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ABSTRACT

INVESTIGATION OF THE EFFECTS OF KML29, A SELECTIVE
INHIBITOR OF MONOACYLGLYCEROL LIPASE (MAGL) ON
FEVER INDUCED BY LIPOPOLYSACCHARIDE (LPS) IN RATS

Galioglu, Fethiye Esin
M.S., Department of Biochemistry
Supervisor: Prof. Dr. Mahinur S. Akkaya
Co-supervisor: Prof. Dr. Eyiip S. Akarsu

February 2015, 126 Pages

Endocannabinoid system has recently come into prominence as one of the primary
neuromodulatory systems that plays vital roles in sustaining homeostasis.
Monoacylglycerol lipase (MAGL) is the main degradation enzyme of the most abundant
endocannabinoid found in the brain, 2-arachidonoyl glycerol (2-AG). MAGL is thought
to have a potential to exert protective effects on inflammatory states. MAGL serves as a
key metabolic node connecting the endocannabinoid and prostaglandin signaling
networks and its inhibition causes increase in 2-AG levels and decrease in arachidonic
acid levels, both of which may result in remission of inflammation through different
mechanisms.

In the current study we utilized Lipopolysaccharide (LPS; Escherichia coli 0111:B4 250

ug/kg, sc)-administered Wistar albino male rats in order to initiate fever, an



inflammatory state mainly generated by the brain and investigated whether injection of
KML29 (20 mg/kg, sc), a selective and irreversible inhibitor of MAGL, simultaneously
with LPS would alter the fever response by means of a biotelemetric technique.

Our results showed that KML29 has a modest but significant ameliorating effect on
LPS-induced fever, specifically during the plateau phase. Statistical analysis revealed
that the decline in overall temperature change (ATg,) Values of the group whose LPS
injection was done simultaneously with KML29 was 1.7 fold less (between 250-600
minutes) compared to the group whose LPS injection was done simultaneously with
saline.

These results indicate that MAGL activation is an important aspect of physiopathology
of inflammation and endogenously increased 2-AG by MAGL inhibiton can lead to

protection against fever.

Keywords: Monoacylglycerol lipase inhibition, KML29, Lipopolysaccharide, fever, rat
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0z

MONOACILGLISEROL LIPAZ (MAGL) ENZIMININ SELEKTIF
INHIBITORU OLAN KML29’UN SICANLARDA
LIPOPOLISAKKARID (LPS) ILE INDUKLENEN ATES UZERINE
OLAN ETKILERININ ARASTIRILMASI

Galioglu, Fethiye Esin

Yiiksek Lisans, Biyokimya Boliimii
Tez Yoneticisi: Prof. Dr. Mahinur S. Akkaya
Ortak Tez Yoneticisi: Prof. Dr. Eyiip S. Akarsu

Subat 2015, 126 sayfa

Endokannabinoid sistem son zamanlarda homeostazisin siirdiiriilmesinde hayati rol
oynayan primer noromodiilator sistemlerden biri olarak 6nem kazanmistir. Beyinde en
¢ok bulunan endokannabinoid olan 2-Arasidonil gliseroliin (2-AG) primer degredasyon
enzimi olan Monoagilgliserol lipazin (MAGL) inhibisyonunun inflamatuvar siiregler

tizerinde koruyucu etki gosterme potansiyeline sahip oldugu diisiintilmektedir.

MAGL, endokannabinoid ve prostaglandin sinyalizasyon sistemlerini birbirine baglayan
kilit noktalardan biri olarak goérev yapar ve inhibisyonu, 2-AG seviyesini arttirip
arasidonik asit seviyesini disiiriir ki her iki durum da farkli mekanizmalar araciligiyla

inflamasyonda hafiflemeye neden olabilir.
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Bu calismada inflamatuvar bir siire¢ olan ve temelde beyin tarafindan meydana getirilen
atesi tetikleyebilmek amaciyla Lipopolisakkarid (LPS; Escherichia coli O111:B4 250
ng/kg, sc) uygulamasi yapilmis Wistar albino erkek sicanlar kullanilmis ve
biyotelemetrik bir teknik araciligiyla, selektif ve geri doniisiimsiiz bir MAGL inhibitorii
olan KML29’un (20 mg/kg, sc) LPS ile es zamanli uygulanmasiin ates iizerinde

diizeltici bir etki gosterip gostermeyecegi incelenmistir.

Sonuglarimiz KML29’un LPS tarafindan uyarilan ates cevabinin plato donemi tizerinde
etkili oldugunu gostermistir. Etki farmakolojik anlamda ¢ok belirgin olmamakla birlikte,
istatistiksel analiz, bu azalmanin LPS ile birlikte KML29 enjekte edilen grupta belli bir
zaman diliminden sonra (250-600 dakika arasi) sicaklik farki (ATg) degerlerinin total
olarak 1.7 kat daha diisiik oldugunu goéstermistir. Bu sonuglar MAGL aktivasyonunun
inflamasyon fizyopatolojisinin 6énemli bir unsuru olduguna ve MAGL inhibisyonuyla
endojen olarak artan 2-AG’nin atese karst koruyucu bir etki gosterebilecegine isaret

etmektedir.

Anahtar Kelimeler: Monoagilgliserol lipaz inhibisyonu, KML29, Lipopolisakkarid,

ates, sigan
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CHAPTER 1

INTRODUCTION

1.1 The Lipid Composition of Plasma Membranes

Lipids are one of the most important building blocks in the plasma membranes. Even
though lipid -to-protein ratios in membranes vary notably according to membrane
function, almost all membranes contain at least one-half lipid. Plasma membrane lipids
are basically composed of four types: fatty acids, glycerophospholipids, sphingolipids,
and cholesterol [1]. The chemical diversity of membrane lipids controls protein
trafficking, facilitates recognition between cells and leads to the production of hundreds

of molecules that carry information both within and across cells [2].

1.1.1 Fatty Acids
Fatty acids contain a hydrocarbon chain with a carboxylic acid at one end. The
predominant fatty acid residues are those of the Cis and Cig species; palmitic, oleic,

linoleic, and stearic acids [1].

fatty acid with a cis-A°
double bond

Figure 1.1. A diagram of 16-carbon fatty acid, with one cis double bond between carbon
atoms 9 and 10 ( represented as 16:1 cisA®) [3].
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Figure 1.2. Saturated and unsaturated fatty acids [2].

Saturated fatty acids do not contain double bonds, whereas monounsaturated and
polyunsaturated fatty acids contain one or more cis double bonds, respectively. There
are two types of polyunsaturated fatty acids: - 6 (for example, arachidonic acid) and

- 3 (for example, docosahexaenoic acid), which are named according to the position of
the first double

bond in the carbon chain, starting from the methyl end of the molecule [2].

1.1.2 Glycerophospholipids (Phosphoglycerides)

The most commonly lipids found in the lipid bilayer are the glycerophospholipids. They
comprise of sn-glycerol-3-phosphate esterified at its C1 and C2 positions to fatty acids
(shown as R; and R in Figure 1.3.) and at its C3 to a polar head group (shown as X in
Figure 1.3.) [1]. sn-glycerol-3-phosphate is the parent structure common to all naturally

present glycerophospholipids [4].
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Figure 1.3.

Molecular formula of sn-glycerol-3-phosphate and glycerophospholipid [1].

Glycerophospholipids have nonpolar aliphatic tails (hydrophobic) and polar phosphoryl-

X heads (hydrophilic), and to this respect are amphiphilic molecules. In the

glycerophospholipids that commonly present in biological membranes, the head groups

are stemmed

from polar alcohols (Figure 1.4.) [1].
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Figure 1.4. The Common Classes of Glycerophospholipids [1].
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Figure 1.5. The lipid bilayer and the structure and composition of a glycerophospholipid
molecule [5].A) The plasma membrane of a cell is a bilayer of glycerophospholipid
molecules. B) A single glycerophospholipid molecule is composed of two major regions: a
hydrophilic head (green) and hydrophobic tails (purple). C) The subregions of a
glycerophospholipid molecule (phosphatidylcholine is shown as an example). The
hydrophilic head is composed of a choline structure (blue) and a phosphate (orange). This
head is connected to a glycerol (green) with two hydrophobic tails (purple) called fatty
acids. D) This view shows the specific atoms within the various subregions of the
phosphatidylcholine molecule. A double bond between two of the carbon atoms in one of

the hydrocarbon (fatty acid) tails causes a slight kink on this molecule, so it appears bent [5].



1.1.3 Sphingolipids

Sphingolipids, are basically derivatives of the Cyg lipid sphingosine. They are also

major membrane components.

sphingosine  ch,

Figure 1.6. Molecular formula of sphingosine [3].
Sphingosine has a long hydrocarbon tail, and a polar domain that bears an amino group [3].

The amino group of sphingosine may form an amide bond with a carboxyl group of a
fatty acid to yield ceramide.
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ceratmide CHy

Figure 1.7. Molecular formula of ceramide [3].

Even though free ceramides are not common in biological membranes, they form the basic
structure of complex lipids such as sphingomyelins, cerebrosides, and gangliosides [4].

In sphingomyelins, the terminal hydroxyl group of ceramide is esterified, usually to
phosphocholine or alternatively to phosphoethanolamine, and therefore also called
sphingophospholipids. They are abundant in the plasma membranes, specifically in of

myelinated nerve axons which provide with electrical insulation.



CH;

0
| H: H H
Hy G —Nt—C—C—0 —FP—
|
0
|

CH, OH
phosphochaline ] —E— (|3H
sphingosine r!JH t|3H
o=t Hl
Fatty arid I|? (CHa)
Sphingomyelin CHs

Figure 1.8. Molecular formula of sphingomyelin [3].

Cerebrosides are the simplest sphingoglycolipids. They are basically ceramides that

consist of a monosaccharide group (glucose or galactose) as a polar head.
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Figure 1.9. Molecular formula of cerebroside with B-galactose head group [3].

Ganglioside are ceramides that consist of a complex oligosaccharide group as a polar
head. They are predominant constituents of cell surface membranes and make up a
significant fraction (6%) of brain lipids [1].

Cerebrosides and gangliosides, which are also called glycosphingolipids, are usually
present in the outer leaflet of the plasma membrane, with their sugar groups spreading

out from the cell surface [1].



1.1.4. Cholesterol

Cholesterol is one of the basic constituent of cell membranes. It has a short branched
hydrocarbon chain and a joint ring system that gives its rigidity. It is

mainly hydrophobic. However, it has a polar hydroxyl group that makes it amphipathic.

HO
Chelesterol

Figure 1.10. Molecular formula of cholesterol [3].

1.2 A Biologically Active Precursor Derived From
Glycerophospholipids Through the Activation of Phospholipase A,
(PLA,) and Phospholipase C (PLC): Arachidonic Acid (AA)

Arachidonic acid (5,8,11,14-eicosatetraenoic acid) is a C,o polyunsaturated fatty acid
which has four non-conjugated double bonds. It is an ©—6 fatty acid (the double bond at
Ci4 is six carbon atoms from the methyl end (the wcarbon atom)) and serves as the
predominant precursor for lipid mediators such as prostaglandins, the major lipid

mediator of inflammation, in humans [1].

HO Methyl
end

o]
Arachidonic acid {AA, C20:4, omega-6)

Figure 1.11. Molecular formula of Arachidonic acid (AA) (Adapted from [58]).



One of the essential fatty acids, linoleic acid (also an w6 fatty acid), is the precursor of
arachidonic acid (AA). Linoleic acid is desaturated by a A® desaturase yielding y-
linolenic acid (GLA). Subsequent elongation and a second desaturation (this time with
A® desaturase) result in the production of AA (Figure 1.12.) [1].

Linoleic acid CO0H

(,12- octadeca-
dienoic acid) _ _

3 15:2 i
-2H | A -desaturase

wy=Linolenic acid

{GLA; 6,9,12- — COOH
octadecatrienoic .
acid) . 188

+2{}} elonpase
DihomoGLA
(DGLA; 8,11,14- COOH
Eicosatrienoic . .
acid) 20:3

—9H | A*-desaturase
Arachidonie acid — — COOH

(5,8,11,14-cicosa-

tetracnoic acid)
20:4

Figure 1.12. Synthesis of Arachidonic Acid (AA) (Adapted from [1]).

Under normal circumstances, arachidonate is stored in cell membranes esterified at
glycerol C, of phosphatidylinositol and other phospholipids. When it is needed,
liberation of arachidonate is accomplished by hydrolysis of phospholipids, mainly by

three pathways:
1. Phospholipase A, (PLA;): PLA; hydrolyzes acyl groups at C2 of phospholipids.

2. Phospholipase C (PLC): PLC particularly hydrolyzes the phosphatidylinositol head
group vyielding 1,2-diacylglycerol (DAG) and phosphoinositol. Subsequently,
diacylglycerol kinase phosphorylates DAG, yielding phosphatidic acid, a substrate of



phospholipase A,. (DAG and several forms of phosphorylated phosphoinositol are also

fundamental signaling molecules, i.e. they mediate the phosphoinositide cascade).

3. The DAG and Diacylglycerol Lipase: The DAG may be hydrolyzed straightly by

diacylglycerol lipase, yielding monoacylglycerol and arachidonic acid [1].
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Figure 1.13. Release of arachidonic acid by phospholipase hydrolysis [1]. (a) The sites
of hydrolytic cleavage mediated by phospholipases A, and C. The polar

head group, X, is often inositol and its various phosphorylated forms. (b) Pathways of

arachidonic acid liberation from phospholipids [1].

On the grounds of studies done on alternative arachidonic acid sources in recent years,

however, endocannabinoids have also come into prominence as an important source of
arachidonic acid in the brain.



1.3 Synthesis and Metabolism of Endocannabinoids (eCBs)

1.3.1 Endocannabinoid System

Endocannabinoids (endogenous cannabinoids) are eicosanoid (i.e., 20-carbon having
arachidonic acid end-products) molecules defined as the primary endogenous agonists of
cannabinoid receptors in animals [60][61][62].

Identification of a cell surface receptor that is targeted by marijuana’s principle
psychoactive substance, a terpenoid derivative A°-tetrahydrocannabinol (A°-THC)
[68][69], raised questions about whether marijuana-like endogenous substances were
synthesized in animals. After a while, the first endogenous marijuana-like substance N-
arachidonoyl ethanolamine (Anandamide or AEA) was identified in pig brain [67]. 2-
arachidonoyl-sn-glycerol (2-AG) was the second ligand identified and characterized as
an endocannabinoid [71] [72] [73].

2-arachidonoyl glycerol (2-AG)

Figure 1.14. Molecular formulas of the most studied endocannabinoids, N-arachidonoyl

ethanolamine and 2-arachidonoyl glycerol (Adapted from [59]).
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Even though several endogenous molecules (e.g. noladin ether, virodhamine, and N-
arachidonoyldopamine) have been also categorized as endocannabinoids so far, only
two of them, AEA and 2-AG have been thoroughly studied and come out as the most

widespread regulators of synaptic function [78].

Endocannabinoids (eCBs) are a family of lipid messengers which bind to the same cell
surface receptors with marijuana. Their synthesis occur de-novo on demand via cleavage
of membrane constituents and are produced in cells of the brain and other tissues,
interacting with two subtypes of G protein-coupled cannabinoid receptors, cannabinoid
type 1 receptor (CB1R) and cannabinoid type 2 receptor (CB2R). CB1R is exceedingly
abundant in the brain, therefore thought to be the most responsible for THC
psychoactivity. CB2R, on the other hand, is expressed in immune cells to the greatest
extent [76].

eCBs function in a different manner compared to traditional neurotransmitters. Instead
of being released from vesicles, they are secreted in a non-synaptic manner and bind to

their cognate receptors located in the close vicinity of their sites of synthesis [66].

They have important roles in intercellular signaling processes and their ability to
regulate synaptic efficacy results in a wide range of functional reorganization. They are
involved in various physiological and pathophysiological processes such as fever,
neuroinflammation, feeding and appetite, energy balance, pain, stress, memory, mood
and sleep regulation, motor activity, cognitive functions and disfunctions
[62][64][65][66][74]. Additionally, there is evidence about their involvement in

regulation of cardiovascular, gastrointestinal, liver functions [75].

The endocannabinoid signalling system comprises: 1) at least two seven
transmembrane-domain G-protein-coupled receptors (GPCRs), namely CB1R and
CB2R; 2) the endogenous ligands of these receptors known as endocannabinoids
(eCBs) of which AEA and 2-AG are the best characterized; 3) synthetic and degradative
enzymes and transporters that control levels and actions of eCBs at receptors [76][78].
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Endocannabinoids are markedly prevalent in mammalian cells and seem to have a
prohomeostatic role when activated subsequent to transient or chronic disturbance of
homeostasis, regulating actions and levels of other chemical signals in a local manner.
Chemical substances which selectively manipulate actions and levels of eCBs have been
and are being developed and they appear to be candidates for therapeutic drugs [76].

1.3.2 Synthesis Pathways of Endocannabinoids

Both anandamide and 2-arachidonoyl glycerol are arachidonic acid-containing lipid
molecules produced from glycerophospholipids. However, their biosynthetic pathways

are completely distinct [61].

In case of anadamide, a bone fide brain neurotransmitter, its synthesis route(s) and
neural pathways in which it is employed are ambiguous [70].

According to the canonical route of anandamide biosynthesis shown in Figure 1.15. (in
the center), anandamide is synthesized by According to the canonical route of
anandamide biosynthesis shown in Figure 1.15. (in the center), anandamide is
synthesized by a selective phospholipase D (NAPE-PLD) through hydrolysis of the
phospholipid precursor, N-arachidonoyl-phosphatidylethanolamine (N-arachidonoyl-PE)
[70].

N-arachidonoyl-PE is synthesized by two enzyme-mediated steps through which
arachidonic acid is transferred from the sn-2 position of various phospholipids to the sn-
1 position of lyso-phosphatidylcholine (PC), producing diarachidonoyl-PC. N-
arachidonoyl-PE is synthesized by two enzyme-mediated steps through which
arachidonic acid is transferred to the sn-1 position of lyso-phosphatidylcholine (PC),
from the sn-2 position of various phospholipids, producing diarachidonoyl-PC. The free
amino group of PE then receives the sn-1 arachidonoyl chain of diarachidonoyl-PC,
producing N-arachidonoyl-PE. The enzymes (or enzyme) utilized in generation of
diarachidonoyl-PC and N-arachidonoyl-PE have not been identified yet. However, it is

12



known that formation of both compounds is strictly dependent on intracellular Ca®*

levels of neurons. Concentration of N-arachidonoyl-PE is quite low under normal
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Figure 1.15. Formation and deactivation of anandamide in brain neurons [70].

circumstances (resting conditions). However, its concentration immediately and
transiently elevates when neurons are subjected to stimuli that escalate intracellular Ca 2*

levels [70].

Additionally, Figure 1.15. demonstrates two alternative routes that might be utilized.
The left one shows conversion of N-arachidonoyl-PE into phospho-anandamide by an
as-yet-uncharacterized PLC. Subsequently, it is dephosphorylated by a phosphatase (P-
ase), forming anandamide. The right one shows hydrolization of arachidonoyl-PE by o/

hydrolase domain-containing protein 4 (ABHD-4), producing glycerophospho-
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anandamide.Then anandamide is formed by glycerophospho-anandamide which looses
its glycerophosphate group. Fatty acid amide hydrolase (FAAH), which is a serine
amidase, is the primary intracellular degradation enzyme of anandamide. Despite FAAH
seems to terminate the biological actions of anandamide, there is convincing evidence of
other unraveled enzymes are also employed in this process [61] [70].

2-arachidonoyl-sn-glycerol synthesis, on the other hand, starts with the cleavage of
phosphatidylinositol-4,5- bisphosphate (PIP2) in neurons (Figure 1.16.). The second
messenger DAG is then produced from PIP2 through receptor-operated phospholipase
C- B (PLC-B) which can be stimulated by several G protein-coupled receptors (e.g. the
type-1 metabotropic glutamate receptor, mGIuR5). Every checkpoint along this route
can produce independent sets of signaling molecules such as DAG. DAG is utilized as a
substrate by two functionally different enzymes: 1) diacylglycerol lipase-a (DGL-a),
which hydrolyses DAG, forming 2-AG; 2) diacylglycerol kinase, which produces the
intracellular metabolic intermediate and signalling lipid, phosphatidic acid. In addition,

DAG can regulate the activity of protein kinase C and other cellular effectors [63][70].
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Figure 1.16. Formation and deactivation of 2-arachidonoyl-sn-glycerol (2-AG) in brain

neurons [70].
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The action of 2-AG is mainly terminated through hydrolysis by monoacylglycerol lipase
(MGL) or o/p hydrolase domain-containing protein 6 (ABHD-6). Free non-esterified
arachidonic acid is either used in the production of the eicosanoid family of compounds
by COX or LOX enzymes or reinserted into cell membrane as a part of phospholipid
remodelling. In addition, direct oxygenation of 2-AG by cyclooxygenase-2 (COX-2)
produces a family of prostaglandin (PG) glyceryl esters. Even though these molecules do

not interact with cannabinoid receptors, they exhibit important biological effects [70].

Recent studies have revealed that some specific synaptic components which comprise
molecular entities that are engaged in 2-AG synthesis and degradation have also
important contributions These molecular entities are assembled into a supramolecular
protein complex named the ‘2-AG signalosome’. They specifically are found at
excitatory synapses of the brain and facilitate 2-AG to function as a retrograde
messenger.. However, there still are some fundamental unanswered questions about the
2- AG signalosome (e.g., its mechanism of regulation, exact molecular composition and

effect on the potency of drugs such as A’ ~THC and cocaine ) [70] [77].

2-AG is at the main center of many routes of lipid metabolism. It can interchangeably be
an end-product of one pathway and a precursor of another. The diversity of its metabolic
roles and its high concentration in brain tissue (about 200-fold greater than AEA’s)
suggest that the 2-AG in the brain may also be involved in housekeeping functions [66].
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Figure 1.17. A schematic diagram illustrates the endocannabinoid system [81].
PI, phosphatidylinositol; PLC, phospholipase C; DAG, Diacylglycerol; DAGL o/,
Diacylglycerol lipase a/p; 2-AG, 2-arachidonoyl glycerol; MAGL, monoacylglycerol
lipase; AEA, Anandamide ;PE, phosphatidylethanolamine ; NAPE, N-acyl
phosphatidylethanolamine; CDTA, calcium-dependent transacylase ;PLD
phospholipase D ;FAAH, fatty acid amide hydrolase; CB1,Cannabinoid Receptor
Type 1;CB2,Cannabinoid Receptor Type 2.

2-AG is produced in postsynaptic neurons and its reuptake and inactivation occur
in presynaptic neurons. However, it can be present in both postsynaptic and
presynaptic sites (Figure 1.17). Anandamide, on the other hand, is synthesized,
reuptaken and inactivated in postsynaptic neurons. CB1 receptors are expressed in
presynaptic terminals and in astroglial cells. CB2 receptors are mainly expressed

in astroglial cells [81].
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1.3.3 Cannabinoid Receptors and Their Mechanism of Action

CB1 and CB2 are the two principal cannabinoid receptors. They are Gi/o protein-
coupled receptors that regulate almost all effects of exogenous and endogenous
cannabinoids. However, their distribution is remarkably distinct. CB1 is primarily found
in central nervous system (CNS), while CB2 is quite scarce in CNS. CB2 is mainly

expressesd in immune system cells [78][80].

CB1 receptors are one of the most extensively expressed GPCRs in the brain. Their
localization to neuronal terminals strongly suggests that they have important roles in
regulating synaptic function [78]. It is thought that the physiological activations of
endocannabinoids and the psychoactivity of exogenous cannabinoids in the CNS occur

via their action [80].
1.3.3.1 Cannabinoid Type 1 Receptor (CB1 or CB1R)

In 1990, a 473-amino acid G protein-coupled receptor encoded by a rat brain cDNA
clone was identified as a cannabinoid receptor and named CB1. There are 97-99%
amino acid sequence identity among human, rat and mouse CB1 receptors. In the human
and rodent cortices, CB1Rs are predominantly found on axon terminals of
cholecystokinin-8-positive GABA interneurons [66] [80].

Transmembrane helices of CB1R form binding sites of cannabinoids and the results of
further studies (e.g. Nuclear magnetic resonance investigations) support the hypothesis
that a cannabinoid interacts with a hydrophobic groove formed by helices 3 and 6 of
CB1through lateral diffusion within a membrane leaflet [80].

CBL1R gene takes place on 6" chromosome in humans [80].CB1R has two types of NH2-
terminal splice variants, short-length and full-length receptors have been identified.
Short-length variants display altered ligand binding properties compared to full-length
receptors and expressed at very low levels. Several polymorphisms have been identified
in the CB1 receptor and even though there are some controversies about the results,

some of them are correlated controversies about the results, some of them are correlated

17



with attention deficit/hyperactivity disorder, hebephrenic schizophrenia and obesity-
related phenotypes [80].

CB1 is a Gi/o-coupled receptor and can start signalling cascades typical of this class of
transducing proteins, which comprises closure of Ca** channels, opening of K* channels,
inhibition of adenylyl cyclase activity (with subsequent decrement of cytosolic cCAMP)
and deactivation of kinases which phosphorylate tyrosine, serine and threonine residues
[66].

There are two main mechanisms through which CB1 receptors inhibits neurotransmitter
release at synapses: 1) Short term plasticity, in which CB1 receptors are stimulated for a
few seconds, involves direct G protein-dependent (likely via the By subunits) inhibition
of presynaptic Ca®*flow through voltage-gated Ca®* channels 2) Long term plasticity,
whose main mechanism involves inhibition of adenylyl cyclase and downregulation of
the cAMP/PKA pathway by the ai/o limb [78].

CBI1R is expressed broadly and abundantly in the brain. “High levels of CB1R are found
in innermost layers of the olfactory bulb, hippocampus (particularly high in the dentate
molecular layer and the CA3 region), lateral part of the striatum, target nuclei of the
striatum (i.e., globus pallidus, entopeduncular nucleus, substantia nigra pars reticulata)
and cerebellar molecular layer. Average levels are shown in other forebrain areas and in
a few nuclei in the brain stem and spinal cord, which comprises the cerebral cortex,
septum, amygdala, hypothalamus (ventromedial hypothalamus), lateral subnucleus of
interpeduncular nucleus, parabrachial nucleus, nucleus of solitary tract (caudal and
commissural portions), and spinal dorsal horn. In the thalamus, spinal ventral horn and
other nuclei in the brain stem, however, CB1R is expressed at low levels. Within all
these regions, inhibitory synapses generally have higher CB1 expression levels
compared to excitatory synapses and these binding features are conserved across
mammals [80].”

In addition, CB1 receptors can interact with some GPCRs, forming heteromeric
complexes. Some of them are CB1-D2, CB1l-opioid, CB1-A2A, and CB1l-orexin-1
receptor complexes. These kinds of interactions can considerably alter the downstream

G proteins recruited during receptor stimulation. However, the effects of
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heteromerization of CB1Rs with other neuromodulatory receptors remain to be
understood [78].

1.3.3.2 Cannabinoid Type 2 receptor (CB2 or CB2R)

In 1993, another type of cannabinoid receptor, cannabinoid type 2 receptor, was shown
in a human cDNA clone. It comprises 360 amino acids and likewise CB1, it is a G
protein coupled receptor. CB2 and CBL1 receptors of human just shares 44% amino acid
sequence identity. Afterwards, the mouse and rat CB2 receptors were identified. CB2 of
the mouse and human share 82% amino acid sequence identity. The rat CB2, on the
other hand, might be polymorphic and encodes receptors having either 369 or 410 amino
acids [80].

After CB2, the peripheral cannabinoid receptor, was identified on macrophages its
expression in brain cells have also been shown [80]. However, its expression in CNS is
quite low compared to its expression in immune system organs. Even so, recent studies
suggest a role for these receptors in the CNS (specifically in microglia and astrocytes)
and shows neuronal CB2 expression in various areas of the brain specifically in somata
and dendrites of them. Effects of CB2Rs on brain functions and their cellular

mechanism(s), however, remain to be elucidated [78] [80].

1.4. The Stimuli in the Brain Which Leads to Increase in
Endocannabinoid Levels.

Physiological stimuli and pathological conditions induce distinctive elevation of
endocannabinoids in the brain. Physiological stimuli cause rapid and transient (seconds
to minutes) elevations in endocannabinoids, which activate CB1Rs, regulate ion
channels and inhibits neurotransmission. Pathological conditions, however, cause much
slower and sustained (hours to days) elevations in the endocannabinoid tone, altering
gene expression and fulfilling the activation of molecular mechanisms that prevent the

synthesis and diffusion of damaging mediators. Particularly, elevations in the
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endocannabinoid tone activate immune CB2Rs which reduce the synthesis of
proinflammatory cytokines and enzymes involved in the production of free radicals and
also activate neuronal CB1Rs which cause increase in synthesis of growth factors.
However, the molecular mechanisms regulating the brain’s endocannabinoid tone is still
not clear [79].

Dissimilar to conventional neurotransmitters (e.g., amino acids, amines, neuropeptides)
eCBs are not kept in in vesicles but synthesized de-novo on demand and released at
once. Depolarization, activation of Gg/11-coupled receptors and synaptic stimulation are
thought to be among the most important factors which induce the synthesis of eCBs in
CNS. Most of the studies support the hypothesis that eCBs are synthesized via two
distinct pathways: 1) PLCB-independent and mediated by a significant elevation in
intracellular Ca* levels alone (CaER) 2) PLCp-dependent and mediated by activation of
Ga/11-coupled receptors at basal (basal RER) or elevated Ca** levels (Ca**-assisted
RER) (Figure 1.18.)[80].

Generally, stimulation of main Gg/11 protein-coupled receptors expressed in the CNS,
including group | metabotropic glutamate receptors mGIluR; and mGIuRs; muscarinic
acetylcholine receptors M;, M3, and Ms; serotonin receptors 5-HT,a, 5-HT,g, and 5-
HT,c; adrenoceptors alA, alB, and alD ; and histamine receptor H; leads to increase in
endocannabinoid levels of CNS in a receptor-dependent manner [80].

It is known that macrophages subjected to lipopolysaccharide (LPS), the outer
membrane of gram negative bacteria, release a burst of lipid mediators including AEA
and arachidonic acid derivatives. In addition, the existence of several routes of AEA
production may indicate the diversity of physiological stimuli that are able to prompt
this endocannabinoid. In neural cell membranes for example, physiological stimuli such
as membrane depolarization, intracellular Ca?* transients and dopamine D, receptor

activation have the ability to stimulate AEA synthesis [70].
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Figure 1.18. Schematic illustration of the three modes of retrograde eCB signaling [80].

21



A)  Ca?'-driven eCB release (CaER). Strong postsynaptic depolarization causes
influx of Ca®* through voltage-gated Ca* channels. The resultant large increase in
intracellular Ca** concentration to the micromolar range induces production of
diacylglycerol (DG) through unknown pathways (?) DG is converted to 2-AG (2-
arachidonoyl glycerol) by DGL (diacylglycerol lipase). The produced 2-AG is then
released from the postsynaptic neuron. When a large Ca* elevation is caused by
activation of NMDA (N-methyl-D aspartate) receptors (NMDR), 2-AG is produced
and released through the same pathways.

B)  Basal receptor-driven endocannabinoid release (Basal-RER). At basal Ca®*
levels, strong activation of Gg/11-coupled receptors (e.g., mGIluR1/5) stimulates
PLCB, which hydrolyzes phosphatidylinositol 4,5- bisphosphate into DG and IP3. 2-
AG is then produced from DG by DGL and released
C)  Ca® -assisted RER. When weak activation of Gg/11- coupled receptors coincides
with small Ca** elevation (submicromolar range) through weak activation of either
voltage-gated Ca?* channels or NMDA receptors, PLCP activation is enhanced. In this
condition, 2-AG production can be induced and released even by weak activation of
Ga/11-coupled receptors, which is subthreshold for basal RER. (Difference in Ca**
levels required for CaER and Ca?* -assisted RER, which is expressed as the difference
in letter sizes). In any of the three modes, the released 2-AG binds to presynaptic CB1

receptors (CB1R) and suppresses neurotransmitter release [80].

In case of 2-AG, its neuronal production can be stimulated by neuronal activity (e.g.,
high and low-frequency stimulation of the schaffer collaterals) and elevation in the
intracellular Ca®* levels. In cultures of rat cortical neurons, the Ca®* ionophore
ionomycin and the glutamate receptor agonist NMDA induce 2-AG synthesis in a Ca®*-
dependent manner [66] [78][82] [83].

Even though high frequency stimulation of the schaffer collaterals induce a Ca*'-
dependent elevation in 2-AG level of freshly dissected hippocampal slices, this
treatment has no effect on the levels of non-cannabinoid monoacylglycerols, which

implies that 2-AG generation is not because of a generalized elevation in the rate of
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lipid turnover. Moreover, high frequency stimulation does not have an effect on
hippocampal AEA levels, which shows that the productions of AEA and 2-AG can be
separately regulated. Consistent with this idea, stimulation of D, receptors — a powerful
stimulus for AEA production in the rat striatum —has no impact on striatal 2-AG levels
[66].

1.5 The Effects of Endocannabinoids on the Brain

Endocannabinoids are strong regulators of synaptic function throughout the CNS and
retrograde signalling is the main mechanism through which they regulate synaptic
function. In retrograde signalling, postsynaptic changes cause the production of an eCB
which travels backward across synapse and interacts with CB1Rs on presynaptic
neurons, altering ion channel regulation and repressing neurotransmitter release [78].
The neurotransmitters reported to be regulated via the CB1R involve glutamate, GABA,
glycine, acetylcholine, norepinephrine, dopamine, serotonin, and cholecystokinin.
However, the presynaptic mechanisms regulating the repression of neurotransmitter
release may be different at distinct synapses [80]

DSI (depolarization-induced suppression of inhibition) and DSE (depolarization-induced
suppression of excitation) are important phenomena in synaptic regulation of GABA and
glutamate by eCBs, respectively. DSI is initiated by postsynaptic voltage-dependent
influx of Ca*" and expressed presynaptically through inhibition of transmitter release
from axon terminals of GABA interneurons. DSE is also initiated by postsynaptic
depolarization and causes depression in neurotransmitter release. However, DSE occurs
in glutamatergic axon terminals, hence causes a reduction of excitatory input to the
corresponding cell [66]

The synthesis and release of eCBs from postsynaptic neurons occurs in two states: 1)
phasically in an activity-dependent manner 2) tonically under basal conditions [78][80].

Stimulation of CB1Rs regulates several types of ion channels and enzymes in a CAMP-

dependent or —independent manner. Application of a cannabinoid agonist to neurons or
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CB1-transfected cells stimulates A-type and inwardly rectifying K* channels and
inhibits N- and P/Q-type Ca®*‘channels and D- and M-type K* channels. Stimulation of
CB1Rs also has effects on several enzymes such as focal adhesion kinase, mitogen-
activated protein kinase, phosphatidylinositol-3-kinase and some enzymes of energy
metabolism [80].

Even though retrograde signalling of eCBs seems to be the principal signalling
mechanism, there is also evidence suggesting that eCBs signal in a non-retrograde or
autocrine manner, and through astrocytes they may indirectly regulate pre- or
postsynaptic functions (Figure 1.19). In non-retrograde or autocrine signalling, eCBs can
regulate synaptic transmission and neural function by binding to CB1Rs or to transient
receptor potential vanilloid receptor type 1 (TRPV1) located on or within the
postsynaptic cell [78].

A Retrograde B Non-Retrograde (C Neuron-Astrocyte
Signaling Signaling Signaling

Astrocyte

- _
TRPV1

Figure 1.19. Endocannabinoid signalling at the synapse [78].

A) Retrograde endocannabinoid signaling. eCBs are mobilized from postsynaptic
neurons and target presynaptic CB1Rs to suppress neurotransmitter release. B)
Non-retrograde eCB signaling. eCBs produced in postsynaptic neurons activate
postsynaptic CB1Rs or TRPV1 channels. C) Neuron-astrocyte eCB signaling.
Modulation of eCB-independent synaptic plasticity is also one of the effects of
eCBs released from postsynaptic neurons stimulate astrocytic CB1Rs, thereby

triggering gliotransmission. Glu, glutamate [78].
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eCBs on the CNS. In addition, eCBs have been known to regulate excitability of
neurons in some brain regions. However, it is not clear whether these type of regulations
occurs throughout the brain. Moreover, there are several studies indicate that the CB1R
induction stimulate morphological changes of neurons [80].

There is a general consensus about the fast, point-to-point signalling process is regulated
by 2-AG rather than AEA. It has been suggested that mGluR5-dependent plasticity is
primarily mediated by 2-AG in the brain. This idea is due to an anatomically defined
supramolecular structure called the “2-AG signalosome” in which 2-AG take place
(Figure 1.20.) [70] [77].

This supramolecular complex, specifically localized to the perisynaptic zone of the
dendritic spine, connecting three key proteins utilized in 2-AG production at excitatory
synapses of the brain - mGIuR5, PLC-$ and DGLa - in a single functional unit. It has
been suggested that these proteins may be held together by the scaffolding proteins
Homer-cc and Homer-1a. While the excitatory axon terminals release glutamate, it binds
to mGIuR5 and the physical proximity of this receptor to PLC-B and DGLa eases the
fast hydrolysis of PIP2 and the local accumulation of 2-AG. This accumulation lets 2-
AG pass the postsynaptic membrane, cross the synaptic cleft and bind to CB1 receptors
on axon terminals, weakening Ca®* channel activity and repressing glutamate release.
The pool of 2-AG that reaches presynaptic terminals may be immediately degraded by
MGL,while the portion that fails to reach the terminals may probably be hydrolysed by
ao/p hydrolase domain-containing protein 6 (ABHD-6) [70][77]. It has been hypothesized
that the stable association of mGIuR5 and DGLa into such a complex supplies structural
scaffold that enables localized formation of a signalling —competent pool of 2-AG and
this pool may be different from the intracellular 2-AG pools engaged in eicosanoid

synthesis and phospholipid remodeling [77].

This structural organization, however, is restricted to excitatory synapses, which have
relatively lower levels of CB1 receptors. Inhibitory synapses formed by cholecystokinin-
containing GABAergic interneurons have extremely high levels of CB1 and retrograde

signalling have also been shown in these types of synapses. However, it is thought that
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they regulate eCB-mediated retrograde signalling via a different mechanism, which is
not known [70].

Glutamatee e *

g Homer-cc

& Homer-1a

Figure 1.20. Schematic model of the 2-AG signalosome [70].

(mGIuR5, metabotropic glutamate receptor 5; PLC- , phospholipase C-p; DGLa,
diacylglycerol lipase-a; AMPAR, AMPA receptors; NMDAR, NMDA receptors;
MGL, monoacylglycerol lipase; ABHD-6, o/p hydrolase domain-containing
protein 6) [70]

1.6 Biochemical Inhibition of Endocannabinoids

Endocannabinoid signalling is inactivated by enzymatic hydrolysis [88]. The

intracellular hydrolysis of AEA is principally catalyzed by the enzyme fatty-acid amide
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hydrolase (FAAH) which takes place in postsynaptic site. FAAH transforms AEA into
free arachidonic acid and ethanolamine. AEA can also be degraded by enzymatic
oxygenation [81][84][85]. Cyclooxygenase-2 can oxygenate both AEA and 2-AG,
yielding prostaglandin ethanolamides (PG-EAs) and prostaglandin glycerol esters (PG-
Gs), respectively [91].

The main enzyme that hydrolyzes 2-AG is monoacylglycerol lipase (MAGL or MGL),
which transforms 2-AG into arachidonic acid and glycerol (Figure 1.21.) [81][90].
Almost 85% of brain 2-AG is degraded by MAGL. The remaining 15% is mostly
ascribed to two uncharacterized enzymes: o/p hydrolase domain-containing protein 6
(ABHD6) and o/f hydrolase domain-containing protein 12 (ABHD12). MAGL,
ABHDG6, and ABHD12 have different subcellular distributions, indicating they may
regulate distinct pools of 2-AG in the CNS [86].

CH
~ o5
— — OH

2-Arachidonoylglycerol (2-AG)

Glycer
MAGL Glycerol

T OH

Arachidonic acid

Figure 1.21. Inhibition of —~AG mediated by monoacylglycerol lipase (MAGL) (Adapted
from [59])

MAGL is a 33 kDa, peripherally associated serine hydrolase frequently located in the

presynaptic site of axon terminals [81][90]. It includes the classical GXSXG consensus

sequence frequently found in most of the serine hydrolases and is predicted to have an

a/B-hydrolase fold by sequence homology. Its catalytic triad consists of Ser122, His269,

and Asp239. Although MAGL can hydrolyze diacylglycerols and triacylglycerols, it
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exquisitely prefers monoacylglycerols (MAGs) as a substrate. MAGs are transformed
into free fatty acid and glycerol via the activity of MAGL [87].

It was shown that MAGL hydrolyzes 2-AG but not AEA and overexpression of MAGL
decreases stimulus dependent 2-AG accumulation in primary cultures of rat brain
neurons [92]. In addition, it was determined that RNA interference mediated-silencing of

MAGL expression augmented 2-AG accumulation markedly in HeLa cells [93].
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Figure 1.22. MGL expression in the rat brain [92] a) Northern blot analysis of MGL
mRNA from various regions of the rat brain (glyceraldehyde-3-phosphate
dehydrogenase (GADPH) mRNA was used as a control for loading conditions). b)
Western Blot analysis of soluble protein from rat brain, with an immune-purified
polyclonal antibody to the N-terminal region of MGL. Cortex, hippocampus and
cerebellum was shown to have higher levels of MGL compared to thalamus, striatum,

brainstem and hypothalamus [92].

As well as genetic studies, pharmacological studies also revealed the key role of MAGL
in degradation of 2-AG. For example, JZL184, a potent, selective and irreversible
inhibitor of MAGL from the O-aryl carbamate class, increased brain 2-AG without
making significant changes in AEA levels in mice. JZL-184-treated mice displayed a
comprehensive CB1-dependent behavioral effects consisting of hypothermia, analgesia
and hypomotility, which suggests that 2-AG regulates various behavioral processes
linked to cannabinoid pharmacology and has a widespread role in mammalian nervous
system [87] [88].
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In order to determine the ability of JZL184 to inhibit MAGL in vivo, male C57BI/6 mice
were pretreated with JZL184 (4-40 mg kg?, ip) and sacrificed after 4 hours from
treatment. Competitive activity-based protein profiling (ABPP) of brain membrane
proteomes showed that even at the lowest dose of JZL184 administered (4 mg kg™),
75% of MAGL is inhibited with minimal effects (< 20% inhibition) on other brain serine
hydrolases. In addition, substrate assay analysis determined that by increasing the dose
of JZL.184 from 4 to 16 mg kg™, residual brain 2-AG hydrolysis activity could be further
decreased from 25% to 15% of control levels. This results were consistent with a near-
complete inhibition of MAGL activity as revealed by competitive ABPP. In addition, at
the lowest dose of JZL184 administered (4 mg kg™), 2-AG levels were escalated by 5-
fold at 4 h post-treatment and could be further escalated to 8-10-fold above baseline at
higher doses of JZL 184. The escalation in brain 2-AG were coincided with substantial

reductions in the levels of AA. However, FAAH was also blocked to an extent in dose

dependent manner, e.g. at 16 mg kg™ of JZL184 ~35% of FAAH activity remained

intact [88].

In addition, it was shown that presynaptic MAGL not only degrades 2-AG secreted from
activated postsynaptic neurons but also plays a role in hydrolysation of constitutively
synthesized 2-AG and restrain it from accumulating around presynaptic terminals in
hippocampus. This results indicate that the MAGL activity determines basal
endocannabinoid tone and ceases retrograde endocannabinoid signaling [90].

1.7 Chemical Structure of KML-29 (1,1,1,3,3,3-hexafluoropropan-2-yl
4-(bis(benzo[d][1,3]dioxol-5-yl)(hydroxy)methyl)piperidine-1-
carboxylate) and its Mechanism of Inhibition.

One of the most utilized MAGL inhibitors recently developed is JZL184, which is from

O-aryl carbamate class, and has been used in many studies related to endocannabnoids.

However, its most important drawback is that it displays low-level cross reactivity with
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FAAH subsequent to high dosing and chronic treatments and with peripheral
carboxylesterases, which can perplex certain biological studies [94].

Moreover, JZL184 is not as efficient for rats as it is for mice and humans [94]. It shows
10-fold lower activity against rat MAGL compared to those of human and mouse
(Figure 1.23A) [87]. Lower potency of JZL184 against rat MAGL was also confirmed
by in vitro competitive ABPP analysis of mouse and rat brain membranes (Figure 1.23B
and C) [87]. JZL184 also seems to display a similar decline in activity against rat
FAAH. (Figure 1.23C). Additionally, it displays equal potency against rat and mouse
ABHDG (Figure 1.23C), another 2-AG hydrolase present in the brain [87].

Rodent studies have demonstrated that dual inhibition of FAAH and MAGL causes
psychotropic effects that are similar to the activity of direct cannabinoid agonists, hence,
obstructs specifying biological actions of 2-AG  from AEA and other N-
acylethanolamines. Therefore, a robust selectivity for MAGL over FAAH and reduced
cross-reactivity with other endocannabinoid-degrading enzymes is of great importance
for a MAGL inhibitor [94] [95].

Short while ago, a different class of O-hexafluoroisopropyl (HFIP) carbamates, which
are enhanced MAGL inhibitors, was developed. HFIP carbamates seems to accomplish
their potency and selectivity for MAGL, at least partly, because of the bioisosteric nature
of their leaving group which is similar to the glycerol of 2-AG (Figure 1.24.). Of those,
KML29, which inhibits MAGL both in vitro and in vivo with outstanding potency and
remarkably enhanced selectivity with no detectable cross-reactivity with FAAH and
lower cross-reactivity with peripheral carboxyesterases, seems to be a promising
inhibitor (Figure 1.25., 1.26.) [94]. In addition, KML29 displays better potency and
selectivity for rat MAGL compared to JZL184 (Figure 1.27A and Table 1.1). ICs, value
of KML29 for inhibiting rat MAGL was found 43 nM, which is nearly three-fold of its
potency for mouse MAGL (ICso = 15 nM). It also retained a good selectivity compared
to rat FAAH (no detectable cross-reactivity) and ABHD6 (> 20-fold selectivity) (Table
1.1) and did not show any detectable off-target inhibition of other brain serine
hydrolases (Figure 1.27B) [94].
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It was shown that KML29 could also inhibit rat MAGL in vivo. Wistar rats administered
KML29 (1-40 mg kg *, ip) or vehicle were sacrified after 4 hours and their brain tissue
examined with competitive ABPP. The brain tissues of rats elucidated dose-dependent
inhibition of MAGL without any detectable cross-reactivity with FAAH or ABHDG6
(Figure 1.27C). KML29 inhibited > 90% of rat brain MAGL at 40 mg kg * ip and
escalated brain 2-AG levels 10-fold without altering anandamide levels [94].

Rat brain lipid analysis, consistent with competitive ABPP results , demonstrated nearly
10-fold escalation in 2-AG level and decrease in endogenous free AA level proportional
with the escalation in 2-AG (Figure 1.28A) . On the contrary, there were no alterations
in AEA, PEA (N-palmitoylethanolamine), or OEA (N-oleoylethanolamine) levels
(Figure 1.28B). In addition, 2-AG hydrolytic activity was declined by 50% at 20 mg
kg and 80% at 40 mg kg * doses of KML29 (Figure 1.28C). The remaining 20% 2-AG
hydrolytic activity at 40 mg kg is probably due to ABHD6 and ABHD12 activity since
these enzymes were not inhibited by KML29 in vivo. On the other hand, brain AEA
hydrolytic activity was not altered at any dose of KML29 Figure 1.28C) [94].

Moreover, even when KML29 administered chronically (6 days, 40 mg kg™, po), it
displayed a comprehensive selectivity against FAAH [94].
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Figure 1.23. Characterization of JZL184 Inhibition of Mouse, Rat, and Human MAGL
(Adapted from [87]) A) Blockade of recombinant MAGL orthologs by JZL184 (Data are
presented as mean + SEM of three independent experiments); B) and C) Competitive
ABPP showing the effect of JZL184 on serine hydrolase activities in the mouse (B) and
rat (C) brain membrane proteomes. For A-C, JZL.184 was incubated with cell/tissue
lysates (30 min, 37 °C) at the indicated concentrations, followed by addition of 2-AG
(100 mM, 5 min, room temperature) (A) or FP-rhodamine (1 mM, 30 min, room
temperature) (B and C). For B and C, control proteomes were treated with DMSO alone
(mouse and rat brain MAGL migrates as a 33 and 35 kDa doublet by SDSPAGE)
(Adapted from [87]).
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Figure 1.24. HFIP carbamates as MAGL inhibitors (Adapted from [94]).
A) The bioisosteric nature of the HFIP group compared to the glycerol head group of MAGL
substrate 2-AG; B) KML29, HFIP carbamate analogue of JZL184 (Adapted from [94]).
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Figure 1.25. Proposed mechanism of MAGL inactivation by KML29 [94].The catalytic
serine (Serl22) of MAGL attacks the activated carbamate of KML29, releasing

hexafluoroisopropanol and forming a stable, carbamylated KML29-MAGL covalent adduct.
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Figure 1.26. KML29-mediated inactivation of MAGL (Adapted from [94]).

Proposed docking mode of KML29 to MAGL illustrated in views of the whole protein
(left image) and the active site (right image). When the catalytic Ser122 is positioned for
nucleophilic attack at the carbonyl of KML29, His121 and Tyr194, which are predicted to
interact with 2-AG’s head group, show potentially favorable interactions with the KML29’s
HFIP leaving group. (RosettaLigand 3.3 (http://www.ncbi.nIm.nih.gov/pubmed/19041878) was
used to perform the docking, and the MAGL structure used for docking was 3JWE from the
Protein Data Bank) (Adapted from [94]).
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Table 1.1. ICsp values for JZL184 and KML29 against mouse, rat, and human orthologs of
MAGL, FAAH, and ABHD6 (Adapted from [94]).

Inhibitor 1Csy (NM)

JZL184 KML29
MOUSE
MAGL 10° 15(11-21)
FAAH 4,690 >50,000
ABHD6 3,270 4,870 (4,120-5,760)
RAT
MAGL 262 (188-363) 43(36-52)
FAAH 3,570(2,540-5,020) >50,000
ABHD6 2,940(1,441-6,010) 1,600(1,260-2,040)
HUMAN
MAGL 3.9(1.8-8.1) 5.9(4.0-9.9)
FAAH >50,000 >50,000

Serine hydrolase inhibition was measured by competitive ABPP where reductions in FP-Rh labeling of
MAGL, ABHDS6, and FAAH were quantified following preincubation of proteomic samples with the indicated
inhibitor. Brain membrane proteomes were used to measure inhibition of mouse and rat enzymes, whereas
human enzymes were evaluated from proteomes of transiently transfected HEK293T cells. 1C50 values are
reported as the mean from three independent experiments. The 95% confidence intervals are listed in the

parentheses (* Previously determined [96] 1Cs, values) (Adapted from [94]).
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Figure 1.27. Inhibition of rat MAGL enzyme by KML29 (Adapted from [94]).

A) Competitive ABPP gels comparing the potency and selectivity of JZL.184 and KML29,
against MAGL, ABHDG6, and FAAH in rat brain proteomes. B) Full competitive ABPP gel
showing KML29 activity against rat brain serine hydrolase activities, which revealed selective
inhibition of MAGL at inhibitor concentrations of 1 mM or less and inhibition of ABHD6 at
concentrations >1 mM. No inhibition of FAAH was detected at any tested concentration of
KML29. C) Competitive ABPP gel of brain serine hydrolase activities from rats treated with
KML29 (1-40 mg kg™, ip) for 4 hr. (Data are presented as mean = SEM (n = 3 rats per group).
*p < 0.05; **p < 0.01; ***p < 0.001 for vehicle-treated versus inhibitor-treated rats).
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Figure 1.28. Rat brain lipid profiles of 2-AG, AA, AEA, PEA (N-palmitoylethanolamine)
and OEA (N-oleoylethanolamine) treated with KML29 (Adapted from [94]).
A) Brain lipid profile of 2-AG and AA from rats treated with KML29 (1-40 mg kg™,
ip). B) Brain lipid profile of AEA, PEA and OEA from rats treated with KML29 (1-
40 mg kg™, ip) C) Brain MAGL and FAAH activity from rats treated with KML29
(1-40 mg kg™, ip) as measured by 2-AG and AEA hydrolysis, respectively. (Data
are presented as mean + SEM (n = 3 rats per group). *p < 0.05; **p < 0.01; ***p <
0.001 for vehicle-treated versus inhibitor-treated rats) (Adapted from [94]).
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Additionally, in vivo characterization of KML29 in mice revealed that acute
administration of the compound caused significant increase in 2-AG and decrease in AA
levels of brain, respectively. Besides, KML 29 generated anti-allodynic and anti-
oedematous effects in carrageenan model of inflammatory pain and partially blocked
mechanical and cold allodynia in chronic constriction (sciatic nerve) injury model of
neuropathic pain [112].

These data altogether suggest that KML 29 is a selective and in-vivo active probe in
order to examine MAGL and 2-AG functions in rat brain, which has not been thoroughly

accomplished by previously developed MAGL inhibitors [94].

1.8Chemical Structure of Lipopolysaccharide (LPS) and Its
Mechanism of Action

1.8.1 Chemical Structure of Lipopolysaccharide (LPS)

Lipopolysaccharide (LPS) is a structural entity of the outer wall of cell membrane of
Gram-negative bacteria. LPS is one of the best known Pathogen-associated molecular
patterns (PAMPS), which has the potency to stimulate immune system [6]. PAMPs are

structural motifs present in whole group of pathogens; bacteria, viruses and fungi.

Bacterial LPS comprises three parts: a hydrophobic domain called Lipid A (or
endotoxin), a core oligosaccharide and an O-antigen (a distal polysaccharide) [7]. Of
those, Lipid A (or endotoxin) is the predominant PAMP of LPS.
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Figure 1.29. Model of the inner and outer membranes of E. coli K-12 [7].

1.8.2 Lipopolysaccharide (LPS) and Toll-Like Receptors (TLRS)

Host cells utilize a process known as “pattern recognition” in order to detect pathogens.
PAMPs are the molecular patterns (motifs) unique to pathogens recognized by host

receptors [8].

Pathogens are mainly recognized by host cells with the stimulation of Toll-like receptors
(TLRs), members of the pro-inflammatory interleukin-1 receptor (IL-1R) family [20],
through their PAMPs. The mammalian Toll-like receptors are germ-line encoded
receptors [6] that are present in both immune cells such as macrophages, neutrophils,
dendritic cells and non-immune cells such as neurons, astrocytes, fibroblasts and
epithelial cells [10]. They are typical single-pass type | transmembrane-spanning
proteins [10]. They comprise many extracellular leucine-rich repeats that recognize

pathogens and TIR domains (Toll/IL-1R/plant R gene homology domains) in the
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transmembrane and intracellular parts that trigger intracellular signaling [11]. in humans
and mice there are 13 paralogous TLRs in total; humans have 10 and mice have 12 types

of TLRs stimulated by different kinds of PAMPs [10].
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Figure 1.30. TLRs and their ligands [9].

Lipopolysaccaride stimulates TLR4 (Toll-like receptor 4) by the help of various
auxillary proteins such as LBP (lipopolysaccharide binding protein), CD14 (cluster of
differentiation 14) and a co-receptor known as MD2 (Myeloid Differentiation Protein-2)
[11] [12].

1.8.3. Toll-Like Receptor 4 (TLR4) Signaling

TLRs are critical in order to initiate an innate immune response, one of which is
inflammation, and they are considered as a bridge between innate and adaptive
immunity [13].
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TLR4 signalling proceeds in two distinct pathways, MyD88 (Myeloid differentiation
primary response gene 88)-dependent and MyD88-independent (TRIF (TIR-domain-
containing adaptor-inducing interferon-B) dependent) pathways. Expression of
proinflammatory cytokines is acquired by the MyD88-dependent pathway, on the other
hand Type I interferons and expression of interferon-inducible genes are acquired by the
MyD88-independent pathway [6].

TLR4 signaling cascade is initiated by LPS stimulation of the receptor. Soluble protein
MD-2 interacts non-covalently with TLR4 but can directly interact with LPS. Soluble
shuttle protein LBP directly binds to LPS and eases its interaction with CD14 which is a
soluble glycosyl phosphatidylinositol-anchored protein. Since CD14 assists LPS being
transferred toTLR4/MD-2 receptor complex, it is essential in LPS recognition, hence
TLR4 stimulation. Consequent to LPS detection, TLR4 go through oligomerization and
utilize its downstream adaptors via interplay between TIR domains present in both
TLR4 and adaptor proteins. These domains give rise to protein-protein interactions
enabling signal transduction [6].

TLR4 signal transduction comprise five TIR-domain containing adaptor proteins [14].
Of those, TRAM (TRIF-related adaptor molecule) and TRIF are elements of MyD88-
independent pathway [6]. TRAM integrates to the plasma membrane via myristoylation
[16] and associates with TRIF, a vital adaptor protein, which leads to the stimulation of
transcription factor IRF3 (Interferon Regulatory Factor 3) [17][18],and the late-phase
stimulation of NF-«xB (Nuclear factor kappa-light-chain-enhancer of activated B cells)
and Mitogen-activated protein kinase [19]. As a result, various gene expressions, such as
the Interferon B and Interferon -inducible genes are stimulated [18] leading production
of Type | interferons [6]. TRIF is negatively regulated by another adaptor protein,
namely sterile o and HEAT-Armadillo motifs-containing protein [14].

41


http://r.search.yahoo.com/_ylt=A0LEVx4nmPxTlW4AUMlXNyoA;_ylu=X3oDMTEzNHByYWQ5BHNlYwNzcgRwb3MDMQRjb2xvA2JmMQR2dGlkA1ZJUDI4MV8x/RV=2/RE=1409091752/RO=10/RU=http%3a%2f%2fen.wikipedia.org%2fwiki%2fMitogen-activated_protein_kinase/RK=0/RS=T.e45AJWzanXyuiNlw5ICZat23M-

LPS

LBP@M -~
\ \ MD-2/ |
CD14|| \ " | /TLR4
TIRAP TRAM

MyD88 R
TRIF

MyD88-dependent MyDS8S-independent
pathway pathway

N F

A'f KB

A

Proinflammatory Tipe 1
eytokines Interferons

Figure 1.31. TLR4 signalling [6].

MyD88-dependent pathway, on the other hand, utilize TIRAP (MAL) (TIR domain-
containing adaptor protein, MyD88-adapter-like) and MyD88 for signaling. TIRAP have
a phosphatidylinositol 4,5-bisphosphate (PIP2) moiety which enables integration to the
plasma membrane. Upon integration, TIRAP interacts with MyD88 and the cytoplasmic
part of TLR4 leading MyD88-dependent downstream signaling [15]. Successively,
MyD88 stimulates IRAK4 (IL-1 receptor-associated kinase-4), an essential protein
kinase for emitting TLR signals [20]. IRAKA4 utilize IRAK1 (serine-threonine kinase IL-

1 receptor-associated kinase 1) and another homologous proteins in order to transmit
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signals to TRAF6 (TNF receptor associated factor 6) which is also a vital adaptor
protein [20].

TRAF 6, then, stimulates TAK1 (transforming growth factor-p-activated kinase 1) and
TAK1 stimulates downstream IKKs (IkB (inhibitor of kappa light chain gene enhancer
in B cells) kinase) and MAPK pathways whose stimulation induce another transcription
factor known as AP-1 (Activator Protein 1) [6][21].

When IkB is phosphorylated by IKK complex, degradation of IkB and translocation of
transcription factor NF-kB to gene promoter sites occurs respectively. NF-kB, then alters
the expression of proinflammatory cytokines and further immune related genes [22].
Besides these transcription factors, IkB{ and IRF5 (interferon regulatory factor 5) are
also essential factors present in MyD88-dependent pathway. IRF5 interacts with MyD88

and stimulates expression of proinflammatory cytokine genes [6].
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Figure 1.32. The MyD88-dependent pathway [6].
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1.8.4 Induction of Inflammation by TLR Signalling

Systemic inflammation is initiated by the stimulation of cells utilized in innate immune
system such as macrophages and neutrophils. When ligands such as LPS bind to TLRs
of macrophages, they cause production of proinflammatory cytokines such as TNF-a
(tumor necrosis factor-a), IL-1 (interleukin-1) and IL-6 (interleukin-6), production of
reactive oxygen species and antimicrobial peptides and phagocytosis of microbes [10].

Upon releasing, cytokines bind to their particular cell-surface receptors on neutrophils,
endothelial cells, perivascular cells of the brain and other cells of the host, which evoke
complex cellular reactions. When activated macrophages release proinflammatory
cytokines adjacent to infection site, released proinflammatory cytokines boost the
permeability of the vascular endothelium, hence tendency of neutrophils to bind to the
microvascular endothelial surface and to penetrate into plasma. Upon activation by
cytokines, endothelial cells of brain vasculature [24], perivascular microglia [25], and
penetrated neutrophils produce antimicrobial peptides, reactive oxygen species such as

H.0, and superoxide anion and lipid mediators of inflammation [10].
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Figure 1.33. Induction of inflammation by TLR signalling [10].

As well as their impacts on infection site, cytokines have impacts throughout the body.
By traveling in blood stream, they induce systemic effects such as fever, vasodilation,

disrupting the effect of insulin and boosting catabolic states [10].

1.9 Production of Prostaglandins and Fever in Systemic inflammation
1.9.1 Prostaglandins as the Connection Between Systemic Inflammation

and Central Nervous System (CNYS)

The most important requirement in order to convert immune stimuli into central nervous
system responses is the synthesis of prostaglandins [25].
When peripheral proinflammatory cytokines reach the brain, these upstream signaling

molecules are transformed into downstream mediators, namely prostaglandins [26].
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Figure 1.34. Schematic representation of four major mechanisms through which peripheral
proinflammatory molecules reach the brain [26]. (A) saturable transport across the blood-
brain barrier (BBB); (B) entry through the organum vasculosum of the lamina terminalis

(OVLT); (C) signal transduction by sensory nerves, primarily the hepatic vagus; (D)
synthesis of prostaglandin E, (PGE_) in cells forming the BBB [26].

Four prevailing mechanisms through which peripheral proinflammatory molecules reach
the brain has been suggested:

1) Saturable transendothelial transport; 2) Passage through the OVLT (organum
vasculosum of the lamina terminalis) and the other circumventricular organs; 3) Signal
transduction through sensory nerves, mainly the nervus vagus; 4) Prostaglandin
production in cells which shape the BBB (Figure 1.34.) [26].

According to the first theory, peripheral cytokines have the ability to pass the BBB by
carrier transport [28]. However, there have been a deviation from this theory due to
studies revealed that these molecules can pass brain tissue by diffusion through basal
laminae [29].

Second theory states that cytokines pass the brain via the circumventricular organs,
mainly the OVLT. Since, contrary to other parts of brain vasculature, circumventricular
organs have fenestrated capillaries that form leaky BBB areas [30].
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Third theory suggests that pyrogens that stimulate neural terminals in peripheral tissues
transform thermogenic signals into the CNS through vagal sensory fibers [31]. According
to this theory, products of liver macrophages stimulates subdiaphragmatic vagal sensory
afferent fibers and these inputs could be conveyed to brain via noradrenergic pathways
[32][33].

Second and third theories which have associated febrile responsiveness with neural
structures generally utilized lesioning of the corresponding structures [31].

In order to study vagus nerve, surgical or chemical vagotomy and for the OVLT,
electrolytic, surgical or thermal ablation were utilized. However, there are controversies
about those techniques used, in that, neural lesions not only have the ability to hinder
signaling along the related route, but also cause unwanted side effects that alter reaction
of interest (febrinergic reactions). Bilateral truncal vagotomy can be given as an example
to this situation. This procedure declines fever stimulated through low doses of LPS as
well as leading to malnourishment, if the animals are not kept on a liquid diet
postoperatively. Malnourishment itself attenuates fever. Thus, it should be taken into
consideration that vagotomized animals have declined febrinergic reactions even in the
absence of malnourishment [31].

The last and most predominant theory suggests that Blood Brain Barrier itself acts as
signal transducer, that is an area responsible for conversion of a signaling molecule to a
different one, rather than being a prohibiting barrier [26].

Studies has revealed that endothelial and perivascular cells of the BBB stimulate
production of Prostaglandin E, (PGE;) synthesizing enzymes upon peripheral
administration of pyrogens such as LPS, IL-1pB, or TNF-a [34][35]. The PGE; synthesized
by endothelial and perivascular cells of the BBB can easily reach neurons of circuitries
responsible for thermogenesis, leading to fever [26]. There was controversies about which
of these cells are involved in production of PGE;, until recently. However, studies
revealed that both endothelial and perivascular cells of the BBB are involved in this
signal transduction [35] and the extent of their involvement rely on nature of pyrogens
and their dose [36] [37].
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1.9.2 Prostaglandin E, (PGE,): Mediator of Fever

The experiments which were conducted in order to reveal which type of prostaglandin is
the predominant mediator of fever revealed that mainly E series of them involved in
thermogenesis [38] and aspirin-like drugs inhibit prostaglandin synthesis [39], hence
alter fever. However, because of lack of precise techniques, types of prostaglandins that
predominantly stimulates fever remained unclear until gene knockout models and
pharmacological studies utilized together [26]. It was found that prostaglandin
E, (PGE) is the dominating isoform of PGE in the brain and fundamental for
stimulating fever [40] [41].

The studies about prostaglandin E receptors (EPs) [42][43] and prostaglandin
synthesizing enzymes [44][45] determined that PGE; has a principal role in induction of

three facets of polyphasic LPS fever [26].
1.9.3 Synthesis of Prostaglandin E, (PGE,)

Prostanoids are a class of 20-carbon unsaturated fatty acid by-products synthesized
through a cascade of intricate enzymatic reaction [27]. Liberation of unsatured fatty acid
arachidonic acid (AA) from membrane phospholipids, mainly by phospholipase A,
activity, is the first step for the synthesis of prostanoids. By the activity of
cyclooxygenases (prostaglandin G/H synthases) molecular oxygen is added to AA,
producing Prostaglandin G,. Then, subsequent peroxidase activity of cyclooxygenases
transforms Prostaglandin G, into Prostaglandin H,, Prostaglandin G, and Prostaglandin
H, are also called cycloendoperoxides and they are chemically unstable. These unstable
molecules are converted to more stable molecules within a half life of thirty seconds to a
few minutes [1][23][27].

Prostaglandin H; is immediate precursor of all prostanoids (prostaglandins, prostacyclins
and thromboxanes). When it is generated, Prostaglandin H, is transformed into
corresponding prostanid by tissue specific synthases. Prostanoids bind to their cognate
receptor and display a wide variety of actions. Their large variety of actions result from

the discrete types of tissue-specific synthases and receptors. Prostanoids act locally, just
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in the close vicinity to the production area, that is they are autocrine and paracrine
mediators [27].

The PGE; production cascade, like other prostanoids, comprises three enzymes;
phospholipase A; (PLA;), Cyclooxygenases (COX) and corresponding synthase, namely
PGE synthase (PGES) [26].
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Figure 1.35. Prostanoid synthesis and action [23].

49



Uz-. e e o OO

Oy o,

5h
PGH,

PGE Synthase

Q

2‘:._ i+t T
3 'J‘\__/,-‘\.:N'“w-"
oH oH

PGE;:
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It is accepted that there are two types of synthesis route of prostaglandin E, (PGE))
catalyzed by distinct subsets of enzymes: moderate physiological and fast inflammatory.
The inflammatory one mainly utilizes cytosolic PLA; (CPLA,.,) and diverse isoenzymes
of secretory PLA;, (sPLA,); inducible COX, namely COX-2; and microsomal PGES 1
(MPGES-1) [26][48].

In vitro studies showed that the inducible isoforms of sSPLA; COX-2 and mPGES-1 are
not just co-induced by pyrogens, but also are functionally coupled to channel
arachidonic acid through the PGE,-synthesizing cascade. This kind of coupling account
for the superior production of PGE, over other prostanoids in case of fever. Gene
knockouts studies also revealed the fundamental role of COX-2 and mPGES-1 in LPS
fever [26].

LPS and proinflammatory cytokines induce de-novo synthesis of these isoenzymes. As a
consequence of LPS injection in rats, a burst of transcriptional co-expression of
inflammatory enzyme isoforms occurs in three phases of polyphasic fever both in

peripheral organs and in the brain [26][47].

Fever is a potent defensive measure started out by brain upon a systemic inflammatory

insult by pyrogenic agents such as LPS, IL-1p, TNF-a [48]. Subsequent to the
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recognition of microbial or non-microbial agents as extrinsic ones by immune cells, a
multi-mediated reaction that integrates intricate physiological defence strategy of the

host, that is fever, is launched [49].
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Figure 1.37. An example of fever response of Wistar rats to injection (arrow) of
Escherichia coli 0111:B4 lipopolysaccharide (LPS; phenol extract, 10ug/kg iv) in
pyrogen-free saline (PFS) and to PFS (1 ml/kg iv) [50].

A single dose of LPS injection leads to various successive increases in body
temperature. Each of these increases is named “a febrile phase” and acquires different
thermoregulatory mechanisms. Clinical and experimental fevers are usually polyphasic
[48]. Fever inducted by LPS in rats and mice have at least three phases (Phases 1-3)
each of which acquires de-novo PGE; synthesis, the major downstream mediator of LPS
fever. The fundamental mechanism in order to initiate the activation of PGE,-
synthesizing enzymes is transcriptional upregulation [47][48].

LPS fever coincides with up-regulation of four of PGE,-synthesizing enzymes, namely
SPLA,.IIA, cPLA,.,, COX-2, mPGES-1 and down-regulation of all PGE, carriers and
dehydrogenases [48].
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1.9.4 Prostaglandin E, Receptors and Their Mechanism of Action in
Fever

1.9.4.1 Prostaglandin E, Receptors

E type Prostaglandin (EP) receptors have four subtypes: EP1, EP,, EP3, and EP4,each of
which bind selectively to PGE,[41][53].

EP receptors, members of G-protein-coupled receptors (GPCRs) (seven-transmembrane
domain receptors), have mutual extracellular and membrane-spanning moieties but
distinct intracellular and carboxy-terminal domains. Each receptor interacts with a
specific G-protein, hence a specific second messenger system [53].

Signallings of EP subtypes have been revealed by studies utilized agonist-induced
alterations in second messengers such as cAMP, Ca®*, inositol phosphates and in the
activity of downstream Kkinases. In consequence of these studies, it has been inferred that
the EP, receptor operates through escalation in the free Ca®* concentration. This
escalation rely upon extracellular Ca** and takes place without detectable
phosphatidylinositide response, proposing that EP; controls Ca** channels through an
unknown G protein [52]. The EP, and EP, receptors, on the other hand, are associated
with Gs and operate by elevation of CAMP. The EP3 receptor comprise three isoforms
that are produced through alternative splicing of the C-terminal tail and the fundamental
signalling pathway for them is the inhibition of cCAMP by G;. However, EP receptors
generally interact with more than one G protein and signal transduction pathway (Table
1.2.) [52].
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Table 1.2. Signal transduction properties of EP receptor subtypes and EP3 isoforms [52].

(Data obtained from mouse EP subtypes. PI3K, phosphatidylinositol 3-kinase; Rho, Rho
family of small G proteins ;1, increase; |, decrease) Adapted from [52].

Subtype | Isoform | Aminoacid | G Protein Signalling
EP, 362 Gs cAMP?
EP. 513 G (Gi) cAMP1?, PI3K
EP, 405 Unknown ca’ 1
EP; EP;, 366 Gi,G1 cAMP]|, IP3/Ca?* 1, Rho
EP3g 362 Gi,G1, cAMP|, IP3/Ca* 1, Rho
EPs, 365 Gi,Gs cAMP|, cAMP?, IP3/Ca®" 1

1.9.4.2 Febrinergic Zones of the Brain and the Distribution of
Prostaglandin E, (EP) Receptors Within Them.

The febrinergic zone of the brain, where PGE, generates fever, is located within the
region of the brain that involves OVLT (Organum vasculosum of the lamina terminals)
and the encircling POA (Preoptic area of the hypothalamus). The inference that PGE;
has a vital role in febrinergic OVLT/POA region is based upon four observations: 1) At
the time of febrile response to lipopolysaccharide (LPS), PGE; levels escalate in this
region of the brain; 2) Administration of COX inhibitors that block PGE; synthesis to
OVLT/POA region of the brain attenuates febrile response; 3) There is high density of
PGE; binding in this region; 4) The firing rate of thermosensitive neurons within this
febrinergic region is notably altered by PGE; [51].

Within this region, the thermogenesis effect of PGE, is more robust while it is
administered to anteroventral region of the third ventricle, which involves the OVLT,
the median preoptic nucleus (MnPQ), and the ventromedial preoptic nucleus (VMPO),
compared to other regions within the preoptic area (Figure 1.46.) [51].

Even though systemic inflammatory agents stimulates COX-2 and mPGES in quite

nonspecific manner across the cerebral vasculature, the stimulation of neuronal activity
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Is restricted to specific hypothalamic nuclei. Therefore, it can be deduced that the
expression of particular PGE; receptors within parenchymal cells in close vicinity of the

production site establishes the action of the PGE; in the brain [27].

Despite the fact that all four subtypes of Prostaglandin E (EP) receptor mRNA’s are
expressesd on neurons of febrinergic zone of the brain [27], three of them, i.e. EPy, EP3,
and EP4, have divergently distinct distribution patterns in the rat OVLT/POA region
[41].

It was determined that the meningeal strand, which helps the optic chiasm maintaining
its activity, have only EP; receptor mMRNA. EP; receptor mRNA is also determined in the
medial part of the OVLT,; the lateral part of it, however, comprises EP4 receptor mRNA.
In addition, low levels of EP3 receptor mRNA is present in the OVLT. Both EP;and EP,
receptor mRNAs are robustly expressesd in the POA’s MnPO and in the border region
of the medial preoptic area (MPQO) and the lateral preoptic area (LPO), displaying an
inverted Y-like shape. EP4 receptor mRNA was also determined in the VMPO and the
AVPV (anteroventral periventricular nucleus) nuclei although EP3 receptor mRNA was
not found in either of them. EP; receptor mRNA spreads widely throughout the POA
[51].

Even though there are many studies suggest that the EP3 receptor is the most critical
receptor responsible for a robust fever response [42][43][55], there are also evidences
suggest that EP; [43][55] and EP,4 [54] receptors are also needed in order to have a

complete thermoregulatory respose to pyrogens.
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Figure 1.38. PGE,-sensitive febrinergic zone as revealed by microinjection of PGE;,
PGE; and EP receptor agonists in rats [51]. Red areas represent the region where the
microinjection of PGE; increases core temperature with darker areas representing greater
increases of core temperature. (Coronal sections of the rat brain are illustrated. NDB,
nucleus of the diagonal band of Broca; OC, optic chiasm; AC, anterior commissure;
MnPO, median preoptic nucleus; OVLT, organum vasculosum of the lamina terminalis;
VMPO, ventromedial preoptic nucleus; AVPV, anteroventral periventricular nucleus;
MPN, medial preoptic nucleus; MPO, medial preoptic area; LPO lateral preoptic area)
[51].

The EP3 receptor has a number of isoforms; a and y isoforms are strongly expressesd in
the MnPO (Median preoptic nucleus) of rodents. The MnPO is the most responsive part

of the brain to the pyrogenic effect of PGE, and the antipyretic effect of intracerebral
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administration of ketorolac, a COX inhibitor, following administration of LPS. It was
shown that focal elimination of EP3 receptors in the MnPO alters fever coinciding with

systemic LPS or i.c.v. (intracerebroventricular) PGE, administration [56].
1.9.4.3 Generation of Fever and Neural Circuitry Involved.

Body temperature, basically, shows the difference between heat production and heat
loss. Body heat is produced in different tissues of the body and delivered to the skin
surface by the blood in order to be emitted to the environment around the body. The
thermoregulatory center, hypothalamus, regulates heat generation and loss for the
purpose of maintaining the body temperature within normal range. The hypothalamus
rectifies the core body temperature rather than the surface temperature. The neurons of
the thermoregulatory center in the hypothalamus are thermosensitive, thus they have the
ability to process input from cold and warm thermal receptors found throughout the
body and produce output to make the appropriate adjustment in the body heat. The
thermostatic set point of the thermoregulatory center is set to maintain the core
temperature between the normal range (36.0 °C - 37.5 °C) [57].

The core temperature of the body means the temperature within the deep tissues and is
kept between 36.0 °C - 37.5 °C under normal circumstances. Individual differences and
diurnal variations is determined between this range. Core temperatures approach the
lowest point in the early morning and the highest point in the late afternoon and evening
[57].

The body’s principal heat production source is metabolism. When an increase in body
temperature is needed the sympathetic neurotransmitters epinephrine and norepinephrine
are released to shift the metabolism’s energy production downward and heat production
upward [57].

Fever, or pyrexia, which is an inflammatory response, reflects an escalation in body
temperature as a result of endogenous pyrogen-induced upward shift of the set point of
the hypothalamic thermoregulatory center. When the set point escalates, the

hypothalamus regulates physiological responses (heat production behaviours such as
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shivering and vasoconstriction) so that they help the core temperature to accord with the
new set point, establishing fever.
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Figure 1.39. Mechanisms of fever (Adapted from [57])

1) Release of endogenous pyrogen from inflammatory cells, 2) resetting of
hypothalamus thermostatic set point to a higher level (prodrome), 3) generation of
hypothalamic mediated
responses that raise body temperature(chill), 4) development of fever with elevation of
body to new thermostatic set point, and 5) production of temperature lowering responses

(flush and defervescence) and return of body temperature to a lower level [57].

Exogenous pyrogens like lipopolysaccharide acts indirectly (through production of
endogenous pyrogens such as cytokines) and therefore requires several hours to induce
the rise of hypothalamic thermoregulatory set point. The endogenous pyrogens such as

cytokines rise the hypothalamic thermoregulatory set point by means of prostaglandin E;
[57].
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PGE, is synthesized by endothelial and perivascular cells along small venules,
specifically in the preoptic area. In this area it binds to EP3R-expressing GABAergic
neurons of the MnPO (median preoptic nucleus), inhibiting most of them (Figure 1.40.)
[56].

Under normal circumstances, these preoptic EP;R-expressing neurons synthesize GABA
through activity of which downstream neurons of DMH (dorsomedial nucleus of the
hypothalamus) and

RMR (rostral medullary raphe) that drive increase in body temperature is inhibited.

Specifically,

Glutamate

©nA
5-HT
\ Glutamate
»em

voed),
PGE, Brown adipose tissue thermogenesis k”’\q )

GABA
EP3R Q-hPC
Cutaneous (tail artery) vasoconstriction

Figure 1.40. Neuronal pathways causing fever during systemic inflammation in
response to PGE;, (Adapted from [56]).
(PGE,, Prostaglandin E; EP3R E type Prostaglandin Receptor 3; MnPO, Median
preoptic nucleus; GABA, Gamma-aminobutyric acid; DMH, Dorsomedial nucleus of the
hypothalamus; RMR, Rostral medullary raphe; IML, intermediolateral column of the

spinal cord. Blue arrows, excitation; Red arrows, inhibition).
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the activation of a and y EP3R isoforms inhinbit these GABAergic neuros via Gi
protein—mediated inhibition of adenylate cyclase. This disinhibition leads to the activity
of DMH and RMR, resulting in increase in body temperature [56].

Neurons of RMR utilize glutamate and serotonin (5-HT) to stimulate sympathetic
preganglionic neurons in the IML (intermediolateral column of the spinal cord). When
IML is stimulated, it activates brown adipose tissue (which rodents utilize in a cool
environment) in order to produce heat and cutaneous vasoconstriction (specifically in the
artery of the tail skin, which is the major means rodents utilize in a warm environment)
to conserve heat. These two autonomic responses are the most fundamental ones and
underlie the fever following systemic LPS or i.c.v. PGE administration [56].

Two populations of warm-sensitive (i.e., fire faster when warmed) GABAergic preoptic
neurons are responsible for these responses: One of them is mainly located in the MnPO
and controls tail skin vasoconstriction via projections to the RMR, stimulating
sympathetic preganglionic neurons. Baseline thermoregulation is probably also regulated
by these EPs-expressing neurons of this population. The other population is located in
the caudal and lateral part of dorsolateral preoptic area. Neurons of this population, on
the other hand, control the thermogenesis in brown adipose tissue via their projections to
the DMH, which also project to RMR. Therefore, PGE, within the MnPO induce
autonomic heat-producing and heat-conserving pathways by binding to EP3 receptors,
which decrease activity of preoptic GABAergic neurons, thus, disinhibiting sympathetic
activation of brown adipose tissue thermogenesis and tail skin vasoconstriction. As a

result, body temperature increases in rodents [56].

1.10 A General Evaluation of the Endocannabinoids and Fever

Generation Endocannabinoid signalling interacts with many other signallings in the
body. Of those, the interaction between endocannabinoid and eicosanoid signallings is
one of the most substantial networks since it regulates inflammation and processes
related to inflammation. Both systems are consist of arachidonic acid containing

molecules, which results in a more complex network. Since endocannabinoids are
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hydrolysed to arachidonic acid and this molecule is the active precursor for lipid
mediators of inflammation such as prostaglandins, studies with the inhibitors of
endocannabinoid hydrolysing enzymes have come into prominence as useful tools for
revealing the functions or interactions of specific endocannabinoids. 2-AG is one of the
most studied endocannabinoids. It is full agonist of both central CB1 receptor and
peripheral CB2 receptor and is present a few orders of magnitude higher than AEA in
animal tissues. In addition, 2-AG potentiates GABAA receptors independent from CB
receptors [95]. Due to these properties, 2-AG has gained much attention in
endocannabinoid studies. MAGL, the main degradation enzyme of 2-AG, have been
genetically and pharmacologically altered for better understanding of the function of 2-
AG and its degradation by-products.

Phospholipase A, enzymes have been accepted as the main source of arachidonic acid
pool for cyclooxygenase-mediated production of prostaglandins until now. However,
recently there have been accumulation of controversial findings. For instance, cPLA-
deficient mice did not have significantly altered levels of arachidonic acid in the brain
[97] and genetic or pharmacological deactivation of MAGL in mice led to a significant
decline in the brain arachidonic acid [88] [89] [98] [99]. These kinds of findings have
brought about the suggestion that a potential alternative non-cPLA, mechanism which
controls prostaglandin synthesis in the nervous system exists. Currently, there has been a
shift towards the idea that MAGL have the ability to produce a substantial arachidonic
acid pool for neuroinflammatory prostaglandins. Nomura et al., showed that mice
deficient in the gene that encodes MAGL (Mgl mice) or mice treated with the
MAGL-selective inhibitor JZL184 (40 mg kg™, ip) manifested loss of MAGL activity
but not any other brain serine hydrolase activities and escalation of brain 2-AG with
corresponding reduction in arachidonic acid levels. Deactivation of MAGL also led to
decline in various prostaglandins and other eicosanoids such as PGE,, PGD,, PGF; in
states of neuroinflammation [89].

In addition they investigated whether MAGL regulates eicosanoid production in states of
neuroinflammation. Mice were sacrified subsequent to systemic administration to

proinflammatory agent LPS (20 mg kg, ip) for two-six hours and their brain lipids were
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measured. It was demonstrated that LPS exposure caused a robust, time-dependent
escalation in brain eicosanoids and these changes were notably weakened in mice treated
with JZL184 or in Mgll”~ mice (Figure 1.41.). The disturbance in brain eicosanoid
synthesis in MAGL-deficient animals was not reversed by CB1 or CB2 receptors
antagonists rimonabant and AM630, respectively or in Cnr1/Cnr2 ' mice. These results
altogether led them to suggest that the neuroprotective effects of MAGL inactivation are
mainly because of decline in arachidonic acid and proinflammatory prostaglandins
rather than escalation in endocannabinoid signaling [89].

In addition, it was shown that JZL184 (10 mg kg™, ip) strongly attenuated LPS (100 ug
kg™, ip)-induced escalation in cytokine expression in the rat frontal cortex (FC) when
administered systemically. It also decreased arachidonic acid level but this situation is
not accompanied by a significant decrease in PGE; or increase in 2-AG levels in the rat
FC. The lack of increase in 2-AG, however, might have resulted from weak affinity of
JZL.184 to rat MAGL [107].

There are some findings suggest that the prominent and sustained escalation in brain 2-
AG leads to endocannabinoid-mediated behavioral effects in CB1 dependent manner. It
is known that direct CB1 agonists boost multiple behavioral effects in rodents such as
hypothermia, analgesia, hypomotility, and catalepsy (collectively named the tetrad test
for cannabinoid activity). For instance, JZL184 was found to display significant
analgesic effect in several pain assays, which were blocked by pretreatment with the
CB1 antagonist rimonabant. JZL184 (16 mg kg™, ip) also boosted hypothermia and
hypomotility substantially in mice. Rimonabant, a CB1 antagonist, blocked the
hypothermic effect of JZL184 entirely, indicating hypothermic effect is mediated by
CB1Rs.

In addition, JZL184 did not cause significant hypothermia, analgesia or hypomotility in
CB1" mice. These data altogether suggest that JZL184 stimulates a broad array of
cannabinoid behavioral effects in rodents which imitate much of the pharmacological

characteristics of direct CB1 agonists [88].
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Figure 1.41. MAGL regulates arachidonic acid pathway in brain (Adapted from [89]).

A) Brain metabolite levels (determined by selected reaction monitoring using LC/MS) from

mice treated with the MAGL inhibitor JZL184 (40 mg/kg, ip) or vehicle 30 min prior to
administration of LPS (20 mg/kg, ip, 6 h) or vehicle. B) Brain metabolite levels from
Mgll*™*, = and "~ mice with or without LPS treatment (20 mg/kg, ip, 6 h). *p < 0.05

and **p < 0.01 for LPS-treated, JZL184-treated, or Mgll”~ groups compared to vehicle

or Mgll*"* group. ##p < 0.01 for JZL184/LPS-treated versus LPS-treated groups, or LPS-

treated Mgll ™ versus LPS-treated Mgll** or Mgll*'~ groups. No statistically significant

+/+

differences were observed between Mgll*~ and ** groups. Data are presented as average
+ standard error of the mean (SEM). N=4-5 mice/group. Experiments were performed

twice and one dataset is shown (Adapted from [89]).
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It has long been known that exogenous cannabinoids such as A°~-THC cause hypothermia
[100][101][102]. Cannabinoid agonists, too, were shown to cause hypothermic response
through CB1 but not CB2 receptor. A selective cannabinoid agonist WIN 55212-2
stimulated hypothermia in a dose-dependent manner in rats, which was blocked by the
selective CB1 antagonist, SR141716A. However, selective CB2 antagonist did not have
any effect on the WIN 55212-2-induced hypothermia. In addition, WIN 55212-2
administered directly into the POAH (preoptic anterior hypothalamic nucleus)
stimulated hypothermia in an immediate and dose-dependent manner. This hypothermic
response, too, was blocked by SR141716A.These results suggest that CB1 receptors,
specifically within the POAH, are responsible for the hypothermia caused by
cannabinoid agonist [103].

Additionally, HU-210, another synthetic cannabinoid agonist, was shown to have a deep
hypothermic effect in rats. Besides, direct administration of HU-210 into the Preoptic
area of the hypothalamus also led to a dose dependent decline in body temperature,
indicating that it acts through affecting the thermoregulation center straightly.
Coadministration of pyrogens (IL- 1 or PGE;) and HU-210 normalized body temperature
temporarily, however, it did not significantly blocked the hyperthermia caused by these
pyrogens. It also did not have an effect on PGE; synthesis induced by LPS when

investigated in ex vivo manner [109].

Effects of endogenous cannabinoids such as anandamide on body temperature was
studied too. Anadamide isolated from porcine brain was shown to reduce body
temperature in rats [104] and this effect was blocked by a CB1 receptor antagonist,
indicating that hypothermic response caused by this receptor [105]. Another study with
an endogenous cannabinoid, 2-AG, showed that inhibition of MAGL exerted dose
dependent hypothermia when this endocannabinoid exogenously (iv) administered to
mice [106].

Paradoxically, however, low doses of A’-THC [102], anadamide and a selective CB1

agonist were shown to cause hyperthermia [111].
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Results of the studies that aimed to investigate the interaction between LPS and
cannabinoid agonists were consistent with the studies investigated effect of cannabinoid
agonists on body temperature singly without any immunological insults. A selective
CB1 receptor agonist, WIN 55,212-2, was utilized in order to determine cannabinoid
effect on fever generated by LPS. It was shown that WIN 55,212-2 attenuated LPS (50
ng kg™ ip)-induced biphasic fever at a dose of 1 mg kg™ (ip) and reduced fever at a dose
of 1,5 mg kg™ (ip). This decline in fever was reversed by a selective CB1 receptor
antagonist, SR141716, but not by a selective CB2 receptor antagonist, SR144528. WIN
55,212-2 also blocked LPS-induced escalation in IL-6 levels in plasma which has an
important role in production of fever during infection and inflammation. Additionally,
the effect of A>-THC on fever produced by LPS was also investigated. It was shown that
A%-THC significantly reduced the LPS-induced fever at a dose of 1 mg kg™ (ip). This
study determines the interaction of exogenous cannabinoids and synthetic cannabinoid
agonists in fever generated by LPS [108].

A recent report revealed that CB1 receptor-deficient (CBl'/ ') mice did not show LPS-
induced either fever or hyperalgesia, which are symptoms of sickness behaviours.
Similarly, wild type mice whose CB1 receptors blocked by an antagonist (AM251) lost

their ability to evoke fever when LPS administered. However, when toll-like receptor 3
(TLR3) agonist and viral mimetic Polyinosinic:Polycytidylic acid administered, CB1 "
mice were able to induce a strong fever response. In addition, LPS stimulated c-Fos
activity in the febrinergic zone of the brain in wild-type mice but not in CB1’ ™ mice.
Moreover, liver and spleen TLR4 mRNA showed a significant reduction in CB1” " mice

compared to wild-type mice, and their peritoneal macrophages from did not release
proinflammatory cytokines as a response to LPS administration. These findings suggest
that deficieny of CBI1 receptors had a negative effect on TLR4’s recognition of LPS
which leads to sickness behaviours and that CB1 receptors have a vital role in LPS-
stimulated fever [110].

These data altogether suggest that endocannabinoids and cannabinoid receptor type 1

(CB1) play important roles in sickness behaviors some of which are fever, hyperalgesia,
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anorexia, activation of HPA (the hypothalamic—pituitary—adrenal) axis, and they have

the ability to stimulate hypothermia and attenuate LPS-evoked fever.

1.11 The Aim of the Study

Endocannabinoids and their effects on several physiological and pathophysiological
processes have been started to be unravelled and gained significant importance over the
last two decades. Endocannabinoid system is now accepted as one of the primary
neuromodulatory systems that plays important roles in sustaining homeostasis.
Endocannabinoid hydrolyzing enzymes have specifically been utilized in order to
explore the functions of endocannabinoid signalling and its interactions with the other
signalling systems. Of those, the main degradation enzyme of 2-Arachidonoyl glycerol
(2-AG), monoacylglycerol lipase (MAGL), functions as a central metabolic hub,
interlinking endocannabinoid system to the other lipid transmitters such as eicosanoid
system. MAGL, hydrolyzing 2-AG to arachidonic acid (AA) and glycerol, generates a
significant AA pool, an active precursor for lipid mediators of the brain such as
prostaglandins. It remains to be understood how these by-products serve in the
brain.Inhibitors selective to such degrading enzymes are unique tools to unravel both the
functions of an endocannabinoids and its crosstalks with other systems since they enable
to increase the level of the targeted endocannabinoid and decrease its degradation by-
products. It appears that these inhibitors have a great therapeutic potential for plenty of
human disorders. For this purpose, many serine hydrolyse inhibitors have been
developed up to date. Of those, KML-29 with no detectable cross-reactivity with fatty
acid amide hydrolyse (FAAH), the main hydrolyzing enzyme of anandamide (AEA),
and with significant potency both in vitro and in vivo , is a versatile MAGL inhibitor that
can be utilized both in rodent and human researches which aims to explore biological
actions of 2-AG.

Systemic administration of LPS, the structural entity of the outer wall of cell membrane
present in gram-negative bacteria, generates one of the most successfully utilized

experimental models for investigation of stimulation of innate immune system. This type
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of stimulation initiates inflammatory acute phase reactions and sickness behaviours such
as fever, hyperalgesia, anorexia, activation of hypothalamic—pituitary—adrenal (HPA)
axis.

Within this context, in the present study, we aimed to investigate the effect of MAGL
inhibition through KML29 on an inflammatory process initiated in the brain, fever, by
inducing systemic inflammation by LPS. We hypothesized that inhibition of MAGL,
since it will cause an increase in 2-AG and a decrease in AA levels, may have an
ameliorating effect on fever due to declined synthesis of prostaglandin E; in
consequence of decreased AA levels and stimulation of CB1 receptors in consequence
of increased 2-AG levels. For this purpose, we implemented transmitters into 24 male
Wistar albino rats by surgical procedures and recorded, by means of a biotelemetric
technique, to observe whether any alterations occurred in the initiated fever following

administrations of KML29 and LPS simultaneously.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Experimental Animals

Adult Wistar albino male rats (12-16 weeks old) weighing 202-328 g. were utilized in
this study. Rats provided with Ankara University Faculty of Medicine, Experimental
Animals and Research Laboratory and were housed in Experimental Animals Section of
Medical Pharmacology Department, Ankara University Faculty of Medicine. The
surgical procedures, in vivo experiments and sacrification procedures were carried out in
the neuropsychopharmacology laboratory of the same department. They were fed
standard rat chow and water ad libitum and housed in an air-conditioned room at an
ambient temperature of 21+1 °C under a 12:12 h light-dark cycle (lights on at 7:00 AM)
and humidity of 40%. Rats were housed in groups of three or four and seperated into one
animal per macrolon cage after surgical procedures. The Local Ethical Committee of
Ankara University, Faculty of Medicine for Animal Care and Use approved the

experimental protocols (Approval# 2014-4-16).

In total, 24 rats were utilized and for each protocol animals were used once. Some of the
rats, with at least one weak interval, were used for different protocol (e.g., saline+saline
and LPS+vehicle) (Table 2.1.).

2.2 Biotelemetry Recordings and Surgical Procedure

The abdominal temperature (T,p) was recorded by radiotelemetry (Mini-Mitter, Bend,
OR, USA). A temperature transmitter (model VM-FM 3000) was implanted into the
peritoneal cavity of each rat under aseptic conditions and general anesthesia (ketamine
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80 mg/kg ip and xylasine 10 mg/kg ip) minimum a week before the day of the
experiment. Following the operations, rats were placed singly in separate macrolon
cages and provided with post operative care (with paying attention to their getting
adequate water and granulated chow if necessary) for at least seven days. The rats
reached pre-operation weight subsequent to the post operative care for at least one week

were chosen randomly and utilized in experiments.

Table 2.1. Experiment Groups, Animal Codes and Basal Temperatures

Experiment Animal Body mean + Basal mean =+
Groups code Weigh | SEM (g) | temperature | SEM (°C)
t(9) °O)
T#1275A 238 37.0
(1) Saline (sc) + THI2TTA 202 37.3
Saline (sc) ; =9 [ T#1278A 281 37.4
T#1279A 300 37.6
T#1280A 309 | 274+ 142 375 37.2+0.11
T#1281A 328 37.9
T#1282A 303 37.2
T#1283A 282 36.9
T#1284A 225 36.8
T#1272B 251 36.6
(2) Saline (sc) + T#1273B 278 36.8
Vehicle (sc); n=9 [ T#1274B 309 37.0
T#1275C 253 36.8
T#1277C 223 | 280+11.3 36.9 37.0 £ 0.09
T#1278C 318 375
T#1282C 312 374
T#1283C 312 37.0
T#1284C 266 37.0
(3) KML29 T#1269A 238 36.7
(20 mg/kg, sc); T#1270B 254 245+£4.6 36.7 36.7+0.03
n=3 T#1271B 245 36.8
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Table 2.1. Continued

T#1258A 250 37.8
(4) Saline (sc) T#1259A 293 37.7
+LPS E. coli T#1260A 220 37.4
. 253+ 8.7 : 37.3+0.16
O111:B4 TH#1262A 235 375
E]2_57° ng/ke, SO TTH163A | 266 36.6
h T#1264A 260 36.9
TH#1265A 253 37.2
T#1269C 247 36.6
(5) Vehicle (sc) T#1270C 267 37.3
+LPS E. coli
rLPSE S T#1271C 247 0525 10.6 37.1 1704
: T#1275B 245 37.2
i 0.10
(250 pg/kg, s0); 115778 215 37.0
n=6 T#1278B 203 36.9
TH#I2T2A 249 36.8
(6) KML-29 TH#I273A 274 36.9
20 mg/kg, sc)+
I(_PS Eg Cg“ ) TH1274A 309 | )oss 129 36.7 2684
: T#1282B 307 37.2 0.06
0111:B4 :
' T#1283B 307 36.9
(250ng/kg, sc) T#1286B 242 36.7
(simultaneously) :
R T#1287B 238 36.9

Multiple comparisons of average basal temperatures and body weights between groups of 1, 2, 4, 5, 6
were made by one-way ANOVA. Average basal temperature analysis were followed with the Fisher’s
Least Significant Difference (LSD) post-hoc test with Bonferonni correction (One-way ANOVA results
for average basal temperature without bonferonni correction: [F (4, 37): 2.769; p: 0.043]). Without
bonferonni correction p=0.013 for groupl vs group 6; p=0.016 for group 4 vs group 6; with bonferonni
correction p=0.128 for groupl vs group 6; p=0.157 for group 4 vs group 6. Results show no statistically
significant difference in average basal temperatures between groups after multiple testing adjustment.
One-way ANOVA results for body weights: [F (4, 37):1.096; p: 0.375]. There is no statistically
significant difference in body weights between groups.

The experiments were started at 9 AM each time. On the day of experiment the rats
were taken from Experimental Animals Section and placed onto the receivers (series
TR-3000) in the neuropsychopharmacology laboratory of the same section in their
cages and were allowed to adapt to the environment and reach a steady T,, at an

ambient temperature of 24 +1 °C.
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The receivers utilized to detect the signals come from the transmitters implanted into the
peritoneal cavity of the rats and direct them to a personel computer via an interface. The
frequencies of these signals are converted to temperature per-minute by a specific
software, namely Vital View, present in the computer.

After the rats reaching a steady T,,, the treatments were started and adminstration of
drugs were done between 11.30 AM-12.30 PM. Subsequent to the tratments, recordings
were taken until the following morning. Ten hours following the injections were taken
into consideration in order to make calculations. The baseline T,, was calculated as the
average of 30 minutes preceding the injection. T4, changes were calculated as AT for
every minute and all the analyses were performed based on AT.

AT =T, per-minute following the injection — Baseline Tgp (2.1)
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Figure 2.1. An example of rat, which was implanted a transmitter into its peritoneal

cavity, whose cage placed onto the receiver.
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Figure 2.2. An example of a Mini Mitter VM-FM 3000 transmitter (in red rectangle )
and parts of it (in green rectangle).

2.3 Experimental Protocols

2.3.1 Saline (5 ml/kg, sc) + Saline (5 ml/kg, sc) Protocol; n=9

5 ml/kg sterile apyrogenic saline solution (0.9% NaCl) was used and both injections

were done subcutaneously (sc) in simultaneous manner.

2.3.2 Saline (5 ml/kg, sc) + Vehicle (5 ml/kg, sc) Protocol; n=9

For saline injection 5 ml/kg sterile apyrogenic saline solution (0.9 % NaCl) and for the
vehicle injection 5 ml/kg freshly prepared vehicle was used. In order to prepare vehicle,
0.17 N solution of NaOH, which was prepared by diluting 1ml of 1N solution of NaOH
by a factor of 5.85, was mixed to 1.5 N solution of HCI, which was prepared by diluting
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Iml of 2N solution of HCI by a factor of 1.3, at the rate of 1.8/2 (1.8 ml of 0.17N
solution of NaOH in final volume of 2 ml). These calculations were made in order to
keep the final percentage of the NaCl in the solution close to the 0.9 % NaCl. After
mixing in vortex mixer for about 1 minute the solution was kept in the sonicator adjusted
to 50 °C for 5 minutes. It was aimed to keep the final pH close to physiological pH
(between 7.0-7.8). Therefore, after the sonication process pH meter was used to confirm
the final pH and if necessary it was added minute amounts of HCI and /or NaOH to get a
pH close to physiological one. Finally it was added 15 pl of Tween-80 to get the
solution ready for injection. Both injections were done subcutaneously in simultaneous

manner.

Figure 2.3. An example of subcutaneous neck injection in rats [113].
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2.3.3 KML29 (20 mg/kg, sc) Protocol; n=3

For preparation of 20 mg/ kg KML29 (Cayman Chemicals Company, USA,
Batch#0453632-13), KML29 bottle which was kept in -20 °C transferred to + 4 °C and
kept there for 30 minutes.

After that, the bottle was held in room temperature for about 10-15 minutes. In order to
get 20 mg/kg of final concentration, it was aimed to get 4 mg/ml of KML29 solution
since injections were done by the volume of 5ml/kg. In order to keep the final
percentage of the NaCl in the solution close to the 0.9 %, it was added 0.17 N solution of
NaOH at the rate of 1.8/2 (1.8 ml of 0.17N solution of NaOH in final volume of 2 ml) to
weighed KML29. After mixing in vortex mixer for about 1 minute the solution was kept
in the sonicator adjusted to 50 °C for 5 minutes. It was aimed to keep the final pH close
to physiological pH between 7.0-7.8. Therefore, after the sonication process pH meter
was used to confirm the final pH and 1.5N solution of HCI added step by step at the rate
of 0.2/2 (0.2 ml of 1.5 N solution of HCI in final volume of 2 ml) to get a pH close to
physiological one. Finally it was added 10 pl of Tween-80 to get the solution ready for
injection. The final concentration allowed to inject approximately 20 mg/kg dose of

KML29. Injections were done subcutaneously.

2.3.4 Saline (5 ml/kg, sc) +LPS E. coli O111:B4 (250 ug/kg, sc) Protocol;
n=7

For saline injection 5 ml/kg sterile apyrogenic saline solution (0.9 % NaCl) and for the
LPS E. coli O111:B4 (Sigma-Aldrich Co. LLC, USA, Lot#012M4098V) injection 250
ug/kg of prepared solution was used. LPS E. coli O111:B4 was aliquoted as a stock
solution of 2 mg/ml under aseptic conditions and kept at -20 °C till it was used. On the
day of experiment LPS bottle was held in the room temperature for about 10-15 minutes
then it was further diluted to get 50 pg/ml of concentration with sterile apyrogenic saline
solution since injections were done by the volume of 5 ml/kg. Both injections were done

subcutaneously in simultaneous manner.
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2.3.5 Vehicle (5 ml/kg, sc) +LPS E. coli O111:B4 (250 ug/kg, sc)
Protocol; n=6

For the vehicle injection 5 ml/kg freshly prepared vehicle and for the LPS E. coli
0111:B4 injection 250 ug/kg of prepared solution was used. Preparation of vehicle was
made as described in protocol 2.3.2 and LPS E. coli O111:B4 solution as described in

protocol 2.3.4. Both injections were done subcutaneously in simultaneous manner.

2.3.6 KML29 (20 mg/kg, sc) +LPS E. coli O111:B4 (250 ng/kg, sc)
(simultaneously) Protocol; n=7

Preparations of 20 mg/kg KML29 was made as described in protocol 2.3.3 and LPS E.
coli O111:B4 solution as described in protocol 2.3.4. Both injections were done
subcutaneously in simultaneous manner (KML29 injection to the left side and LPS E.
coli O111:B4 to the right side of the neck).

2.4. Statistical Analysis

AT values and body weights were expressesd as means = SEM (Standard error of the
mean). Comparisons of average baseline temperatures and body weights of the groups
were made by one-way ANOVA through SPSS for windows (version 15.0) statistical
package (SPSS Inc., Chicago, IL, USA). The analysis of average baseline temperatures
were followed with the Fisher’s Least Significant Difference (LSD) post-hoc test with
Bonferroni correction (Overall type | error was taken to be 0.25 and 0.25/5=0.05 was
taken as nominal significance level per pairwise comparison).

Bayesian random effects spline regression was used to investigate the differences
between the groups in terms of Tab profiles over time. Analyses were carried out using
Markov chain Monte Carlo (MCMC) method. MCMCglmm and ggplot2 of R statistical
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package (version 3.1.2) were used for statistical modeling and analysis of the data and
producing the plots respectively. Bonferroni correction was made as multiple testing
adjustment (Overall type | error was taken to be 0.20 and 0.20/4=0.05 was taken as

nominal significance level per pairwise comparison).

75



76



CHAPTER 3

RESULTS AND DISCUSSION

In this study, the effect of MAGL inhibition on the fever initiated by LPS was

investigated. For this purpose, 6 different protocols have been prepared and used.

3.1. Control Experiments

Saline(sc)+saline(sc) and saline(sc)+vehicle(sc) experiments were performed as

controls. For each group, randomly chosen 9 rats (totally 18 rats) were utilized.

Saline+saline (5 ml/kg each) protocol was performed in order to observe whether
injection stress caused any significant changes in the body temperature. Since we were
planning to do two injections, i.e. KML29 and LPS injections simultaneously, we aimed
to see the effect of two simultaneous saline injections. In addition, saline+saline protocol
was also performed as the control of Saline+LPS experiments because saline was used
as dissolver for LPS. As shown in Figure 3.1, the injection time was accepted as 0 in the
time line (shown with arrow in the graph) and there was no apparent change in the T, of
this group following saline+saline injections until the 420" minute. The T, increase
started at the 420™ minute continued until the end of the observation period (600 min)
(Since rats are nocturnal animals, when the lights are turned off (at 7 PM) their body

temperature increase naturally as a result of circadian rhythm).
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Figure 3.1. Overlapped lines of changes in Tq,S (AT) following Saline (5 ml/kg, sc)
+Saline (5 ml/kg, sc) (n=9); Saline (5 ml/kg, sc) +Vehicle (5 ml/kg, sc) (n=9) and
approximately 20 mg/kg of KML29 (sc, n=3) injections. Injections were done at time 0
(Indicated by arrow). Each point represent the mean +SE of the T, observations of
animals_ (Precise concentrations of KML29 injections: 19.98 mg/kg, 19.95 mg/kg, 17.15

mg/kg, average concentration:18 mg/kg)

The transient escalation in ATy, just after the injection was due to handling and injection

procedure and known as “stress response”.

In addition, saline+vehicle (5 ml/kg each) protocol was performed in order to observe
whether vehicle injection caused any significant changes in the body temperature. In this
set of experiment we aimed to see the effect of simultaneous saline and vehicle
injections as the control of KML29 and LPS injections. Overlapped lines of changes in
the Taps (AT) following Saline (sc)+Saline (sc) and Saline (sc)+Vehicle (sc) injections
are shown in Figure 3.1. As can be seen, the two lines display quite similar trends and
there is no statistically significant difference between them (data is shown in appendix).
The transient escalation in AT, just after the injection was also due to the stress

response. There was no change in the Ty of this group following saline+vehicle
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injections until the 420™ minute. As a result of circadian rhythm, the T4, increase which

started at the 420" minute continued until the end of observation period (600 min).

In order to determine which dose of KML29 would be appropriate to use, we performed
another set of control experiment. Due to the findings explained in the section 1.7
(Figure 1.27. and 1.28) limited blockade of MAGL appeared to be a safer and more
appropriate way for our study. Therefore, we considered to utilize approximately 20

mg/kg of KML29 in our experiments.

Before utilizing a dose of 20 mg/kg in our experiments, we wanted to confirm that this
dose is ineffective on body temperature when administered singly (without simultaneous
injection of saline). Since empirical data was enough for determining the dose, we used
three rats. As shown in Figure 3.1., administration of approximate 20 mg/kg of KML29

does not alter (decrease) body temperature in rats.

3.2 Saline (5ml/kg, sc)+LPS E. coli O111:B4 (250 pg/kg, sc)
Experiments

In order to confirm the fever LPS E. coli O111:B4 causes, we injected dose of 250 pug/kg

subcutaneously.

As can be seen in figure 3.2 the fever caused by LPS E. coli O111:B4 250 pg/kg (sc) has

three characteristic phases:

1) Initiation (Latency) of fever: The point where the body temperature increases

steadily and reaches 0.5°C of AT.
2) Fever Peak: The point where the body temperature reaches the maxima.

3) Fever Plateau: The point where the body temperature proceeds near the maxima

reached previously.
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According to the figure 3.2., Saline 5 ml/kg (sc)+LPS E. coli O111:B4 250 pg/kg (sc)
caused body temperature to increase about 3.5 hours after the injection (initiation of
fever) and it reached to the maxima (AT= 1.8+0.16) in approximately 2.5 hours and

continued until the end of observation period (fever plateau).
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Figure 3.2. Overlapped lines of changes in TyS (AT) following Saline (5 ml/kg,
sc)+Saline (5 ml/kg, sc) (n=9) and Saline (5 ml/kg, sc)+LPS E. coli 0111:B4 (250

ug/kg, sc) (n=7) injections. Injections were done at time 0 (Indicated by arrow).

In order to analyse whether the difference between saline+saline and saline+LPS
0O111:B4 lines of changes in the T,s are statistically significantly different, Bayesian
estimation -Markov chain Monte Carlo (MCMC) method was used. Since LPS
O111:B4+Saline line displays two different trends; i.e., quadratic between 0-250"
minute and concave between 250-600" minute, mixed effects quadratic regression
was used for the first part (0-250" minute) and mixed effects spline regression (low

rank thin spline) for the second part (250-600"™ minute) of analysis.

Betal is the parameter that shows the association between treatments and temperature
changes and its being in the interval that includes zero indicates that AT between

these two groups is not statistically significantly different than zero. Analysis of the
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first part revealed that with 95% posterior interval Betal equals to -0.05829 (-0.5178,
0.40187); that is the temperature change (AT) for < 250" minute between these two

groups are statistically insignificant.

Analysis of second part (> 250 minute), on the other hand, revealed that with 95%
posterior interval Betal equals to 2.415 (2.269, 2.563); that is the temperature change
(AT) for > 250" minute between these two groups is statistically significant with 5%
Type | error. This value indicates that the with 95% posterior interval temperature
change in salin+LPS O111:B4 group is approximately 2.4 fold larger compared to
saline+saline group (this result is adjusted for time; that is at any fixed time point AT
of saline+LPS O111:B4 group is 2.4 fold higher compared to AT of saline+saline
group at the same time point) (Figure 3.3).
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Figure 3.3. Statistical model (mixed effects spline regression (low rank thin spline))

fitted to > 250 minute of saline+saline (n=9) and saline+LPS O111:B4 (n=7) groups.
Blue lines indicate the observed points in the experiments and pink lines indicate to
what extent the fitted model captured those observed points (0= 0.05 was taken as

nominal significance level per pairwise comparison).
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3.3 Simultaneous KML29 (20 mg/kg, sc)+LPS E. coli O111:B4 (250

ng/kg, sc) Experiments

In this set of experiment we administered approximate 20 mg/kg of KML29 and 250
ug/kg of LPS E. coli O111:B4 subcutaneously in simultaneous manner to 7 outbred
Wistar albino rats. KML29 injection was done to the left side and LPS E. coli O111:B4
injection to the right side of the neck.
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Figure 3.4. Overlapped lines of changes in Tgs (AT) following simultaneous Saline (5
ml/kg, sc) + LPS E. coli O111:B4 (250 pg/kg, sc) (n=7) and approximate 20 mg/kg
KML29 (sc)+LPS E. coli O111:B4 (250 ug/kg, sc) (n=7) injections.Injections were
done at time 0 (Indicated by arrow). (Precise concentrations of KML29 injections: 20
mg/kg, 20 mg/kg, 17.7 mg/kg, 17.7 mg/kg, 20.08 mg/kg, 20.08 mg/kg, 16 mg/Kkg;

average concentration:18.79 mg/kg)

According to the figure 3.4., administration of KML29 20 mg/kg (sc) simultaneously
with LPS E. coli O111:B4 250 ug/kg (sc) caused body temperature to increase about 3.5
hours after the injection (initiation of fever) and it reached to the maxima (AT=
1.54+0.18) in approximately 2.2 hours and continued until the end of the observation

period (fever plateau).
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Statistical analysis was made by using Bayesian estimation -Markov chain Monte Carlo
(MCMC) method. Due to the reasons explained in section 3.1.2. mixed effects quadratic
regression was used for the first part (0-250™ minute) and mixed effects spline regression

for the second part (250-600™ minute) of analysis.

Analysis of the first part revealed that with 95% posterior interval Betal equals to
0.1479 (-0.3516, 0.6394); that is the temperature change (AT) for < 250" minute
between these two groups are statistically insignificant.

Analysis of second part (> 250 minute) revealed that with 95% posterior interval Betal
equals to -1.717 (-1.863, -1.571); that is the temperature change (AT) for > 250"
minute between these two groups is statistically significant with 5% Type | error. This
value indicates that with 95% posterior interval the temperature change in
KML29+LPS 0111:B4 group is approximately 1.7 fold lesser compared to saline+LPS
0111:B4 group (this result is adjusted for time).
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Figure 3.5. Statistical model (mixed effects spline regression) fitted to > 250 minute

of saline+LPS 0111:B4 (n=7) and KML29+LPS 0111:B4 (n=7) groups. Blue lines

indicate the observed points in the experiments and pink lines indicate to what extent
the fitted model captured those observed points (o= 0.05 was taken as nominal

significance level per pairwise comparison).
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3.4 Vehicle+LPS E. coli O111:B4 (250 ng/kg, sc) Experiments
This set of experiment is designed to examine whether the ameliorating effect of the

KML29 on fever arised from the vehicle. For this purpose, 6 outbred Wistar albino rats
were utilized. 5 ml/kg of vehicle and 250 ug/kg were injected subcutaneously in

simultaneous manner (Figure3.6.).
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Figure 3.6. Overlapped lines of changes in Ty,s (AT) following simultaneous
Vehicle (5 ml/kg, sc)+LPS E. coli O111:B4 (250 pg/kg, sc) (n=6) and approximate
20 mg/kg KML29 (sc)+LPS E. coli O111:B4 (250 pg/kg, sc) (n=7) injections.
Injections were done at time 0 (Indicated by arrow).

According to the figure 3.6., administration of Vehicle 5 ml/kg (sc) simultaneously
with LPS E. coli O111:B4 250 ug/kg (sc) caused body temperature to increase about
3.5 hours after the injection (initiation of fever) and it reached to the maxima (AT=
1.540.12) in approximately 2.5 hours and continued until the end of the observation

period (fever plateau).

Statistical analysis of comparison between saline+LPS O111:B4 and Vehicle+LPS
0111:B4 was carried out by using Bayesian estimation -Markov chain Monte Carlo
(MCMC) method. Mixed effects cubic regression was used for the first part (0-250™
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minute) and mixed effects spline regression for the second part (250-600" minute) of

analysis.

Analysis of the first part revealed that with 95% posterior interval Betal equals to
0.04548 (-0.4281, 0.5147); that is the temperature change (AT) for < 250™ minute

between these two groups are statistically insignificant.

Analysis of second part (> 250 minute) revealed that with 95% posterior interval
Betal equals to -0.855 (-1.006, -0.8037); that is the temperature change (AT) for >
250" minute between these two groups is statistically significant with 5% Type |
error. This value indicates that with 95% posterior interval the temperature change
in Vehicle+LPS 0111:B4 group is approximately 0.8 fold less compared to
saline+LPS O111:B4 group (this result is adjusted for time).
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Figure 3.7. Statistical model (mixed effects spline regression) fitted to > 250 minute
of saline+LPS O111:B4 (n=7) and Vehicle+LPS O111:B4 (n=6) groups. Blue lines
indicate the observed points in the experiments and pink lines indicate to what extent
the fitted model captured those observed points (a= 0.05 was taken as nominal

significance level per pairwise comparison).
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In order to discriminate among the effect of vehicle and the effect of KML29, another
statistical test was carried out. Statistical analysis of the comparison between Vehicle+LPS
0111:B4 and KML29+LPS 0111:B4 groups was also carried out by using Bayesian
estimation -Markov chain Monte Carlo (MCMC) method. Mixed effects quadratic
regression was used for the first part (0-250" minute) and mixed effects spline regression
for the second part (250-600™ minute) of analysis.

Analysis of the first part revealed that with 95% posterior interval Betal equals to 0.0917
(-0.4212, 0.5979); that is the temperature change (AT) for < 250" minute between these

two groups are statistically insignificant.

Analysis of second part (> 250 minute) revealed that with 95% posterior interval Betal
equals to -0.7223 (-0.8535, -0.5917); that is the temperature change (AT) for > 250"
minute between these two groups is statistically significant with 5% Type | error. This
value indicates that with 95% posterior interval the temperature change in KML29+LPS
0O111:B4 group is approximately 0.7 fold lesser compared to Vehicle+LPS O111:B4 group
(this result is adjusted for time). This result shows that KML29, apart from the effect of
vehicle, has an ameliorating effect on the fever induced by LPS 0111:B4.
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Figure 3.8. Statistical model (mixed effects spline regression) fitted to > 250 minute of
Vehicle+LPS 0111:B4 (n=6) and KML29+LPS0111:B4 (n=7) groups. Blue lines indicate the

observed points in the experiments and pink lines indicate to what extent the fitted model

captured those observed points (a= 0.05 was taken as nominal significance level per pairwise

Table 3.1. Betal results of comparisons between groups

comparison).

Saline+Saline Saline+LPS Saline+LPS Vehicle+LPS
VS VS VS VS
Saline+LPS KML29+LPS Vehicle+LPS KML29+LPS
th -0.05829 0.1479 0.04548 0.0917
Betal | <20 - . : :
minute | 95% post. interval 95% post.interval | 95% post. interval | 95% post. interval
(-0.5178, 0.40187) (-0.3516, 0.6394) | (-0.4281, 0.5147) | (-0.4212,0.5979)
> 250t 2.415 -1.717 -0.855 -0.7223
minute | 95% post. interval | 95% post. interval | 95% post. interval | 95% post. interval

(2.269 , 2.563)

(-1.863, -1.571)

(-1.006, -0.8037)

(-0.8535, -0.5917)

LPS: LPS E. coli O111:B4; post.: posterior
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Monoacylglycerol lipase inhibition is known to cause prominent effects on lipid
metabolism due to the interactive nature of endocannabinoid signalling. Specifically,
accumulation of evidence that indicates MAGL’s ability to produce a substantial
arachidonic acid pool for neuroinflammatory prostaglandins and its genetic and
pharmacological inactivation’s altering 2-AG and prostaglandin levels including PGE;
led to the idea that MAGL inhibition could have a neuroprotective effects in states of
inflammation [89] [107].

In the current study, we hypothesized that MAGL’s inhibition may have an ameliorating
effect on LPS induced fever, an inflammatory procees generated by brain, either by
increasing 2-arachidonoy! glycerol or decreasing arachidonic acid levels or both.

As shown in section 3.2 administration of 250 pg/kg, sc LPS E. coli O111:B4+ 5ml/kg,
sc saline caused AT to increase significantly (with 5% type 1 error, 2.4 fold) compared
to saline+saline injection. Comparative analysis of saline+LPS E. coli O111:B4 and
KML29(20 mg/kg, sc) +LPS E. coli O111:B4(250 ug/kg, sc) (section 3.3) revealed that
administration of KML29 simultaneously with LPS E. coli O111:B4 significantly
decreased AT (with 5% type 1 error, 1.7 fold) compared to saline+LPS E. coli 0111:B4.
Administration of KML29 simultaneously with LPS E. coli O111:B4 resulted in
decreased plateau phase of fever compared to LPS E. E. coli O111:B4+saline

administration.

Even though comparative analysis of salin+LPS E. coli O111:B4 and vehicle+LPS E.
coli O111:B4 (section 3.4) revealed that administration of vehicle simultaneously with
LPS E. coli O111:B4, too, significantly decreased AT (with 5% type 1 error, 0.8 fold)
compared to saline+LPS E. coli O111:B4, further analysis performed for discriminating
the effect of KML29 from the effect of vehicle on LPS-induced fever showed that
simultaneous KML29+LPS E. coli O111:B4 administration significantly decreased AT
(with 5% type 1 error, 0.7 fold) compared to simultaneous vehicle+ LPS E. coli
0111:B4. Therefore, we can conclude that apart from the effect of vehicle, KML29 had
a significant but modest protective effect at a dose of 20 mg/kg.
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It could be argued that the modest protection of KML29 at a dose of 20 mg/kg might
have been strengthened by using higher doses of KML29. However, since one of vital
aspect of fever studies is to use an inffecetive dose (when injected singly) of compound
of interest and high doses might have cause decline in body temperature, we did not
prefer to use higher doses of KML29.

In addition, it should also be taken into consideration that the modest protection of
KML29 against LPS-induced fever might have been caused by its solubility difficulties.
It was reported that KML29 requires sonication in the vehicle before injection.
Specifically, mild heating and prolonged sonication have been recommended in case of
p.o. or i.p. administration [94]. Even though we followed the essentials of those
recommended procedures in our protocols, the difficulties in the dissolvation might have
affected the inhibition ability of KML29.

Depending on these results it can be speculated that MAGL activation and hence
degradation of 2-AG needs to be elevated in order fever induced by LPS to reach the
maxima and maintain fever near this peak. That is, the ratio of incline in fever is related
with 2-AG’s degradation by MAGL.

Even though it was reported that mice exposed to LPS had a robust and time-dependent
escalation in brain eicosanoids (e.g., PGE;) which was notably weakened with the
treatment of JZL184 or in Mgll™™ mice [89], we might speculate that the ameliorating
effect of KML29 is likely due to elevation in endogenous 2-arachidonoyl glycerol levels
and its effect on CB1 receptors rather than decrease in AA and hence in PGE; since
studies with COX inhibitors resulted in a much robust reduction in LPS-induced fever
due to the complete blockade of the prostaglandin synthesis [114][115][116].

A study reports that pretreatment with nonhypothermic dose of a cannabinoid receptor
agonist WIN 55,212-2, antagonized the LPS-induced biphasic fever with the first peak at
180 min and the second at 300 min postinjection (Figure 3.9.). WIN 55,212-2 dose
dependently lowered the maxima and plateau phase of LPS-induced fever, which is

consistent with our results (Figure 3.4.).
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The inhibitory effect of this agonist was reversed by a CB1 receptor antagonist,
SR141716, but not with a CB2 receptor antagonist, SR144528, implying this effect was
due to CB1 receptors. Besides, A> — THC, an exogenous cannabinoid agonist also

reduced LPS-induced fever in a dose dependent manner [108].
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Figure 3.9. Effect of i.p. pretreatment with WIN 55,212-2 (0.5-1.5 mg/kg, -30 min) on
LPS induced fever. LPS was injected at time 0. Data are expressed as the mean+S.E.M.
from baseline. N, number of rats. ATb, variation in body temperature. *, p < 0.05; **, p

< 0.01. Vehicle + LPSversus WIN 55,212-2 +LPS at various concentrations [108].

In addition, the measurement of IL-6 levels of WIN 55,212-2-exposed rats at 3 and 5 hrs
after LPS injection revealed that the plasma levels of this cytokine reduced significantly
(p < 0.05) compared to those of did not exposed to this cannabinoid agonist [108]. Since
IL-6 is accepted as one of the most predominant circulating mediators of LPS-
induced fever [117] [118] [119], the reduction of IL-6 ,which is parallel to the peaks of

this fever, may also be one of the reasons for the reduction in these peaks.
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There are several reports which provide evidence that cannabinoids have a suppressive
effect on peripheral circulating cytokines in inflammatory states [122], specifically
through CB1 receptors [120] [121]. These suppressive effect of synthetic cannabinoid
agonists on peripheral cytokines, which is mainly mediated by CB1 receptors, may
partly account for the remission of inflammatory states, however, the exact mechanism
that leads to this amelioration is still unknown.

As well as synthetic cannabinoids, growing evidence suggest that in situations 2-AG’s
endogenous accumulation due to the lack of MAGL activation or 2-AG’s de-novo
biosynthesis, a significant remmision in inflammatory states occurs. For instance,
JZL.184 was shown to decrease plasma cytokine levels [107]. It was also reported that
MAGL inhibitors JZL184 and URB602 suppressed formalin-induced pain via
peripheral CB1 and CB2 receptors [123]. Attenuation in mechanical and cold allodynia
through CB1 receptor mechanism in nerve-injured mice which exposed to JZL184 was
also reported [124]. In addition, KML29 generated anti-allodynic and anti-oedematous
effects in murine inflammatory pain and partially blocked mechanical and cold allodynia
in sciatic nerve injury pain models [112]. MAGL inactivation by JZL184 in mice model
of inflammatory bowel disease revealed that elevation in 2-AG levels reduced
macroscopic and histological colon alteration and colonic release of proinflammatory
cytokines. MAGL inhibiton contributed to the integrity of the intestinal barrier function,
which followed by reduction in endotoxemia, peripheral and brain inflammation [125].
These reports, consistent with our results, suggest that MAGL plays a vital role in
generation of inflammatory states and inactivation of this enzyme can provide with
protection against inflammation via elevation of 2-AG levels.

However, another metabolic route that determines 2-AG’s fate should also be taken into
account, specifically in states of inflammation. 2-AG can also be metabolized by
primary inducible inflammatory enzyme, COX-2. 2-AG’s oxygenation by COX-2 results
in the production of prostaglandin glycerol esters [127]. It was suggested that these
COX-2 derived endogenous metabolites themselves could serve as inflammatory lipid
mediators, however, their mechanism of action remains to be understood [80] [126]
[128].
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It seems that neural cells have the ability to steer 2-AG toward different metabolic routes
(i.e., oxygenation into prostaglandin glycerol esters or hydrolysis to form arachidonic
acid) depending on the signalling need of the cell. However, what causes the preference
of one route over another is still unkown [70]. This alternative metabolic pathway may
become more important when the primary hydrolytic enzymes of 2-AG, MAGL, is

blocked and changes in COX-2 activity may alter endocannabinoid signalling [80].

It is possible that in the fever phases that have decreased COX-2 expressions relatively,
2-AG’s degradation through COX-2 would be less and hence endogenous levels of 2-
AG will further increase. This situation may result in two possible effects: The further
escalation in 2-AG levels may augment this endocannabinoid’s ameliorating effects and
the possible negative effects of 2-AG’s oxygenation by-products with COX-2 (i.e.,
prostaglandin glycerol esters) may also decrease.

We might suggest that such an influence seems to play a role in the efficacy of KML29
on endocannabinoid signalling in LPS-induced fever. Our results suggest that the
protective effect of KML29 gets stronger at plateau phase of the fever which has
decreased COX-2 levels, relatively. It was reported that COX-2 expression in
hypothalamus of intravenous LPS (50 pg/kg)-treated rats peaked at Phase 2 (almost 1.6
hour after injection) and robustly declined in Phase 3 (5 hours from injection) [47].
Consistent with this data, KML29 administration led to a decrease in plateau phase and
this decrease was maintained until the end of the observation time (10 hours)(Figure
3.4.). Therefore, we might speculate that the ameliorating effect of MAGL inhibiton by
KML29 coincides with times that COX-2 is present in low levels.

It was elucidated that the augmentation of endocannabinoid signalling is closely related
to decreased oxygenation of them by COX-2 and substrate-selective COX-2 inhibitors
(SSCIs) was shown to decrease anxiety-like behaviours by augmenting endocannabinoid
signalling in mice [129]. This strategy could also be used in the further studies related to
LPS-induced fever. Since usage of SSCIs would prevent oxygenation of 2-AG by COX-

2 without affecting prostaglandin synthesis and non-eCB lipids, it could be utilized for
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further investigation of whether the protective effect of MAGL inhibition would be

strengthened if it was used simultaneously with SSCls.
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CHAPTER 4

CONCLUSION

In the current study we aimed to examine whether KML29, a selective and
irreversible inhibitor of Monoacylglycerol lipase would have a protective effect
on an inflammatory process, fever, induced by subcutaneously administered
Lipopolysaccharide in rats. Our results indicate that KML29 has a modest but
significant ameliorating effect on LPS-induced fever, specifically during the

plateau phase.

The protective effect of Monoacylglycerol lipase inhibition is likely to be due to
the increase in 2-Arachidonoyl glycerol levels rather than the decrease in the
arachidonic acid levels as a robust decline in arachidonic acid levels would have
resulted in a much robust suppression of the fever.

KML29’s protective impact due to MAGL inhibition appears to take effect
specifically at the times that COX-2 expression declines, which is the plateau
phase of fever. This finding is consistent with the recent studies which suggests
that COX-2 has the ability to limit endocannabinoids’ ameliorating effects on

inflammation.

In line with the recent reports that indicates MAGL’s vital role in the generation
of inflammatory states, our findings imply that the activation of this enzyme is an
important aspect of generation of LPS-induced fever and inhibition of MAGL
has a protective effect on fever as well as other inflammatory conditions,

specifically due to the increased 2-AG levels.
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In conclusion, this study shows that MAGL inhibiton has an ameliorating effect
on fever initiated by LPS in rats. In addition, it is suggestive of the COX-2 levels
during the MAGL inhibiton should be considered as an important aspect for the
efficacy of MAGL inhibition.

MAGL is considered as a metabolic hub and the effects of its inhibition have
come into prominence as protection against inflammatory states. However, the
mechanism of its protection and the effect of other metabolic pathways such as
2-AG’s oxygenation by COX-2 and resulting by-products (i.e., prostaglandin
glycerol esters) on fever and other inflammatory states remain to be elucidated

and further studies are warranted.
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Temperature change

APPENDIX A

Models Used in Statistical Analyses

A.1 Saline+Saline (n=9) vs. Vehicle+Saline (n=9)
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Figure A.1. Empirical graphs (Spagetthi plot and mean curve) of Saline+Saline
(on the left) and Vehicle+Saline (on the right). (Mean curve is shown in blue
and obtained by smoothing the mean of data at each time point. LOESS is used

for smoothing).
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Modeling for data analysis:

Mixed effects quadratic regression model was used

(Overall (mean) temperature change is 2™ degree polynomial in time. Intercept and

linear term (i.e. rate of change in temperature over time) changes from rat to rat).

Yij = beta0 + betasl; tij + betas2; tij> + b0; + bl; tij + betal * trt
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Figure A.2. Statistical model (mixed effects quadratic regression) fitted to 0-600

minutes of Saline+Saline (n=9) and Vehicle+Saline (n=9) groups. Blue lines indicate the

observed points in the experiments and pink lines indicate to what extent the fitted

model captured those observed points (o= 0.05 was taken as nominal significance level

per pairwise comparison).
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Betal estimate = 0.007049
Standard error of Betal estimate= 1.892e-03
2.5% 25% 50% 75% 97.5%

Betal -3.682e-01 -1.166e-01 6.119e-03 1.312e-01 3.734e-01
95% posterior interval = (-0.3682, 0.3734)

Result: There is no statistically signficant difference between Saline+Saline and
Vehicle+Saline groups with 95% posterior interval in terms of T,, changes (Betal =
0.007049 (-0.3682,0.3734)).

A.2 Saline+Saline (n=9) vs. Saline+ LPS O111:B4 (n=7)

salin+salin LPS+salin
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Figure A.3. Empirical graphs (Spagetthi plot and mean curve) of Saline+Saline (on the
left) and Saline+LPS (on the right). (Mean curve is shown in blue and obtained by

smoothing the mean of data at each time point. LOESS is used for smoothing).
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In saline+saline graph there is a quadratic change over time (i.e., there is a slight increase
initially, then a gradual decrease and a stabilization followed by an increase again over

time).

In the Saline+LPS graph, however, there are two sharp trends (time slots), first being
between 0-250 minutes and second between 250-600 minutes. The first one displays a
quadratic trend and the second one a concave (i.e., an increase reaching a saturation point
followed by a decrease) trend. It is likely that there is no difference in between two groups
for the first time slot (< 250 mins), however, there is a difference for the second time slot (>
250 mins). Therefore, different models were used for the statistical analyses of these two
distinct strata.Best model representing the data is chosen based on the deviance information

criteria.

The analysis to determine whether there is a statistically significant difference between

two groups for the first time slot (< 250 mins) in terms of changes in T

With interaction:

The analysis for whether interaction term should take place in the model:

Yij = betad + betasl tij + betas2 tij®> + b0i + bli tij + b2i tij+ betal * trt * tij + beta2 *
trextij? (A.2)

HO: No interaction effect > HO: betal = beta2= 0 (M1); H1: Model above (M2).
LRT= Deviance of M2 — Deviance of M1 = (-2634.8148) - (-2634.9381) = 0.

Result: Do not reject HO: no need to put interaction effect. That is the effect of time on the
changes in Ty is not a parameter that changes from a group to another.Therefore, there is
no need to use interaction term in the model. Having determined that, the need for the below

analysis came out.

Without interaction

Mixed effects quadratic regression
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Yij = beta0 + betasl tij + betas2 tij* + b0; + bi; tij + b2; tij* + betal * trt (A.3)
Betal estimate = -0.05829
Standard Error of Betal estimate = 0.002382
2.5% 25% 50% 75% 97.5%
trt -0.5178 -0.209310 -0.0577987 0.09314  0.40187

95% posterior interval = (-0.5178, 0.40187)
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Figure A.4. Statistical model (mixed effects quadratic regression) fitted to < 250
minute of Saline+Saline (n=9) and Saline+LPS 0111:B4 (n=7) groups. Blue lines
indicate the observed points in the experiments and pink lines indicate to what extent
the fitted model captured those observed points (o= 0.05 was taken as nominal

significance level per pairwise comparison).
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Betasl estimate = -0.003170
Standard error of Betasl estimate = 0.001207
2.5% 25% 50% 75% 97.5%
trt -0.2318 -0.077399 -0.0047032 0.07131 0.23060
95% posterior interval = (-0.2318, 0.23060)

Betas2 estimate = 0.001377
Standard error of Betas2 estimate = 0.001315

2.5% 25% 50% 75% 97.5%
trt -0.2554 -0.080131 0.0015053 0.08284  0.25392
95% posterior interval = (-0.2554, 0.25392)

Result: For the first time slot (< 250 mins), there is no statistically signficant difference
between Saline+Saline and Saline+LPS groups with 95% posterior interval in terms of
Tap changes (Betal=-0.05829 (-0.5178, 0.40187)).

In addition, both groups’ rate of change with respect to time are statistically insignificant
(Betasl = -0.003170 (-0.2318, 0.23060), Betas2 = 0.001377 (-0.2554, 0.25392)), that is

temperature changes in both groups do not significantly differs wth respect to time.

The analysis to determine whether there is a statistically significant difference

between two groups for the first time slot (> 250 mins) in terms of changes in T.p:

Without interaction

Mixed effects spline regression (low rank thin spline):

Yij = beta0 + betassl tij + betasl [tij-al* + betas? [tij-a2]*+ betas3 [tij-a3[*+ betas4 [tij-
a4+ betass [tij-a5/>+ bli tij + bsliltij-al® + bs2i [tij-a2® + bs3i [tij-a3® + bs4i [tij-a4|® +
bsbiltij-a5]*+betal*trt (A.4)
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Betal estimate = 2.415
Standard error of Betal estimate = 7.677e-04

2.5% 25% 50% 75% @ 97.5%
trt 2.269 2364 2415 2465 2.563

95% posterior interval = (2.269, 2.563)
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Figure A.5. Statistical model (mixed effects spline regression (low rank thin
spline)) fitted to > 250 minute of saline+saline (n=9) and saline+LPS O111:B4
(n=7) groups. Blue lines indicate the observed points in the experiments and pink
lines indicate to what extent the fitted model captured those observed points (o=

0.05 was taken as nominal significance level per pairwise comparison).
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Temperature change

Result: For the second time slot (> 250 mins), there is a statistically signficant difference
between Saline+Saline and Saline+LPS groups with 95% posterior interval in terms of T,
changes (Betal= 2.415 (2.269, 2.563)). This value indicates that with 95% posterior
interval, temperature change in salin+LPS O111:B4 group is approximately 2.4 fold larger
compared to saline+saline group (this result is adjusted for time*; that is at any time point,
AT of saline+LPS O111:B4 group is 2.4 fold larger compared to AT of saline+saline

group).

A.3 Saline+ LPS O111:B4 (n=7) vs. KML29+ LPS O111:B4 (n=7)

salin+LPS KML+LPS
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Figure A.6. Empirical graphs (Spagetthi plot and mean curve) of Saline+ LPS (on the
left) and KML29+ LPS (on the right). (Mean curve is shown in blue and obtained by
smoothing the mean of data at each time point. LOESS is used for smoothing).

116



The analysis to determine whether there is a statistically significant difference between

two groups for the first time slot (< 250 mins) in terms of changes in T

Mixed effects quadratic regression:

Yij = beta0 + betasl; tij + betas2; tij> + b0;+ bl; tij + betal * trt (A.5)
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Figure A.7. Statistical model (mixed effects quadratic regression) fitted to <250 minute
of Saline+LPS (n=7) and KML29+LPS (n=7) groups. Blue lines indicate the observed
points in the experiments and pink lines indicate to what extent the fitted model captured
those observed points (o= 0.05 was taken as nominal significance level per pairwise

comparison).

Betal estimate = 0.1479

Standard error of Betal estimate = 0.002545
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2.5% 25% 50% 75% 97.5%
trt -0.3516  -0.01471  0.1473943 0.30813  0.6394
95% posterior interval = (-0.3516, 0.6394)

Result: For the first time slot (< 250 mins), there is no statistically signficant difference
between Saline+LPS and KML29+LPS groups with 95% posterior interval in terms of T,
changes (Betal= 0. 1479 (-0.3516, 0.6394)).

The analysis to determine whether there is a statistically significant difference between

two groups for the first time slot (> 250 mins) in terms of changes in T,

Mixed effects spline regression:

Yij = betad + betassl tij + betasl [tij-al]* + betas2 |tij-a2|*+ betas3 [tij-a3[>+ betas4 [tij-a4[*+
betas5 |[tij-a5]° + blitij + bsliltij-al]* + bs2i [tij-a2]® + bs3i [tij-a3]° + bs4i [tij-a4|® + bs5i [tij-
a5° + betal * trt (A.6)
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Figure A.8. Statistical model (mixed effects spline regression) fitted to > 250 minute of
Saline+LPS (n=7) and KML29+LPS (n=7) groups. Blue lines indicate the observed points
in the experiments and pink lines indicate to what extent the fitted model captured those
observed points (o= 0.05 was taken as nominal significance level per pairwise

comparison).

Betal estimate = -1.717
Standard error of Betal estimate = 0.0007661
2.5% 25% 50% 75% 97.5%
trt -1.863 -1.768 -1.717 -1.667 -1.571
95% posterior interval = (-1.863, -1.571)

Result: For thesecond time slot (> 250 mins), there is a statistically signficant difference
between Saline+LPS and LPS+KML29 groups with 95% posterior interval in terms of
Tan changes (Betal=-1.717 (-1.863, -1.571)). This value indicates that with 95% posterior
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interval the temperature change in KML29+LPS group is approximately 1.7 fold lesser

compared to saline+LPS group (this result is adjusted for time*).

A.4. Salin+ LPS O111:B4 (n=7) vs. Vehicle+LPS O111:B4 (n=6)

SelneFS wheielPS

Figure A.9. Empirical graphs (Spagetthi plot and mean curve) of Saline+ LPS (on the
left) and Vehicle+ LPS (on the right). (Mean curve is shown in blue and obtained by

smoothing the mean of data at each time point. LOESS is used for smoothing).

The analysis to determine whether there is a statistically significant difference between

two groups for the first time slot (< 250 mins) in terms of changes in T,

Mixed effects cubic regression:

Yij = beta0 + betal * trt + betas1 tij + betas? tij*+ betas3 tij* + b0; + b1, tij (A.7)
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Figure A.10. Statistical model (mixed effects cubic regression) fitted to < 250 minute of
Saline+LPS (n=7) and Vehicle+LPS (n=6) groups. Blue lines indicate the observed points in

the experiments and pink lines indicate to what extent the fitted model captured those

observed points (o= 0.05 was taken as nominal significance level per pairwise comparison).

Betal estimate = 0.04548
Standard error of Betal estimate = 0.0002424
95% posterior interval = (-0.4281, 0.5147)

Result: For the first time slot (< 250 mins), there is no statistically signficant difference
between Saline+LPS and Vehicle+LPS groups with 95% posterior interval in terms of
Tap changes (Betal= 0.04548 (-0.4281, 0.5147)).
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The analysis to determine whether there is a statistically significant difference

between two groups for the first time slot (> 250 mins) in terms of changes in T,

Mixed effects spline regression:

Yij = beta0 + betass1 tij + betasl [tij-al|* + betas2 [tij-a2[*+ betas3 |tij-a3|*+ betas4 [tij-
ad|*+ betas5 [tij-a5[*+ bli tij + bsliltij-a1]® + bs2i [tij-a2|* + bs3i [tij-a3]> + bs4i [tij-a4]* +

bsbi [tij-a5|> + betal * trt (A.8)
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Figure A.11. Statistical model (mixed effects spline regression) fitted to > 250 minute of
saline+LPS (n=7) and Vehicle+LPS (n=6) groups. Blue lines indicate the observed points
in the experiments and pink lines indicate to what extent the fitted model captured those
observed points (a= 0.05 was taken as nominal significance level per pairwise

comparison).
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Betal estimate = -0.855
Standard error of Betal estimate = 7.720e-04
2.5% 25% 50% 95%
trt -1.006 -0.9047 -0.8547 -0.8037
95% posterior interval = (-1.006, -0.8037)

Result: For thesecond time slot (> 250 mins), there is a statistically signficant difference
between Saline+LPS and Vehicle+LPS groups with 95% posterior interval in terms of

Tap changes (Betal= -0.855 (-1.006, -0.8037)). This value indicates that with 95%

posterior interval the temperature change in Vehicle+LPS group is approximately 0.8

fold lesser compared to saline+LPS group (this result is adjusted for time*).

A.5 Vehicle+LPS O111:B4 (n=6) vs. KML29+ LPS O111:B4 (n=7)

vehicle+LPS KML29+LPS
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Figure A.12. Empirical graphs (Spagetthi plot and mean curve) of Vehicle+ LPS (on the
left) and KML29+ LPS (on the right). (Mean curve is shown in blue and obtained by

smoothing the mean of data at each time point. LOESS is used for smoothing).
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The analysis to determine whether there is a statistically significant difference

between two groups for the first time slot (< 250 mins) in terms of changes in T,

Mixed effects quadratic regression:

Yij = beta0 + betasl; tij + betas2; tij? + b0; + b1; tij + betal * trt (A.9)
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Figure A.13. Statistical model (mixed effects quadratic regression) fitted to < 250
minute of Vehicle+LPS (n=6) and KML29+ LPS (n=7) groups. Blue lines indicate

the observed points in the experiments and pink lines indicate to what extent the

fitted model captured those observed points (o= 0.05 was taken as nominal

Betal estimate = 0.0917

significance level per pairwise comparison).

Standard error of Betal estimate = 0.002653

95% posterior interval = (-0.4212, 0.5979)
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Result: For the first time slot (< 250 mins), there is no statistically signficant difference
between Vehicle+LPS and KML29+LPS groups with 95% posterior interval in terms of
Tap changes (Betal=0.0917 (-0.4212, 0.5979)).

The analysis to determine whether there is a statistically significant difference

between two groups for the first time slot (> 250 mins) in terms of changes in T,

Mixed effects spline regression:

Yij = beta0 + betass1 tij + betasl [tij-al|’ + betas2 [tij-a2*+ betas3 |tij-a3*+ betas4 [tij-
ad|*+ betass [tij-a5[>+bli tij + bsliltij-al]* + bs2i [tij-a2|> + bs3i [tij-a3[* + bs4i |tij-a4|® +
bsbi [tij-a5|° + betal * trt (A.10)

Betal estimate = -0.7223
Standard error of Betal estimate = 6.851e-04

95% posterior interval = (-0.8535, -0.5917)
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Figure A.14. Statistical model (mixed effects spline regression) fitted to > 250 minute of
Vehicle+LPS (n=6) and KML29+LPS (n=7) groups. Blue lines indicate the observed points
in the experiments and pink lines indicate to what extent the fitted model captured those

observed points (o= 0.05 was taken as nominal significance level per pairwise comparison).

Result: For the second time slot (> 250 mins), there is a statistically signficant difference
between Vehicle+LPS and KML29+LPS groups with 95% posterior interval in terms of
Ta changes (Betal= -0.7223 (-0.8535, -0.5917)). This value indicates that with 95%
posterior interval the temperature change in KML29+LPS group is approximately 0.7 fold
lesser compared to Vehicle+LPS group (this result is adjusted for time*).

* Due to the characteristics of fever temperature changes (ATy,) naturally vary over time
(i.e., the temperature change observed at a fixed time point may both depend on that
specific time and the treatment (group)). To adjust the results for time means that time-
dependent changes in ATy, is eliminated and results only show the effects of the treatments
(groups) on ATgp.
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