medicine, Chulalongkorn University in Partial Fulfillment

of the Requirements for the Doctoral Degree

Dean of the Faculty of Medicine

(Associate Professor Sophon Napathorn, M.D.)

THESIS COMMITTEE

Chairman

(Assistant Professor Supang Maneesri le grand, Ph.D.)

Thesis Co-Advisor

(Assistant Professor Thananya Thongtan, Ph.D.)

Examiner

(Associate Professor Supathra Amatyakul, Ph.D.)

Examiner

External Examiner

(Associate Professor Banthit Chetsawang, Ph.D.)



a, <

93U a1san : kansenuvean1sldTusimsnenniteaegiuiefironsiuAsuLUaes blood brain barrier

]

integrity Lﬁagnﬂszﬁuﬁuwmgnmj cortical spreading depression (EFFECT OF CHRONIC PARACETAMOL TREATMENT ON
THE CORTICAL SPREADING DEPRESSION INDUCED THE ALTERATION OF BLOOD BRAIN BARRIER INTEGRITY) o.fiusnwn

Inefinusuan: we. 3. ANNA NEAT lensesd, 9. AUTNWINEITINUSTIN: A, AT, U, elud FRifesfuas, e, s, sy neady,

D]

nun.

< aa 1 ' = a < o o awv o
EJ’W‘W’]?WL‘llfﬂm?lli’]ﬁL'U‘LIEJ’WIuﬂmlﬂuﬂ?iiﬂwﬁa’m’liﬂlﬂﬁw‘} swislsatndseylunsuudussevnaiu Tuﬂf«]fguu ANUIIYITUIU

nilaldseauissasiuaureansldomwnniuoang193e5mosEUUA199 18919 BTINTssTUUMRDALEER  Ipsarnelanansaniudiszuy

blood brain barrier (BBB) wnsaupslalagnss feuieonaaziinansznuse BBB integrity Ialuiu MuluauidelifedonisAnwinansynuuesns

lasugmnsuennueasgradeunau (1 9alus) Lages193e5e (15 U uaz30 ) Aiddensiudsunlasvesnasnidonauoauazn1SLanIonnyas

<

15 calcitonin gene related peptide (CGRP) Sauffunisnssdudisusingnisalnesica alsaia Ansadu (CSD) laevinisuusmynaaesangiiug

3

a_ v & oA ' oA ve v v 5 1A v 1A v ' o
Jannoenilu 4 N{U AB NGUAIUAL ﬂE!lWﬂ,ﬂTUﬂ’]iﬂixQuﬂ?ﬂﬂi’]ﬂgﬂ?im CSD ﬂ@hmﬂiUEﬂW’]i%ﬁﬂﬁﬂ’mﬂﬁ LLﬁxﬂEjﬁJﬂlﬂiUEl’]W?i']L‘UmGl’m@ﬁi'!llﬂU

P e‘ o e vy aa g 0 ¥ o oo oo LY VS S S &
minimumaﬂﬁngmm Csb Imanquwlmumwww&nmmuaa alasuen (200 fadnTusauninianilsilaniy) dadrvesiouiissnsaunen
° 19 toav ve a 19 v S Yo oA & [T SY) 1A ve ' & o g 19
mmunqwlmmmmaﬂuwau wazlasunisassdotudaiiondunan 15 uaz30 Ju ﬁWWiUMHﬂQNWIWiUU’]BSNLi@i\iLUuL’mﬂ 15 uae30 U

o @ 1 oA o o q¥a s vy = s a
MUY mun@wumwnuﬂw,ﬂmﬂﬂngmm CsD aglasumsnalnunadounaslsauuiauss

nagInMsnaasandbiiuinusngnisel CSD dwaliannisiudsuudasse BBB integrity lnsnunisivasuudaddassadiesssiv
Janmaveuvadieulndiden In1suantesnve cell adhesion molecules (ICAM-1,VCAM-1) fiaunndu saufiunisanasvedlusiiu tight junction
(20-1, occludin uag claudin-5) safiunumsiilvaveslusiiusenueniduideniiiiuunniy Tnenslasuemisiganiasast dsunauaILIToan
4 Sy e e X v PNA T oy o A vy
madisuulasiinarundieiuld uwinan1sidelindunudn nslasuenilegrasedidaaliinanuinunfives BBB integrity fiinainnisnszdusiae
Usingnisal CSD winuntu uenaniidanuiinislidsueimsuenniueasgsnaiiioious 2 dUasiduld AdwmaliinnsudsunuasuesBBs
fanamunninguauan uenaniinsnszdudieysingnisal CSD anunsaviliiinisuanseenves CGRP fiunuszanlasiaefitauinningy

Al nanwideiuandiiiuiinsuanieanves CGRP anaudlaldugnmsuennueanuudsundunounsldsunisnsedudand windunud

av v T ST oA vt < & LoSu o @ aa oA 1A ve v v k3
wyiildsuenegnasesufissedafvidmalviimafintuves CGRP egsiifbddyneada lnsazegreBanguiildsunsedudieusingnisel CSD
ERHzel]

A A @ o

edudufismavesnsiasusimsienniuoasg1aisesuasALAgITR e UNSINTUTDY CGRP fonsiUasuLlaivesiaoniion

>
oo &

%y o = . o < & o < o, = : P
5E N 5’]u's'\l&luﬂxﬂ,ﬂ’/|”|ﬂ’liﬂﬂ‘tﬂﬂl’i}EJNaﬂimﬂUGNﬂa’W’JSLUL‘UaﬁaLW’]ELﬁENL?J‘IJLﬁLﬁEJQJ’%]’IﬂﬂiJ@QMHLQJ']ﬁ (bEnd.3) A8 NaNISAN®YINUIN mMslasueimisa

waaeag s unduasaann1sUasuLUasweadlUsiiu tight junction Miinainnisnszsusig CGRPasly Turaswadlisuewisianniue

apg1u30%s wumsuanteanvadlusAu tight junction ansiasniinguaiuay uenaninaruidedmuineadinzidesiildasusmsienniue

apgnu3e% (nn31 2 daivuly) Mdlunmeinszdunaslilasunsnszduie CGRP finsifiuduvesieulasl CYP2EL, cell adhesion molecules
(ICAM-1 uag VCAM-1) UagU3unnied phosphor-NF-kB Liwgetuetailivddgynuaifdenssuiisuiundunaaes uazdmuiinisuanioanyas
phospoho-PKA Gsfinuiiiusunaniingaivluadiilasunisnsziudie CGRP Miluanneiildsundelilasuemsuagnnueainiu nanisdnw
Vo2 v ' & v oa ' a v o 9 Ya a . . v & Aa
wansliiudn mslasuemnsgnnueastiusesuiissedaisraunsatninliinnisidsuwlases BBB integrity 1# uanainila1izfinis

nszAuMIY CSD %30 CGRP Saude Avililinmsivasuuuaniingedtiu

nuan1sinuvidludnineaeazadinzibes aglddi msldfuemsemnneasiradsunduansaundeasaidendues

yinmslasumsnsefusiisusingnisal CsD wiegalsfinu mslifugimsenaiueasginsediannsaviliifnanudensdenasnidenls

PV

X o v . e , Y o o o o x N oy
wennilfiefimsnsedusiieusingnisal CSD sausae avdwmalivaenideniinanudemefivniniy waruideddn@insiviuvesns
uanseen CGRP luunlszamingivedita Wunalandeffinnuieadestunsiudsunasvevaenidenauaiiinannisidsugnmsienniue

9

I SV 7 > v = £ o e = = = o . o &
apea5eSe Asumsldemsieanuealunissnulsaundseeisesilaoanzedisdalsatindsuelunsy SaarsiinnuseinseTadenisldend

BRANERIDEN

a a s < a 4 as
g Inerransnisunmg aeileteddn
UmsAnwr 2557 aeiletie o.AU3nwuan

A A o= '
AMeipTe 8.NUINW1U

A A o= '
eI 8.NUINW1W
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Paracetamol (APAP) has long been used as a drug for treatment of pain and headache including migraine.
Recently, a number of non-beneficial effects of chronic treatment with APAP have been reported in several systems,
including the circulatory system. Since APAP can easily cross the blood brain barrier (BBB), the effect of chronic treatment of
this drug on the BBB integrity can be expected. In order to prove this hypothesis, the effect of acute (1 hour) and chronic
(15 and 30 days) APAP treatments on the alteration of cerebral microvessels and CGRP expression were studied in a cortical
spreading depression (CSD) migraine animal model. Wistar rats were divided into the control, CSD, and APAP treatment and
APAP treatment with CSD group. APAP (200 mg/kg body weight) was i.p. injected as a single or once-daily dose for the acute
and chronic APAP treated groups, respectively. CSD was induced by KCl application on the cortical surface. The results
demonstrated that the induction of CSD caused alterations of the BBB integrity, as indicated by increases in ultrastructural
alteration of the endothelial cell and expression of cell adhesion molecules (ICAM-1, VCAM-1). Tight junction proteins (ZO-
loccludin, claudin-5) were decreased while the IgG extravasation was increased in the CSD group. Acute APAP treatment
attenuated those alterations induced by CSD. However, chronic APAP treatment resulted in an enhancement of the
abnormalities of BBB integrity induced by CSD. Interestingly, the rats that received chronic (2 weeks) APAP treatment alone
also induced alterations in the BBB integrity as compared with the control group. Moreover, the CGRP
immunohistochemistry demonstrated that CSD activation could increase the CGRP expression in TG as compared with the
control group. Acute APAP treatment significantly reduced the CGRP expression in TG. In contrast, chronic APAP treatment

alone (15 and 30 days) significantly enhanced CGRP expression, especially in the combination with CSD activation.

In order to confirm the effect of chronic APAP treatment and the involvement of CGRP on the alteration of the
brain endothelial cell, in vitro study using cultured mouse brain endothelial (bEnd.3) cells was performed as well. The
results revealed that acute APAP treatment could attenuate the CGRP-induced alteration of the tight junction protein in
bEnd.3 cells, whereas the chronic treatment demonstrated the opposite effect showing the significantly lower the level of
tight junction proteins (ZO-1, occludin, and claudin-5) than those observed in control. Furthermore, chronic treatment with
APAP (more than 2 weeks) either alone or in combination with CGRP could significantly enhance the CYP2E1 activity, cell
adhesion molecules (ICAM-1 and VCAM-1), and phospho-NF-KB in cultured bEnd.3 cells. The expression of phosphorylated-
PKA was also increased in the CGRP treated bEnd.3 cells with or without APAP treatment groups. These data suggested that
chronic APAP treatment alone induces the alterations of BBB integrity. Additionally, the severity of those alterations is more

prominent when combined with either CSD or CGRP activation.

In summary, the results obtained from both in vivo and in vitro studies demonstrate that the short-term
treatment of APAP has a protective effect on cerebral microvessels against CSD activation. However, long-term treatment
with this drug can induce the damage to these vessels. With CSD activation, the damage to cerebral microvessels induced
by long-term APAP treatment is more severe. The increment of the CGRP expression in TG due to the chronic APAP
treatment is at least one mechanism involved in those alterations. Thus, long-term treatment with APAP for patients with
CSD-related disorders, particularly migraine headaches, might need to be carefully monitored.
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CHAPTER |
INTRODUCTION

1.1 Background and rationale

Paracetamol (acetaminophen, N-acetyl-p-aminophenol, APAP) is one of the
most popular drugs for the treatment of pain associated symptoms. Several lines of
evidence have demonstrated that this drug efficiently controls a variety of chronic
pain, including migraine headaches. Due to its several properties including low price,
minimal side effects, and easy availability without a prescription, the possibility exists
that this drug is used for chronic treatment. Even though APAP has been distributed
since 1893 [1], the exact mechanism of action of this drug is still obscure. Several
mechanisms underlying its analgesic effect have been accepted such as the
inhibition of prostaglandin synthesis, promotion of serotonergic descending inhibitory
pathways, association with endocannabinoid signaling, and interaction with opioid
system [2-4]. Additionally, it is generally accepted that mechanisms of action of APAP
which involved analgesic effects are predominant in the central nervous system
(CNS) [4-6].

APAP has been recognized as a relatively safe drug; hepatotoxicity is one of
the only reported toxic effects of a high-dose APAP. Several evidences revealed that
usage of APAP at therapeutic doses has protective effects to several pathological
conditions [7, 8]. A study in the cortical neurons that were pretreated with APAP
before menadione activation demonstrated an increase in the cell survival and a
decrease in the cytokine and chemokine productions compared with those observed
in the neurons without APAP pretreatment [9]. The experiment in the brain

endothelial cell culture also indicated a protective effect of this drug on the



oxidative stress [10]. Moreover, the recent study in rats that were received a single
APAP treatment demonstrated the enhancement of P-glycoprotein (P-gp), the efflux
transporter, both of expression and activity which resulted in the decrease of
morphine accumulation in the brain [11].

On the other hand, in the last decade, adverse effects of APAP treatment,
even used at the therapeutic range, in several systems have gradually been reported
including in the CNS and the circulatory system [12-18]. The studies in the cortical
spreading depression (CSD) migraine animal model have demonstrated that chronic
APAP treatment (200 mg/kg bw) induced the hyperexcitability of cortical neurons as
well as the up-regulation of the 5-HT,, receptors in the brain and trigeminal ganglion
(TG) [16, 17]. Moreover, in the circulatory system, several studies have also revealed
that chronic APAP treatment induced the increases in blood pressure and the risk of
hypertension in patients [12-15]. In the brain, the study by Posadas and colleague
(2010) has revealed that APAP at the doses below those required to produce
hepatotoxicity could produce the neurotoxic effect both in vitro and in vivo
experiments [19]. The increase in the toxic metabolite of APAP, n-acetyl-p-
benzoquinoneimine (NAPQI), has been proposed as the mechanisms underlying
those non-beneficent effects of this drug [19, 20].

Accumulating data demonstrated that the non-beneficial effect of APAP s
mediated via its toxic metabolite NAPQI [21, 22]. At low levels, almost APAP is
conjugated with glucuronic acid and sulfate in the liver before being excreted in the
urine, only small fraction is oxidized by the enzyme cytochrome P450 2E1 (CYP2E1),
forming NAPQI [19, 23, 24]. NAPQI always quickly detoxified via an interaction with

glutathione (GSH) [19, 25]. However, at high levels of APAP, NAPQI production is



increased which can result in the cellular damage since NAPQI itself can bind with
cellular proteins. Moreover, increase of NAPQI can induce the depletion of GSH as
well [26, 27]. In the brain, the expression of the CYP2El enzyme has been
demonstrated in several cells including neurons, astrocytes, and endothelial cells
[19, 23, 24]. It is known that APAP can directly cross the blood brain barrier (BBB) [28].
This barrier is a neurovascular unit (NVU) comprising of different cell types including
endothelial cells, astrocytes, pericytes, microglia, and neurons. Thus, after APAP
reaching the cerebral circulation, it can be directly metabolized by the cells in the
NVU, leading to NAPQI formation in the brain. As a result, in the case of long-term
treatment or treatment with a high concentration of APAP, an abnormality of cells in
the NVU can be expected.

Among the disorders for which APAP is commonly used as a treatment drug,
migraine (a neurovascular disorder) is of particular interest to be studied due to its
pathogenesis, which is tightly associated with the activation of the trigeminovascular
system, either the trigeminal neurons or cerebral vessels [29, 30]. Studies in the
migraine animal model have also revealed the alteration of BBB integrity induced by
CSD activation [31, 32]. In addition, in migraine patients, increase of soluble ICAM-1
was detected after two hours after migraine attack [33]. Alterations of the cerebral
vessels in these patients have been confirmed by findings that have demonstrated
the association between migraine, particularly migraine with aura, and abnormalities
in the cerebrovascular system [34, 35].

Moreover, it has been accepted that calcitonin gene related peptide (CGRP) is
a key neuropeptide involved in migraine pathophysiology [36-38] since the clinical

study in migraine patients revealed that the plasma CGRP was elevated during



migraine attack in the jugular venous blood [39]. Given the instability of the cerebral
vessels in migraine patients, the addition of chronic APAP treatment might enhance
the abnormalities in the cerebral microvessels of these patients. However, the
effect of chronic APAP treatment on the alteration of BBB integrity has never
been explored.

In order to clarify this hypothesis, the present study aimed to investigate the
effects of chronic APAP treatment for the different time points (0, 15 and 30 days) on
the alteration of BBB integrity in the condition with and without the activation of
CSD. The following alterations of BBB integrity were monitored; the ultrastructural
alteration of the NVU of the BBB (tight junction alignment, astrocytic foot-plate
swelling, numbers of pinocytic vesicles and microvilli), the alteration of tight junction
proteins (ZO-1, occludin, claudin-5, 1gG extravasation), the expression of cell adhesion
molecules (ICAM-1, VCAM-1), and the enzyme CYP2E1 activity in the cerebral cortex.
The change in the expression of CGRP in TG was also studied.

Furthermore, the effect of chronic APAP treatment on the alteration of BBB
integrity was confirmed by in vitro study in the brain endothelial cell line
(bEnd.3).The alteration of tight junction proteins (ZO-1, occludin, claudin-5), the
expression of cell adhesion molecules (ICAM-1, VCAM-1), and the enzyme CYP2E1
activity in cultured cell were studied in the condition either with and without CGRP
activation. In this part of the study, besides the alteration in tight junction proteins,
cell adhesion molecules, and enzyme CYP2E1 in the endothelial cells, the activation
of the transcription factor (nuclear factor kappa-light-chain-enhancer of activated B
cells, NF-KB) and cyclic AMP (cAMP)-dependent protein kinase (PKA) signaling

pathways was monitored as well.
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1.3 Research design

Animal and cell culture experimental designs

1.4 Research questions

1.4.1 Does chronic APAP treatment alter the BBB integrity?

1.4.2 Does chronic APAP treatment enhance the effect of CSD activation on
the alteration of the BBB integrity?

1.4.3 Does chronic APAP treatment increase the CSD-induced CGRP expression
in the TG?

1.4.4 Does the activation of the NF-kB transcription factor involve in the
alteration of the BBB integrity induced by chronic APAP treatment?

1.4.5 Does the activation of the PKA involve in the increase of the alteration

of the BBB integrity induced by chronic APAP treatment?



1.5 Objectives

Major objective

To clarify the effect of chronic APAP treatment on the alterations of the

cerebral vessels in the conditions with and without the activation of CSD.

Minor objectives

1. To investigate the effect of chronic APAP treatment on the ultrastructural
changes of cerebral vessels in the brain.

2. To investigate the effect of chronic APAP treatment on the alteration of
tight junction proteins in the brain and in the cultured endothelial cell.

3. To investigate the effect of chronic APAP treatment on the expression of

cell adhesion molecules (ICAM-1, VCAM-1) in the brain and in the cultured

endothelial cell.

4. To investigate the effect of chronic APAP treatment on the expression of
CGRP in the TG.

5. To investigate the effect of chronic APAP treatment on the alteration of the
CYP2E1 enzyme in the brain and in the cultured endothelial cell.

6. To investigate the effect of chronic APAP treatment on the activation of the
NF-kB signaling pathway in the cultured endothelial cell.

7. To investigate the effect of chronic APAP treatment on the activation of the

PKA enzyme in the cultured endothelial cell.



1.6 Hypothesis

Chronic APAP treatment will result in the increase in the NAPQI formation and
the depletion of GSH in the brain. The accumulation of NAPQI and the increasing of
oxidative stress from GSH depletion can lead to damage of the NVU of the BBB,
which will finally cause the disturbance of BBB integrity. In combination with CSD
activation, the disturbance of the BBB can become more severe due to the release
of CGRP from the perivascular neurons caused by the activation of the
trigeminovascular system. The mechanism underlying the alteration of the BBB
integrity in chronic APAP treatment might mediate via the activation of both the NF-

kB signaling pathway and PKA activity.

1.7 Conceptual framework

Chronic APAP

Endothelial cell |

Neuron

Astrocyte

Figure 1 Schematic diagram of conceptual framework of chronic APAP treatment on

the alteration of BBB integrity.
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2.1 Blood brain barrier
The central nervous system (CNS) is an important system which controls most

functions in the human body. The difference between the CNS and other systems is
that CNS has a high activity, so it requires about 20% of oxygen consumption of
cardiac output to regulate the normal function of neurons. Thus, the CNS is the most
sensitive system to the imbalance of nutrients and toxic substances. In order to
protect neurons from injury, the CNS has a special structure of cerebral microvessels
called the blood brain barrier (BBB). It is a complex structure which interfaces
between the blood and the brain parenchyma in the CNS. It acts as a controller in
the exchanges of substances between those two compartments in order to maintain
the homeostasis of the CNS. The components of the BBB are not only the
endothelial cells but also consist of other cells and extracellular matrix that
constitute the “neurovascular unit (NVU)” [40]. The major functions of BBB are:

1. control the ion balance

2. transport the essential nutrients

3. barrier for harmful molecules

4. introduce the inflammatory cells to the inflammation area of the

brain

However, the brain might be damaged if the BBB turns into a pathological

condition. This event results in the loss of BBB integrity and is the cause of many

neurological disorders. The abnormality of the NVU’s structure leads to the increase



of the number of the incidences in many diseases such as Alzheimer’s disease,

Parkinson’s disease, infectious diseases, stroke and migraine headache [40].

Neurovascular unit of BBB

The NVU of the BBB composed of endothelial cells lining the cerebral
capillaries and other elements that support the function of the NVU such as neurons,
astrocytes, pericytes, and microglia. Moreover, the basement membrane that forms a
barrier to control the transportation of the substances crossing between the blood

and the brain also contribute the structure of this unit (Figure 2).

basement
membrane

microglia

pericyte

astrocyte

endothelial
cell

Figure 2-1

Figure 2 Neurovascular unit [41].

Endothelial cells

The brain capillary is a very special structure which has a unique type of
endothelial cell that differ from the endothelial cell in other organs. It has a
continuous basement membrane, absent of fenestrations, low pinocytic vesicles,
high number of mitochondria, and the connection between cells are tighter (50-100

times more tight) than those in other capillaries because of which they are called
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“tight junctions” [42, 43]. These characteristics of brain capillary result in the
restriction of the paracellular diffusion and regulation of the passage of molecules
from the circulation into the brain parenchyma [42, 44]. Thus, brain capillary is a very
important structure to maintain the homeostasis of the brain, however the effect of

this property will increase when combined with properties of other components [45].

Neurons

The effect of neurons involved in the formation of BBB is still unclear. It is
known that brain endothelial cells receive either directly contact or indirectly
contact via the astrocytic foot process from several types of neurons including
noradrenergic, serotonergic, cholinergic, and GABAergic neurons [46]. The interactions
between these neurotransmitters and their receptors distributed on the brain

endothelial cells can result in a variety of the cerebrovascular responses.

Astrocytes

Astrocytes are glial cells that cover almost (>99%) all of the BBB endothelial
cells by forming a lacework of fine lamellae. The interaction between these 2 cells
affects the structure of each other. Astrocytes influence brain endothelial cells to
develop the BBB phenotype by increasing in the property of the tight junction while
endothelial cells also influence the up-regulation of aquaporin-4 expressed by
astrocytes after co-culture together [40, 42, 47]. Moreover, astrocytes are important
to the neuronal function because they enhance the communication between
neurons and brain capillaries. Thus, the interaction of astrocytes and brain

endothelial cells are essential for the neurovascular unit’s function [48]. In addition,
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astrocytes also play a major role in BBB functions by promoting proteoglycan
synthesis which can increase the brain microvascular endothelial cells (BMVEQ)

electivity charges [49].

Microsglia

Microglia are one of the cell types involve in the NVU of the BBB. They are
located in the area of the perivascular space which have a very important role in
maintaining BBB properties. The pivotal role of microglia involves the immune
responses in the CNS [45]. Under normal condition, they supply neurons with trophic
factors, contributes to the rearrangement of neural connections and plasticity of
normal brain tissue. Under pathological condition, microglia are activated and result
in the BBB instability. Thus, they have 2 forms, resting and activated forms. In the
resting, they have small bodies and long thin processes. While the activated form has
a phagocytic morphology which changes the morphology from long to short
processes [50]. The activated microglia can released several mediators including pro-
inflammatory cytokines which can affect the BBB integrity. However, the exact

mechanisms of microglia associated with BBB properties are still unknown.

Tight junctions

The very important property of BBB is the regulation of paracellular
permeability which strictly controls the substances crossing the BBB. The high
electrical resistance of brain endothelial cells leads to the effective function of tight

junctions to restrict paracellular movement. The effectiveness of the tight junctions is
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supported by several tight junction proteins including claudins, occludin, and zona

occludens (ZO) [51] (Figure 3).
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Figure 3 The molecular composition of endothelial tight junctions [52].

Occludin

Occludin is a 65 kDa transmembrane protein in tight junction that is
composed of 4 transmembrane domains with the carboxyl and amino terminals in
the cytoplasm and 2 extracellular loops in the intercellular cleft [53]. In between the
brain endothelial cells, occludin expresses in high levels along the cell margins which
ensures that it can decrease the paracellular permeability confirmed by the high
electrical resistance of the tight junction [54]. The lower levels of occludin contribute

to the dysfunction of the BBB in many neurological diseases [40].

Claudins
Claudins have approximately a weight of 20-27 kDa. There are 24 members
of claudins in a family of tight junction proteins. They are integral membrane proteins

that share the 4 transmembrane domains of occludin, but do not contain any
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sequence homology to occludin [51]. Therefore, these 2 tight junctions, claudins and
occludin, act in different roles in the BBB. Claudins form the primary seal of the tight
junction while occludin support this structure but do not result in the tight junction
formation [40]. Claudin-1 and claudin-5 are the predominant proteins in the tight
junction that maintain the BBB function [55]. In particular, claudin-5 plays an
important role in BBB permeability. The claudin-5 knockout mice demonstrated in a
size-selective BBB defect and the disruption of this protein also detect in many

cerebrovascular diseases [56].

Zona occluden-1 and 2

ZO proteins are the cytoplasmic proteins of tight junctions. The prominent
members are ZO-1 and Z0O-2. ZO-1 is a 220 kDa phosphoprotein that connects the
transmembrane proteins in tight junction with the actin cytoskeleton [57]. Thus, the
loss or disruption of ZO-1 from the junctional complexes resulted in the increase of
BBB permeability (Mark and Davis 2002). ZO-2 is a 160 kDa phosphoprotein that has
significant homology to ZO-1 [58]. However, few studies have been conducted on

the ZO-2 function compared with studies on ZO-1 [59].

2.2 Migraine

Migraine is one of the disorders which has a high impact on the public health
due to the disability of patient during migraine attack. It can be classified into 2 types
depending on the symptoms called migraine with and without aura. Patients usually
suffer from the migraine attack for 4-72 h in the unilateral side which is associated

with nausea and vomiting including photophobia and phonophobia [60]. The
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incidence of this disease is about 6-8% in men and 15-22% in women within Europe
and the Americas and 29.1% in Thailand. Within this information it has also been
reported that the peak of the prevalence is at the age of 40 and the incidence of this
disease in the women is more than those in the men about 3 times [61-63]. Thus,
the life of the patients who suffer from migraine will be highly effected and

treatment will be costly.

Pathophysiology of migraine

Migraine is a very common chronic neurovascular disorder. It involves both of
neuronal and vascular compartments. The pathogenesis of this disease first occurs in
the CNS by activating the ‘trigeminovascular nociceptive system’. This event leads to
neurogenic vasodilatation within the dura mater which releases neuropeptides and
pro-inflammatory cytokines that effect to the sensitization of peripheral and central
neurons within the trigeminovascular system [29]. However, the exact mechanism of

the etiology of migraine headache is still unknown (Figure 4).
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Figure 4 Role of neuropeptides in the pathophysiology of migraine [29].
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Cortical spreading depression

Cortical spreading depression (CSD), which was discovered over 60 years ago
by Leao [64], commonly occurs in migraine with aura. CSD, conducted by
propagation of a depolarization wave, spreads over the cortex. The velocity of CSD
that transverses the cerebral cortex is about 3-5 mm/min. During CSD, a short-lasting
increase of cerebral blood flow arises and is followed by a long-lasting regional
hyperemia [65]. Furthermore, CSD can be modulated by several vasoactive
neuropeptides such as nitric oxide (NO), substance P, and calcitonin gene related
peptide (CGRP). Among those neuropeptides, CGRP is the most potent neurogenic

vasodilator which causes plasma protein extravasation and vasodilatation [66].

Calcitonin gene related peptide

Migraine is associated with the activation of the trigeminovascular system.
This activation leads to the release of neuropeptides. CGRP is one of the
neuropeptides involved in the dilation of cranial blood vessels and stimulation of
the sensory nerve transmission [67]. CGRP is one of members of peptides in the
calcitonin family. It is a 37-amino acid neuropeptide, which was first identified in 1983
[68]. CGRP is widely distributed in the peripheral and central nervous systems [69].
During a migraine attack, CGRP was elevated in the plasma concentrations in the
jugular venous blood of patients [39]. This result is confirmed by the study in which
the intravenous injection and infusion of CGRP produced a migraine-like headache
[70, 71]. Furthermore, CGRP can lead to plasma protein extravasation and
vasodilatation [72]. The cellular mechanisms of vasodilatation to CGRP have 2

pathways. The first one is endothelium-independent vasodilatation to CGRP.
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Activation of CGRP receptors on smooth muscle cells is coupled to production of 3'-
5'-cyclic adenosine monophosphate (cAMP) by adenylate cyclase. The increase in
intracellular cAMP concentration then stimulates cAMP-dependent protein kinase A
(PKA), which opens K" channels and activates Ca’" sequestration mechanisms to
cause smooth muscle relaxation. The second pathway is endothelium-dependent
vasodilatation to CGRP. CGRP interacts with receptors on endothelial cells and
stimulates production of nitric oxide (NO). This is also mediated via cAMP
accumulation which leads to a direct effect of PKA on endothelial NO synthase
(eNOS). Diffusion of NO into adjacent smooth muscle cells, activating guanylate

cyclase, then leads to relaxation [73] (Figure 5).
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Figure 5 The cellular mechanisms of vasodilatation to CGRP [73].

CSD and neuroegenic inflammation

In the CSD condition, the stimulation of the trigeminal ganglion results in the
neuropeptide release from trigeminocervical nerve endings leading to the neurogenic

inflammation. This inflammation can activate the trigeminal vascular nociceptive
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system and cause a headache [74]. Furthermore, the endothelial cells are also
playing an important role in the inflammation. They are essential for regulating
vascular permeability and leukocyte migration by regulating the expression of cell
adhesion molecule [75]. The two important cell adhesion molecules are intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) that
up-regulated during endothelial activation [76]. The involvement of neurogenic
inflammation in migraine pathophysiology has been confirmed by the results from
several studies. In 2006, Sarchielli and colleague had demonstrated that during a
migraine attack, the increase of CGRP levels was detected in the jugular vein of
migraine patients which was associated with the increase of pro-inflammatory
cytokines ||_—1B, IL-6, and TNF-Q in the early hours of migraine attacks including the

increase in ICAM-1 (sICAM-1) [33].

Migraine and cerebrovascular diseases

Migraine has become an important vascular risk factor during the past few
years. It is considered as a risk factor for ischemic stroke [77]. A recent meta-analysis
identified that all types of migraine headache were associated with an increased risk
of stroke but this risk was double among migraine with aura patients [78]. An
epidemiological study on brain abnormalities in migraine also supports the
observation that 8.1% of patients with MA and 2.2% of patients with migraine
without aura present subclinical brain lesions similar to strokes, even in the absence
of a clinical history of stroke [79, 80]. Migraine can modify the homeostatic properties
of the endothelium, favoring a prothrombotic, pro-inflammatory and proliferative

condition that predisposes towards atherogenesis and the development of
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thrombotic events other than migraine [81] [82]. Endothelial dysfunction is the result
of (a) a reduction in the bioavailability of vasodilator substances (nitric oxide, for
example) and an increase in contractile factors derived from the endothelium,
causing an alteration in vascular reactivity (including the microvasculature), and (b)
oxidative stress, which in turn promotes inflammatory processes. Oxidative stress
markers are increased in migraine patients [83]. It is thought that prothrombotic, pro-
inflammatory and other vasoactive peptides are released during migraine attacks, and
that these could damage the vascular endothelium. On the other hand, cortical
depression (CD) involves an alteration in the permeability of the BBB through the
activation of metalloproteinases [31]. Their activation causes a direct cellular damage
that, along with the release of vasoactive neuropeptides during migraine attacks, may

stimulate inflammatory responses inside and outside of the brain [84].

2.3 Paracetamol

APAP is @ common drug that became one of the most popular ‘over-the-
counter’ medicines for fever, pain and headache due to several properties including:
low price, abundant availability and safety. Even though it’s widely used for over 60

years, the mechanism of action is still debated.

Mechanism of action

1. A central serotonergic mechanism
The modulation of the central serotonin system has been involved in the
anti-nociceptive effect of APAP. The study in animals indicated that the 5-

hydroxytryptamine type 3 (5-HTs) receptors were involved in the analgesic effect of
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this drug [85, 86] which correlated with the study in humans that confirmed by
inhibiting with 5-HT5; receptor antagonists [2]. Based on the results, it might be
indicating that APAP can reduce serotonin which leads to the anti-nociceptive effect

of this drug [87].

2. Prostaglandin H2 synthetase inhibition

The alternative pathway of the APAP mechanism is the inhibition of
prostaglandin synthesis. APAP may be the cause of its ability to inhibit a specific site
of the prostaglandin H2 synthase (PGHS) molecule. It has 2 isoforms, PGHS1 and
PGHS2, which are commonly referred to as COX-1 and COX-2, respectively. In animal
models, several reports have suggested that APAP could inhibit the other PGHS
variant (COX-3) which exists in a high concentration in the CNS [88]. However, there is

no evidence that COX-3 is expressed in humans [89].

3. Nitric oxide

Through the experiment in animals, it has been suggested that depolarization
of afferent neurons by peripheral harmful stimuli leads to an activation of spinal N-
methyl-D-Aspartate (NMDA) receptors and promote the synthesis of NO. APAP was
considered in the involvement of the nociceptive process which occurs at the spinal
level by inhibition of the NMDA receptor activation. This effect may be associated

with an inhibition of NO mechanisms [90].
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Metabolism of APAP

APAP is mainly metabolized in the liver by conjugating with glucuronic acid
and sulfate after which those non-toxic products are excreted through the urine.
About 5% of APAP is oxidized via the CYP2E1 enzyme forming a reactive metabolite,
NAPQI, which is extremely toxic to the cells. NAPQI, after being produced, is rapidly
detoxified by interaction with GSH to form a non-toxic metabolite that will be finally

excreted through the urine [19, 25] (Figure 6).
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Effects of APAP treatment

Beneficial effects

The accumulative evidences have confirmed that at therapeutic doses of
APAP have protective effects to several pathological conditions. In the cerebral
cortical cultured neurons, pretreatment with APAP (50 uM) increases the neuronal
cell survival, and inhibits cytokines and chemokines after menadione exposure [9].

These results correlated with the results of the experiment in the brain endothelial
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cell culture in which pretreatment with APAP (25-100 uM) has the protective effect

against the oxidative stress [10].

Adverse effects

In the last decade, APAP treatment at a non-toxic dose to the liver has been
demonstrated to have a toxic effect on several types of cells. The sub-toxic
concentrations of APAP treatment decreased intracellular GSH in pulmonary
macrophages and type Il pneumocytes which might be a risk factor for asthma
morbidity [92]. A relationship between APAP consumption and an increase in asthma
prevalence was confirmed by the most recent study in 20,000 children and
adolescents in Spain. APAP consumption was associated with a significant increase in
asthma symptoms and the effect was more severe at a more frequent treatment
with APAP [18]. Treatment with APAP at doses below those required to produce
hepatotoxicity (250 and 500 mg/kg bw) caused an adverse effect to the CNS in the
rat brain. They have demonstrated that APAP could produce the neurotoxic effect
both in vitro and in vivo experiments [19]. The toxic of APAP to neurons was
activated via the intrinsic pathway through a mechanism involving NF-kB which leads
to an increase in |L—1B production
[93]. Based on those results, they suggested that the adverse effect of APAP
treatment might be related to the activity of the CYP2E1 enzyme. In addition, NF-kB
is a transcription factor which plays a key role in the regulation of many
inflammatory genes. NF-kB dimmers are activated by phosphorylation of inhibitory
IkB proteins and subsequently degraded by the ubiquitin-proteasome pathway. The

active NF-kB subunits will translocate to the nucleus for regulating the cellular pro-
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inflammatory and anti-inflammatory responses [94, 95] which lead to cell damages

(Figure 7).
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A study in pulmonary macrophages and type Il pneumocytes has

demonstrated that APAP treatment could decrease intracellular GSH at subtoxic and
clinically relevant concentrations which might be a risk factor for asthma morbidity
[97]. This result was confirmed by the most recent study from Gonzalez-Barcala and
colleague (2012). In their study, 20,000 children and adolescents in Spain who had
consumed APAP demonstrated a significant increase in asthma symptoms. Further, a
positive relation between the severity of the effect and the frequency of drug intake
was observed [18]. Concerning the effect of APAP in the circulatory system, long-term
APAP treatment even used at the therapeutic doses revealed the increase of blood
pressure which contributed to increase the risk of hypertension. Studies in both

women and men who frequently took APAP at a dosage of 500 mg/day
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demonstrated almost a 2-fold increase in the relative risk of incident hypertension
than that observed in nonusers [12-14]. The effect of chronic APAP treatment has
been confirmed by Sudano et al. that collateral treatment with APAP at a
therapeutic dose (1 g/day) with standard cardiovascular therapy for 2 weeks in
patients with coronary heart disease could induce an increase in both systolic and
diastolic blood pressures [15].

At a high concentration of APAP, the toxic metabolite NAPQI will increase and
lead to the depletion of GSH. The increase of NAPQI levels and the decrease of GSH
results in cell damage and induces the hepatotoxicity. As | mention earlier, the
CYP2E1 enzyme plays a key role in the production of the toxic metabolite NAPQI.
Organs and tissues in which this enzyme is expressed will have the possibility to
metabolite APAP and increase the accumulation of NAPQI formation. Based on the
accumulative evidences, the CYP2E1 enzyme expression was also found in the lung,
the kidney, and the brain [98]. In the brain, the expression of the CYP2E1 enzyme has
been demonstrated in several cells including neurons, astrocytes, and endothelial
cells [19, 23, 24]. It is known that APAP can directly cross the BBB which normally
functions as a barrier to any substances in crossing between the blood and the brain
in order to protect the brain cells. BBB is a NVU comprising of different cell types
including endothelial cells, astrocytes, pericytes, microglia, and neurons. Thus, after
APAP reaching the cerebral circulation, it can be directly metabolized by the cells in
the NVU. Based on this, abnormality of cells in the NVU can be expected as a result
of long term treatment or high concentration of APAP.

Furthermore, the studies in the CSD animal headache model have

demonstrated that chronic treatment with APAP (200 mg/kg bw) could up-regulate
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the 5-HT,, receptors in the brain. These results confirmed that the effect of chronic
APAP could induce the hyperexcitability of cortical neurons [17]. However, the
effects of chronic APAP treatment on the alteration of the BBB integrity have never
been explored.

In order to clarify this hypothesis, the present study aims to investigate the
effects of chronic APAP treatment for the different time points (0, 15 and 30 days) on
the alteration of BBB integrity in the condition with and without the activation of
CSD. The following alteration of BBB integrity will be monitored; the ultrastructural
alteration of the neurovascular unit of BBB (tight junction alignment, astrocytic foot-
plate swelling, numbers of pinocytic vesicles and microvilli), the alteration of tight
junction proteins (ZO-1, occludin, claudin-5, IgG extravasation), the expression of cell
adhesion molecules (ICAM-1, VCAM-1), and enzyme CYP2E1 activity in the cerebral
cortex, and including the expression of CGRP in the trigeminal ganglion.

Furthermore, the effect of chronic APAP treatment on the alteration of BBB
integrity will be confirmed by in vitro study in the bEnd3 brain endothelial cell line.
In this part of the study, besides the alteration in tight junction proteins, cell
adhesion molecules, and enzyme CYP2E1 in the endothelial cells, the activation of

transcription factor NF-kB and PKA signaling pathways will be monitored as well.



CHAPTER 1lI
MATERIALS AND METHODS

In order to investigate the effect of chronic APAP treatment on the CSD-
induced the alteration of BBB integrity, the study was divided into 2 major parts (in
vivo and in vitro studies) as follows:

3.1. In vivo study

3.1.1 Animals

Adult male Wistar rats weighing 200-250 ¢ were obtained from National
Animal Centre, Mahidol University, Thailand. They were housed five per cage in a
room with controlled temperature and humidity with a 12-h dark/light cycle. Food
and drink were fed ad libitum. The protocols of this study were executed according
to the guidelines of the by the Ethical Committee of the Faculty of Medicine,

Chulalongkorn University.

3.1.2 Study design

The experiment of in vivo study was divided into 3 experiments based on the
experimental design as follows (n = 40, each):
Experiment I: The study of the effect of 0 day APAP treatment on the CSD induced
the changes of BBB integrity
Experiment Il: The study of the effect of 15 days APAP treatment on the CSD
induced the changes of BBB integrity
Experiment lll: The study of the effect of 30 days APAP treatment on the CSD

induced the changes of BBB integrity
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Figure 8 Study design of in vivo experiment.

Experiment I: The study of the effect of 0 day APAP treatment on the CSD induced
the changes of BBB integrity

Rats were separated into 2 groups; control and APAP treated group. A single
dose of APAP (200 mg/kg bw, TP drug laboratories, Thailand) was injected (i.p.) into
the rats in the APAP treated group while 0.9% normal saline at the same volume was

given to the control group. After 1 hour of APAP treatment, each group of rats was
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subdivided into 2 subgroups (CSD and without CSD group) and prepared for CSD

induction.

Experiment Il: The study of the effect of 15 days APAP treatment on the CSD
induced the changes of BBB integrity

Rats were separated into 2 groups; control and APAP treated group. An equal
dose of APAP and normal saline was given to the rats in a similar procedure as in
experiment | except for the duration of treatment that was performed once daily for
15 days. After 24 hours of the last injection, each group of rats was subdivided into 2

subgroups (CSD and without CSD group) and prepared for CSD induction.

Experiment lll: The study of the effect of 30 days APAP treatment on the CSD
induced the changes of BBB integrity

Rats were separated into 2 groups; control and APAP treated group. An equal
dose of APAP and normal saline was given to the rats in a similar procedure as the
experiment | except for the duration of treatment that was performed once daily for
30 days. After 24 hours of the last injection, each group of rats was subdivided into 2

subgroups (CSD and without CSD group) and prepared for CSD induction.

3.1.3 Surgical procedure and CSD induction

After the last injection of APAP or saline, each group of rats from the
experiments I-lll was subdivided into 2 subgroups as follows: CSD and without CSD
group. All rats were anaesthetized by an intraperitoneal injection of sodium

pentobarbital (60 mg/kg bw) to maintain the surgical anesthesia. They were firmly
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fixed to the head holder of a stereotaxic frame. After the skin and soft tissue were
removed, a craniotomy (2 mm in diameter) was made in the right parietal bone at 7
mm posterior and 1 mm lateral to bregma. The dura mater was then removed and
CSD was induced by the application of solid KCl (3 mg) onto the surface of the right
parietal cortex in the CSD induced groups while NaCl (3 mg) was used in the non-CSD

induced groups as in a similar procedure as in previous studies [16, 17].

3.1.4 Immunohistochemical and transmission electron microscopic
studies

Sample collection

Two hours after the KCl or NaCl application, rats were deeply anesthetized
with an overdose of sodium pentobarbital followed by transcardial perfusion with
250 ml of 0.1 M phosphate buffered saline (PBS) and 250 ml of 4%
paraformaldehyde in 0.1 M PBS, pH7.4, respectively. Then, the right TG was collected
while 3 mm thick brain slice was cut at 3 mm anterior to the bregma. Both of them
were immediately fixed in 4% paraformaldehyde at 4 °C for overnight before being
further processed for embedding in the paraffin for immunohistochemical study. In
addition, the frontal cortex ipsilateral to the CSD activation at the area 6 mm anterior
to the bregma was cut into small cubes (1 mm”°) before submerging into 3%

glutaraldehyde for transmission electron microscopic study.
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Immunohistochemistry

For the detection of CGRP, 3 um thick longitudinal serial sections of the TG
were cut by using a microtome. The sections were collected in series of 1 in 8 and
placed on Superfrost plus slides (Thermoscientific, Portsmouth, New Hampshire,
USA). In total, 4 sections were selected from each animal (n = 5 for each group). All
sections were deparaffinized and incubated with antigen retrieval solution (citrate
buffer pH 6.0, Dako, Glostrup, Denmark), 3% Hydrogen peroxide, and 3% normal
horse serum (PAN Biotech GmbH, Aidenbach, Germany) in PBS. Sections were labeled
by incubating with rabbit anti-CGRP (1:6,000; Sigma, St. Louis, Missouri, USA) at 37°C
for 30 min. CGRP immunoreactivity was detected using an ultraView Universal DAB
Detection Kit (Ventana Medical Systems, Inc., Arizona, USA). The entire process was
conducted with an automatic slide staining machine (Benchmark XT, Ventana
Medical Systems, Inc., USA). All slides were dehydrated in ethanol, mounted, and
cover-slipped with a mounting medium. All sections were scanned using a slide
scanner (Aperio ScanScope, Aperio, Vista, California, USA). To determine the number
of CGRP-immunoreactive (CGRP-IR) neurons in the TG, only sections with an average
of 800-1,000 ganglion cells were used for evaluation. The data are presented as the
percentage of CGRP-IR cells per section. During analysis, investigators were blinded as

to the identity of all samples.

In addition, 5 um thick coronal serial sections of the brain were cut for ICAM-1
and VCAM-1 detection. Each detection was collected in 1 in 10 series. In total, 4
sections were collected from each animal (n = 5 for each group). The selected

sections were placed on the super-frost plus slide (Thermoscientific, Portsmouth,
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New Hampshire, USA) and heated at 60°C overnight before processing for
deparaffinization. The immunoreactivity of ICAM-1, and VCAM-1 was detected by
using an ultraView Universal DAB Detection Kit (Ventana, USA). The whole process
will be operated on the automatic machine for slide staining (Ventana, USA). The
stained sections will be dehydrated, cleared with xylene, and cover slipped. The
slides will be examined under light microscope. All slides were then incubated with
citrate buffer pH 6.0 (antigen retrieval solution, Dako, Glostrup, Denmark), 3% H,O,
(endogeneous peroxidase blocking), and 3% normal horse serum (PAN Biotech
GmbH, Aidenbach, Germany) in PBS. The immunoreactivities of ICAM-1 and VCAM-1
were labeled by incubating the sections with mouse anti-ICAM-1 (1:100 dilution; BD
Bioscience Pharmingen, California, USA) and rabbit anti-VCAM-1 (1:100 dilution; Santa
Cruz Biotechnology, California, USA) at 37 °C for 30 min. Immunoreactivities were
detected with the ultraView Universal DAB Detection Kit (Ventana Medical Systems,
Inc., Arizona, USA). This whole process was performed by an automatic slide staining
machine (Benchmark XT, Ventana Medical Systems, Inc., USA). All slides were
dehydrated in a graded series of ethanol, mounted, cover-slipped, and scanned with
a slide scanner (Aperio ScanScope, Aperio, Vista, California, USA).

To determine the number of ICAM-1 and VCAM-1 immunoreactive
microvessels, a 1,000 x 600 pm grid was drawn in the area of lamina I-VI of the brain
ipsilateral to the site of KCl or NaCl application. The numbers of ICAM-1 or VCAM-1
immunopositive microvessels in 8 randomly selected areas were counted. The
results are reported as the average numbers of ICAM-1 or VCAM-1 immunopositive
vessels per 5 mm”. The counting process was blinded from the treatment group

classification.
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Ultrastructural study

Transmission electron microscopy was used to determine the effect of APAP
on the cerebral microvessel ultrastructure. All 1 mm’ frontal cortex cubes were post-
fixed with 1% osmium tetroxide, and dehydrated through a graded series of ethanol.
They were passed through propylene oxide and embedded in Epon (Epon 812;
Electron Microscopy Sciences, Ft. Washington, USA). Semi-thin and ultra-thin sections
were cut by the ultramicrotome. Semi-thin sections (0.5 Jdm thick) were stained with
toluidine blue in order to select the suitable area. The ultra-thin sections (70-90 nm
thick) were further cut with a diamond knife, placed on a copper grid and stained
with uranyl acetate and lead citrate. The stained sections were examined under the
transmission electron microscope (JEM 1210; JEOL, Tokyo, Japan).

The parameters of ultrastructural change of the cerebral microvessel; the
number of microvilli, the number of endothelial pinocytic vesicles, astrocytic foot
plate swelling assessment, and tight junction alignment were examined. Fifteen
capillaries (diameter: 8-10 Mm) per sample were randomly selected. Tight junction
alignment was measured the angle to the basement membrane (0-20°=normal,
>20°=abnormality). The number of microvilli was counted and reported as the
average number of microvilli per vessel. For the number of pinocytic vesicles, two
electron micrographs which cover the area of endothelial cells were taken from each
capillary at a final magnification of 80,000x. The number of pinocytic vesicles was
counted and reported as the average number of pinocytic vesicles per |Jm2.For the
astrocytic foot plate swelling, every vessel was photographed at a final magnification
of 12,000x and evaluated the degree of the astrocytic foot plate swelling based on

the following criteria: normal-no astrocytic foot plate swelling observed around the
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blood vessel, moderate-less than 50% of the astrocytic foot plates around the blood
vessel were swollen, and severe-more than 50% of the astrocytic foot plates around

the blood vessel were swollen.

3.1.5 Western blot analysis

Sample collection

Two hours after the KCl or NaCl application, rats were deeply anesthetized
with an excessive dose of sodium pentobarbital followed by transcardial perfusion
with normal saline before decapitation and brain was removed immediately. The
frontal cortex ipsilateral to the CSD activation was rapidly dissected on ice at 3 mm
anterior to bregma and frozen in liquid nitrogen and stored at -80°C until extraction.
Each sample was homogenized and sonicated in ice-cold RIPA lysis buffer (Cell
Signaling Technology®, Massachusetts, USA), containing 20 mM Tris-HCl (pH 7.5), 150
mM NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM
sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM NasVO,, 1 Fg/ml leupeptin
and a protease/phosphatase inhibitor cocktail (Cell Signaling Technology®,
Massachusetts, USA). The samples were then centrifuged at 12,000 x g, 4 °C for 15
min. The supernatants were collected and protein concentrations were measured by
using the Pierce™ BCA protein assay kit (Thermo Scientific, Illinois, USA) with bovine

serum albumin (BSA) as standard before electrophoresis.

Western blotting

The expressions of tight junction proteins (ZO-1, occludin, claudin-5, lgG

extravasation), cell adhesion molecules (ICAM-1, VCAM-1), and enzyme CYP2E1, were
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detected from the proteins of the frontal cortex. Equal amounts of protein samples
(10-60 pg/ul) were denatured in 95°C for 5 min and loaded on 7.5-12.5% SDS
polyacrylamide gel at 80-100 volts constant and transferred onto the nitrocellulose
membranes at 0.35 Amp constant using a Mini Trans-Blot” Electrophoresis Transfer
Cell (BioRad, California, USA). The membranes were blocked non-specific binding of
proteins with 5% non-fat dry milk or 5% BSA in Tris-buffered saline containing with
0.1% Tween -20 (TBST) for 1 hour at room temperature. The membranes were
incubated with rabbit anti-ZO-1 (1:1,000 dilution; Invitrogen, USA), rabbit anti-occludin
(1:500 dilution; Invitrogen, USA), rabbit anti-claudin-5 (1:500 dilution; Santa Cruz
Biotechnology, California, USA), rabbit anti-VCAM-1 (1:1,000 dilution; Santa Cruz
Biotechnology, California, USA) or mouse anti-ICAM-1 (1:1,000 dilution; BD Bioscience
Pharmingen, California, USA), and rabbit anti-CYP2E1 (1:2,500 dilution; Abcam)
antibody at 4°C overnight to detect the expressions of ZO-1, occludin, claudin-5,
VCAM-1, ICAM-1, and CYP2E1, respectively. After washing the membranes for 5
minutes for 3 times, an anti-mouse or rabbit secondary antibody conjugated with
horse radish peroxidase (HRP) (Sigma, St. Louis, Missouri, USA) was incubated to the
membrane for 1 hour at room temperature. For the detection of IgG extravasation,
only rat anti-lgG conjugated with HRP link was applied to the membrane (1:1,000
dilution; Cell Signaling, USA). After washing each membrane, Immunoreactive bands
were visualized using a chemiluminescence system (Amersham™ ECL™ Prime
Western Blotting Detection Reagent, GE Healthcare Life Sciences, Buckinghamshire,
UK) and exposed onto film. The intensities of the immunoreactive bands were

analyzed with Image J software (National Institutes of Health, Bethesda, Maryland,
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USA). The results are reported as the ratios of the densities of ZO-1, occludin,

claudin-5, IgG, VCAM-1, ICAM-1, or CYP2E1 to B—actin.

3.2 In vitro study
In order to confirm the effect of chronic APAP treatment on the alteration of
BBB integrity, the study was performed with in vitro study in the brain endothelial

cell line.

3.2.1 Cell culture

Mouse brain endothelial cell line (bEnd.3) was purchased from the American
Type Culture Collection (ATCC), USA. Cells were cultured in Dulbecco's Modified
Fagle's Medium (Hyclone, USA) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS) (Hyclone, USA), 100 U/ml penicillin and 100 mg/ml streptomycin,
and HEPES (Hyclone, USA). Cells were maintained at 37°C in a saturated humidity
atmosphere containing 95% air and 5% CO, after which they were incubated and
sub-cultured according to recommendation of ATCC. For the experiment, bEnd.3

cells were used before passage 30.

3.2.2 Cytotoxicity of APAP by MTS assay

In order to select the dose for chronic APAP treatment to bEnd.3 cell, the ICs
was performed using CellTiter 96® AQueous One Solution Cell Proliferation Assay
(MTS assay; Promega, Wisconsin, USA). The MTS assay is a colorimetric method for
determining the number of viable cells in proliferation or cytotoxicity assays. The

MTS tetrazolium compound (Owen’s reagent) is bioreduced by cells into a colored
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formazan product that is soluble in tissue culture medium. This conversion is
presumably accomplished by NADPH or NADH produced by dehydrogenase enzymes
in metabolically active cells.

bEnd.3 cells were seeded at a density of 5x10° cells in 96-well plate for 12
hours. After cell attachment, 100 pl of various concentrations of APAP between 0-
10,000 uM were replaced and cells were incubated at 37°C in a saturated humidity
atmosphere containing 95% air and 5% CO, for 24 hours. After that, media was
removed and replaced with fresh media followed by adding 20 pl of MTS reagent.
Cells were further incubated for 2 hours before recording the absorbance at 490 nm
using a 96-well plate reader and the data were presented as the percentage of cell

viability.

3.2.3 Study design
The experiment of in vitro study was divided into 2 experiments based on the

experimental design as follows:

Experiment I: The study of the effect of acute APAP treatment on the CGRP induced
changes of endothelial cell properties
Experiment Il: The study of the effect of chronic APAP treatment (2 and 4 weeks) on

the CGRP induced changes of endothelial cell properties
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Figure 9 Study design of in vitro experiment.

APAP treatment

Experiment I: The study of the effect of acute APAP treatment on the CGRP
induced changes of endothelial cell properties

bEnd.3 cells were seeded at the density of 2.5¢10” into 75 cm” tissue culture
flasks for 24 hours in a completed media containing 10% FBS at 37°C in an incubator
with a saturated humidity atmosphere containing 95% air and 5% CO,. The culture
flasks were divided into 2 groups; control and APAP treated groups. After 24 hours,
old culture media was removed. Fresh media was refilled in the control group while
100 uM of APAP was refilled in the APAP treated group. After 24 hours of treatment,

cells from each flask were further prepared for CGRP activation.
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Experiment II: The effect study of the of chronic APAP treatment (2 and 4
weeks) on the CGRP induced changes of endothelial cell properties

bEnd.3 cells were seeded at the density of 5x10° into 75 cm’ tissue culture
flasks for 24 h in a completed media containing 10% FBS at 37°C in an incubator with
a saturated humidity atmosphere containing 95% air and 5% CO,. bEnd.3 cells were
cultured and the experiment were designed in a similar setup as with the experiment
| except for the duration of treatment that was performed for 2 and 4 weeks as in a
similar procedures as in previous studies [63]. For chronic APAP treatment, the fresh
completed media was refilled in the control group while the 100 uM of APAP was
refilled in the APAP treated group for 72 hours. The cells in each flask were sub-
cultured and allowed to adhere overnight (24 hours) before retreatment with the
same concentration of test agent. This process was continued with the same

protocol for 2 and 4 weeks before CGRP activation (Figure 10).

Non-toxic dose of APAP

! ! ! ! ! l l
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Figure 10 Schedule for chronic APAP treatment in bEnd3 cells.
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CGRP activation

After APAP treatment, bEnd.3 cells were subdivided into 2 subgroups; with
and without CGRP activation. The culture media was removed and 0.1 pM CGRP
(Sigma, Israel) in the fresh media was replaced into the CGRP activated groups while
only media was replaced into the non-CGRP activated groups for 1 hour. After CGRP
activation, cells in all groups were collected to be examined by western blot

analysis.

3.2.3 Western blot analysis

Sample collection

bEnd3 cells in the 75 cm’ tissue culture flasks were washed with sterile PBS
and trypsinized with 0.25% trypsin/EDTA before centrifugation at 5,000 x g, 4°C for 5
min. Cell pellet was washed with PBS followed by replacing with ice-cold RIPA lysis
buffer (Cell  Signaling Technology®, Massachusetts, USA), containing a
protease/phosphatase inhibitor cocktail (Cell Signaling Technotogy®, Massachusetts,
USA). Cells were sonicated and centrifuged at 12,000xg, 4°C for 15 min. The
supernatants were collected and stored at -80°C until the electrophoresis was
performed. Protein concentrations were measured by using the Pierce™ BCA protein

assay kit (Thermo Scientific, Illinois, USA) with BSA as standard before electrophoresis.

Western blotting

The expression of enzyme CYP2E1, cell adhesion molecules (ICAM-1, VCAM-
1), the alteration of tight junction proteins (ZO-1, occludin, claudin-5) including

signaling pathway (NF-KB, PKA) of the proteins from the in vitro experiment were
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detected. The protocols of western blot analysis were performed according the same
design as that of the experiment in the in vivo study. The dilutions of primary
antibodies were prepared as follows: rabbit anti-CYP2E1 (1:2,500 dilution; Abcam),
rabbit anti-ZO-1 (1:1,000 dilution; Invitrogen, USA), rabbit anti-occludin (1:500 dilution;
Invitrogen, USA), rabbit anti-claudin-5 (1:500 dilution; Santa Cruz Biotechnology,
California, USA), rabbit anti-VCAM-1 (1:1,000 dilution; Santa Cruz Biotechnology,
California,, USA) or mouse anti-ICAM-1 (1:1,000 dilution; BD Bioscience Pharmingen,
California, USA), rabbit anti-phospho-NF-KB-p65 or NF-KB -p65 antibody (1:1,000
dilution; Cell Signaling Technology®, Massachusetts, USA), and rabbit anti-phospho-
PKA C or PKA Cq antibody (1:1,000 dilution; Cell Signaling Technology®,

Massachusetts, USA).

3.3. Data Analysis

The results are presented as means + the standard error of mean (S.E.M.).
Statistical analyses were performed using one-way ANOVA followed by Bonferroni’s
test for multiple comparison tests (Graphpad Prism 5). Probability values (P) values of

less than 0.05 were considered statistically significant.



CHAPTER IV
RESULTS

4.1 Study I: The effect of acute and chronic APAP treatment on the alterations

of the cerebral vessels in the conditions with and without the activation of CSD

In this study, APAP at the dose of 200 meg/kg bw was used as a drug
treatment. The results demonstrated that neither acute nor chronic treatment
affected the rats’ body weights. There was no significant difference in the average
body weights between the control and 30-day APAP-treated groups. The results also
confirmed that 30 days of APAP treatment had no effect on liver since which
evaluated by no change in level of three major functional enzymes of the liver
(alanine  aminotransferase; AST, aspartate aminotransferase; ALT, alkaline
phosphatase; ALP) observed in the rats with 30-day APAP treatment. Moreover, the
morphological study of the liver revealed no significant differences between the

APAP-treated and non-APAP treated rats (data not shown).

Effect of APAP treatment on the CSD-induced ultrastructural alterations of
cerebral endothelial cells

The results revealed that the CSD induction caused the alteration in the
ultrastructure of the cerebral microvessels as indicated by the increase in the
numbers of microvilli and pinocytic vesicles in the endothelial cells obtained from
the CSD group as compared with those observed in the control group (P<0.05).
Astrocytic foot plate swelling around the cerebral vessels was clearly demonstrated

in the animals that underwent CSD activation.



41

Single (0-day) APAP treatment

The results revealed that pretreatment with APAP for one hour could
attenuate the alterations of cerebral microvessels induced by CSD. The numbers of
microvilli and pinocytic vesicles in the APAP pretreatment group were significantly
lower than those observed in the CSD group (Figure 11B, Figure 11C and Table 1).

Acute APAP treatment also had a protective effect against the astrocytic foot
plate swelling induced by CSD. The proportion of astrocytic foot plate swelling in the
perivascular areas of the vessels obtained from the APAP pretreated group was
decreased when compared to the CSD group (Figure 11, Figure 13A). No significant
difference was observed in the ultrastructural alterations (astrocytic foot plate
swelling and formation of microvilli and pinocytic vesicle) between the cerebral

microvessels obtained from the acute APAP treatment group and the control group.

Moreover, the alteration of the tight junction alignment was evaluated based
on the angle between the tight junction plane of the endothelium and the vessel
lumen. Tight junction alignment was classified into following criteria: normal-less
than 20°, and abnormality (high angle)-between 21°-90°. The results demonstrated
that the proportion of normal angle tight junction was observed in the control and
APAP-treated with or without CSD activation. However, the high angle was observed

in the CSD group (Figure 13B).
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Figure 11 Effects of 0-day of APAP treatment on CSD-induced ultrastructural changes

of microvillous formation and astrocytic foot plate swelling in cerebral endothelial
cells.
Electron micrographs showing the ultrastructures of cerebral microvessels obtained

from the control (A), APAP-treated without CSD (B), CSD (C), and APAP-treated with
CSD (D) groups. Microvillous formation (arrow); Swelling of the astrocytic foot plate

(As). Scale bar = 2 Im.
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Figure 12 Effects of 0-day of APAP treatment on CSD-induced ultrastructural changes

of pinocytic vesicles in cerebral endothelial cells.
Electron micrographs showing pinocytic formations in the endothelial cells obtained

from the control (A), APAP-treated without CSD (B), CSD (C), and APAP-treated with

CSD (D) groups. Pinocytic vesicle (arrow). Scale bar = 200 nm.
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Figure 13 Effects of 0-day of APAP treatment on CSD-induced ultrastructural changes

in astrocytes and tight junction.

Histograms showing the proportions of astrocytic foot plate swelling (A) and tight

junction alignment (B) observed in the control, APAP-treated without CSD, CSD, and

APAP-treated with CSD groups
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15-day of APAP treatment

In contrast, chronic APAP treatment for 15 days revealed the opposite effect
on the on the ultrastructural alterations against CSD activation. The results obtained
from chronic APAP treatment exhibited a significant increase in the number of
microvilli and pinocytic vesicles comparing with those of the control group. These
abnormalities of cerebral microvessels were higher in combination with CSD
activation. The data are shown in Figure 14, Figure 15 and Table 1. The astrocytic
foot plate swelling in the perivascular areas of the cerebral microvessels obtained
from the chronic APAP-treated with or without CSD activation group was also
demonstrated the moderate degree when compared with the control group. The
data are shown in Figure 14, Figure 16A. Moreover, the measurement of the tight
junction alignment also demonstrated the proportion of tight junction with high

angle in the animals with APAP treatment (Figure 16B).
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Figure 14 Effects of 15-day of APAP treatment on CSD-induced ultrastructural changes of microvillous formation and

astrocytic foot plate swelling in cerebral endothelial cells.

Electron micrographs showing the ultrastructures of cerebral microvessels obtained
from the control (A), APAP-treated without CSD (B), CSD (C), and APAP-treated with

CSD (D) groups. Microvillous formation (arrow); Swelling of the astrocytic foot plate

(As). Scale bar = 2 hm.



a7

Figure 15 Effects of 15-day of APAP treatment on CSD-induced ultrastructural changes

of pinocytic vesicles in cerebral endothelial cells.
Electron micrographs showing pinocytic formations in the endothelial cells obtained

from the control (A), APAP-treated without CSD (B), CSD (C), and APAP-treated with

CSD (D) groups. Pinocytic vesicle (P). Scale bar = 200 nm.



48

A

o

£ 100-

3 E3 Control
o & 80 €3 APAP
°2 B CSD
cC o
Sa 60 @D APAP+CSD
15
L O
n- —

> 20

2

& Gl &
.@o&\ ‘:pbe* &
B

1.0+
€3 Control

0.8+ &3 APAP

s o B CSsD
0.6+ @M APAP+CSD

e
'S
'l

Proportion of tight junction alignment

Angle with respected to the lumen (degree)

Figure 16 Effects of 15-day of APAP treatment on CSD-induced ultrastructural changes

in astrocytes and tight junction.

Histograms showing the proportions of astrocytic foot plate swelling (A) and tight
junction alignment (B) observed in the control, APAP-treated without CSD, CSD, and

APAP-treated with CSD groups
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30-day of APAP treatment

Interestingly, the ultrastructural alterations of the rats that received chronic
APAP treatment for30 days were significant higher than thoseobserved in 15 days of
APAP treatment. The results demonstrated that a significant increase in the number
of microvilli and pinocytic vesicles was observed in the APAP-treated group as
compared with those from the control group (P<0.01). These data are shown in
Figure 17, Figure 18 and Table 1. These alterations of the cerebral microvessels,
including astrocytic foot plate swelling, were more severe in chronic APAP treatment
with CSD activation. In combination with CSD activation, the number of pinocytic
vesicles in the endothelial cells was significant higher than that observed in the CSD
group. With CSD activation, the swelling of astrocytic foot plate around the cerebral
microvessels in the chronic APAP treatment were more prominent than those
observed in the animal without treatment. These data are shown in Figure 17, Figure
19A.

Additionally, the evaluation of the tight junction alignment demonstrated that
the proportion of normal angle tight junction was observed only in the control
group. While the CSD and APAP-treated with or without CSD group demonstrated the

high degree of angle (Figure 19B).
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Figure 17 Effects of 30-day of APAP treatment on CSD-induced ultrastructural changes of microvillous formation and

astrocytic foot plate swelling in cerebral endothelial cells.

Electron micrographs showing the ultrastructures of cerebral microvessels obtained
from the control (A), APAP-treated without CSD (B), CSD (C), and APAP-treated with

CSD (D) groups. Microvillous formation (arrow); Swelling of the astrocytic foot plate

(As). Scale bar = 2 hm.
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Figure 18 Effects of 30-day of APAP treatment on CSD-induced ultrastructural

changes of pinocytic vesicles in cerebral endothelial cells.

Electron micrographs showing pinocytic formations in the endothelial cells obtained
from the control (A), APAP-treated without CSD (B), CSD (C), and APAP-treated with

CSD (D) groups. Pinocytic vesicle (P). Scale bar = 200 nm.
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Figure 19 Effects of 30-day of APAP treatment on CSD-induced ultrastructural changes

in astrocytes and tight junction.

Histograms showing the proportions of astrocytic foot plate swelling (A) and tight

junction alignment (B) observed in the control, APAP-treated without CSD, CSD, and

APAP-treated with CSD groups
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Table 1 Effects of 0-, 15-, and 30-day of APAP treatments on CSD-induced

ultrastructural changes in cerebral endothelial cells.

Control APAP-treated CSD group APAP-treated
Variables
group group with CSD group
0-day of APAP treatment
Pinocytic vesicles
(number per ,Umz) 16.89+0.92 18.13+0.58 22.96+1.26* 19.12+0.89
Microvilli
(number per vessel) 1.20+0.19 1.32+0.32 2.54+0.41* 1.38+0.21
15-day of APAP treatment
Pinocytic vesicles
(number per ,Umz) 16.11+0.42 23.64+2.06* 22.18+ 0.99 26.77+£1.55**
Microvilli
(number per vessel) 0.7133+0.13 2.070+0.21** 2.890+0.12%* 2.233+0.10**
30-day of APAP treatment
Pinocytic vesicles .
, 17.16+0.48 30.15+£2.25%* 23.35+0.55 33.50+1.82%%*
(number per Um’)
Microvilli
0.86+0.35 2.60+0.27** 2.80+0.15%** 2.98+0.18***
(number per vessel)

* P <0.05 compared with the control group.
** P <0.01 compared with the control group.
*** P <0.001 compared with the control group.

" P <0.05 compared with the CSD group.
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Effect of APAP treatment on the CSD-induced alterations of tight junction
proteins on cerebral endothelial cells

Z0-1

In order to investigate the effect of chronic APAP treatment on BBB integrity,
the expression of the tight junction protein ZO-1 (220 kDa) was detected in the
cerebral cortex obtained from all experimental groups. When compared with the
control group, the CSD-activated group demonstrated the decrease of ZO-1 level in
all experiments. Pretreatment with acute APAP treatment could elevate the level of
ZO-1expression against CSD activation (Figure 20). However, 2 weeks of APAP
treatment, the expression of ZO-1 was significant decreased in the APAP-treated with
CSD activation group (P<0.05; Figure 21). Moreover, 4 weeks of APAP treatment, the
alteration of ZO-1 levels was significant decreased when compared with the control,

APAP-treated alone, and CSD groups (P<0.001; Figure 22).
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Figure 20 Effect of 0-day of APAP treatment on the CSD-induced alterations of ZO-1

expression on cerebral endothelial cells.
(A) The ZO-1 protein levels were analyzed by western blotting and are shown for the

control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.

(B) The quantitative data are expressed as relative densities compared to B—actin.
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Figure 21 Effect of 15-day of APAP treatment on the CSD-induced alterations of ZO-1

expression on cerebral endothelial cells.
(A) The ZO-1 protein levels were analyzed by western blotting and are shown for the

control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) The quantitative data are expressed as relative densities compared to B—actin.

*P<0.05 compared to the control group.
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Figure 22 Effect of 30-day of APAP treatment on the CSD-induced alterations of ZO-1

expression on cerebral endothelial cells.
(A) The ZO-1 protein levels were analyzed by western blotting and are shown for the

control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) The quantitative data are expressed as relative densities compared to B—actin.
*¥*¥P<0.001 compared to the control group, "p<0.001 compared to the CSD group,
0d . 000

P<0.01 compared to the APAP-treated without CSD group, P<0.001 compared

to the APAP-treated without CSD group.
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Occludin

To evaluate the effect of chronic APAP treatment on the expression of tight
junction proteins, occludin (65 kDa) was detected in the cerebral cortex obtained
from all experimental groups. The results revealed that induction of CSD could
decrease the expression of occludin as compared with the control group. With acute
APAP treatment, either alone or combination with CSD, the level of occludin
expression did not differ from the control group (Figure 23). However, after 2 weeks
of APAP treatment, the expression of occludin was decrease when combined with
CSD activation as compared with the control (Figure 24). Moreover, the decrease of
this tight junction protein was more severe after chronic APAP treatment for 4 weeks

(Figure 25).
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Figure 23 Effect of 0-day of APAP treatment on the CSD-induced alterations of

occludin expression on cerebral endothelial cells.
(A) The occludin protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) The quantitative data are expressed as relative densities compared to B—actin.

*P<0.05 compared to the control group, #P<0.05 compared to the CSD group,

)
P<0.05 compared to the APAP-treated without CSD group.
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Figure 24 Effect of 15-day of APAP treatment on the CSD-induced alterations of

occludin expression on cerebral endothelial cells.

(A) The occludin protein levels were analyzed by western blotting and are shown for
the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.

(B) The quantitative data are expressed as relative densities compared to B—actin.
*P<0.05 compared to the control group, #P<0.05 compared to the CSD sgroup,

o
P<0.05 compared to the APAP-treated without CSD group.
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Figure 25 Effect of 30-day of APAP treatment on the CSD-induced alterations of

occludin expression on cerebral endothelial cells.

(A) The occludin protein levels were analyzed by western blotting and are shown for
the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) The quantitative data are expressed as relative densities compared to B—actin.

*P<0.05 compared to the control group
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Claudin-5

In order to investigate the effect of chronic APAP treatment on the BBB
integrity, the expression of the tight junction protein claudin-5 (23 kDa) was also
observed in the cerebral cortex obtained from all experimental groups. The results
demonstrated that acute APAP treatment had no effect on the expression of claudin-
5. Moreover, pretreatment with APAP for 1 h could protect cerebral vessels against
CSD activation (Figure 26). In contrast, chronic APAP treatment (22 weeks)
demonstrated the opposite effect of this drug to the expression of caludin-5. The
results revealed that chronic APAP treatment alone or in combination with CSD
activation resulted in the significant decrease when compared with the control

groups (Figure 27 Figure 28).



63

N x((?
O Q
F & o &
A (JO g ¢ g

Claudin-5 ) SN e S

B-Actin —‘ =

v e
N
g

-c

£ 5 15-

23 £

O "

T =

o ? 1.0-

> c

&3

¥ g 0.5-

0.0- :

O O
ol ¢

Figure 26 Effect of 0-day of APAP treatment on the CSD-induced alterations of

claudin-5 expression on cerebral endothelial cells.
(A) The claudin-5 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) The quantitative data are expressed as relative densities compared to B—actin.

*P<0.05 compared to the control group, #P<0.05 compared to the CSD group,

)
P<0.05 compared to the APAP-treated without CSD group.
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Figure 27 Effect of 15-day of APAP treatment on the CSD-induced alterations of

claudin-5 expression on cerebral endothelial cells.
(A) The claudin-5 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.

(B) The quantitative data are expressed as relative densities compared to B—actin.

*P<0.05 compared to the control group, #P<0.05 compared to the CSD group,

)
P<0.05 compared to the APAP-treated without CSD group.
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Figure 28 Effect of 30-day of APAP treatment on the CSD-induced alterations of

claudin-5 expression on cerebral endothelial cells.
(A) The claudin-5 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) The quantitative data are expressed as relative densities compared to B—actin.
*P<0.05 compared to the control group, #P<0.05 compared to the CSD group,

)
P<0.05 compared to the APAP-treated without CSD group.
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IsG extravasation

IsG extravasation is an indicator which indicates the damage of BBB integrity.
In this study, the expression of IgG light chain (25 kDa) was analyzed in the cerebral
cortex obtained from all experimental groups. The results demonstrated that the
induction of CSD could induce an increase of IeG level as compared with that in the
control group. With acute APAP treatment, there was no change in the level of IgG
and still protected cerebral vessels from CSD activation (Figure 29). At 2 weeks of
treatment, the level of IgG was increase either in the APAP-treated alone or in
combination with CSD activation (Figure 30). Interestingly, the increase in abnormality
of IgG level was observed in the animal-treated with APAP for 4 weeks. The results
demonstrated that chronic APAP treatment alone increased the level of IgG in the
brain as compared with the control group. When combined with CSD activation, the
level of 1gG was significantly higher than those observed in the other groups (Figure

31).



67

Q
&
&o\ R Qx
X
Q \8 Q Vs
A S & & N
8GN
A L
B
1.0~
*k
> 08
2e T
% ‘g T —
2
%
O =
(14
Ocoo C:é)
Qx
v
v?

Figure 29 Effect of 0-day of APAP treatment on the CSD-induced alterations of 1gG

extravasation on cerebral endothelial cells.

(A) The lgG extravasation protein levels were analyzed by western blotting and are
shown for the control, APAP-treated without CSD, CSD, and APAP-treated with CSD
groups.

(B) The quantitative data are expressed as relative densities compared to B—actin.
*P<0.05 compared to the control group, #P<0.05 compared to the CSD group,

)
P<0.05 compared to the APAP-treated without CSD group.
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Figure 30 Effect of 15-day of APAP treatment on the CSD-induced alterations of IgG

extravasation on cerebral endothelial cells.
(A) The IgG extravasation protein levels were analyzed by western blotting and are

shown for the control, APAP-treated without CSD, CSD, and APAP-treated with CSD
groups.
(B) The quantitative data are expressed as relative densities compared to B—actin.

*P<0.05 compared to the control group.
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Figure 31 Effect of 30-day of APAP treatment on the CSD-induced alterations of IgG

extravasation on cerebral endothelial cells.

(A) The lgG extravasation protein levels were analyzed by western blotting and are
shown for the control, APAP-treated without CSD, CSD, and APAP-treated with CSD
groups.

(B) The quantitative data are expressed as relative densities compared to B—actin.
***P<0.001 compared to the control group, *P<0.05 compared to the CSD group,

)
P<0.05 compared to the APAP-treated without CSD group.
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Effect of APAP treatment on the CSD-induced expression of cell adhesion
molecules on cerebral microvessels

The expressions of cell adhesion molecule proteins (ICAM-1 and VCAM-1) in
the cerebral cortex were evaluated by using western blotting. The results revealed
that the level of ICAM-1 expression observed in the CSD group was significantly
increased those observed in the control group (P<0.05). However, pretreatment with
APAP one hour could attenuate the expression of ICAM-1 induced by CSD as
demonstrated in Figure 32. No differences in the expression of VCAM-1 were
observed in any experimental group as shown in Figure 35.

Interestingly, the results reveal that chronic APAP treatment for 15 and 30
days had the opposite effect of this drug on the expressions of cell adhesion
molecules in the rats. Compared with those from the control group, chronic APAP
treatment either alone or in combination with CSD significantly increased the
expression of ICAM-1 (Figure 34, Figure 36). Additionally, the results demonstrated
that the level of VCAM-1 protein expression was significantly higher in 30-day of APAP
treated with CSD group than that observed in the control group (P<0.01). These data
are shown in Figure 42.

The results obtained from immunohistochemical study also correlate well
with the results of western blot analyses. In CSD group, the numbers of ICAM-1- and
VCAM-1-immunopositive vessels were significantly higher than that observed in the
control group.. Pretreatment with acute APAP treatment could attenuate the
numbers of ICAM-1- and VCAM-1-immunopositive vessels induced by CSD (Figure 33,
Figure 39). However, chronic APAP treatment (15 and 30 days) with CSD activation

caused a significant increase in the number of those immunopositive vessels
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compared to the CSD group. These data are shown in Figure 35, Figure 37, Figure 41,

Figure 43.
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Figure 32 Effects of 0-day of APAP treatment on CSD-induced the expression of ICAM-

1 in the cerebral cortex.

(A) The ICAM-1 protein levels were analyzed by western blotting and are shown for
the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) Quantitative data are expressed as relative densities compared to B—actin.

*P<0.05 compared to the control group.
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Figure 33 Effects of 0-day of APAP treatment on CSD-induced ICAM-1 expression in

the cerebral cortex.
Photomicrographs showing ICAM-1-immunoreactive cells (arrows) in the cerebral

cortices obtained from the control (A), APAP-treated without CSD (B), CSD (C), and

APAP-treated with CSD (D) groups. Scale bar = 200 Mm.
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Figure 34 Effects of 15-day of APAP treatment on CSD-induced the expression of

ICAM-1 in the cerebral cortex.
(A) The ICAM-1 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) Quantitative data are expressed as relative densities compared to B—actin.
*P<0.05 compared to the control group, *** P<0.001 compared to the control group’

" p<0.01 compared to the CSD group.
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Figure 35 Effects of 15-day of APAP treatment on CSD-induced ICAM-1 expression in

the cerebral cortex.
Photomicrographs showing ICAM-1-immunoreactive cells (arrows) in the cerebral

cortices obtained from the control (A), APAP-treated without CSD (B), CSD (C), and

APAP-treated with CSD (D) groups. Scale bar = 200Mm.
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Figure 36 Effects of 30-day of APAP treatment on CSD-induced the expression of

ICAM-1 in the cerebral cortex.
(A) The ICAM-1 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) Quantitative data are expressed as relative densities compared to B—actin.
*P<0.05 compared to the control group, *** P<0.001 compared to the control group’
#H 0060

P<0.01 compared to the CSD group, P<0.001 compared to the APAP-treated

without CSD group.
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Figure

37 Effects of 30-day of APAP treatment on CSD-induced ICAM-1 expression in the

cerebral cortex.
Photomicrographs showing ICAM-1-immunoreactive cells (arrows) in the cerebral

cortices obtained from the control (A), APAP-treated without CSD (B), CSD (C), and

APAP-treated with CSD (D) groups. Scale bar = 200 Mm.
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Figure 38 Effects of 0-day of APAP treatment on CSD-induced the expression of

VCAM-1 in the cerebral cortex.
(A) The VCAM-1 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.

(B) Quantitative data are expressed as relative densities compared to B—actin.
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Figure 39 Effects of 0-day of APAP treatmen n S-ince AMl pesion in

the cerebral cortex.
Photomicrographs showing VCAM-1-immunoreactive cells (arrows) in the cerebral

cortices obtained from the control (A), APAP-treated without CSD (B), CSD (C), and

APAP-treated with CSD (D) groups. Scale bar = 200 Mm.
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Figure 40 Effects of 15-day of APAP treatment on CSD-induced the expression of

VCAM-1 in the cerebral cortex.
(A) The VCAM-1 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.

(B) Quantitative data are expressed as relative densities compared to B—actin.
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Figure 41 Effects of 15-day of APAP treatment on CSD-induced VCAM-1 expression in

the cerebral cortex.
Photomicrographs showing VCAM-1-immunoreactive cells (arrows) in the cerebral

cortices obtained from the control (A), APAP-treated without CSD (B), CSD (C), and

APAP-treated with CSD (D) groups. Scale bar = 200Mm.
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Figure 42 Effects of 30-day of APAP treatment on CSD-induced the expression of

VCAM-1 in the cerebral cortex.
(A) The VCAM-1 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CSD, CSD, and APAP-treated with CSD groups.
(B) Quantitative data are expressed as relative densities compared to B—actin.

**P<0.01 compared to the control group.
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Figure 43 Effects of 30-day of APAP treatment on CSD-induced VCAM-1 expression in

the cerebral cortex.
Photomicrographs showing VCAM-1-immunoreactive cells (arrows) in the cerebral

cortices obtained from the control (A), APAP-treated without CSD (B), CSD (C), and

APAP-treated with CSD (D) groups. Scale bar = 200 m.
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Effect of APAP treatment on CSD-induced CGRP expression in the TG

To determine the effect of chronic APAP treatment on the CGRP expression,
TGs with 800-1,000 neurons were selected from each animal. Statistical analyses did
not reveal any significant differences among experimental groups in the total number
of TG neurons. Immunohistochemistry revealed that CGRP is mainly localized in
small to medium sized neurons (up to 30 um in diameter). In this study, the total
number of CGRP-IR cells was expressed the data as the average percentage of the
total number of CGRP-IR neurons in the TG for each experimental group.

The results revealed that the induction of CSD significantly increased the
average percentage of total CGRP-IR neurons compared with the control groups
(Figures 44, Figure 45, Figure 46 and Table 2, P <0.001). This is consistent for every
time point analyzed (0, 15, and 30 days). A single injection of APAP prior to CSD
induction attenuated the total number CGRP-IR cells in the TG (27.62+0.77)
compared with those from the CSD group (41.12+1.49) (Figures 44, and Table 2, P
<0.001).

In the experiment with 15-days treatment, APAP treatment alone or in
combination with CSD exhibited a significant higher percentage of total CGRP-IR cells
when compared with controls (33.62+1.00, 33.85+1.12 and 26.93+0.88 for APAP
treatment alone, APAP treatment with CSD, and control groups, respectively, P
<0.001). However, those numbers were significantly lower than that of the CSD group
(41.31+1.29) (Figures 45 and Table 2, P <0.001).

Results from the 30-day treatment groups demonstrated that the average
percentage of total CGRP-IR cells in APAP (42.56+1.24) or APAP with CSD (48.68+0.83)

treated groups were significantly higher than those obtained from the control group
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(28.10+1.25) (P <0.001). No difference in the total number of CGRP immunopositive
neurons was observed when comparing between the APAP and CSD groups (Figures
46 and Table 2).

Long-term treatment with APAP enhances CGRP expression in the TG. This
effect is time-dependent because the average percentage of total CGRP-IR cells after
the 30-day treatment was significantly higher than those observed in the 15-day
treatment. The same pattern of this alteration is observed as well in the animal with

APAP treatment and CSD activation.
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Figure 44 Effect of 0-day of APAP treatment on CSD-induced CGRP expression in the

TG.
The photomicrographs show the CGRP-IR neurons in the TG ipsilateral to the site

of KCl or NaCl application obtained from the control (A), APAP-treated without CSD
(B), CSD (C), and APAP-treated with CSD (D) groups. Scale bar = 200 um.
(E) Histograms showing the average percentage of CGRP-IR cells per total cells.

*** P<0.001 compared to the control group, " p<0.001 compared to the CSD group.
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Figure 45 Effect of 15-day of APAP treatment on CSD-induced CGRP expression in the

TG.

The photomicrographs show the CGRP-IR neurons in the TG ipsilateral to the site

of KCl or NaCl application obtained from the control (A), APAP-treated without CSD

(B), CSD (Q), and APAP-treated with CSD (D) groups. Scale bar = 200 um.

(E) Histograms showing the average percentage of CGRP-IR cells per total cells.

*** P<0.001 compared to the control group, " p<0.001 compared to the CSD group.
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Figure 46 Effect of 30-day of APAP treatment on CSD-induced CGRP expression in the

TG.
The photomicrographs show the CGRP-IR neurons in the TG ipsilateral to the site of

KCl or NaCl application obtained from the control (A), APAP-treated without CSD (B),
CSD (0), and APAP-treated with CSD (D) groups. Scale bar = 200 pym.
(E) Histograms showing the average percentage of CGRP-IR cells per total cells.

*** P<0.001 compared to the control group.
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Table 2 Effect of APAP treatment on CSD-induced CGRP expression in the TG

Measure Control APAP-treated

variables group group

CSD group APAP-treated

with CSD group

% of total CGRP-immunopositive neurons in the TG

0-day 27.40+0.41 27.62+0.77"" 4112149  28.84+0.60""
15-day 26.93+0.88 33624100 1 4131%129  3385+1.12
30-day 28.10+1.25 42.56+1.24 40.02+2.11 48.68+0.83

X

" P <0.001 compared with the control group.

" p <0.001 compared with the CSD group.
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Effect of APAP treatment on the alteration of the CYP2E1 enzyme in the brain

In the brain, cell components in the NVU have been reported their ability in
the expression of enzyme CYP2E1l. The important of this enzyme involves in the
metabolism of APAP which lead to the accumulation of NAPQI and finally damage to
the cells. This study aimed to investigate the alteration of the enzyme CYP2E1
activity in the brain after rats received acute and chronic APAP treatment.

The results demonstrated that there was no different between the control
and CSD groups in all experimental periods. At 0-day of APAP treatment, rats in the
APAP-treated with and without CSD groups exhibited the increase of enzyme CYP2E1
levels when compared with the control and CSD groups (P<0.01; Figure 47). This
alteration of this enzyme was also detected in the 15-day of treatment as well
(P<0.001; Figure 48). However, the level of enzyme CYP2E1 was extremely increased
in the 30-day of APAP treatment, either with or without CSD activation (P<0.001;

Figure 49).
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Figure 47 Effects of 0-day of APAP treatment on the alteration of the CYP2E1 enzyme

in the brain.
(A) The CYP2E1 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CGRP, CGRP, and APAP-treated with CGRP groups.
(B) Quantitative data are expressed as relative densities compared to B—actin.

** P<0.01 compared to the control group, " p<0.01 compared to the CSD group.
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Figure 48 Effects of 15-day of APAP treatment on the alteration of the CYP2E1

enzyme in the brain.
(A) The CYP2E1 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CGRP, CGRP, and APAP-treated with CGRP groups.
(B) Quantitative data are expressed as relative densities compared to B—actin.

*** P<0.001 compared to the control group, " p<0.001 compared to the CSD group.
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Figure 49 Effects of 30-day of APAP treatment on the alteration of the CYP2E1

enzyme in the brain.
(A) The CYP2E1 protein levels were analyzed by western blotting and are shown for

the control, APAP-treated without CGRP, CGRP, and APAP-treated with CGRP groups.
(B) Quantitative data are expressed as relative densities compared to B—actin.

*** P<0.001 compared to the control group, " p<0.001 compared to the CSD group.
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The results obtained from in vivo study demonstrated that acute and chronic
treatment with APAP resulted in different responses of the cerebral microvessels to
CSD activation. The induction of CSD alone induced increases in ultrastructural
alterations, cell adhesion molecule expression, and IeG extravasation on the cerebral
microvessels. These alterations are parallel with the decrease in expression of the
tight junction proteins. While acute APAP treatment attenuated those alterations of
cerebral microvessels induced by CSD, the opposite response was observed in the
rats that received chronic APAP treatment. Moreover, the expression of CGRP in the

TG was enhanced after chronic APAP treatment as well.
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4.2 Study lI: The study of the effect of acute and chronic APAP treatment on
the alteration of BBB integrity in the cultured brain endothelial cell line (bEnd.3

cell).

Cytotoxic assay of APAP in bEnd.3 cell

In order to select the dose of APAP for treatment, the bEnd.3 cell was
incubated with the different concentrations of this drug and the result was detected
by MTS assay. The results demonstrated that ICsq of this drug which induced 50% of
cell death was 6,000 uM. Moreover, the result of MTS assay demonstrated that at
the concentration of APAP lower than 1,000 uM could induce cell death less than
10% (Figure 50). Based on the previous study by [10], the concentration of APAP was
used in the treatment of rat brain endothelial cell was 100 uM and the results
demonstrated the protective effect of this drug to the cell from oxidative stress.
Thus, in this study, 100 pM of APAP concentration was selected because this

concentration was also in range between 0-1,000 uM that induced 10% of cell death.

1204

1004M
1004
_ 90%b0 of cell survival (1,000 pnM)
E 0
:
% 601
: ICs, (6,000 pM)
T 401
204
0 I L) L} Ll I 1
0 1 2 3 4 5 6

Log (APAP) 1M

Figure 50 Cytotoxicity of APAP to bEnd.3 cells determined by MTS assay.
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Effect of APAP treatment on the CGRP-induced alterations of tight junction
proteins expression in cultured brain endothelial cell line (bEnd.3 cell)

In order to confirm the effect of APAP treatment on the CGRP-induced the
alterations of BBB integrity in brain endothelial cell, the 3 different time points of
APAP treatment were studied in bEnd.3 cell in the condition with and without CGRP
activation. The expression of tight junction proteins was investicated by western
blotting.

In the CGRP-activated groups, the levels of tight junction proteins (ZO-1,
occludin, and claudin-5) significantly decreased when compared with the control
group. These alterations were consistent for all 3 different durations of experiment.

With acute APAP treatment for 24 h, there was no significant difference
observed in those of tight junction proteins. In combination with CGRP activation,
pretreatment with APAP could attenuate the decrease of tight junction proteins of
bEnd.3 cell induced by CGRP (Figure 51-Figure 59). However, the expression of tight
junction proteins obtained from the bEND3 cell with chronic APAP treatment (2, 4
weeks of APAP treatment) demonstrated the significant lower levels of ZO-1,
occludin, and claudin-5 than those observed in the control group. The expression of
tight junction proteins (ZO-1) was further decreased in the chronic APAP-treated cells

with CGRP activation (Figure 53).
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Figure 51 Effects of APAP treatment for 24 h on CGRP-induced the expression of ZO-1

in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 7.5% SDS- PAGE before transferred

onto nitrocellulose membrane. Anti-ZO-1 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM. " P<0.05 compared to the CGRP-treated cells.
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Figure 52 Effects of APAP treatment for 2 weeks on CGRP-induced the expression of

Z0O-1in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 7.5% SDS- PAGE before transferred

onto nitrocellulose membrane. Anti-ZO-1 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM.

" p<0.05 compared to the CGRP-treated cells.



98

Relative density
(ZO-1/p-actin)

vz
v!

Figure 53 Effects of APAP treatment for 4 weeks on CGRP-induced the expression of

Z0O-1 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 7.5% SDS- PAGE before transferred

onto nitrocellulose membrane. Anti-ZO-1 and goat anti-rabbit-HRP were used for

detection.
(B) Quantitative data are expressed as relative densities compared to B—actin.
The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM. " P<0.05 compared to the CGRP-treated cells.
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Figure 54 Effects of APAP treatment for 24 h on CGRP-induced the expression of

occludin in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-occludin and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM.” P<0.05 compared to the control-treated cells.
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Figure 55 Effects of APAP treatment for 2 weeks on CGRP-induced the expression of

occludin in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-occludin and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM. "P<0.05 compared to the control-treated cells.
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Figure 56 Effects of APAP treatment for 4 weeks on CGRP-induced the expression of

occludin in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-occludin and ¢oat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM. " P<0.05 compared to the control-treated cells.
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Figure 57 Effects of APAP treatment for 24 h on CGRP-induced the expression of

claudin-5 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 12.5% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-claudin-5 and goat anti-rabbit-HRP were used for

detection.
(B) Quantitative data are expressed as relative densities compared to B—actin.
The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM. " P<0.05 compared to the CGRP-treated cells.
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Figure 58 Effects of APAP treatment for 2 weeks on CGRP-induced the expression of

claudin-5 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 12.5% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-claudin-5 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM. " P<0.05 compared to the control-treated cells.
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Figure 59 Effects of APAP treatment for 4 weeks on CGRP-induced the expression of

claudin-5 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 12.5% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-claudin-5 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM. "P<0.05 compared to the control-treated cells.
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Effect of APAP treatment on the CGRP-induced expression of cell adhesion
molecules in cultured mouse brain endothelial (bEnd.3) cells

Three different durations of APAP treatment on the CGRP-induced expression
of ICAM-1 and VCAM-1 were investigated in the bEnd.3 cell. The results
demonstrated that the CGRP treatment could significantly increase ICAM-1 and
VCAM-1 expression at all 3 experiments with different duration of the treatment as
compared with control groups(P<0.05; Figure 60-Figure 65).

While acute APAP treatment for 24 h did not show any effect to the
expression of cell adhesion molecules in bEnd.3 cell (Figure 60, Figure 63), chronic
APAP treatment (2 and 4 weeks) either alone or in combination with CGRP activation
could significantly enhance the expression of both ICAM-1 and VCAM-1 as compared

with the control groups (P<0.05; Figure 61, Figure 62, Figure 64, Figure 65).
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Figure 60 Effects of APAP treatment for 24 h on CGRP-induced the expression of

ICAM-1 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 7.5% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-ICAM-1 and rabbit anti-mouse-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM. "P<0.05 compared to the control-treated cells.
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Figure 61 Effects of APAP treatment for 2 weeks on CGRP-induced the expression of

ICAM-1 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 7.5% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-ICAM-1 and rabbit anti-mouse-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. " P<0.05 compared to the control-treated cells. " P<0.05

compared to the control-treated cells.
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Figure 62 Effects of APAP treatment for 4 weeks on CGRP-induced the expression of

ICAM-1 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 7.5% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-ICAM-1 and rabbit anti-mouse-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. " P<0.05 compared to the control-treated cells. " P<0.05

compared to the control-treated cells.
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Figure 63 Effects of APAP treatment for 24 h on CGRP-induced the expression of

VCAM-1 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-VCAM-1 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. " P<0.05 compared to the control-treated cells. " P<0.05

compared to the control-treated cells.
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Figure 64 Effects of APAP treatment for 2 weeks on CGRP-induced the expression of

VCAM-1 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-VCAM-1 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. " P<0.05 compared to the control-treated cells. P<0.05

compared to the control-treated cells.
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Figure 65 Effects of APAP treatment for 4 weeks on CGRP-induced the expression of

VCAM-1 in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-VCAM-1 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. " P<0.05 compared to the control-treated cells.

' P<0.05 compared to the control-treated cells.
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Effect of APAP treatment on the CGRP-induced expression of cell adhesion
molecules in cultured mouse brain endothelial (bEnd.3) cells

In order to investigate the expression of CYP2E1, 3 different time points of
APAP treatment were performed in bEnd.3 cell.3 in the condition with and without
CGRP activation.

The results revealed that CGRP activation alone had no effect on the
expression of enzyme CYP2E1l activity as compared with the controls. APAP
treatment (both acute and chronic treatment) could increase the expression of
CYP2E1 comparing with the control group (P<0.05; Figure 66, Figure 68). Interestingly,
the level of this enzyme was gradually increased since 2 weeks of treatment (P<0.05;
Figure 67, Figure 68). The highest level of CYP2E1 expression was observed at the

fourth weeks of treatment (P<0.05; Figure 68).
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Figure 66 Effects of APAP treatment for 6 h on CGRP-induced the expression of

CYP2E1 in the bEnd.3 cell.
(A) 20 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-CYP2E1 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. " P<0.05 compared to the control-treated cells.
** P<0.01 compared to the control group, ™ p<0.01 compared to the CSD-treated

cells.



114

CYP2EL 4w SRR S e

1.0- * % %
B * % %
2 € 081 Hit# i
2 o —
o P 0.6-
T ‘ —I
QD -~ .
= & 041 :
IR e
€ O g2 :
I).O' T T
N N4
&L W & L
o ® g &£
R
Q?'

Figure 67 Effects of APAP treatment for 2 weeks on CGRP-induced the expression of

CYP2E1 in the bEnd.3 cell.
(A) 20 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-CYP2E1 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. *** P<0.001 compared to the control-treated cells, o

P<0.001 compared to the CSD-treated cells.
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Figure 68 Effects of APAP treatment for 4 weeks on CGRP-induced the expression of

CYP2E1 in the bEnd.3 cell.
(A) 20 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti-CYP2E1 and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to B—actin.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. *** P<0.001 compared to the control-treated cells, o

P<0.001 compared to the CSD-treated cells.
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Effect of APAP treatment on the activation of the NF-KB signaling pathway in
cultured mouse brain endothelial (bEnd.3) cells

In order to confirm whether the effect of APAP treatment involve in the
activation of NF-KB signaling pathway, bEnd.3 cell was incubated with APAP
treatment at 3 different time points in the condition with and without CGRP
activation by western blotting.

With acute APAP treatment, the results demonstrated that there was no
difference in the expression of phospho-NF-KB-p65 observed in any groups when
compared with the control (Figure 4-59). However, the results demonstrated that the
level of phospho-NF-KB-p65 was significantly increased in the chronic APAP-treated
cells (2 and 4 weeks) in both with and without CGRP activation (Figure 70; Figure 71).
Interestingly, with 4 weeks of APAP treatment, the significant higher of phospho-NF-
KB-p65 expression was clearly demonstrated in cells with CGRP activation as

compared with the control, CGRP-activated alone, and APAP-treated cells (Figure 71).
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Figure 69 Effects of APAP treatment for 24 h on CGRP-induced the expression of

phospho-NF-kB p65 in the bEnd.3 cell.
(A) 20 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti- phospho-NF-kB p65 and goat anti-rabbit-HRP
were used for detection.

(B) Quantitative data are expressed as relative densities compared to total NF-kB.
The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM.
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Figure 70 Effects of APAP treatment for 24 h on CGRP-induced the expression of

phospho-NF-kB p65 in the bEnd.3 cell.
(A) 20 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti- phospho-NF-kB p65 and goat anti-rabbit-HRP
were used for detection.

(B) Quantitative data are expressed as relative densities compared to total NF-kB.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean = SEM. ** P<0.01 compared to the control-treated cells, f

P<0.05 compared to the CSD-treated cells.
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Figure 71 Effects of APAP treatment for 4 weeks on CGRP-induced the expression of

phospho-NF-kB p65 in the bEnd.3 cell.
(A) 20 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti- phospho-NF-kB p65 and goat anti-rabbit-HRP
were used for detection.

(B) Quantitative data are expressed as relative densities compared to total NF-kB.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. *** P<0.001 compared to the control-treated cells, ##

P<0.01 compared to the CSD-treated cells, e P<0.001 compared to the CSD-treated

cells.
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Effect of APAP treatment on the activation of Protein Kinase A in mouse brain
endothelial (bEnd.3) cells

At a molecular level, the binding of CGRP to its receptor, expressed on
endothelial cells, leads to the activation of adenylate cyclase resulting in an
accumulation of cAMP. High levels of cAMP will activate protein kinase A (PKA)
signaling pathway. To investigate the effect of APAP treatment on the activation of
PKA, levels of phosphorylated PKA were detected at three different time points with
or without CGRP activation by Western Blotting. For APAP-treated cells, either acute
or chronic treatment, the levels of phosphorylated PKA were not different from that
of control cultured cells (Figure 72, Figure 74). Results demonstrated that CGRP
activation alone or in combination with chronic APAP treatment (2 and 4 weeks)
significantly increased the expression of phosphorylated PKA, when comparing with
the control cultured cells (Figure 73, Figure 74). Interestingly, at the fourth weeks of
APAP treatment, the increase of phosphorylated PKA expression was observed when

the treatment was combined with CGRP activation (Figure 74).
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Figure 72 Effects of APAP treatment for 24 h on CGRP-induced the expression of

phospho-PKA in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti- PKA and goat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to total PKA.

The experiment was under taken in 3 dependent times with duplicated assay. Data

represented as mean + SEM. ' P<0.05 compared to the control-treated cells.
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Figure 73 Effects of APAP treatment for 2 weeks on CGRP-induced the expression of

phospho-PKA in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti- PKA and g¢oat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to total PKA.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM. " P<0.05 compared to the control group, ° P<0.05

compared to the APAP-treated-treated cells.



123

Phopho-PKA C s sl SIS S

R e

B 61'0-
=T,
@E 0.8+
w —
o
T o1
@ N
= o
L 4
52
X 2
a 0.2+
=
o
= 0.0 7
™
&@
e

Figure 74 Effects of APAP treatment for 4 weeks on CGRP-induced the expression of

phospho-PKA in the bEnd.3 cell.
(A) 10 ug total protein extracts were separated on 10% SDS-PAGE before transferred

onto nitrocellulose membrane. Anti- PKA and g¢oat anti-rabbit-HRP were used for
detection.

(B) Quantitative data are expressed as relative densities compared to total PKA.

The experiment was under taken in 3 dependent times with duplicated assay. Data
represented as mean + SEM.

" P<0.05 compared to the control-treated cells, ° P<0.05 compared to the APAP-

treated-treated cells.



CHAPTER V
DISCUSSION

The results obtained from the present study, either in vivo or in vitro study
demonstrate that acute and chronic treatments with APAP demonstrate the different
effect on the cerebral microvessels. While short-term APAP treatment can protect
cerebral microvessels against the CSD or CGRP activation, long-term APAP treatment
(=2 weeks) reveals an opposite effect. Exposure with APAP for long period can result
in the alteration of BBB integrity in both cerebral microvessels and cultured
endothelial cells. Furthermore, in combination with CSD or CGRP activation, the
damage of BBB integrity is more prominent.

The results obtained from in vivo study clearly demonstrate that the cerebral
microvessels with acute and chronic APAP treatment response differently to the CSD
activation. While acute APAP treatment decreases the alterations of cerebral
microvessels induced by CSD, chronic APAP treatment reveals the opposite response.

Cumulative data demonstrated that during CSD activation the alterations in
both neural and vascular compartments were observed [64, 99]. Regarding to the
alteration in vascular compartment, the changing in cerebral circulation was
observed in studies from either migraine patients or animal models. Increases in the
expression of vascular adhesion molecules have been detected during migraine
attacks [33]. Those alterations of the cerebral microvessels induced by CSD have
been further confirmed by the observation of leakage of plasma protein
extravasation from rat cerebral vessels after CSD activation [31, 32]. Increase of
oxidative stress and neurogenic inflammation due to the release of vasoactive

neurotransmitters (i.e., CGRP, SP, and NO) from perivascular nerve terminals are
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accepted to be mechanisms involved in these hemodynamic changes [73, 74]. The
present results are in line with these observations. The higher alterations of cerebral
microvessels including the ultrastructural changes and the expressions of cell
adhesion molecules (ICAM-1 and VCAM-1) were observed in animals with CSD
activation as compared to the control group.

In this study, pretreatment with APAP 1 hour before CSD activation can
attenuate the CSD-induced alterations in cerebral microvessels. This result is in
agreement with the result obtained from previous study which demonstrated that
acute APAP treatment could attenuate the neuronal excitability induced by CSD [16].
The decrease in the neuronal excitation due to the acute APAP treatment can result
in the decreases in the amounts of vasoactive neurotransmitters (CGRP and SP)
released from perivascular neurons which leads to the attenuation of the cerebral
microvessels changes in this group.

Interestingly, in this study, chronic APAP treatment (15 and 30 days)
demonstrated the different effect from acute treatment. The results revealed that
treatment with APAP for long term can change the effects of this drug from
protective to threatening as demonstrated by the increment of the cerebral
microvessels alterations. The opposite effect of APAP when using as a long-term
treatment has previously reported in the same animal model [16, 17]. The results
demonstrated that, while acute APAP treatment attenuates CSD-induced cortical
neuron excitation, chronic APAP treatment enhances the sensitization of these
cortical neurons as indicated by the increment of depolarizing shifts frequency after
CSD activation [16, 17]. The present study have confirmed the results obtained from

the previous studies which demonstrated that chronic APAP treatment alone could
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induce alterations of cerebral microvessel , when combined with CSD activation,
those alterations were more prominent .

APAP is one of the drugs which can easily cross the BBB. In this case the
APAP, after reaching the brain circulation, can be metabolized by the enzyme
CYP2E1lleading to the formation of NAPQI in the brain [19, 23, 24]. NAPQI is a toxic
substance which can be quickly captured by brain GSH. Since GSH plays a major role
as a cellular anti-oxidant that neutralizes several types of toxins and free radicals in
the brain, thus in case of chronic APAP treatment, low levels of GSH in the brain may
be occurred due to the increase production of NAPQI. In this study, the increment of
enzyme CYP2E1 activity observed in the cerebral cortex obtained from the rats with
long-term APAP treatment can indicate the higher level of NAPQI produced in the
brain. Increases in NAPQI levels together with depletions of GSH can result in
increases in oxidative stress, which can lead to a series of alterations in the brain
including damage of endothelial cells. Furthermore, the recent studies in rats with
chronic APAP treatment have demonstrated the increments of pro-inflammatory
cytokines in several brain regions including the cerebral cortex and hippocampus
[100]; [101]. Based on these accumulative data, the increase in the pro-inflammatory
cytokines and oxidative stress in the brain can possibly be mechanism underlying the
deterioration of BBB integrity following the chronic treatment of APAP.

The present results are in line with recent studies which demonstrated that
chronic APAP treatment changes the properties of its therapeutic effects. At
therapeutic doses, cumulative evidence demonstrated that chronic APAP treatment
can affect the circulatory system [12-15]. Their results revealed that women and men

who frequently took APAP at a dosage of 500 mg/day exhibited a nearly 2-fold
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increase in the relative risk of incident hypertension when compared to nonusers [12-
14]. Moreover, Sudano et al. (2010) also confirmed non-beneficial effect of chronic
APAP treatment on the circulatory system. They demonstrated that collateral
treatment with APAP at a therapeutic dose (1 gram/day) and standard cardiovascular
therapy for two weeks induced increases in both systolic and diastolic blood
pressure in patients with coronary heart disease [15]. Additionally, a study of mouse
airways conducted by Nassini et al. (2010) found that single and repeated treatment
with APAP at therapeutic doses results in increases in the formation of NAPQI and
increases in pro-inflammatory cytokine levels (i.e., monocyte chemotactic protein-1
(MCP-1), ||_-1B, and TNF-Q) [20]. Furthermore, they also demonstrated that NAPQI
plays an important role in the series of alterations that are observed after APAP
treatment. This molecule resulted in increments in the amounts of neuropeptides
(SP and CGRP) released from the sensory nerve terminal, increases in pro-
inflammatory cytokine production and neurogenic inflammation and plasma protein
extravasation in the mice airway [20].

Regarding to the role of CGRP on the alteration of the trigeminovascular
system, the alteration of the CGRP expression in TG was also monitored in this study.
The result demonstrated that induction of CSD significantly increased the average
percentage of total CGRP-IR neurons compared with the control groups. With
different durations, the treatment with APAP has different effects on CGRP expression
in the TG. While acute treatment (day 0) with APAP attenuates CSD-induced CGRP
expression in the TG, long term treatment (> 2 weeks) with APAP increases CSD-
induced CGRP expression in the TG. Interestingly, treatment with APAP alone for

more than 2 weeks also up-regulates CGRP expression when compared with controls.
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Regarding to the impact of treatment duration on the CGRP expression in TG,
studies in other analgesic drugs have previously reported the association between
the alteration of CGRP expression and duration of the treatment. In 2010, De Felice
et al. revealed that sustained administration of triptan, a standard anti-migraine drug,
could induce cutaneous allodynia [102] instead of having the normal anti-migraine
effect when used for a short time. The development of allodynia occurred in parallel
with increased CGRP expression in trigeminal dural efferents. The authors suggested
that these alterations might be the mechanism underlying the transformation of
migraines to the medication overuse headache (MOH) [102]. In addition, studies of
prolonged morphine treatment have demonstrated remarkable changes in the
nociceptive pathway. Rats with prolonged exposure to morphine demonstrated an
incremental change in spinal dynorphin as well as a tolerance to the anti-nociceptive
effects of this drug [95, 103]. The accumulating evidence strongly suggests that
treatment with an analgesic drug for long periods can result in increased release and
expression of CGRP, which eventually induces abnormal nociceptive responses.
However, the mechanism underlying this shift remains unknown.

Several lines of evidence indicate that in the TG, CGRP itself acts as an
autocrine factor, with the ability to modulate its own synthesis and release via CGRP
receptor activation [104, 105]. At peripheral nerve terminals, CGRP can modulate
synaptic transmission, mast cell degranulation, and cause the release of
inflammatory cytokines. These pathophysiological events can induce neurogenic
inflammation and activate perivascular neurons, resulting in the activation of the
trigeminovascular nociceptive system [104-106]. Together, these data suggest that

stimulation of CGRP release from TG can eventually form a positive-feedback loop
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with the trigeminal neurons to induce further synthesis and release of CGRP from the
nerve terminals.

The present results obtained from in vivo study suggest that the short-term
use of APAP can protect the cerebral microvessels against CSD activation; however,
long-term treatment with this drug causes damage to these vessels. The alterations
of BBB are observed in parallel with an increment of the CGRP expression in TG.
When combined with CSD activation, the damage of cerebral microvessels induced
by long-term APAP treatment is more severe. These data suggest that the
accumulation of NAPQI and the increase of CGRP expression are both involved in the
alterations of cerebral microvessels observed in the rats with chronic APAP
treatment.

The effect of chronic APAP treatment and the involvement of CGRP on the
alterations of BBB integrity have been confirmed by the results obtained from the
study in cultured mouse endothelial cell.

The results obtained from the study in this part are correlated with those of
the study in migraine animal model. The results revealed that while the acute
treatment with APAP could attenuate the CGRP-induced the alteration of the tight
junction protein in bEnd.3 cell, the chronic treatment demonstrate the opposite
effect. Exposure brain endothelial cell to APAP for more than 2 weeks either alone or
with CGRP can enhance the CYP2E1 activity as well as expression of cell adhesion
molecules (ICAM-1 and VCAM-1). The level of tight junction proteins (ZO-1, occludin,
and claudin-5) are also lower in these groups as compared with the control. These

results can strongly confirm the involvement of CGRP in the alteration of BBB
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integrity after chronic APAP treatment which was observed in the study of the in vivo
part.

An increase activity of CYP2E1 observed in the cultured brain endothelial
cells with chronic treatment of APAP indicating the accumulation of NAPQI in those
cells which can leads to the increment of oxidative stress and finally causes the

damage of brain endothelial cell and affects tight junction proteins.

Taken the results from the study in CSD animal model together with the
results from the study in endothelial cell culture, there is at least two factors
involved in the alteration of BBB integrity following the chronic treatment with APAP:
oxidative stress and CGRP. In order to confirm whether pathways are involved in
these alterations, two different signaling pathways (PKA for CGRP activation, and NF-
KB for APAP treatment) were also monitored in this study.

In endothelial cell, CGRP, via activation of its receptors (Gg-protein coupled
receptor), can result in the elevation of intracellular cAMP level and then stimulates
the phosphorylation of PKA signaling molecule which can finally result in the
increase of NO production [107]. It is known that an increment of NO can induce
endothelial cell damage by interaction with other oxidant molecules [108, 109]. In
this experiment, bEnd.3 cell that was activated with CGRP alone demonstrated the
higher levels of phosphorylated PKA. Moreover, in combination with chronic APAP
treatment, the increment of this signaling molecule seems to be increased than
those observed in the CGRP treatment alone.

In addition, the activation of the NF-KB signaling pathway was clearly

demonstrated after chronic APAP treatment alone (=2 weeks). In the combination
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with CGRP, the activation of this signaling pathway is significant higher than those
observed in chronic APAP treatment alone. These data suggest that chronic APAP
treatment alone may induce the increase either oxidative stress or inflammatory
cytokine production from brain endothelial cell which can consequently result in the
alterations of BBB integrity. The expression of these molecules after APAP treatment
was previously demonstrated by several studies [19, 93, 100, 110]. The present
results also reveal that in combination with CGRP activation, the increment of the

activation of the NF-KB signaling pathway is more prominent.

In summary, the results obtained from both in vivo and in vitro studies
demonstrate that the short-term treatment of APAP still protect the cerebral
microvessels against CSD activation; however, long-term treatment with this drug at
the same dose can induce the damage to these vessels. When combined with CSD
activation, the damage to cerebral microvessels induced by long-term APAP
treatment is more severe. The increment of oxidative stress and CGRP expression in
TG due to the chronic APAP treatment are all involved in those alterations. Thus,
long-term treatment with APAP for patients with CSD-related disorders, particularly

migraine headaches, might need to be carefully monitored.



CHAPTER VI
CONCLUSION

Based on the results observed from both in vivo and in vitro studies, it can be

concluded that:

1. Acute and chronic treatments with APAP demonstrate the different effect
on the cerebral microvessels.

2. Acute APAP treatment can protect cerebral microvessels against the CSD
or CGRP activation.

3. Chronic APAP treatment can induce damage to BBB integrity; decrease of
tight junction proteins, increase of ultrastructural alterations of
endothelial cells, IsG extravasation and cell adhesion molecules.

4. In combination with CSD or CGRP activation, the damage of BBB integrity
is more severe.

5. Chronic APAP treatment can up-regulates CGRP expression in TG.

6. Up-regulation of CGRP is enhanced in chronic APAP treatment in
combination with CSD activation.

7. The activation of both PKA and NF-KB signaling pathways are involved in

the alterations of BBB integrity observed in chronic APAP treatment.
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Reagent preparation

10X SDS-PAGE running buffer, final volume = 1 litre: [250 mM Tris-HCl, 1.92 M
Glycine, 1% SDS pH 8.3]

- Tris-base (MW 121.14) 30.28 ¢
- Glycine (MW 75.07) 144.13 ¢
- Sodium dodecylsulfate (SDS) 10 g

Add SDS after Tris and Glycine totally dissolved
Add 18.2 MQ H, O up to 1000 ml

10X Transfer buffer final volume = 800 ml: [250 mM Tris-HCl, 1.92 M Glycine, pH
8.3]

- Tris-base (MW 121.14) 30.28 ¢

- Glycine (MW 75.07) 14413 g

Add 18.2 MQ H, O up to 800 ml

Store at room temperature

10X Tris-buffer saline (TBS) volume 1 litre: [200 mM Tris, 1.5 M NaCl, pH 7.6]
(For prepare antibody and washing)

- Tris-base (MW 121.14) 24.23 ¢

- NaCl (MW 58.4) 80.06 ¢

Add dH,0 almost ~800 ml - ->  adjust pH to 7.6 by HCl

Add dH,0 up to 1000 ml

Store at room temperature

10X TBS buffer volume 1 litre: [50 mM Tris, 150 mM NaCl, pH 7.6]
(For cleaning membrane after transfer)
-Tris-base (MW 121.14) 60.57 ¢
- NaCl (MW 58.4) 87.6 g
Add dH,O almost ~800 ml - -> adjust pH to 7.6 by HCl
Add dH,O up to 1000 ml

Store at room temperature
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10% SDS (w/v) volume = 100 ml:
- Weighed out sodium dodecylsulfate (SDS) 10 g
Add dH,O up to 100 ml

Store at room temperature

4X Running Gel buffer, final volume = 200 ml: [1.5 M Tris-HC|, pH 8.8]
- Tris-base (MW 121.14) 363 ¢
Add dH,O almost ~ 150 ml - -> adjust pH to 8.8 by HCl
Add dH,O up to 200 ml
Store at 4°C

4X Stacking Gel buffer, final volume = 50 ml: [0.5 M Tris-HCL, pH 6.8]
- Tris-base (MW 121.14) 3.05 ¢
Add dH,O almost ~40 mlL - -> adjust pH to 6.8 by HCl
Add dH,O up to 50 ml
Store at 4°C

4X SDS Protein Sample Buffer (4X Loading dye), final volume 10 ml: [ 240 mM
Tris-HCl (pH 6.8), 40% Glycerol, 8% SDS, 0.04% Bromophenol blue, 5% B

mercaptoethanol]

-1 M Tris-base (pH 6.8) 2.4 ml
-100 % Glycerol a4 ml
-SDS 0.8 g

-1% Bromophenol blue 0.4 ml
- B—mercaptoethanol 0.5 ml
Add dH,0O 2.7 ml

Coomassie blue staining, final volume 1 litre: [0.1%(w/v) Coomassie Brilliant Blue
R250, 40% methanol, 10% slacial acetic acid ]

- Coomassie Brilliant Blue R250 1 g
- Methanol 400 ml
Stir ~3 hours until dissolved. Then add:
- Glacial acetic acid 100 ml

Add dH,O up to 1000 ml *filter before store*

Store at room temperature
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Destaining solution | volume 1 litre: [40 % methanol, 10 % acetic acid]
- Methanol 400  ml
- Acetic acid 100 ml
Add dH,O up to 1000 ml

Store at room temperature

Destaining solution Il volume 1 litre: [10 % Methanol, 5 % Acetic acid]
- Methanol 100 ml
- Acetic acid 50 ml
Add dH,0O up to 1000 ml

Store at room temperature

Ice-cold Tris buffer (5mM Tris-HCL, pH 7.4 autoclave), final volume 500 ml:
(For washing specimen before extracting)

- Tris-base (MW 121.14) 0.3 g

Add dH,0O almost ~ 400 ml - -> adjust pH to 7.4 by HCl

Add dH,O up to 500 ml

Store at 4°C

SDS-PAGE
Stacking gel (for 2 gels)
30% Acrylamide 0.44 ml
4X Stacking gel buffer 0.83 ml
10% SDS 33 pl
dH,0 2.03 ml
10% Ammonium persulfate 25 pl
TEMED 3l
Separating gel (for 2 gels)

7.5% 10% 12.5% 15%
30% Acrylamide 25 ml 3.3 ml 4.2 ml 5ml
4X Stacking gel buffer 2.5 ml 2.5 ml 2.5 ml 2.5 ml
10% SDS 100 pl 100 pl 100 pl 100 pl
dH,O 4.9 ml 4.0 ml 3.2 ml 2.4 ml
10% Ammonium persulfate 65 ul 65 ul 65 ul 65 pl
TEMED 5 ul 5 ul 5 ul 5 ul
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