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Abstract

Most of the biological effects of cannabare due to the activation of specific
cannabinoid receptors. To date, two such receptors have been discovered and are
found predominantly in the central nervous system (the CB1 receptor) or the
immune system (the CB2 receptorndégenous cannabinoid receptor ligands, the
endocannabinoids, have also been isolatedl the mechanisms of their synthesis
and degradation postulated. By modulating activation of cannabinoid receptors
and endocannabinoid metabolism, synthetic cannabimimetic compounds have
enormous therapeutic potential for theatiment of such diverse symptoms and
diseases as pain, inflammation, cantgpertension, schizophrenia and multiple
sclerosis. This thesis describes theigle, synthesis andubsequent biological
evaluation of three classes of novel, gndtally cannabimimetic drugs, namely
aryl ethanolamides, phenylphosphinic acidd alkylphosphinic acids. In order to
assess cannabimimetic activity, the abilif these compounds to bind to the
cannabinoid receptors and to inhibit endocannabinoid uptake and enzymatic
hydrolysis was examined.

Affinity for the CB1 receptor was assedagsing radioligand biding assays in rat
brain membranes. Although none of the compounds proved to be high-affinity
CB1 receptor ligands, two aryl ethanoldm compounds exhibited some affinity

for this receptor, suggesting thatisthgeneral class of compound may have
cannabimimetic potential.

In order to ascertain whether the tesnpounds had affinity for the CB2 receptor,

a radioligand binding assay was developsihg porcine spleen membranes. To
date, only the human, murine and rat O82eptors haveden cloned and there

has been no detailed examination of¢aanabinoid binding profile of the porcine
CB2 receptor. The Kof the radiolablled cannabinoid °H]-CP-55,940 was
determined in porcine spleen membranes and the ®ibsequently calculated.
The K values of a number of cannabino&teptor ligands were then determined.
These values were shown to be simitathe corresponding values obtained using
cloned CB2 receptors. However, when test compounds were assessed in this

assay system, no affinity for the CB2 receptor was observed.



To determine the effect, if any, of the test compounds on the endocannabinoid
uptake system, accumulation of the radiolabelled endocannabifibifi |
anandamide into N18TG2 mouse neuroblastoma cells was examined.
[*H]-Anandamide accumulation had previouseh reported in this cell line but,
until now, this mechanism had not been characterized. This accumulation was
shown to be time-, temperature- arm@hcentration-dependent and was inhibited
by AM404 and bromocresol green, knowmhibitors of the endocannabinoid
carrier system.®H]-Anandamide accumulation exhibited @ Kalue similar to
those previously described for rat asyties and neurones and the time taken to
achieve half maximal rate was shown tode@siderably greater than in these rat
cells. None of the test cgraunds significantly inhibitec®iHi]-anandamide uptake

by N18TG2 cells although one phenylppbmic acid compound, with structural
similarities to AM404, appeared to b#ibitory at high concentrations.

The final biological target examined svéatty acid amide hydrolase (FAAH), the
enzyme that catalyses the hydrolysfsendocannabinoids. For FAAH studies, a
novel, inexpensive and rapid spectrommoetric assay was developed as an
alternative to the trational radiochemical- and chromatography-based assays.
Using this novel assay system, thg &nd Vihax values of rat liver FAAH were
determined and shown to be similarttmse published in #hliterature. Known
FAAH inhibitors were Bown to inhibit FAAH in a concentration-dependent
manner with 1G values comparable to previougublished data. In addition, this
assay was used to demonstrate diffeesnn FAAH activity between soluble and
insoluble membrane preparations frorhInger and brain, possibly indicating the
presence of, as yet, unknown FAAH enzgmAttempts were also made to adapt
this assay for use on a microtiter plate, where it was possible to detect FAAH
inhibitors. Therefore, this spectrophotonetissay may prove to be of use in the
high-throughput screening of chemicdibraries for drugs that cause
cannabimimetic effectssia FAAH inhibition. None of the test compounds
synthesized inhibited FAAH activity anthis, combined with their lack of
biological activity at the other targetested, showed that they exerted no

cannabimimetic effects.



The most exciting phrase to hear in scerthe one that heralds new discoveries,

is not Eurekal! (I found it!) butather, “hmm.... that's funny...”

Isaac Asimov



Abbreviations and Chemical Names

AAl
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ANOVA
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BTSPP
cAMP
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cDNA
CHAPS

CHO
Ci

CMK
CNS
COX

aminoalkylindole
adenosinéiphosphate
aryl ethanolamide
2-arachidonylglycerol
N-(piperidin-1-yl)-5(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-Hi-pyrazole-3-carboxamide
N-(piperidin-1-yl)-1-((2,4-dichlorophenyl)-5-(4-
iodophenyl)-4-methyl-#H-pyrazole-3-carboxamide
N-(4-hydroxyphenyl)arachidonylamide
6-iodopravadoline
arachidonylethanolamide
analysis of variance
alkylphosphinic acid
adenosingriphosphate
specific radioligand binding
receptomumber
3',3",5",5"-tetrabromo-cresolsulphone phthalein
bovineserumalbumin
bis(trimethylsilyl)phosphonite
bis(trimethylsilyl)phenylphosphonite
cyclic adenosine monophosphate
[-cyclodextrin
complementarlPNA
3-[(3-cholamidopropyl)chethylammonio]-1-propane
sulphonate
Chinese hamster ovary
Curie
megakaryoblasticells
central nervous system

cyclooxygenase
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CP-55,940

CPF
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CT-3
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DMAP
DMEM
DMF
DMSO
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EDsg
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EDHF
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FABP
FBS
GABA
GDH
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Gl
Glu
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(R,3R,4R)-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-
trans-4-(3-hydroxypropyl)cyclohexan-1-ol

crude particulate fraction

chroniaelapsingexperimatal allergic encephalomyelitis
1’,1’-dimethylheptylA®-tetrahydrocannabinol-11-oic acid
11-(5-dimethylaminangphthalenesulphonyl)-undecanoic
acid
dichloromethane

diisopropylethylamine
4-dimethylaminopyridine
Dulbecco’s modified Eagle medium
N,N-dimethylformamide
dimethylsulphoxide

disintegrations per minute
concentration of drug reqeid for 50 % of maximum
response
dose of drug required for 50 % of maximum response
1-(3-dimethylaminopropyl)-3-ethycarbodiimide
hydrochloride

endothelium-deriveldyperpolarizing factor
endothelium-dered relaxant factor
ethylenediamingetraacetiacid
extracellulasignd-regulated kinase
fatty acidamidehydrolase

fatty acid binding protein

foetal bovine serum
y-aminobutyric acid

L-glutamatedehydrogenase

guanosindiphosphate
gastrointestinal

L-glutamate
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GPCR G protein-coupledeceptor

GTP guanosingriphosphate

GTP«-S guanosin&’-O-thiotriphosphate

HBCC human breast cancer cells

HEPES N-(2-hydroxyethyl)piperazing¥ -(2-ethanesulphonic acid)

HHC 9-nor-P-hydroxyhexahydrocannabinol

HMDS hexamethyldisilazane

HOBt 1-hydroxybenzotriazole

HPLC high-performance liquid chromatography

5-HT 5-hydroxytryptamine

HTS high-throughpuscreening

HU-210 3-(1,1-dimethylhatyl)-(-)-11-hydroxyA®S-tetrahydro
cannabinol

HU-211 3-(1,1-dimethylhatyl)-(+)-11-hydroxyA®-tetrahydro
cannabinol

HU-243 11-hydroxy-3-(1,1’-dimethylimyl)hexahydrocannabinol

HU-308 4-[4-(1,1-dimethylhetyl)-2,6-dimethoxyphenyl]-6,6-
dimethyl-(1R,4R,5R)-(+)-bicyclo[3.1.1]hept-2-ene-2-
methanol

I.p. intra-peritoneal

V. intra-venous

ICs0 concentration required froduce 50 % of the maximum

possible inhibition

IL interleukin

INOS inducible nitric oxide synthase

JWH-015 1-propyl-2-methyB-(1-naphthoyl)indole

JWH-051 1-deoxy-11-hydroxgé-tetrahydrocannabinol-
dimethylheptyl

Ka dissociatiorconstant

Ki inhibitory constant

Km Michaelisconstant

o-KG a-ketoglutaric acid

kDa kilo Daltons
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kU
L759633

L759656

L-759,787

L-768,242

LPS
LY320135

m.p.
MAFP
MAPK
MCP-1
MHz
MRNA
MS
NAD™
NADH
NF
NGF
NMR
NSAID
Oleamide
PAA
PAG
PBS
PDMAA
PEI

kilo units
(6&,10aR)-3-(1,1-dimethyl-heptyl)-1-methoxy-6,6,9-
trimethyl-6a,7,10,10a-tetrahydrddébenzof]chromene
(6&,10aR)-3-(1,1-dimethyl-heptyl)-1-methoxy-6,6-
dimethyl-9-methylene-6a,7,8,9,10,10a-hexahydts-6
benzof]chromene
2-methyl-3-(4-morphalylmethyl)-1-(1-naphthalenyl
carbonyl)-H-indole
1-(2,3-dichlorobenzoyB-methoxy-2-methyl-3-[2-(4-
morpholinyl)ethyl]-H-indole

lipopolysaccharide
[6-methoxy-2-(4-methoxyphenyl)benjphien-3-yl][4-
cyanophenyllmethanone

moles/dm

meltingpoint

methylarachidonyluorophosphonate

mitogen-activated protein kinase

monocyte chemotactic protein-1

megahertz

messengeRNA

multiplesclerosis

nicotinamide adenine dinucleotide

nicotinamide adenine dinucleotide (reduced form)
nuclearfactor

nerve growth factor

nucleamagnetiacesonance

non-steroidal anti-inflammatory drug

cis-9,10-octadecenamide

N-propyl arachidonyl amide

periaqueductajray

phosphatéufferedsaline
N-propyl-a,a-dimethylarachidonyl amide

polyethylenimine



PMAA
PMSF
PPA

ppm
Pravadoline

PRLr
RP-HPLC
RT-PCR
SEM
SPECT
SR141716A

SR144528

THC

TLC

TMEV

TMSCI

TNFa

Tris

TX-100

V max

WIN 55-212,2

N-propyl-a-methylarachidonyl amide

phenylmethylsulphonyfluoride

phenylphosphiniacid

partspermillion
(4-methoxyphenyl)[2-ngt-1-[2-(4-morpholinyl)-ethyl]-

1H-indol-3-yllmethanone

prolactinreceptor

reverse-phasegh-perbrmance liquid chromatography
reverse transcriptase polymerase chain reaction

standarerrorof mean

single photon emission computed topography

N-(piperidin-1-yl)-5-@-chlorophenyl)-1-(2,4-

dichlorophenyl)-4-methyl-H-pyrazole-3-carboxamide

hydrochloride

N-[(19-endo-1,3,3-trimethyl bicyol [2.2.1] heptan-2-yl]-5-

(4-chloro-3-methylphenyl)-1-(4-methylbenzyl)-pyrazole-3-

carboxamide

tetrahydrocannabinol

thinlayerchromatography

Theiler's murine encephalomyelitis virus

trimethylsilyl chloride

tumour necrosis factar

tris(hydroxymethyl)aminomethane

t-octylphenoxypolyethoxy ethanol

maximumrate
R)-(+)-[2,3-dihydro-5-metyl-3-[(4-morpholinly)

methyl]pyrrolo[1,2,3de]-1,4-benzoxazin-6-yl](1-

naphthalenyl) methanone



Materials

All chemicals used in this research were of the highest grade possible and

obtained from the followig commercial sources:

Affiniti Research Products Ltd., Exeter, U KMAFP

Aldrich, Poole, U.K.— alkyl iodides, bromocs®l green, 3-bromopropan-1-ol,
carboxylic acids, DIPEA, DMAP, ethalamine, HMDS, HOBt, hypophosphorus
acid, KHSQ, oxalyl chloride, phenylphosphmiacid, TMSCI and triethylamine
Amersham Pharmacia Biotech, Amersham UK.[*S]-GTP+-S and fH]-
SR141716A

Avocado Research Chemicals Ltd., Heysham, JEKDC

BDH Laboratory Supplies, Poole, U.k. EDTA, ethanol, B(+)-glucose, NacCl,
NaHCGQ;, NaOH and Tris

Calbiochem, Nottingham, U.k= GDH, a-KG and NADH.

Fisher Scientific Ltd., Loughborough, U.Kcyclohexane, dichloromethane, ethyl

acetate, HCI, hexane, methanol, Mg2(@d sucrose
Fisons Scientific Equipment, Loughborough, U-KCaC}, chloroform, DMSO,

KCI, methanol and orthophosphoric acid

ICN Biomedicals Inc., Basingstoke, U.KGDP

NEN Life Science Produs Inc., Hounslow, Uk [*H]-anandamide and'fl]-CP-
55,940

Sigma, Poole, U.k ADP, ammonium acetate, BSA, CHAPS, coomassie Brilliant
Blue G, DMEM, Dulbecco's PBS, FBS, glycerol, HEPES, PMSF,
polyethylenimine, theophylline, triethanolamine, trypsin and TX-100

Tocris Cookson Ltd., Avonmouth, U.KAM404 and HU210

Research Biochemicals International, Dorset, U &CD

Life Technologies Ltd., Paisley, U.KL-glutamine

SR141716A and SR 144528 were a genegifisrom Dr F. Barth, Sanofi-
Synthelabo, Paris. CP-55,940 was a kirftifgpm Pfizer Central Research,
Groton, CT, U.S.A.

Anandamide and oleamide were synthesized as describppémdix A.
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Chapter 1.

Introduction



1.1 Cannabis

The plantcannabis sativehas been extensivelytiized by mankind throughout
history. It has been used as a sourceegfiles and food, but is most widely
known as a psychoactive drug of abusee Ehrliest recorded use of cannabis is
from China nearly fourhibusand years ago where itsvased as a sedative and
all-purpose medicine, although there is edidence of widespread use for its
psychoactive properties. Fro@hina, the use of cannabspread through Asia to
the Middle East and Europe. There arenynaeferences to its use in religious
ceremonies where it was thought, like masychoactive drugs, to promote union
with God, but its medicinal propertiesperseded its religiougse. Medicinally,
cannabis was used in many cultures to tdeagrse complaints including sickness,
pain, convulsions, inflammation, urinary @ctions, asthma and lack of appetite.
The drug preparation was usually takerallgr but, in India, the practice of
smoking cannabis became established. As smoking cannabis leads to a more rapid

onset of its effects compared to adalivery, this practiceoon spread globally.

Although preparations otannabis sativawere known to contain numerous
“cannabinoid” compounds, it was not knownaetiter the effects of cannabis were
due to a single compound, a number coimpounds or metabolites of the
cannabinoids. The only cannahbithdo be isolated in pure form by the middle of

the twentieth century was cannabinol, which is not psychoactive. However, in
1964, the major active constituent of cannaimss isolated and characterized as (-
)-A°-tetrahydrocannabinol Al-THC), an oily, viscous liquid (Gaoni &
Mechoulam, 1964). When used ipharmacological tests, purified®-THC
demonstrated the same effects as cannabis preparations. Subsequent research
demonstrated the existence of a numbestaficturally related cannabinoids in
cannabis sativawith A>-THC, an isomer oA®-THC, also being psychoactive but
found in lower levels tham®THC. Other naturally occurring cannabinoids
include the tetrahydrocannabinolic acidannabidiol and emabidiolic acid, all

of which are non-psychoactivégure 1.1).



R=H: Cannabinol R=H: Cannabidiol

R=CGQO,H: Cannabinolic acid R=CGQO,H: Cannabidiolic acid

; \O
R = H:A%-THC
R = CQH: A*-Tetrahydrocannabinolic acid

Figure 1.1 The structures of some of the cannabinoids fouméimabis sativa

showing the widely acceptetibenzopyran numbering system.

Although cannabis has well estsbled medicinal effect#s widespread abuse for

the psychotropic “high” it prodies means that it remains an illegal substance. Yet
today, many thousands of people contiaerisk arrest ad imprisonment by
using cannabis to relieve chronic symptothat are not helped by prescription
medicines. One of the most publicized illnesses in which cannabis is particularly
effective at relieving symptoms is muligpsclerosis (MS). Indeed, research has
recently confirmed that®-THC is effective at reducing spasticity and tremor in a
mouse model of MS (Bakesat al, 2000). Understandably, the medicinal use of
cannabis is an extremely controversial avidely debated issue, particularly in
recent years. Even if cannabis were to be decriminalized for medicinal use,
smoking preparations of the plant is andesirable route of administration.
Although smoking enables a rapid onsettlud effects of cannabis and enables
effective self-administration of a suil@ dose by the user, there is a major
disadvantage. Like cigarettes, smoking cannabis is extremely damaging to the

lungs. Recently, this was highlighted bgtady which showed that smoking three



to four cannabis cigarettes per day prehi histological effects on the lungs
comparable to smoking 20 tobacco cigarettes (Johasah, 2000). In order to
deliver the medicinal effects @fnnabis safely, research in to the delivery of this
drug is now concentrating on pur&®THC. Currently, studies are being
performed to investigate its delivery bysahinhalers and dermal patches similar

to those used in nicotine and hormone replacement therapies. Indeed, a recent
publication using aerosolized cannabinoids damonstrated the feasibility of this
route of administration (Lichtmaet al, 2000). If effectie delivery can be
demonstrated by these routa$;THC may well become a licensed drug in the

future.

During the last decade, research indannabis has greatly accelerated. The
discovery of specific cannabinoid recest in the body and an entire endogenous
cannabinoid system has led to thievelopment of numerous synthetic
cannabimimetic drugs and a greater undaditay of their efécts at the cellular
level. The rest of this chapter ddbes the cannabinoid receptors, their
endogenous ligands and the qutal therapeutic usesf modulators of this

endogenous cannabinoid system.

1.2 Cannabinoid Receptors

The pharmacological potencies of cannabinoids otkitro and in vivo are
dependent on their stereochemistry, with (-)-enantiomers usually being
considerably more potent than (+)-enantiomers. For example, the synthetic
cannabinoid 3-(1,1-dimeylheptyl)-(-)-11-hydroxyA®-tetrahydrocannabinol was
shown to be highly psychotropic in oe, rats and pigeons while its (+)-
enantiomer was inactive at doses ugédweral thousand timésgher (Mechoulam

et al, 1988). The psychotropic potenciescainnabinoids are alsan a par with

those of drugs that are known to @@ receptors, and much greater than those of
drugs, such as ethanol, that do not. Téwglence indicated that the actions of
cannabinoids may be receptor mediated. Further evidence suggested that

cannabinoids exert their effect&a a G protein-coupledeceptor (GPCR). Many



GPCRs use cyclic AMP (cAMP) as a second messenger and influence its
enzymatic synthesis by adenylate cyclase. In its inactive state, the G protein
component of GPCRs exists as a trimer of G and G subunits with a molecule

of GDP bound to G On ligand binding, a conformational change inréduces

its affinity for GDP and results in idisplacement by GTP. This, in turn, causes
G, to dissociate from 5 and, if the GPCR is coupled to adenylate cyclase, G
binds to the enzyme (ségure 1.2) either stimulating or inhibiting it, depending

on whether thex subunit is stimulatory (&) or inhibitory (G,). This effect is
terminated when the GTP bound tg i& hydrolysed to GDP by GTPase, causing
inactivation of the receptor. CannabinoMsre shown to exert a concentration-
dependent inhibition of bbtbasal and forskolin-stimated cAMP poduction in
N18TG2 neuroblastoma cell membranéHowlett, 1984; Howlett, 1985). A
further study showed that when N18T@@lls were pre-treated with pertussis
toxin, a substance which inhibitgroteins, the cannaimid-induced inhibition

of cAMP accumulation was abolished (Howledt al, 1986). This further
supported the idea that the effectcahnabinoids on cAMP production is GPCR-

mediated and not a result of a dirgtkeraction with adenylate cyclase.

Adenylate
cyclase

ATP cAMP ATP CAMP

Figure 1.2 The inactive A) and activeB) states of an adenylate cyclase-linked

inhibitory G protein-coupled receptor.



1.2.1 The CB1 Cannabinoid Receptor

The search for cannabinoid recegtowas initially impeded by the high
lipophilicity of A®-THC and its synthetic analogues. This made them unsuitable
candidates for radioligands to probe foe #xistence of cannabinoid receptors, as
their tendency to randomly partition in to biological membranes would mask any
specific binding sites. However, experiments using lHeanalogue of the
synthetic compound CP-55,940, a more apolmolecule than previous
cannabinoids, demonstrated a single population of specific cannabinoid binding
sites in rat brain Pmembranes (Devanet al, 1988). This first cannabinoid
receptor, now termed the CB1 receptor, was subsequently cloned from a rat
cerebral cortex complementary DNA (cDNA) library (Matswedaal,, 1990) and
shown to be a protein of 473 amino acid residues. When this receptor was
functionally expressed in Chinese hamsteary (CHO) cells, it was shown that
both A>-THC and CP-55,940 inhibited forskolin-sensitive cAMP accumulation in

a concentration-dependent manner, with the (-) enantiomers being considerably
more potent than the (+) enantiomers. This inhibition of CAMP production was
abolished by pre-treatment with pertgsgixin, indicating tht the response was

Gio protein-mediated. In addition, neith&+THC nor CP-55,940 affected cAMP
accumulation in CHO cells that were nartsfected with thputative cannabinoid
receptor cDNA. Analysis of the amino acid sequence of the rat CB1 receptor
(rCB1) confirmed that it belonged toetflGPCR superfamily, possessing seven
hydrophobic transmembrane domains, a cytosdlierminus and an extracellular
N-terminus containing three possible gigglation sites (Song & Howlett, 1995).

Mammalian CB1 receptors were sufpgently cloned from human (Geraetl al,

1991) and mouse brain (Chakrabaittial, 1995) and shown toe proteins of 472

and 473 amino acids, respectively. Sequence analysis of these peptides
demonstrated extensive homologies between them and the rCB1 receptor. The
human receptor (hCB1) had 97.3 % aminad adentity with rCB1, while the
murine CB1 receptor (mCB1) exhibited 99 % and 97 % identity with rCB1 and
hCB1, respectively, suggesginthat the CB1 receptois a pharmacologically

important molecule, at least in mammals.



Alternate splicing of CB1 receptor ssenger RNA (mRNA) has also been
demonstrated in both human and rat, @sylin an isoform othe receptor named
CB1A. This receptor is functionally simildo CB1 but is 61 amino acids shorter
at its N-terminus, resulting in the absence of two of the three possible
glycosylation sites. In adltbn, the first 28 amino acidsf the peptide are totally
different to CB1, being more hydrophobic.study of the relative distribution of
MRNA for the two isoforms using RT-PCRasted that CB1A is present at levels
up to a maximum of 20 % of thoser CB1, depending on the tissue (Sheteal.,
1995). Studies to compare cannabinoiadioig to the two CB1 receptor isoforms
showed that 3H]-CP-55,940 binds to both receps in a highly specific and
saturable manner. Of the cannabinoids jpoumds tested, the ondef affinity for

both CB1 and CB1A was CP-55,940A%THC > WIN 55-212,2, although the
affinity of these compounds for CB1A was approximately three times less than for
the CB1 receptor (Rinaldi-Carmoeéaal, 1996).

In addition to the mammalian CB1 recestaloned to date, CB1 receptors have
also been cloned from two other vertebrate species. The nCB1 receptor from the
roughskin newfraricha granulosaSoderstronet al, 2000) and the FCB1A and
FCB1B receptor isoforms from the puffer filagu rubripes(Yamaguchiet al,

1996) have been shown to exhiB#.2, 72.2 and 59.0 % ana acid homology

with hCB1, respectively. There is alamnttional evidence of the CB1 receptor in

a number of other non-mamfiza species including chicketurtle, frog and trout
(Howlett et al, 1990) and a possible CB1-likeceptor in the leech central
nervous system (CNS) with 49.3 % amino acid homology compared to hCB1.
This receptor appears to be a chimarannabinoid/melanociin receptor that
may be a “living fossil” of the CB1lral melanocortin receptors found today in
higher organisms (Elphick, 1998; Stefagtoal, 1997). The conservation of CB1
amino acid sequence in species that erelutionary distant suggests that the
evolution of the CB1 receptor itself was ancient event and that this receptor

plays a key physiological role.



CB1 Receptor Tissue Distribution

The CB1 receptor is predominantly exgged within the CNS and its distribution
appears to be consistent with the knopsychoactive effects of cannabinoids. A
detailed, quantitative autoradiographstudy of CB1 receptor distribution in
human brain using’f]-CP-55,940 has demonstrated that the expression of CB1 is
heterogeneous (Glast al, 1997). Furthermore, the CB1 receptor distribution
revealed in this study igonsistent with the edtts cannabinoids have on
behaviour and locomotion. Specific binding 3H][-CP-55,940 was observed in

all areas of the braiand spinal cord, with the dhest levels of CB1 receptor
expression in the areas responsifde memory, movement, higher cognitive
functions and control of thautonomic nervous system.

The CBL1 receptor has also been showidoresent in a number of peripheral
tissues. Both functional studies and &wmn of CB1 receptor mRNA have shown
the receptor to be present in testis (Gerdrdl, 1991), lung (Riceet al, 1997),
heart, kidney, colon, pancreas, spleen, placenta and liver (&hake 1995).
However, evidence from the ileum (Craatial, 1998), urinary bladder (Pertwee

& Fernando, 1996), vas deferens, whole gotd myenteric plexus longitudinal
muscle (Griffinet al, 1997), suggests that the presence of CBL1 in these tissues
may be confined to peripheral nerve teratén The CB1 receptor has also recently
been found in the retinas of rhesusnkey, rat, mouse, chick, salamander and
goldfish using a subtype-speciinmonoclonal antibody (Straiket al, 1999).

In the immune system, the CB1 receptor has been described in a number of
primary cells and cell lines. Northernolting has shown CB1 to be present in
mouse spleen, but not in the thymus (Scletal, 1997), suggesting that the
receptor is predominantly expressed in B cells. In the same study, quantitative RT-
PCR showed CB1 receptor mRNA to be present in mouse spleen at 1.6 x 10
molecules/100 ng RNA compared to 2.8 X frblecules/10 ng RNA in the brain.

A more detailed study of CB1 mRNAxgression within the human immune
system demonstrated the presence tloé receptor in tonsils, spleen and
leukocytes, although at levels much lowban CB1 mRNA expression in the
CNS (Bouaboulat al, 1993). The rank order of CB1 receptor mRNA expression
in immune cells was B cells > natural killer cellpolymorphonuclear neutrophils

> T8 cells > monocytes > T4 cells.



1.2.2 The CB2 Cannabinoid Receptor

Consistent with the anti-inflammatoryand immunosuppressive effects of
cannabis, a second cannabinoid reaep@B2, was reported in the human
macrophage-derived cell line HL60 (Munet al, 1993). When the human CB2
(hCB2) cDNA was transfected into COSlIsewhich do not usally express any
receptors for cannabinoids, a saturable emof high affinity binding sites for

the synthetic cannabinoids WIN 55-212,2 and CP-55,940 were observed with
dissociation constants (K of 3.7 and 1.6 nM, respectively, for the two
compounds. In the same expression sysiemas also shown that, like CB1, the
CB2 receptor is negatively coupled to adenylate cyclasthe G, GTP binding
protein (Bayewitcket al, 1995; Shirest al, 1996). Analysis of the hCB2 receptor
amino acid sequence indicated that it also belongs to the GPCR superfamily with
the characteristic seven transneane domains, an intracellul&-terminal
domain and an extracellul&-terminus. However, the homology between the
hCB1 and hCB2 receptors was relatively low, with an overall amino acid identity
of only 44 %, rising to 68 % in th&ansmembrane domains. Despite this
structural difference, many cannabinoidmaounds display nearly equal affinity

for the two receptors (sesection 1.7.)1

Mouse and rat CB2 receptors (mCB2 a@iB2) were subsequently cloned and,
although the amino acid sequences are highly conserved between the species, they
are more divergent than the CB1 recepidie mCB2 receptor is 13 amino acids
shorter at theC-terminus than the hCB2 receptor and shares 82 % amino acid
identity (Shireet al, 1996), whereas the rCB2 rgter is the same length as
hCB2, with 93 % homology (Griffiret al, 2000). In addition to the human,
murine and rat CB2 receptors, therealso evidence for the existence of CB2

receptors in a number of other species.

CB2 Receptor Tissue Distribution

In contrast to the high levels of CB1 receptor expression within the CNS, the CB2
receptor is found predominantly in the immune system. There is little evidence of
any CB2 receptor expression in the CHR&ept one repordf CB2 mRNA in

mouse cerebellar granule cells, althougl thvel of CB2 expression was not



determined (Skapeet al, 1996). In addition, therés evidence of the CB2
receptor being present in the peripharatvous system. Functional studies and
RT-PCR have demonstrated the presendbeCB2 receptor on peripheral nerve
terminals in mouse vas deferens (Gri#inal, 1997).

In the immune system, as well as thie60 macrophage cell line that the receptor
was originally cloned from, CB2 has been reported in a number of different cells
from various species. These include primary rat peritoneal mast cells and the
leaukaemic basophil cell line RBL-2H3 (Facei al, 1995), primary mouse
splenocytic T-cells (Schatet al, 1997), the macrophageell line RAW264.7
(Jeonet al, 1996), the murine Tell line EL4.IL-2 (Condieet al, 1996) and
primary murine natural killer cells (Masst al, 2000). Quantitative RT-PCR has
demonstrated the presence of CB2 recepi®NA in mouse spleen and thymus at
3.69 x 16 and 3.6 x 10 molecules/100 ng RNA, respectively (Schatzal,
1997). A more in-depth study of CB2ceptor mRNA expression within the
immune system revealed that in egsh and tonsils, CB2 mRNA levels are
equivalent to those of CBhRNA in the CNS (Galiéguet al, 1995). The rank
order of CB2 mRNA expression in immurells was determined as B cells >
natural killer cells >> monocytes > polgmphonuclear neutrophils > T8 cells >
T4 cells, similar to the rank ordéor CB1 mRNA expression. However, CB2
receptor mMRNA expression was found to be between 10 and 100 times greater
than that of the CB1 receptor.

1.2.3 Cannabinoid Receptor Signal Transduction

As described earlier in ih section, both CB1 and CB2ceptors are negatively
coupled to adenylate cyclase, their aafiion causing a decrease intracellular
CAMP levels. This inhibition of cAMPsynthesis results in a number of
downstream events, which will be dealt witlter in this chapter. However, the
coupling of cannabinoid receptors to agate cyclase may not be as simple as
originally thought. The is evidence in #literature that irthe striatum, where
CB1 receptors are localized on the same neuroneg.aso@led dopamine D2
receptors, cannabinoid agonists can caursaccumulation of CAMP through the
stimulatory G protein, (Glass & Felder, 1997). Thisffect was also seen in
CHO cells transfected with the CBEceptor, but was not observed in cells
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transfected with CB2. Atiough the effect of cannabinoid receptors on adenylate
cyclase is a major route of cannabinoid signal transduction, other mechanisms are
known. Soon after the discovery of the Cgteptor, it was demonstrated that its
activation caused an inhibition of N-type ‘Cachannels in the NG108-15
neuroblastoma-glioma cell line (Macki& Hille, 1992; Caulfield & Brown,
1992). Since this discovery, it has alseeb shown that ac@tion of the CB1
receptor inhibits P/Q-type &achannels and activatéawardly rectifying K
currents within the CNS (Mackiet al, 1995; Feldeet al, 1995; Twitchellet al,

1997). This cannabinoid-inducedodulation of intracellular Ga and K ion

levels affects the electrochemical properties of neurones and, ultimately, results in
the well-documented neuromodulatorfeets of cannabinoid compounds. These
effects, however, are exclusively CB1 receptor-mediated and there is no evidence
to date of CB2 receptor coupling to ion channels.

A signal transduction mechanism common to both CB1 and CB2 receptors is the
Gio-dependent activation of mitogewtivated protein kinase (MAPK)
(Bouaboulaet al, 1997; Bouaboulat al, 1999). This enzyme phosphorylates
other proteins downstream of it, moding their activitiesand subsequently
affecting cellular processes.

1.3 Endogenous Cannabinoid Receptor Ligands

With the discovery of cannabinoid rgters came an effort to isolate and
characterize putative endogenous nrebinoid receptor ligands, the
“endocannabinoids”, and the first of tkesompounds was isolated from porcine
brain by Devaneet al. (1992). Organic solvent extracof brain were partially
purified by chromatography and assayed for their ability to displace a
radiolabelled cannabinoid,®H]-HU-243, from rat synaptosomal membranes.
Further purification of thdractions that displacedH]-HU-243 yielded a single
compound that was spectrogacally characterized as N-
arachidonylethanolamide, aarachidonic acid derivatty subsequently named
anandamide (“ananda” meaning bliss Sanskrit). Anandamide was shown to
inhibit the specific binding of’H]-HU-243 to synaptosomal membranes with an
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inhibition constant (K of 52 nM, compared to 46 nM fa’-THC using the same
assay system. Anandamide is also arid) for the CB2 canb@oid receptor.
When CB2 was originally discoverednandamide was shown to inhib?H[-
WIN 55-212,2 binding to CB2 expmsed in COS cells with a;kf 1.6 uM,
compared to 320 nM forA-THC. In addition, anandamide, like known
psychotropic cannabinoids, was shown rthilit the twitch response of isolated
murine vas deferens in a contation-dependent manner (Devagteal, 1992a).

In the tetrad of pharmaamjical tests commonly used to define cannabimimetic
activity, anandamide reduced spontaneaasvity, caused antinociception and
catalepsy and reduced core body terafure in a similar manner #’-THC,
although it was between 1.3 andtiiies less potent (Smigt al, 1994).

Soon after the discovery of anandamidelighsly different approach resulted in
the discovery of two more endocannabds. Rather than isolating the
compounds directly from brain prepacais, long chain, unsaturated fatty acid
ethanolamides related to anandamide vegrehesized and theiresence, or lack
of, was examined in porcine brainy thin layer chromatography. The two
compounds that were found to exist in this tissue, hpitmmlenyl ethanolamide
and docosatetraenyl ethanolamide, displadeifHfiU-243 from rat synaptosomal
membranes with Kvalues of 53.4 and 34.4 nM, respectively (Hagiual, 1993).
More recently, a fourth endocannabinoidswsolated from canine small intestine
(Mechoulamet al, 1995) and was characterized as 2-arachidonyl glycerol (2-
AG). Like anandamide, 2-AG is a derivagiof arachidonic acid but differs from
the other endocannabinoids by beireg monoglyceride rather than an
ethanolamide. Initial binding studieemonstrated that 2-AG displaceti]-HU-
243 from membranes of COS-7 cells traeséd with CB1 or CB2 receptors with
K values of 472 and 1400 nM, respectivelrese values are much higher than
those determined for anandamidehaiigh later work by the same group showed
that 2-AG exhibited Kvalues for the CB1 and CB2 receptors of 58.3 and 145 nM,
respectively, using the sammssay system (Ben-Shabett al, 1998). When
assayed with cells that were not transfdctvith either cannabinoid receptor, no
2-AG binding was observed. In additiontdimding to both canrmnoid receptors,
2-AG inhibited electrically ¥oked contractions of isaled mouse vas deferens,

although it was less potent thAR THC. In the tetrad of pharmacological tests, 2-
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AG reduced spontaneous activity, induced antinociception and catalepsy and
reduced rectal temperature after amtrenous (i.v.) administration to mice
(Mechoulamet al, 1995). Although 2-AG wasparoximately equipotent with
anandamide, it was less potent tRddrTHC and was lethal within two minutes of
injection at 60 mg/kg. The mechanism this effect was not determined. The

structures of the endocannabinoids are shoviigume 1.3.
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Docosatetraenyl ethanolamide 2-Arachidonyl glycerol

Figure 1.3 The endogenous cannabinoids, showing the numbering system for the

carbon chain.

1.3.1 Other Endocannabinoid Candidates

There are two particular endogenoudtyfaacid amides #t are candidate
endocannabinoids, although there are varyamprts of their abties to bind to
the cannabinoid receptors. The first of these, palmitoylethanolafirgdee(1.4),
was originally described as an endoges CB2 receptor ligand, binding to and
activating this receptor with a highaffinity than anandamide (Facast al,, 1995).
However, subsequent binding studies hawdicated that palmitoylethanolamide
and its analogues have little or no affinity for either the CB1 or CB2 receptors
(Showalteret al, 1996; Sheskirt al, 1997; Lamberet al, 1999). Despite this
apparent lack of cannabinoid receptdiingy, palmitoylethanolamide has been
shown to be orally active in down-reguragimast cell activity in rodent models of
inflammation (Mazzaret al, 1996) and has also bedrown to be involved in the
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control of pain initiation in mice. Thisffect will be described in more detail in
section 1.8

O

/\/\/\/\/\/\/\)J\N/\/OH
H
Figure 1.4 The structure of palmitoylethalamide, a putative endocannabinoid.

The other endocannabinoid candidate is oleamitds9(10-octadecenamide)
(figure 1.5), a sleep-inducing lipid originally isolated from the cerebrospinal fluid

of sleep deprived cats (Cravaitt al, 1995). This compound has been shown to
allosterically modulate ligand binding 8shydroxytryptamine (5-HT) and GABA
receptors (Huidobro-Toro & Harris, 1996; Leesal, 1998). Althoud there is
conflicting evidence concerning theffiaity of oleamide for cannabinoid
receptors, recent evidence suggests that it does have some affinity, albeit low, for
the CB1 receptor (Cheet al, 1999). The same group aldemonstrated that the

CB1 receptor is involved in the allesic regulation of 5-HT receptors by

oleamide, possibly due to a directdraction between the two receptors.

\/\/\/\/=\/\/\/\)]\NH

Figure 1.5 The structure of oleamide, andogenous sleep-inducing ligand and

2

possible modulator of endocannabinoid signalling.

1.3.2 Tissue Distribution of Anandamide and 2-AG

Quantification of anandamide in rat brasmowed that it is present at levels
ranging from 20 pmol/g of tissue ithe thalamus to 29 pmol/g in the
hippocampus. In human brain, anandamages found in all of the five regions
tested, with levels rangg from 25 pmol/g of tismuin the cerebellum to 148
pmol/g in the ppocampus (Feldeaat al, 1996). However, 2-achidonyl glycerol
has been shown to be present at mughdr levels than andamide. In the rat
brain, 2-AG was shown to be presenuptto 4 nmol/g of tissue, over 100 times

more concentrated than anandamidauiggesting that 2-AG may be the
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predominant endocannabinoid (Sugiwial, 1995; Stellaet al, 1997). Both
anandamide and 2-AG have been found mpperal tissues, alliteat lower levels
than in the brain. So far, both compoudse been found in the spleen (Feleter
al., 1996; Ben-Shabadt al, 1998) and kidney (Deutsat al, 1997a; Kondcet
al., 1998), while anandamide has been found in the uterus (Setrald 1997)
and heart (Feldeet al, 1996) with 2-AG found in the gut (Mechoulagn al,
1995), liver, lung and plasma (Kondd al, 1998). There is also evidence that,
like the CB1 cannabinoid recep, endocannabinoids apgesent in invertebrate
species. To date, anandamide has beelatex from five species of bivalve
mollusc (Sepet al, 1998) and the ovarie$ sea urchins (Bisognet al, 1997b).
Interestingly, anandamide levels halveen shown to increase in post-mortem
brain, possibly due to acttion of the biosynthetigpathways implicated in
anandamide formation (Feldet al, 1996). It remains to be seen whether this

effect has any effect on cannabinagbkays using brain preparations.

1.3.3 Endocannabinoid Signalling

On binding to the CB1 or CB2 cannabid receptors, anandamide and 2-AG
activate the signalling mechanisms describedeiction 1.2.3 namely inhibition

of N- and P/Q-type G4 channels, activation of inwardly rectifying’ Kurrents,
inhibition of adenylate cyake and activation of MAPKia the CB1 and CB2
receptors. However, it is apparent thaarstamide is only a partial agonist at the
CB1 receptor, binding to the receptor but not fully activating it. When CB1
receptor activation was measured irouse brain membranes, the synthetic
cannabinoids CP-55,940 and HU-210 whré agonists, while both anandamide
and A°-THC elicited only a partial response (Burkey al, 1997). In fact,
anandamide exhibited greater efficacy th&THC, despite having a lower
affinity for the receptor. Although 2-AG bkaa lower affinityfor the cannabinoid
receptors than anandamide it is fufficacious, suggestingdh2-AG may be the

primary endocannabinoid.
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1.3.4 Metabolism of the Endogenous Cannabinoids

There are three key mechanismavadlved in the metabolism of the
endocannabinoid compounds, namely their synthesis and release from the cell,
transport from the extracellular space backio the cytoplasm and hydrolytic
degradation by an intracellular enzyme, inactivating them. As the research
presented in this thesis aims to depetompounds that maghibit the transport
mechanism or the hydrolytic enzyme, these mechanisms will be described in the
subsequent sections. Reviews afdecannabinoid synthesis may be found
elsewhere (Hillard & Campbell, 1997; Piomgdtial, 1998).

1.4 Anandamide Uptake

In order for the termination of endagmus cannabinoid signalling to be achieved,
the compounds must be removed from the extracellular space and in to the
cytoplasm for enzymatic degradation. Thiay occur by simple diffusion across a
concentration gradient or by a facilitatednsport mechanism. The latter route is

described below.

The first reported evidence of alloéar uptake mechanism for endogenous
cannabinoids was obtainedsing rat glioma C6 and mouse neuroblastoma
N18TG2 cells. When these cells were incubated wit-fnandamide, there was

a time-dependent decrease in its levels in the medium (Deutsch & Chin, 1993). A
more detailed examination of anandamide uptake was carried out in primary rat
neural cells and astrocytes (Di Marmb al, 1994). In these cells, a rapid,
saturable and temperaturepdadent accumulation of°H]-anandamide was
observed. Moreover, this accumulation appeared to be specific for anandamide, as
other N-acylethanolamines did not compete fotH]fanandamide uptake.
Subsequently, these characteristics for anandamide accumulation were also
demonstrated in cerebellar granule cells (Hillatdl, 1997) and in the immune
system using RBL-2H3 cells,fmman leukocyte cell line (Bisograt al, 1997a).

In addition, a time-, temperature- atwhcentration-dependent anandamide uptake
mechanism has been demonstrated timearones and astrocytes (Beltraetal,

1997). Research has also shown thaath the CNS and imume system, cellular
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accumulation of anandamide is independent of ATP and ion gradients and is
significantly inhibited by phloretin, a naspecific inhibitor of carrier-mediated
uptake systems (Hillarett al, 1997; Rakhsharet al, 2000). This evidence
suggests that anandamide uptake is carrier-mediated and is a passive process,
dependent on the anandamide concentration gradient across the cell membrane.
Evidence also suggests that anandammimulation is independent of the CB1
receptor. The potent CB1 receptor ligands WIN 55,212-2 and SR141716A failed
to inhibit anandamide uptake at a concentration ofil¥0 However, the more
lipophilic ligandsA®-THC and HU-210 both inhibite this accumulation at the
same concentration. This suggests tlilagse lipophilic compounds affect
anandamide uptake by non-specific effamtsthe cell membrane. Although it is
widely accepted that anandamide is removed from the extracellular space by this
mechanism, the transport of 2-AG is lessar. It was originally thought that 2-

AG crossed the membrane by diffusion (Di Maetaal, 1998), but more recent
evidence suggests that it is also a tabs of the anandamide transporter.
Inhibition studies demonstrated that 2-Aghibited the transport of anandamide

in to astrocytoma cells with an 4&(the concentration reqed to inhibit 50 % of
anandamide uptake) of 188. In addition, it was shown thafH]-2-AG was
accumulated by astrocytoma cells with comparable kinetics to anandamide

accumulation (Piomelkt al, 1999).

1.4.1 Substrate Specificity of the Anandamide Transporter

Uptake and inhibition studies have reveabedticular structwal requirements for
optimal translocation by the anandamide transporter (Pioratlial, 1999).
Perhaps the most important requirement is at leastism®uble bond, indicating

that it may be necessary for substrates to adopt a U-shaped configuration for
transport. Of the anandamide analogustete most head gups were tolerated

by the transporter with gara-phenolic substitution particularly favourable.
Notable exceptions were benzyl analogues wéhtae-methyl, methyl ester, cyano

or chlorine groups. These alterations effectively abolished recognition by the

transport mechanism.
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1.5 Fatty Acid Amide Hydrolase

With the discovery of anandamide, it we®on apparent that, as an amide, it was
susceptible to hydrolytic inactivatiothis was demonstrated using the non-
specific serine protease inhibitor phemgthylsulphonyl fluoride (PMSF). This
compound was shown to increase the potarfcgnandamide aan inhibitor of
electrically evoked contractions of geia pig myenteric plexus preparations
(Pertwee et al, 1995a). The increase in potency was proportional to the
concentration of PMSF,uggesting that it was inbiting the hydrolysis of
anandamide by a serine protease enzyme. However, even before the discovery of
the endogenous cannabinoids, evidence existed in the literature for an
amidohydrolase enzyme in rat liver and dwgin that catalysed the hydrolysis of
N-acylethanolamines, a faijn of compounds of which anandamide is a member
(Natarajanet al, 1984; Schmidet al, 1985). The first diret evidence of an
enzyme activity that could hydrolyse adamide was obtained using soluble or
membrane fractions from mouse neuroblastdN18TG2 and rat glioma C6 cells.
The enzyme activity that hydrolysed adamide was mainly localized in the
membrane fractions and this activity was totally inhibited by PMSF at
concentration of 1.5 mM. Furthermore, tleiezyme activity wa also present in
homogenates of rat liver, brain, lung and kidney (Deutsch & Chin, 1993).
Following this discovery, an amidohydrotaactivity that hydrolysed anandamide
was identified and partially characterized in rat brain microsomes. This
“anandamide amidohydrolase” was higtdglective for anandamide and other
polyunsaturatedN-acylethanolamines and demonstrated maximal activity at pH 6
and 8 (Desarnauet al, 1995).

A similar enzyme activity was also described using oleamide. When incubated
with rat brain membrane fractions, oladmwas rapidly hydrolysed to oleic acid
and this enzymatic activity was also inhibited by 1 mM PMSF. Only a small
amide hydrolysis activity was present irluidde rat brain fractions and no activity
was present in rat pancreatic microsomes (Cratadtl., 1995). This “oleamide
hydrolase” was subsequently studied inlikger plasma membranes and shown to
be pH-dependent with a maxal rate at pH 10 (Pattersehal, 1996). In addition

to this, a partially purified anandami@ amidohydrolase activity from N18TG2
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membrane fractions was shown to catalysehydrolysis of both anandamide and
oleamide with identical ptind temperature profilesuggesting both compounds
were substrates of ttsame enzyme (Maurebit al, 1995).

Using detergent-solubilized rat liver plasma membranes, this enzyme was
subsequently purified and cloned (Crawttal, 1996). The deduced amino acid
sequence showed the enzyme to beaepr of 579 amino ads that exhibits
extensive homology with members of thenfly of “amidase signature” enzymes.
These enzymes exist in avdise range of species,tadtigh this was the first (and,

to date, only) mammalian member oktfamily. When the cloned enzyme was
expressed in COS-7 cells, there washigh level of activity compared to
untransfected cells. Using this expresssgatem, anandamide and oleamide were
both rapidly hydrolysed to their parefdtty acids with rates of 333 and 242
nmol/min/mg protein, respective(yith both substrates at 1Q0M). The enzyme

was also shown to hydrolyse several other fatty acid amides in addition to
anandamide and oleamide and, therefar@s named fatty acid amide hydrolase
(FAAH). FAAH has since been cloned from both human and mouse liver (Giang
& Cravatt, 1997) and pig brain (Goparatal, 1999a). All of these enzymes are
579 amino acids in length with welboserved sequences and homologies ranging

from 81 to 91 % (sewble 1.1), suggesting an imporaphysiological role.

. = Amino Acid Homology (%)
: 5 sz |8z Bz s
£33 |23 |23
Rat FAAH 63.3
Mouse FAAH 63.4 91
Human FAAH 63.0 82 84
Pig FAAH 62.9 81 80 85

Table 1.1 The sizes and cross-species homasgif cloned fatty acid amide

hydrolase enzymes.
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1.5.1 Substrate Specificity of FAAH

Biochemically, the four cloned FAAH enzysi@ave been shown to have similar,
but subtly different, substrate specifictid~FAAH hydrolyses all fatty acid amides

to some extent, but there are structural features that define the recognition of
substrates by the enzyme (Laegal, 1999). For example, a primary amide is
more rapidly hydrolysed by FAAH tham secondary or tertiary amide.
Arachidonyl amide (100uM) was shown to be hydrolysed by rat brain
microsomal FAAH at a rate of 2.85 nmol/min/mg protein compared to 1.30
nmol/min/mg protein for anandamide aetbame concentration. The saturation of
the carbon chain is also important, withicreasing unsaturation resulting in a
higher rate of hydrolysis. Thus, anandamaael other arachidonic acid derivatives
are hydrolysed more rapidly than moré¢usated fatty acid amides. An important
and unusual feature of FAAH is thatlth@mugh classed as ammidase, it also
catalyses the hydrolysis oftess, including 2-AG (Di Marzet al, 1998). In fact,

the rate of 2-AG hydrolysis by FAAH has been shown to be considerably greater
than that of anandamide. When recamalnt porcine FAAH was overexpressed in
COS-7 cells, 10uM anandamide was hydrolysed at a rate of 207 nmol/min/mg
protein, whereas 2-AG was hydysed at 733 nmol/min/mg protein at the same
concentration (Goparajet al, 1999a). The differencan rate was even more
pronounced using recombinant rat FAAH.

1.5.2 Tissue Distribution of FAAH

Northern blot analysis of rat tissues walprobe for FAAH revealed it to be most
abundant in the brain and liver with lessenounts in the lung, kidney, testes and
spleen. The enzyme was not detectableeart or skelel muscle (Cravatkt al,

1996). Subsequent work has demonstrdtet low levels of FAAH are also
detectable in the stomach, small intestine and colon while confirming the absence
of the enzyme in heart astteletal muscle (Katayane al, 1997). More detailed
analysis of FAAH in the rat brain haBasvn it to be heterogeneously distributed
and predominantly localized on large principal neurones (Tetoal, 1998;
Egertovaet al, 1998). This correlates well witthe distribution of the CB1
receptor, suggesting that anandamide and 2-AG are hydrolysed at their site of

action. Discrepancies between FAAHhda CB1 receptor co-localization may
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indicate that FAAH is also important inactivating otheneuromodulatory fatty
acid amides such as oleamide.

1.5.3 Structural and Catalytic Features of FAAH

As described above, the initial evidence & enzymatic activity that hydrolysed
anandamide suggested it was mesnle-bound. When FAAH was initially
purified and cloned, analysis of its amiacid sequence confirmed the presence of
a transmembrane domain at the extrérterminus (Cravatet al, 1996), FAAH
being the only member of the “amidasignature” family with such a domain.
Studies using a mutant of FAAH in whithe transmembrane domain was deleted
showed that this deletion did not pretets tight association with the plasma
membrane. In addition, when incubated wotkamide, the kinetic profiles of the
mutant and wild type FAAH enzymesere nearly identical (Patricelkt al,
1998). The only characteristaf the enzyme that appear to be dered by this
deletion was its ability to form oligom®rBoth enzymes could achieve this, but
the mutant could not form complexes agéas the wild type, suggesting a role

for the transmembrane domain in self-association.

Before the cloning and molecular chagization of FAAH,its inhibition by
PMSF suggested that it was a serinegasé and researcising FAAH mutants
has confirmed this. Replacing each of thee¢hserine residues that are conserved
in all amidase signature enzymes (sex217, serine-218 and serine-241) with
alanine residues severely compromized FAAH’s catalytic activity (Patritedli,
1999). In addition, mutation of the conged histidine residues did not affect
activity, showing that FAAH does not cam the serine-histidine-aspartic acid
catalytic unit commonly found in othemammalian serine proteases. More
unusual is the ability of FAAH to catale the hydrolysis of both amides and
esters. Further work with FAAH mutantsndenstrated that the lysine-142 residue
is essential for this catalysis anddad to the evidence that FAAH may ad a

novel catalytic mechanism dRicelli & Cravatt, 1999).
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1.5.4 Evidence for Other Enzymes That Hydrolyse Endogenous

Cannabinoids

Although FAAH is the only cloned eyme that is known to hydrolyse
endogenous cannabinoids, there is evideimcéhe literature that other such
enzymes exist. Work comparing the dbilof porcine brain preparations to
hydrolyse anandamide and 2-AG demasistd that the dpnum pH for 2-AG
hydrolysis was around 7.0, compared tpth of around 9.0 for anandamide. In
both the cytosol and particulate fraction, the 2-AG hydrolysing activity at pH 7.0
was much greater thanetttorresponding anandamide hydrolysing activity at pH
9.0, being 800- and 30-fold greaterspectively. When the 2-AG hydrolysing
activity was partially purified from both cytosol and particulate fraction, it
catalysed the hydrolysis of 2-AG at pH 7.0 with rates of 3480 and 4970
nmol/min/mg protein, respectively. Andamide hydrolysis by the partially
purified enzymes was not detectablader the described assay conditions,
suggesting that porcine bnahas at least two enzysieapable of hydrolysing 2-
AG (Goparajuet al,, 1999b).

Evidence for the existence of another enzyme that catalyses anandamide
hydrolysis has also beemported. Using a human gekaryoblastic cell line
(CMK), this enzyme was sdbilized by freeze-thawing the 120§ @ellet of cell
homogenate. The pH optimum of thezgme was around 5.0, compared to around
9.0 for FAAH. Activity was almost absett alkaline pH, suggesting that this
enzyme may be present in the acidic environment of lysozymes. Furthermore, the
enzyme was less sensitive to PMSRnthFAAH and effectively hydrolysed
palmitoylethanolamide, a relatiyepoor substrate for FAAH (Ueds al., 1999).

1.6 Reinforcement of Endocannabinoid Signalling

As described in the previous sectioasgdocannabinoid signalling is terminated by
transport across the plasma membram subsequent enzytm@hydrolysis. This
leads to a relatively short duration efdocannabinoid sigiiing, but naturally
occurring mechanisms or the action eynthetic drugs may regulate this

degradation.
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1.6.1 The Entourage Effect

As the endocannabinoids atiekir naturally occurring analogues are substrates for
the anandamide uptake mechanism andfAhH, they compete with one another
for uptake and hydrolysis. Thus, the duratof action of the endocannabinoids is
lengthened by this competition. This “eatage effect” was first described for 2-
AG. In the brain, spleennd gut, two major 2-acyl glyrol esters, 2-linoleoyl
glycerol and 2-palmitoyl glycerol, are ggent in addition to 2-AG. Neither of
these esters binds to or activates @l or CB2 receptors but, when incubated
with 2-AG, they potentiated its binding tbe receptors and its ability to inhibit
adenylate cyclase (Ben-Shaleatal, 1998). In addition, these esters increased the
potency of 2-AG in the tetrad of phaawgological assays in mice and, although 2-
palmitoyl glycerol was ineffective, 2-linebyl glycerol significantly inhibited the
degradation of 2-AG by intact neuronal and basophilils.cé\ similar effect has
also been demonstrateding 2-AG and anandamide. As 2-AG is found at much
higher levelsin vivo than anandamide, when 5%M of 2-AG and 4uM of
radiolabelled anandamide were incubatmgkther with intact RBL-2H3 cells, the
hydrolysis of anandamide wasgsificantly reduced (Di Marzeet al, 1998).
However, in this study, anandamide ugakas not affected by the presence of 2-
AG conflicting with the evidence that 2 is a substrate of the anandamide
transporter. Although there are conflictimgports in the literature, the data
described above indicate that, vivo, the action of endocannabinoids may be
reinforced by other endocannabinoid&laelated compounds by the inhibition of
FAAH, uptake and, possibly, other mechanissngh as allosteric activation of

cannabinoid receptors.

1.6.2 Artificial Reinforcement

There is great therapeutic potential in the artificial reinforcement of
endocannabinoid signalling by syntheticugs with the two main therapeutic
targets being the anandamide transpatel FAAH. Inhibition of either, or both,

of these targets would lead to a netreéase in the amount of endocannabinoids
available to bind to cannabinoid receptar prolong their duration of action. An
alternative strategy would be n@ocannabinoid analogues that activate
cannabinoid receptors but are poor substrates for the anandamide transporter or
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FAAH. In addition, drugs that inhibiuptake and/or FAAH and also activate
cannabinoid receptors would have ardiadnal mechanism of cannabimimetic
activity. Synthetic compounds that artificially reinforce endocannabinoid

signalling will be described igections 1.7.2nd1.7.3

1.7 Synthetic Cannabimimetic Compounds

Even before the discovery of thedmgenous cannabinoid system, there was a
great deal of interest in the synthesis of cannabinoid compounds to mimic the
therapeutic actions of’-THC. The discovery of the CB1 and CB2 cannabinoid
receptors, the anandamide transporter BAAH, however, hated to a renewed
effort to synthesize cannabimimetic dragat bind to and modate the activity of
these targets. These compounds are described below.

1.7.1 Cannabinoid Receptor Ligands

There are three different types of cainaid receptor ligand, namely agonists,
antagonists and inverse agonists. Ajorast of a receptor is a compound that
causes activation of that receptopon binding, inducing the appropriate
downstream events. For example, a QBteptor agonist will inhibit N-type
calcium channels in neuroblastomallseupon binding to the receptor. As
described earlier, anandamide axidTHC are only partial CB1 agonists, binding

to but not fully activating the receptor. An antagonisa receptor is a compound
that occupies a receptor, yet fails to produce receptor activation and signalling.
For example, a competitive cannabinogteptor antagonist will decrease the
level of adenylate cyclase inhibition caad by a cannabinoid receptor agonist by
competing for a common binding site.

It is now thought that nmy receptors, especiall6PCRs, exist in an auto-
activated state thereby causing a basatll®f signalling in the absence of a
receptor ligand. Inverse agonists are thought to attenuate this basal activity by
causing a conformational change in the remefitat inhibits its interaction with
effector proteins. Both the CB1 and CB&eptors have been shown to possess

some tonic activity. This can be demonsdaby the fact that when either receptor
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is stably transfected in to a cell line that does not normally express it, a basal level
of signalling can be detemd. Specific examples include the MAPK activity of
Chinese hamster ovary cells. When wild type cells were compared to cells
expressing hCB1, it was shown that thensfected cells showed an enhanced
level of MAPK activity (Bouaboul&t al, 1997). An inverse agonist reduces this
basal receptor signalling in additionantagonizing the effect of an agonist.

The synthesis of high-affinity cannabinaiekceptor ligands has been invaluable in
the discovery of the cannabinoid retmp and the elucidation of their
pharmacology. Perhaps the most impatrtaynthetic cannabinoids are the
cannabinoid receptor antagonists/inverse esg®nwhich have been vital tools for
demonstrating the receptor-mediateffiees of cannabinoids. In addition, the
design and synthesis of receptor-specific cannabinoid ligands has led to
compounds with high affinities for one cannabinoid receptor over the other,
therefore paving the way for cannabinoidugl that target either the CNS or
immune system. This section summarizesne of the compounds in the main

structural classes of cannabinoid compounds.

Classical Cannabinoid Receptor Agonists

Before the discovery of the cannabino&teptors, synthetic cannabinoids were
almost exclusively based on the dibenzopyran ring system that characiérizes
THC and the other naturally occurring “cd&=al” cannabinoids. However, of the
numerous synthetic classical cannabinaoids,only one that is licensed for use in
the U.K. is nabilonefigure 1.6), which is prescribed as an anti-emetic and to
prevent weight loss in AIDS patienty/ stimulating appe&. There are many
classical cannabinoid compounds that areenpmtent and selective than nabilone
and, to date, all are cartyinoid receptor agonists.

The classical cannabinoid that is pgsh most widely used in cannabinoid
research, apart from>~THC itself, is HU-210. Thizompound is an analogue of
A.-THC, with a dimethylheptyl side chaieplacing the pentyl side chain of the
naturally occurring cannabinoids. In¢gj rats and pigeons, HU-210 was shown
to be psychotropic and approximigte90 times more potent than®THC
(Mechoulamet al,, 1988).
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Figure 1.6 The structure of nabilone, the grdannabinoid drug licensed for use
in the U.K.

HU-210 and its saturatemhalogue HU-243 (Devaret al, 1992b) are among the
most potent cannabinoids synthesizied date, although they do not exhibit
selectivity for either the CB1 or CB2annabinoid receptors. Of the classical
cannabinoids that are selective for onanabinoid receptor over the other, three
compounds are particularly notewortlneing selective agonists for the CB2
receptor. JWH-051, the 1-deoxy analogu&ibfF210, shows very high affinity for
CB2 with a K of 0.032 nM, although the CB2B2 ratio is only 37.5. L759633
and L759656, on the other hand, are lps$éent than JWH-051 but exhibit
CB1/CB2 ratios of 163 and 414, respectively (Retsal, 1999). The structures of
these compounds and their; Kalues at both canbaoid receptors are

summarized ifigure 1.7 andtable 1.2

Non-Classical Cannabinoid Receptor Agonists

In an attempt to minimize the struchlrfeatures necessary in order for
cannabinoid compounds to produce geala, CP-47,497, an analogue of the
potent analgesic compound HHC, was synthesized flgaee 1.8). This new
compound was bicyclic, lacking the pyrang of HHC and, like the most potent
classical cannabinoids, possassedimethylheptyl rathghan a pentyl side chain.
In five animal models of pain, CP-47,4@/as as potent an agalsic as morphine,

demonstrating that the pyran ring of HHC is not necessary for analgesia (Melvin

et al, 1984).
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L759656

L759633

Figure 1.7: The structures of some of thest significant synthetic classical

cannabinoid receptor agonists.

CB1K; CB2 K; CB1/CB2
Compound _ Reference
(nM) (nM) Ratio
9 53.3 75.3 0.71 Felderet al, 1998
A*-THC
40.7 36.4 1.12 Showalteret al, 1996
0.0608 0.524 0.12 Felderet al, 1998
HU-210
0.73 0.22 3.32 Showalteret al, 1996
HU-243 2.3 2.3 1.00 | Drakeet al, 1998
JWH-051 1.2 0.032 37.5 Huffmaat al, 1996
L759656 1043 6.4 163.0 Rossal, 1999
L759633 4888 11.8 414.2 Rossal, 1999

Table 1.2 The K values at the CB1 and CB2 receptors of some of the most
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l CP-47,497

Figure 1.8 Structures of the prototygal non-classical cannabinoid CP-47,497

and the potent classical cannabinoid analgesic HHC.

Hence, CP-47,497 became the prototype of the “non-classical” cannabinoid
family of compounds which, like the d@sical cannabinoids, are all cannabinoid
receptor agonists. Today, the most widely known and used non-classical
cannabinoid is CP-55,940, which exhibitsvdlues in the low nanomolar range at
both cannabinoid receptors but does rfwive any specificity. As mentioned in
section 1.2.1 the development ofifi]-CP-55,940, being less lipophilic thai-

THC, resulted in the discovery of the CB1 receptor &ht}-CP-55,940 is still
probably the most widely used radibklled cannabinoid. Recently, HU-308, an
extremely selective non-classical cannabinoid was described in the literature. This
compound exhibits very high affinity for CB2 with a &f 22.7 nM compared to

> 10uM at the CB1 receptor, resulting smCB1/CB2 ratio of > 441. HU-308 has
also been shown to be effective aueing blood pressurdlocking defecation,

and inducing anti-inflammatorgnd analgesic effects (Hanes al, 1999). The
structures and Kvalues of CP-55,940 and HU-308 are showifigore 1.9 and

table 1.3

OH

OMe

CP-55,940 HU-308

Figure 1.9 The Structures of the potembn-classical cannabinoid receptor
agonists CP-55,940 and HU-308.
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CB1 K; CB2K; | CB1l/CB2
Compound _ Reference
(nM) (nM) Ratio
3.72 2.55 1.46 Felderet al, 1998
CP-55,940 0.58 0.69 0.84 Showalteret al, 1996
5.0 1.8 2.78 Rosset al, 1999
HU-308 > 10uM 22.7 >441 | Hanuset al, 1999

Table 1.3 The K values at the CB1 and CB2 receptors of the non-classical

cannabinoid receptor agonists CP-55,940 and HU-308.

Aminoalkylindoles and Their Derivatives

In an attempt to develop non-steroidatti-inflammatory drugs (NSAIDs) with
less ulcerogenicity than exisj compounds of this class, Bedt al. (1991)
synthesized the aminoalkylinddl&Al) derivative pravadolinefigure 1.10). This
compound inhibited prostaglandin synthesist ag&s designed to but, in addition,

it exhibited antinociceptive acity in several animal assays.

O

O N | O oM
)
$

Figure 1.1Q The structure of pravadolinthe prototypical aminoalkylindole

e

cannabinoid receptor ligand.

Further structural development of pravadelculminated in the synthesis of WIN
55-212,2, one of the most potent and widebed cannabinoid receptor agonists
(Dambraet al, 1992). WIN 55-212,2 has;Kalues in the low nanomolar range at
both the CB1 and CB2 cannabinoid recept@howing some selectivity for the

CB2 receptor. A more selective, though less potent, member of this family of
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compounds is JWH-015 which, again, idestive for the CB2 receptor. Other
aminoalkylindole cannabinoid receptor agigiexhibit much higher selectivity.
The compounds L-759,787 and L-768,242 ardsAvhere the substitution at the

1 and 3 positions is inverted comparedhte classical AAIl structure, resulting in
CB1/CB2 K ratios of 160 and 103, respectively (Gallahal, 1996). In addition

to cannabinoid receptor agonists, iaoalkylindole cannabinoid receptor
antagonists have been developed. AM63é@nisodinated anafjue of pravadoline
(Pertweeet al, 1995b) and, although originally described as a cannabinoid
receptor antagonist in the brain, it is nkmown to act as a CB2ceptor-selective
inverse agonist and a weak partigbnist at the CB1 receptor (Regsal, 1999).

A final noteworthy compound relateid the AAls is LY320135, a substituted
benzofuran compound. This substances lmeen shown to be an extremely
selective antagonist of the CB1 receptor with over one hundred times greater
affinity for CB1 than CB2 (Feldest al, 1998).

svqe
e H o

® <

WIN 55-212,2 JWH-015 L-759,787

B ;
MeO N\)
o
[ ‘IO | ‘O
N 1 N OMe | O C=N

AL
0 h CL.

L-768,242 AM630 LY320135

[e)

Figure 1.11 The structures of some of theost significant aminoalkylindole

cannabinoid receptor ligands and the related compound LY320135.

Interestingly, there is evidence in theerature that the interaction of WIN 55-
212,2 and, presumably other members ef Al family, with the CB1 receptor
may bevia a different mechanism than for othreceptor agonists. A mutant CB1

receptor in which the lysine-192 amino éeesidue was replaced with alanine
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was stably transfected in to HEK-268lIs. WIN 55-212,2 bound to and activated
this mutant receptor, while HU-210, CP-55,940 and anandamide did not (Song &
Bonner, 1996). The structures anduélues of these AAI compounds are shown

in figure 1.11andtable 1.4

CB1K; CB2K; CB1/CB2

Compound ) Reference

(nM) (nM) Ratio

62.3 3.3 18.88 | Felderet al, 1998

WIN 55-212,2

1.89 0.28 6.75 Showalteret al, 1996
JWH-015 383 13.8 27.75 | Showalteret al, 1996
L-759,787 1917 12.0 159.8 Gallaattal, 1996
L-768,242 877 8.5 103.2 Gallast al, 1996
AM-630 5152 31.2 165.1 Ross al, 1999
LY320135 141 14900 9.5xT0 | Felderet al, 1998

Table 1.4 The K values at the CB1 and CB2 receptors of some of the

aminoalkylindole cannabinoid receptor ligands.

Diarylpyrazoles

The diarylpyrazole cannabinoid recepttigands were developed by Sanofi
Recherche and have proved to be invaluable tools in elucidating the receptor-
mediated effects of cannabinoids.18R716A and SR144528 were the first potent
and selective antagonists of the CB1 &B2 receptors, respectively (Rinaldi-
Carmonaet al, 1994; Rinaldi-Carmonaet al, 1998). Subsequent reports,
however, suggest that these drugs both act as inverse agonists (Boealzbula
1997; Portieret al, 1999). SR141716A may alsoope to be useful in
characterizing CB1 cannatwid receptor bindingn vivo. Its iodinated analogue
AM281 is a candidate for SPECT (siagbhoton emission computed topography)
imaging of living brain (Lanet al, 1999). The structures and Kalues of
SR141716A and SR144528 are showifignre 1.12andtable 1.5
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SR141716A SR144528

Figure 1.12 The structures of the CB1 and CB2 cannabinoid receptor-selective
antagonists/inverse agonists SR141716A and SR144528.

CB1K; CB2 K; CB1/CB2
Compound ) Reference
(nM) (nM) Ratio
11.8 13200 8.9x10" | Felderet al, 1998
SR141716A
12.3 702 0.018 | Showalteret al, 1996
> 10uM 5.6 >1786 | Rossetal, 1999
SR144528 437 0.6 728.3 Rinaldi-Carmonaet al,
1998

Tablel.5 The K values at the CB1 and CB2 receptors of the diarylpyrazole
cannabinoid receptor antagonists/inverse agonists SR141716A and SR144528.

Endocannabinoid Derivatives

Since the discovery of endogenous canmaidis, numerous analogues have been
synthesized although few are as potenthasleading compounds from the other
classes of cannabinoids described above. Endocannabinoid analogues can be
divided in to two main clsses: those that are headuyp analogues of anandamide

or 2-AG (i.e. where the ethanolamide/glyalesubstituent is altered) and those

that have variations in the fatty carbchain. The first endocannabinoid analogues
were head group analogues and perhaps the best knoRpneihanandamide
(Abadji et al, 1994). This compound is identical to anandamide except for a
methyl group at the 1’ carbon, that incressts potency approximately four-fold
compared to its parent compound and canéeconsiderable dese of resistance

to enzymatic hydrolysisR)-Methanandamide, like anandale, also proved to be
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selective for the CB1 receptor with a CB1/CB2rétio of 0.02 (Khanolkaet al,
1996). Other notable head group analoguekide fluoroanandamide (Showalter
et al, 1996), chloroanandamide (Linet al, 1998), N-propyl-,o-
dimethylarachidonyl amide (PDMAA)N-propyl arachidonyl amide (PAA) and
N-propyl-a-methylarachidonyl amide (PMAA) (Shesket al, 1997). The K
values of these compounds demonstridat the hydroxybn the ethanolamide
group of anandamide is not required dannabinoid receptor affinity and, without
it, these compounds are mgretent than anandamide.

The endocannabinoid analogues with @aratl carbon chain are also more potent
than the parent endocannabinoids. Dmgtteptyl anandamide, where the last
five carbons of the carbon chain are replagéth a dimethylheptyl group (as is
present in the most potent classical and-classical cannabinoids) has an affinity
for the CB1 receptor than is an order of magnitude higher than anandamide. This
is also evident in the isolated mouse deferens assay and the mouse tetraal of
vivo assays where the B£and EDRg values (the effective concentration and dose
required to achieve 50 % of the maximesponse) are also reduced compared to
anandamide (Ryaet al, 1997; Seltzmaret al, 1997). The structures and K
values of endocannabinoid analogues are summarizéduire 1.13 andtable

1.6.

OH
o o Ji/ o o
R\)I\ oH R\)]\ o R\)I\ - OH R\)l\ F
H/\/ o H/\/ H/\/

Anandamide 2-AG Methanandamide  Fluoroanandamide
(@] o] (0] (@]
R\)I\H/\/C' R%‘\N/\/ R\HJ\H/\/ R\)J\H/\/
Chloroanandamide @ PDMAA PMAA PAA
X
Dimethylheptyl
anandamide

(@]

Figure 1.13 The structures of anandamide, 2-AG and some of the most

significant synthetic endogeus cannabinoid analogues.
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CB1K; a_
(nM) E % °
Compound oth| 6 | X | 2§ Reference
2z |88
@)
N.D. | 89 371 0.24 | Showalteret al, 1996
Anandamide N.D.| 78 | 1926 0.04 | Khanolkaret al, 1996
5810| 61.0| 1930 | 0.03 |Linetal, 1998
2-AG N.D.| 58.3| 145 0.40 Ben-Shabsaital, 1998
(R)-Meth- N.D.| 20 815 0.02 | Khanolkaret al, 1996
anandamide 28.3| 179 | 868 0.02 | Linetal, 1998
Fluoroanandamica N.D.| 86 | 324 0.03 S.howalteret al, 1996
4640| 26.7 | 908 0.03 |Linetal, 1998
Chloroanandamide 3400 5.2 195 0.08  &iral, 1998
PDMAA 6.9 | N.D. | N.D. - Sheskiret al, 1997
PMAA 7.4 | N.D.| N.D. - Sheskiret al, 1997
PAA 11.7 | N.D. | N.D. - Sheskiret al, 1997
Dimethylheptyl 7.0 | N.D. | N.D. - Ryanet al., 1997
anandamide N.D.| 1.9 | N.D. - Seltzmaret al, 1997

Table 1.6 The K values at the CB1 and CB2 receptors of some of the

endocannabinoid analogues. a. Therifgiation binding assay used to obtain
these values is not affected by PMSF. b. PMSF not required as GBIUKs are
obtained using transfected cells or sple@mmbranes where FAAH is not present.

N.D. Not determined.

1.7.2 Synthetic Inhibitors of Anandamide Uptake

To date, the only selective inhibitor ofllcéar anandamide uptake is the synthetic
fatty acid amide, AM404figure 1.14). This compound competitively inhibits
anandamide uptake in rat cortical neurones and astrocytes withdl@es of 1

and 5uM, respectively. AM404'sspecificity for the anadamide transporter was
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demonstrated by its low affinity for the CB1 receptor and failure to inhibit
anandamide hydrolysis (Beltramei al, 1997). The competitive nature of the

AM404 inhibition of anandamide uptaksuggested that this compound is a
substrate of the transportercathis was confirmed usingH]-AM404 (Piomelliet

al., 1999).

C\/ﬁ/\)Ok /©/OH

N = ”

Figure 1.14 The structure of AM404, a setee inhibitor of the anandamide

transporter.

Since most anandamide analogues are fbstfor the anandamide transporter,
the endocannabinoid analoguesd#ed in the previous son are substrates for
the transport mechanism and competé¢hwanandamide, reducing its rate of
uptake. This means that thesempmunds, including the endocannabinoids
themselves, have a dual cannabintimeaction, binding to the cannabinoid
receptors and increasing teacellular endocannabinoidevels by inhibiting
uptake. The structures ands§values of some of the endocannabinoid analogues

are shown irtable 1.7

1.7.3 Synthetic FAAH Inhibitors

As described insection 1.5 FAAH is a potential therapeutic target as its
inhibition results in an increased lévef endocannabinoids as well as other
biologically important molecules such ateamide. A number of potent FAAH
inhibitors have been dewmed and, like the uptakahibitors, some bind to the
cannabinoid receptors giving them dual cannabimimetic activity. In addition, as
substrates of FAAH, endocannabinoids and their related fatty acid amides and
esters compete at FAAH resulting in the “entourage effect” described earlier.
Perhaps the most widely usedAAH inhibitor is methyl arachidonyl
fluorophosphonate (MAFP), a potent, reesible inhilitor with an IGg in the low
nanomolar range (Deutseh al, 1997c).

35



Compound IC 50 (ULM)

)
R\)]\N/\/OH Anandamide 15.1
- OH

R\)(LN O AM404 2.2
i N

R\)J\NH2 Arachidonyl amide 9.0
(0]

R\)J\O/\/OH 6.7

) > (R)-Methanandamide 37.7

(e}
R\)]\N/v\/o“ (9-Methanandamide 104

R N 10.0

Table 1.7 The structures and égvalues of some anandamide transport inhibitors
(Piomelliet al, 1999).

MAFP also exhibits cannabimimetic activiby irreversiblybinding to the CB1
receptor with a higher affinity tharanandamide. Although MAFP is an
anandamide analogue with fowis double bonds, a recent publication has
demonstrated that saturated metfiybrophosphonate analogues are also potent
inhibitors of FAAH (Martinet al, 2000). The most potent of the series had a
saturated 12 carbon chainhibited FAAH with an 1G, of 3.0 nM and was a
high-affinity CB1 ligand.

Other potent FAAH inhibitors incled the sulphonyl fluorides and the
trifluoromethyl ketones. The mogiotent sulphonyl fluoride compounds are
saturated fatty acid analogues and, like methyl fluorophosphonates, haveoC
values in the low nanomolar range (Deutsthal, 1997b). The trifluoromethyl
ketones are less potent than theethyl fluorophosphonates and sulphonyl
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fluorides. The most potent of thesengmunds possesses the oleic acid carbon
chain, but saturated analogues have similas V@lues (Bogeet al, 1999). The
most potent FAAH inhibitors to date, however, were only described recently.
Thesea-keto N4 oxazolopyridine compounds possesg @lues as low as 140
pM and are analogues of oleamide (Bogearl, 2000). The structures andsiC

values of synthetic FAAH inbitors are summarized table 1.8

Compound ICs0 (NM) Reference
— =\/\/IF!\:0Me
% MAFP 2.5 Deutschet al, 1997c
H3C(H.C)-R 15.0 Martin et al,, 2000
H3C(H:C)1-R 3.0 Martin et al, 2000
H3C(H:C)is-R 78.0 Martin et al, 2000
H3C(H.C):1~R 48.0 Martin et al, 2000
HsC(H.C)1-R" 3.0 Deutschet al, 1997b
HsC(H.C)1xR" 6.0 Deutschet al, 1997b
HsC(H.C)is-R* 7.0 Deutschet al, 1997b
HsC(H.C)1-R" 4.0 Deutschet al, 1997b
\/\/\/\/=\/\/\/\)I\CF 460 Bogeret al, 1999
HsC(H.C)s-R* 600 Bogeret al, 1999
HsC(HC)16-R? 1200 | Bogeret al, 1999
VV\/\/W/\)I\TN/ N\ 23 Bogeret al_, 2000
/\/\/\/\/\)Ll/w 0.57
o Bogeret al, 2000
\/\/\/\/:\/\/\/\)Oj\rw 0.14
I \ Bogeret al, 2000

i m I
R= —E—OME R'= %_E_F R®= i)]\cps

Table 1.8 The structures and gvalues of fatty acid amide hydrolase inhibitors.
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It can be seen from this section tlihere are a large number of structurally
diverse cannabimimetic compounds. Thextnsection describes some of the
pharmacological effects of cannabinoids #émel potential therapeutic applications

of drugs that enhance or imitithe endocannabinoid system.

1.8 Pharmacological Effects and Therapeutic Potential of

Cannabimimetic Compounds

Cannabinoid receptor ligands and madais of endocannabinoid metabolism
have numerous pharmacological efse¢hroughout the body. In the nervous
system, most, but certainly nall, actions of cannabingiagonists are due to their
influence on the transmission of nenimpulses. An essadal feature of
neurotransmission is the influx of €ainto the pre-synaptic terminal by the
activation of voltage-gated calcium channels. This increase in the intracellular
concentration of Ca induces vesicles containing neurotransmitter molecules to
fuse with the pre-synaptic membraneleasing the neurotransmitter in to the
synaptic cleft. Diffusion of the neurotransmitter across the synaptic cleft to the
post-synaptic membrane and binding tiee appropriate receptors induces
depolarization of the post-synaptic mierane and propagation of the nerve
impulse. As mentioned isection 1.2.3 cannabinoids inhibit several different
voltage-gated calcium channelfa the CB1 receptor, thus preventing calcium
influx into the pre-synaptic terminal and subsequent neurotransmitter release and
nerve transmission. Cannabinoids hawserb shown to inhibit the release of
glutamate (Shemt al, 1996), dopamine (Schlicket al, 1996; Burkeyet al,
1997), noradrenaline (Schlicker al, 1996) and acetylcholine (L6pez-Redordo

al., 1997; Carteet al, 1998) and this mechanismgstbly underlies a majority of

the observed acute effects of cannabinoidkiding analgesia, reduced locomotor
activity and memory deficits. In the imme system, however, there are a number
of mechanisms by which cannabinoids éxkeir effects. The following sections
describe the most promising therapeutcgets for the use of cannabimimetic
drugs, although there are many other pharhogocal effects that have no direct

clinical applications at present.

38



1.8.1 Pain

Cannabis is well known for its analgesioperties and there are a number of
synthetic cannabinoid receptor agonists such as CP-55,940 that rival the analgesic
potency of morphine. The mechanismsdannabinoid-induced analgesia are now
being elucidated and it is becomingparent that theynvolve cannabinoid
receptors on central and peripheral neusceee well as interaction with the opioid
system. The central analgesic effectcafinabinoids have been demonstrated in
both the brain and spinal corah the brain, the periaqueductal gray (PAG) area is
involved in the processing of pain, wite ventral PAG involved in the control of
pain by endogenous opioid compounds. Hesvethe mediators of analgesia in
the lateral and dorsal PAGere unknown. When the taibbf laboratory rats are
exposed to thermal pain, the observed pasponse is tail flicking. Walker and
co-workers electrically stinlated the lateral and dotdBAG of rats exposed to
thermal pain and observed antinociceptidhis analgesic effect was concurrent
with the release of anandamiderfr the PAG and was blocked by SR141716A,
suggesting that activation of the CBdceptor is involved in the modulation of
pain in the PAG (Walkeet al, 1999). In addition, when pain was induced in the
hind paws by injection of formalin, anamd&le release occurred in the dorsal and
lateral PAG, implying that endocannabideiare involved irpain suppression.
Pain suppression by endogenous cannabirttadsalso been demonstrated in the
spinal cord. When peripheral inflammation was induced by injection of
carrageenin into rat hind paws, spinalyministered anandamide inhibited
nociceptive transmission by spinal neuroridss inhibitory effect was blocked in
the presence of SR141617A, indicating thas effect was mediated by CB1
cannabinoid receptors (Harrst al, 2000). When SR141716A was administered
to carrageenin-inflamed rais the absence of anamdi@le, nociceptive responses
were not affected. However, a preus study demonstrated that SR141716A, but
not SR144528, facilitated nociceptivearsmission in non-inflamed rats
(Chapman, 1999). Together, these dataggest that endocannabinoids are
involved in the tonic control of pain ithe spinal cord by activation of CB1
receptors but this endogenous spinal cannabinoid tone is reduced following

carrageenin-induced inflammation. Whether #fiect is due to a decrease in the
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number of CB1 receptors or an increas@ndocannabinoid degradation remains
to be seen.

In the periphery, one mechanism of paimtcol is the releasef opioid peptides

by immune cells. These peptides thkeimd to opioid receptors resulting in
analgesia. It has been shown that theralso a peripheralegulation of pain
response by endogenous cannaidisloWWhen pain is indied in rat hid paws by
injection of formalin, there is an immedigpain response, peaking after about five
minutes, followed by a sustained painp@sse which begins after ten to fifteen
minutes. Co-injection of formalin and ardamide blocked the first phase of pain,
but not the second phase, whileNVb5-212,2 and HU-210 blocked both phases
(Calignancet al, 1998). The inabilitypf anandamide to suppress the second phase
of pain was thought to be due to itpidinactivation as # hydrolysis-resistant
analogue R)-methanandamide also blocked both phases. This blockade of the
pain response by cannabinoids swantagonized by SR141716A, but not by
SR144528 or the opioid receptor antagonist naloxone, suggesting a CB1 receptor-
mediated mechanism. The peripheral nawirehis effect was demonstrated by
intra-venous and intra-peritoneal injen of anandamide. The antinociceptive
effect of anandamide was reduced 10@Huoy i.v. injection and totally abolished

by i.p. administration. Furthermore, palaylethanolamide, which does not bind

to the CB1 or CB2 receptors, blocked tbghases of the pain response when co-
injected with formalin. This effict was abolished by SR144528 but not by
SR141716A or naloxone, suggesting atenaction with CB2-like receptors on
peripheral nerves. When edua amounts of anandamide and
palmitoylethanolamide were co-injected wittrmalin, the antinociceptive effect
was 100 times more pronounced than aufsiiation of each compound alone,
implicating participation ofboth CB1 and CB2-like receptors in the control of
peripheral pain. When SR141716A &R144528 were co-administered with
formalin, a hyperalgesic response was olesgrsuggesting that locally generated
anandamide and palmitoylethanolamide play a role in controlling the initiation of
pain. The hyperalgesicffect of SR141716A has alsbeen observed by other

researchers (Strangmanal, 1998).
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In addition to cannabinoid regulation p&in that is independent of the opioid
system, interaction between tiiwo systems does occur. Whexl-THC was
administered daily to rats i.p. for fiveyda it was observed that mRNA levels of
the opioid peptide precursors prodynorphimd proenkephalin were elevated in
the spinal cord compared to animals treated with the vehicle (Coreherly
1997). This has implications for combinednnabinoid and opioid drug therapies
to control pain. A review of the imaction between the cannabinoid and opioid
systems can be found elsewhere (Manzaretrak, 1999).

In summary, it is now becomingpparent that ermajenous cannabinoid
compounds are involved in the controf pain initiation. The peripheral
administration of cannabinoids or ibitors of endocannabinoid uptake and
hydrolysis has the potential of relieviggain without undesirable psychotropic
effects. The involvement of CB2-like redeps also offers the possibility of
specific agonists for these receptors, Itpteemoving the potential for effects on
the CNS. Indeed, the CB2-selective agonist HU-308 has been shown to be an
analgesic in the formalin model of pamthout causing any gshotropic effects,
presumably by binding to CB2-like receptors (Haatial, 1999). In addition, the
non-psychotropic cannabinoid CT-Jigure 1.15 is currently undergoing
development as a potent, orally activalgesic, although its exact mechanism of
action is unknown (Dajarat al, 1999).

HO 0o

Figure 1.15 The structure of CT-3, a non-psychotropic cannabinoid with

analgesic and anti-inflammatory activity.
1.8.2 Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disease of the CNS caused by

progressive damage or destruction @ thyelin sheath suromding nerves in the
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brain and spinal cord. This demyeliilma results in the disruption of nerve
transmission which is manifested bymerous symptoms including numbness,
tremors, weakness, pain, seizures anglpsis. Anecdotal evidence has shown
that cannabis can be effective at relgythe symptoms of MS where prescription
drugs have failed, but it was only recentlyat the theragutic potential of
cannabinoids to alleviate the symptoms of MS was rationalized scientifically. One
important study in this area investigatiw effect of anandamide on astrocytes
isolated from mice infected with Theiler's murine encephalomyelitis virus
(TMEV), a model of MS which results immune-mediated demyelination. IL-6

is a cytokine that has anti-inflammagcand immunosuppressive effects and has
been shown to suppress demyelination in the TMEV model of MS. Anandamide
was shown to induce IL-6 production by asirtes infected with TMEV and this
effect was potentiated by arachidonyl trifluoromethyl ketone, an inhibitor of
FAAH. In addition, the specific CBleceptor antagonist SR141716A attenuated
the effect of anandamide on IL-6 prodoctj suggesting that igheffect is CB1
receptor-mediated (Molina-Holgadet al, 1998). A more recent study has
implicated both the CB1 and CB2 receptorsalleviating the symptoms of MS.
Using mice with chronic relapsing experimental allergic encephalomyelitis
(CREAE), a model of MS, cannabinoidnapounds were showto quantitatively
reduce tremor and spasticity (Baletral, 2000). The relative involvement of CB1
and CB2 receptors in alleviating tsgmptoms of CREA appears complex. The
CB1 receptor antagonist SR141716A &nhe CB2 receptor antagonist SR144528
both inhibited the ability of WIN 5212,2 to inhibit tremor but, when
administered alone, theantagonists exhibited distinguishable effects.
Administration of SR141716A to animalsitiv mild spasticity, but no tremor,
increased spasticity compared to coh&mimals and also induced tremor. When
SR144528 was administered alone, a snmailease in spasticity was observed.
However, when animals treated witBR141716A were subsequently given
SR144528, the spasticity was even moanpunced than in those animals treated
with SR141716A alone. The fact thatnadistration of cannabinoid receptor
antagonists by themselves worsens the symptoms of CREAE indicates that
endogenous cannabinoids play a role in ling the symptoms of this disease.
These data also indicateaththe CB1 receptor has a rafethe control of tremor

while both cannabinoid receptors are invlvin the control of spasticity. This
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may pave the way for the developmenit synthetic compounds to treat the
symptoms of MS. Although the CB1 receptor appears dominant in regulating the
tremor and spasticity of MS, drugs that aiet the CB1 receptor would inevitably
produce psychotropic effects. It may besgible to partially alleviate symptoms
with CB2-selective agonists or by incraagithe levels of endocannabinoids with
anandamide uptake and FAAH inhibitors.igwould obviously be preferable to

the illegal use of cannabby many MS sufferers thatcurs at present.

1.8.3 Neuroprotection

Cannabinoids may have a therapeutic tolglay in the prevention of neuronal
death caused by oxygen or glucose demhetcommon following stroke or heart
attack. This mechanism of damage ti®ught to involve the release of the
neurotransmitter L-glutamate and it is alsmwn that activation of pre-synaptic
CB1 receptors by cannabinoid agonists inhibit$*@aflux and subsequent L-
glutamate release in the hippocampus (Ske¢nal, 1996). Therefore, the
hypothesis that cannabinoid compounds daepert neuroprotective effects was
tested by Nagayanet al (1999). Ischemia was inducedlaboratory rats and the
effect of WIN 55-212,2 on neuronal survidgtermined. When administered i.p.
40 minutes before ischemia, WIN 232,2 dose-dependently increased neuronal
survival compared to control animalghalugh it appeared tbecome neurotoxic

at the highest concentratis tested. This effeetas antagonized by SR141716A
which had no effect when administer alone, suggesting a CB1 receptor-
mediated mechanism of neuroprotectionwdwer, in cultureccortical neurones,
the neuroprotective effect of cannabu®iwas not as sightforward. WIN 55-
212,2 and anandamide both protected detiem death caused by ischemia and
hypoglycaemia, butA®THC did not. Pre-treatment with SR141716A or
SR144528 did not antagonize the neuroprotective effect, suggesting a mechanism
that is independent of both cannabinogdeptors. Although there may be more
than one mechanism responsible for the neuroprotective effects of cannabinoids,
there is real therapeutic potential fonnabinoid use to improve the neurological
outcome of patients that suffstroke or cardiac arrest.
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1.8.4 Septic Shock

Septic shock is a condition that candaaised by bacterial infection, trauma and
ischemia, inducing the production of the pro-inflammatory cytokine tumour
necrosis factora. (TNFa). The heightened levels of TNFresult in fever,
sickness, hypotension, stimulation of gy and stress hormones, haemorrhage
of the Gl tract and lurgyand, ultimately, death. €e are no drugs currently
available that are effective in treatisgptic shock, but aysthetic cannabinoid
compound is now undergoing phase Il clinical trials for severe head injury. This
compound, dexanabinol (HU-211fjgure 1.16), is an enantiomer of the potent
synthetic cannabinoid HU-210, but is npsychotropic and has no significant
affinity for the cannabinoid receptors. fhseptic shock was induced in rodents
by administration of the bacteriendotoxin lipopolysaccharide (LPS), HU-211
rescued a high percentage of the animals from diathiro, it was demonstrated
that HU-211 markedly decreased TdNFproduction by cells exposed to LPS,
though the mechanism of itsten are unclear (Gallilet al, 1997). Currently, it

is not known if the effects of HU-211 areadtly receptor-independent or if it is
acting at an, as yet, undiscovered cémmaid receptor. Nevertheless, HU-211
may prove to be a very important drug fbe treatment of septic shock, which is

a major cause of mortality in intensive care units worldwide.
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Figure 1.16 The structure of HU-211, a nonyahotropic cannaboid effective
in the treatment of septic shock.

1.8.5 Inflammation
Another historical use of cannabis is theatment of inflammi#on. It is now clear
that there are a number of mechanidmswhich cannabinoids exert their anti-

inflammatory effects, and these areegwminantly due to activation of CB2
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receptors. One of the first studies suggesting that CB2 receptors are involved in
the anti-inflammatory actions of cannabids was performed with the murine T-

cell line EL4.IL-2. In untreated cells, &M causes the activation of protein
kinase A which, in turn, activates specifianscription factors that subsequently
induce the transcription of genes edioy the pro-inflammatory cytokine
interleukin-2 (IL-2) which is involved imoth humoral and demediated immune
response. When cells were pre-treated WitTHC, forskolin-stimulated cAMP
synthesis was inhibited and subsequeandgcription and secretion of IL-2 was
also decreased. This effect was concentration-dependent and, as Northern blotting
showed the presence of the CB2 receptor but not CB1, was assumed to be
mediated by CB2 (Condiet al, 1996). However, at the time of this study, the
CB2 receptor antagonist SR144528 had not been developed and, therefore, the
role of CB2 was only speculative.

A further mechanism for the anti-inflammatory effects of cannabinoids was
demonstrated in the macrophage dgle RAW 264.7. When these cells were
exposed to LPS, there was an increasieénnuclear binding of the transcription
factor NFkB/Rel which resulted in an increase expression of inducible nitric
oxide synthase (iNOS). INOS catalyses skiethesis of nitrioxide (NO) which is
involved in the cytolytic function of acrophages. Pre-treatment of these cells
with A%-THC inhibited the LPS-induced up-regulation of NO production by
inhibition of the cAMP cascade (Jeet al, 1996), thereby down-regulating T-

cell cytolytic activity. Again, this workvas done before the development of a
CB2 receptor antagonist and, although CB2 receptor mRNA, but not CB1 receptor
MRNA, was detected in these cells, it can only be implied that CB2 receptor
activation causethis suppression.

Further work published before the development of a CB2 receptor antagonist
investigated the effect of carmaoid receptor ligands on pulmonary
inflammation in mice. Inhalationof LPS caused a macrophage-mediated
inflammatory response, apparent by massive recruitment of neutrophils and
release of TN&. BothA®-THC and WIN 55-212,2 reducettutrophil recruitment

and TNFe. production with WIN 55-212,2 being m effective, consistent with

its higher affinity for the CB2 recepto The effects of anandamide and

palmitoylethanolamide were not as pronounced. Anandamide reduced aidF
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neutrophil recruitment owl at the Ilowest concentration tested, while
palmitoylethanolamide decreased TdNBnly at the highest concentration and did
not affect neutrophil levels (Berdyshest al, 1998). This suggests that
anandamide and palmitoylethanolamide aatifferent receptors and, considering
its lack of affinity for the CB1 and CBreceptors, palmitoylethanolamide possibly
exerts this effect by interaction with CB2-like receptors.

More recently, a pro-inflammatory effecf cannabinoids has been described
using HL60 cells, a human promyelocytcell line that expresses the CB2
receptor, but not the CB1 receptor. In these cells, CP-55,940 was shown to up-
regulate the synthesis of the-chemokine interleukin-8 (IL-8) and thg-
chemokine monocyte chemotactic prot&ifMCP-1). Both IL-8 and MCP-1 are
pro-inflammatory and have been detecteda number of conditions including
asthma, rheumatoid arthritis andflammatory bowl disease. The CP-55,940-
stimulated synthesis of these chemokiveas abolished by pre-treatment with
pertussis toxin, suggestinthe involvement of a fg-coupled GPCR, and
antagonized by SR144528, implicating adima of CB2 or CB2-like receptors
(Jbiloet al, 1999).

Cannabinoids undoubtedly have anti-inflammgafaroperties but the full extent of
their actions within the immune systeramains to be elucidated. The CB2
receptor is emerging as a target foti-anflammatory drugs, and the recently
described CB2-selective agonists are likelyo&oable to exert anti-inflammatory
effects without the psychotropic affednon-selective cannabinoids. Indeed, the
synthetic cannabinoid HU-308 has been shitwbe inactive at the CB1 receptor,
yet has an anti-inflammatory effect dteeits high affinity for the CB2 receptor
(Hanuset al, 1999). This is also true for the orally active anti-inflammatory
cannabinoid CT-3. This compound is non-psychotropic, although the exact
mechanism of its anti-inflamnary action is unknown (Dajasett al, 1999). There

is also the potential for the developmenmokel therapeutic strategies to reverse
cannabinoid-induced producti@f IL-8 and MCP-1. If an inverse agonist could
down-regulate these chemokines, it may find applications in autoimmune

diseases.

46



1.8.6 Cancer

It is now becoming apparent that bathdogenous and exogenous cannabinoids
possess anti-cancer activity through reoepidependent and receptor-mediated
mechanisms. The first potential an@incer mechanism is the induction of
apoptosis (programmed cell death) bgamnabinoid receptor-independent route.
AS-THC has been shown to induce apoptasisiurine splenocytes and peritoneal
macrophages by a dual mechanism invaviwo intracellular proteins (Zhet al.,
1998). The first of these, caspase-1niived in the processing of interleukif-1
(IL-1B), a cytokine implicated in the induction of apoptosis, from immature3iL-1
to mature IL-B. A>-THC increased caspase-1 levels in these cell types, hence
increasing IL-B processing. The second proteirerscoded by the gene Bcl-2 and
is involved in suppression of apoptosiS: THC inhibited transgption of Bcl-2,
thus attenuating the protection from apooblowever, from this evidence it is
not clear whether these effects are medidtty cannabinoid receptors or not as the
effects of cannabinoideceptor antagonists of’-THC-induced apoptosis were
not studied. However, another study has shownAhaitHC-induced apoptosis is
unlikely to be due to activation of carmaoid receptors. Usg human prostate
cancer (PC-3) cells\~THC was shown to inducepaptosis in a dose-dependent
manner. However, the synthetic amalkylindole WIN 55-212,2, which is more
potent and efficacious thaxi-THC at both cannabinoid ceptors, failed to induce
apoptosis in PC-3 cells. Moreover, the Citeptor antagonist AM251 failed to
antagonize the effects af-THC. Pre-treatment of theells with pertussis toxin
also had no effect on’-THC-induced apoptosis, suggesting that GPCRs are not
involved in this mechanism (Ruét al., 1999).

There is also evidence that cannahilsocan exhibit anti-tumoural activityia
cannabinoid receptors. An vivo study to investigate theffect of cannabinoids
on malignant gliomas in rats demonstrated that wkiehHC or WIN 55-212,2
were injected directly in to the tumquhere was a significé reduction in the
size of the tumour in comparison to rats injected with the vehicle (Galve-Roperh
et al, 2000). WIN 55-212,2 was more effective th&hTHC and was active at
lower doses (10 % of th&®-THC dose), consistent with the relative affinities of

the two compounds for the cannabinoid receptors. In additlsHC, WIN 55-
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212,2, CP-55,940 and HU-210 were all showimtiuce apoptosis in cultured rat
glioma C6 cells. When cannabinoid recepatagonists were added to the assay
system, neither the CB1-selectivetayonist SR141716A nor the CB2-selective
antagonist SR144528 attenuated the apopédtéct when added alone. However,
when the two antagonists were addedether, the effect of the cannabinoid
receptor agonists was reversed, sutiggsa synergistic mechanism involving
both cannabinoid receptors$:urther investigations in to the mechanism of
cannabinoid-induced apoptosis showétht accumulation of ceramide and
activation of the extracellular signal-regulated kinase (ERK) cascade, both
implicated in apoptosis, were inducedAYTHC.

Further anti-tumoural actions of cannatids have been described in human
breast cancer cells (HBCCsh the EFM-19 and MCHF- cell lines, anandamide,
2-AG, (R)-methanandamide and HU-210 wereshlbwn to inhibit proliferation in

a concentration-dependent manner. THisot was not due taell toxicity or
apoptosis and was inhibited by ti#B1 receptor antagonist SR141716A (De
Petrocelliset al, 1998). Furthermore, EFM-19 celgere shown to synthesize
both anandamide and oleamide and express FAAH. Both compounds inhibited
proliferation of the cells with 165 values of 2.1 and 11,3M, respectively, and
when an ineffective concentration ofeamide was incubated with anandamide,
the anti-proliferative effecbf anandamide was enhanced. The effects of both
compounds were attenuated by SR141716A, suggesting a CBl-dependent
mechanism of action. These data also ssgtet oleamide exerts its effects by
inhibition of FAAH, thus increasing themount of anandamide available to bind
to the CB1 receptor (Bisograt al, 1998). A more in-depth study has revealed the
potential signalling mechanisms for theignroliferative action of anandamide in
HBCCs. In these cells, prolactin and nerve growth factor (NGF) induce
proliferation by activating the prolactireceptor (PRLr) and the high affinityk

NGF receptor, respectively. Anandamidas shown to down-regulate PRLr and
trk NGF receptor expression in MCF-7 HBCCs, thereby inhibiting their
proliferation. This effect was #&mgonized by the SR141716A, implicating
activation of the CB1 receptor, and svaaused by the inhibition of adenylate

cyclase and activation dAPK signalling (Melcket al, 1999a). Furthermore,
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oleamide also potentiated the anti-prolifera effect of anandaide in these cells,
again suggesting enhancement of activigythe inhibition of FAAH.

The data described above show thatncer chemotherapy is a potential
therapeutic application afannabinoids and cannabimimetic compounds, although
the exact cellular mechanisms of actioi eequire full elucidation. As described
previously, cannabinoidare also immunosuppressive and may affect the body’s
defences against cancer, though many efithmunosuppressive effects appear to
be mediatedvia the CB2 cannabinoid receptor. The anti-tumoural effects,
however, are predominantly CB1 receptordiméed and, therefore, CB1-selective

cannabinoid agonists may prove to be effective anti-tumoural drugs.

1.8.7 Schizophrenia

The causes of schizophrenia are notl wederstood, but theris evidence to
suggest that dysfunction of the endoges cannabinoid system may be a
causative factor. An example of this tise examination otisual illusionary
perception in non-schizophrenic patietisfore and after intoxication with®-

THC. It was found than®THC induced abnormalities iperception that were
similar to those exhibited by schizophrepatients, suggesting a role for the CB1
receptor in this process (Emrieh al, 1997). More recently, it has been shown
that levels of anandamide and pabglethanolamide are gnificantly higher in

the cerebrospinal fluid of schizophrenmsmpared to non-sctophrenic subjects
(Leweke et al, 1999). Although wider ranging stedi must be performed to
confirm this and to elucidate the mecisms by which these compounds affect
schizophrenia, CB1 antagonists may prove to be novel therapeutics in alleviating
the symptoms of this condition. Indeed, the selective CB1 receptor antagonist
SR141716A is currently undergoing phase klinical trials as a potential

treatment for schizophnia (Kendall, 2000).

1.8.8 Hypertension

It is well established that cannabis sasl a reduction in blood pressure and the
mechanisms by which this occurs are nateast partially, understood. It is now
apparent that the endotheh of blood vessels is ammportant regulator of

vascular tone and there are two magmmdogenous species implicated in this
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process. The first, endothelium-deriveglaxant factor (EDRF), has been
identified as nitric oxide while the idéty of the second species remains unclear.
This species is known as the endothaliderived hyperpolarizing factor (EDHF)
and causes hyperpolarization orpotarization of the endotheliunvia the
activation of K channels, resulting in vastation. Both NO and EDHF are
released from the vasculature by treatment with the acetylcholine receptor agonist
carbachol. However, when NO syntlesvas blocked, carbachol caused dose-
dependent relaxations in the rat mesentarierial bed that were antagonized by
SR141716A. This suggests that EDHF maywa&tCB1 receptors and, therefore,
may be an endogenous cannabinoid (Raredall, 1996). Furthermore, thin layer
chromatography analysis of the effluerdrfr perfused mesentes that had been
pre-incubated with®H]-arachidonic acid revealedcampound that co-eluted with
synthetic anandamide. The productioh this compound was increased by
carbachol treatment, suggesting tha@radamide, or a very closely related
compound, may be an EDHF. However, theralso evidence #t suggest that
anandamide is not an EDHF. Plagteal. (1997) demonstrated that anandamide
caused smooth muscle relaxation in themasenteric arterput this relaxation,

and that caused by EDHF, was not inhibited by SR141716A nor mimicked by
HU-210 or WIN 55-212,2. However, further work by Randell al. (1997)
comparing the pharmacology of anami@de and EDHF strengthened the
hypothesis that anandamide is abHE. The anandamide-induced and EDHF-
mediated relaxations of the isolatet mesentery were both blocked by high K
and opposed by blockading Khannels. Putative EDHRhibitors also inhibited
anandamide-induced and EDHF-mediateslaxation, showing that the two
species have very similar pharmacologipeofiles. This apparent relationship
between the EDHF and anandamide has hésn demonstrated in the coronary
vasculature of the rgRandall & Kendall, 1997).

Further evidence thaanandamide may be an endoges mediator of vascular
tone was demonstrated using the anamnda uptake inhibitor AM404. Systemic
blood pressure in anaesthetized guipgs was decreased by anandamide and
this effect was antagonized by SR141716A, implicating a CB1 receptor-dependent
mechanism. The anandamide-mediated decrease in blood pressure was
independent of the autonomic nervoustsyn and significantly prolonged by the

AMA404, suggesting that the anandamide gpamter is present in the vasculature
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and is one mechanism by which the odikatory effects of anandamide are
terminated (Calignancet al, 1997). However, evidence now suggests that,
although anandamide causes dilation of thecukature, it is unlikely to be an
EDHF. In the rat mesenteric arterial bed, EDHF-mediated vasorelaxations were
inhibited by the selective CB1 receptmtagonist LY320135 but were insensitive

to SR141716A, SR144528 and AM630. In addition, anandamide-induced
vasorelaxations were insensitive to LY320135, suggesting that anandamide is not
an EDHF and that a CB1-like receptor, but not CB2 receptors, may have a role in
EDHF-mediated vasorelaxations (Hares al, 1999; Harris, unpublished data).
Further evidence exists that EDHF actsaat as yet, unidentified cannabinoid
receptor. The non-psychotropic cannabinoid abnormal cannabiigjote( 1.17)

does not bind to the CB1 cannabino@teptor but causes SR141716A-sensitive
hypotension and vasodilation in mice. This compound also induces these effects in
mice lacking the CB1 receptor or both the CB1 and CB2 receptors. In addition,
the vasodilation caused by abnormal cannabidiol is not affected by blockade of
NO and is abolished by removal of the endothelium (Jiral, 1999). Together
these data suggest that abnormal cannabidiol is an agonist of a CB1-like receptor
located within the endothelium and i NO-independent sadilation in the
mesentery, consistent with the release of an EDHF.

Figure 1.17 The structure of abnormeannabidiol, a non-psychotropic

hypertensive compound.

Finally, evidence is now emerging traiggests 2-AG may be an EDHF. When
carbachol was applied to the rat aoaAG levels were found to be five times
higher than in control»@eriments and, when the endothelium was removed, no
change in 2-AG levels was meadilirén addition, when exogenous 2-AG was
administered the mean arterialobtl pressure was significantly reduced

(Mechoulamet al, 1998). Although further invagations are necessary to
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determine the role of 2-AG in endothelium-dependent vasorelaxations, the CB1-
like receptor implicated in the actiom$ LY320135 and abnormal cannabidiol

may be an endogenous 2-AG receptor.

Thus, it appears that endogenous cannabinaiuts particularly 2-AG, play a role
in the maintenance of vascular tone, possifdyan as yet undiscovered CB1-like
receptor in the endothelium. Specific agonists for this receptor as well as
inhibitors of endocannabinoid uptakenda hydrolysis have real therapeutic

potential as antivypertensive drugs.

1.8.9 Summary

The effects of cannabinoids and cannabigtios described above show that there
is great potential for drugs that actieathe cannabinoid receptors or increase
endocannabinoid signalling by inhibitingptake or hydrolysis. The increasing
evidence indicating the existence of disti€B1-like and CB2-like receptors also
provides the possibility thatpecific agonists or arganists of these receptors
could become clinically important ithe future. This would be especially
significant if the positive therapeutic potential of cannabimimetics can be
uncoupled from undesirable psychoactigffects as has been observed for
compounds such as HU-308 and CT-3.

1.9 Aims and Objectives

At the time this researclvas started, elucidation ¢fie endogenous cannabinoid
system was at a relatiyekarly stage. Although éhcannabinoid receptors and
FAAH had been discoverethe anandamide transportead yet to be described
and there was no evidence of CB1- and CB2-like receptors. In addition, there
were few selective ligands for edth cannabinoid receptor and only one
antagonist, SR141716A. Nevertheless,wias obvious that there was great
therapeutic potential in modulators efidocannabinoid signalling. Therefore, the

aim of this research was to develop cannabimimetic drugs that could act as
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pharmacological tools or therapeutic agents by acting as cannabinoid receptor
ligands, whether agonists or antagonisisjnhibitors of FAAH. The following
chapter describes the design and lsgsis of these compounds. Subsequent
chapters describe the analysis oé teffects of these compounds, if any, on
endocannabinoid signalling, namely their ability to bind to the cannabinoid

receptors and inhibit both anandamide uptake and fatty acid amide hydrolase.
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Chapter 2:

Chemical Synthesis
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2.1 Introduction

As part of a strategy to develop potehtiannabimimetic agents, three classes of
target compound were proposed. This ¢baplescribes the rationale behind the
development of these novel species and the methodologies employed for their

synthesis.

2.1.1 Aryl Ethanolamides

Anandamide is the ethanolamide derivatof arachidonic acid. W this in mind,

it was hypothesized that the ethanolareidé compounds that mimic arachidonic
acid may display cannabimimetic activity. Aspiriig(re 2.1) is a non-steroidal
anti-inflammatory drug that competder binding to cyclooxygenase (COX)
enzymes with arachidonic acid, the matusubstrate of COX. Preliminary
evidence from the University of Nottinghashowed that, at a concentration of 30
uM, aspirin ethanolamide displaced 23 % of specifit]{CP-55,940 binding to
rat cerebellar membranes and, thereftines compound possessed some affinity
for the CB1 receptor (Millns, unpublishedtala Computer modelling studies have
shown that in order to bind to the CB1 receptor, the carbon chain of anandamide
must be folded and that this foldins energetically favourable (Thomes al,
1996). Therefore, the affinity of aspirathanolamide for the CB1 receptor may be
at least partly explained by the distrilmutiof negative charge in its benzene ring
mimicking the “pocket” of negative charge formed by the double bonds of
anandamide on the folding of its carbon chain.

In addition to this preliminary data, thereaiso evidence in the literature of drugs
with actions that overlap betweerO& enzyme inhibition and the endogenous
cannabinoid system. Firstlthe development of the aminoalkylindole pravadoline
and related compounds as describedaation 1.7.1demonstrated that inhibitors
of COX enzymes could bind to the CB1 cannabinoid receptor éBall, 1991).
Relatively minor structuraalterations of these ngpounds abolished their COX
inhibition while dramatically inaasing their CB1 affinity (Dambret al, 1992).
More recently it has been shown that the NSAID ibuprofeyure 2.1) and its
related compounds inhibit FAAH in rat brain (Fowétral, 1997a; Fowleet al,

1997b), thereby exerting a cannabimimetic effect by increasing endogenous
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cannabinoid levels. Moreover, this inhibition occurs at pharmacologically relevant

concentrations with 165 values between 50 and 6pMI.

o Aspirin Ibuprofen

Figure 2.1 The structures of the M$Ds aspirin and ibuprofen.

Based on the preliminary binding data &spirin ethanolamidand the hypothesis
of an interaction between NSAID:1& their derivatives and endocannabinoid
signalling, the synthesis @ryl ethanolamides (AES)ith the general structure

shown infigure 2.2 was proposed.

R, H
g
Rs X
R2

Figure 2.2 The general structure of potential/l ethanolamide cannabimimetics.

R1-R4 represent substituent groups.

As nothing was known about the struetlurequirements for AE binding to
cannabinoid receptors, if any, it was necessaiyclude some structural diversity
in their synthesis in order to elucidatny structure-activity relationships. To
achieve this, target compounds weatesigned using commercially available
starting materials that provided diversitythe substituent groups on the benzene
ring and the presence or absence of acspabetween the benzene ring and the
ethanolamide group. The initial nowarget compounds are showrtable 2.1 If

any of these compounds mimicked anandamide by showing affinity for the
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cannabinoid receptors, it would also be likely that they would act as substrates for
the anandamide transporter and FAAH. Efere, the aryl ethanolamides had the
potential to exert cannabimimetic activity three ways, namely activation of the
cannabinoid receptors and elevation exidocannabinoid levels by acting as

competitive inhibitors of endocannabinoid transport and hydrolysis.

Compound R R> R3 R4
AE1l CH=CH H OH H
AE2 CH=CH H H H
AE3 - H H H
AE4 CH H H H
AE5 CH,-CH, H H H
AEG CH-CH H H H
AE7 CH 3-OH H H
AE8 - 3-CH30 H 5-CH;0
AE9 - 3-Cl H H
AE10 - 2-CH30 H 6-CH;0
AE11 - 2-CH30 CHO H
AE12 CH-OH H H H
AE13 CH H Ph H
AE1l4 Naphthyl- - - -

Table 2.1 Target aryl ethanolamide compounds.

2.1.2 Phosphinic Acids

Phosphinic acids are phosphorus-contgjnspecies based on the tetrahedral
parent compound phosphinic acid. Phosphiacid itself exists in equilibrium
with phosphonous acid but, as shownfigure 2.2, due to the stability of the

phosphoryl group, the equilibrium lies well to the left.
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H” ] H Ho” OH
OH =
Phosphinic acid Phosphonous acid

Figure 2.2 The structures and equilibm between phosphinic acid and

phosphonous acid.

A therapeutically significant use of phosplairicid derivatives is the inhibition of
amidase-catalysed amide bond hydrolysis. This process prodaetsetrahedral
transition state as depicted figure 2.3 and, as the phosphinic acid moiety is
itself tetrahedral, it can act as a stableniiof this intermediate structure. If the
amide bond of a natural enzyme substrat replaced witha phosphinic acid
moiety, the resulting compound can actaagransition state enzyme inhibitor,
competing with the natural substratetla¢ active site (Bartlett & Kezer, 1984;
Bartlettet al, 1990).

Figure 2.3 Proposed mechanism of amide bond hydrolysis.

It was proposed that the ability of plpbsnic acids to act as transition state
enzyme inhibitors could be used ttevelop cannabimimetic compounds that
inhibit the ability of FAAH to hydrolyseendogenous cannabinoids. To this end,
two classes of phosphinic acid, the pyle and alkylphosphinic acids, were

designed.

Phenylphosphinic Acid Derivatives

The phenylphosphinic acid (PPA) template (sd#e 2.2 is based on that of aryl
ethanolamides, with the amide bond esmgld by the phosphinic acid moiety.
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Since AEs are potential cannabinoidceptor ligands and may themselves
competitively inhibit FAAH, the phosphiniacid moiety should confer resistance

to FAAH, making these compounds more pornboth targetdn addition to the
inclusion of the phosphinic acid grouthe PPA compounds are structurally
different to the aryl ethanolamides. Apoet in the literature, published after the
completion of AE synthesis, demonstrated that the hydroxyl group of anandamide
is not necessary for CB1 receptor affindypd, in fact, is Ightly detrimental
(Sheskinet al, 1997). It was also shown that anandamide analogues\vatkyl
groups including propyl, butyl, isopropyl and isobutyl have higher affinity for the
CB1 receptor than the parent compound. For this reason, the target PPA
compounds shown itable 2.2 include these alkyl substituents as well as the
hydroxypropyl group which was designed adire@ct mimic of anandamide itself.

As nothing was known about thateractions, if ay, of this typeof species with

the endogenous cannabinoid system, yimhesis of compounds PPA2, PPAS5 and
PPA7 was also attempted. If biologicallyiaet the long alkyl chains should offer
increased lipophilicity, which may be impant for transport across biological

membranes.

0]
[
N R
| OH
F
Compound R
PPA1 Butyl
PPA 2 Decyl
PPA 3 3-Hydroxypropy!
PPA 4 Isobutyl
PPA S Octadecy!
PPA 6 Isopropyl
PPA 7 Hexadecyl
PPAS8 Propyl

Table 2.2 Target phenylphosphiniacid derivatives.

59



Alkylphosphinic Acid Derivatives

The ultimate aim of alkylphosphinic acid synthesis was the development of
anandamide analogues in which the amidnd is replaced with the phosphinic
acid moiety. In theory, such compoundsuM mimic the ability of anandamide to
bind to the cannabinoid receptors and as substrates of the anandamide
transporter. In addition, these compoundsild be stable to hydlysis and act as
transition state FAAH inhibitors, thereby having a longer duration of action than
anandamiden vivo and increasing endocannabinoid levels. However, in order to
utilize commercially available starting materials and develop an effective
synthetic methodology, it was decidedatthsaturated alkylphosphinic acid
compounds would be synthesized befameorporation of unsaturated carbon
chains was attempted. The target alkylphosphinic acid compounds shtattein

2.3 also have cannabimimetic potentiabwever. The di-substituted compound
APA6, for example, is the Iallphosphinic acid analogue of
palmitoylethanolamide, albeit laicky the hydroxyl group. As described
previously, palmitoylethanolamide is nalvought to act at peripheral CB2-like
receptors and has been shown to be a substrate for FAAH, competing with
anandamide (Tigeet al, 2000). Compounds such as APAG6 that are analogous to
endogenous fatty acid amides should, eotly, also compete for FAAH binding
while being resistant to hydrolysisemselves. It was shown section 1.7.3that
there are a number of existing satudagynthetic FAAH inhibitors, namely the
sulphonyl fluorides, the trifluoroethyl ketones and the methyl
fluorophosphonates. These compounds potently inhibit FAAH wighu&lues as

low as 3 nM and, therefore, analogous glkgsphinic acids have the potential to
exhibit similar pharmacological effects withe added possibility of affinity for

the cannabinoid receptors.
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R R
OH

Compound R R’
APA1 Decyl H
APA2 Hexadecyl H
APA3 Octadecy! H
APA4 Decyl Decyl
APA5 Decyl Butyl
APAG6 Hexadecy! Butyl
APA7 Octadecyl Butyl

Table 2.3.Target alkylphosphinic acids.

The remainder of this chapter descrilties methodologies utded to synthesize

the three classes of potential cannabimimetics and the results that were obtained.

2.2 Experimental Methods

2.2.1 Aryl Ethanolamides

A simple disconnection of the aryl ett@damides showed that they could be
synthesized by the reaction of the appiater carboxylic acid with ethanolamine.
To achieve this, it was necessary to atgvthe carboxylic acid, thereby making it
susceptible to nucleophilic attack by #mine. Two different methodologies were

employed for aryl ethanolamidgrghesis and are described below.

Acid Chloride Strategy

A common method used to activate a carbaxgkid is to convert it to its acid

chloride derivative. This species can themergo attack by a nucleophile, in this

case ethanolamine, to form a new amide beotéme 2.1
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j\ - R)O]\CI

R OH
Acid Chloride

N> )OJ\
OH

Scheme 2.1Acid chloride strategy of argthanolamide synthesis. R = aryl.

It was proposed that thactivation step should be c&d out by the reaction of

the carboxylic acid with an excess oxalyl chloride. The advantage of this
method is that the oxalic acid by-prodwétthe reaction decomposes to liberate
carbon monoxide and carbon dioxide, thlisving the reaction forward. Hence,
for these reactions, the carboxylic acidswdissolved in an appropriate solvent
and stirred with a slight molar excessaxalyl chloride forbetween 30 minutes
and 3 hours, with the progress of the reacperiodically monitored by thin layer
chromatography (TLC) for disappearancetwd carboxylic acid starting material.
Acid chlorides are sensitive to moisture, undergoing hydrolysis back to the
carboxylic acid so, to counter thisgbtem, glassware was oven-dried and dry
solvents were used. In order to preivatmospheric water affecting the reaction,
either a silica guard tube or a dry, inert atmosphere was employed. A mechanism

for this reaction is proposed stheme 2.2

Rib@o - Ri;;g{o —>§j\zij

(o © _ J

Oxalyl chloride Cl

HO O

R Q=

Scheme 2.2Proposed mechanism for the reaction of a carboxylic acid with oxalyl

chloride.
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After the initial reaction with oxalyl chloride, synthesis of the aryl ethanolamide
was attempted by the addition of excess ethanolamine to the reaction mixture and
stirring for between 2@ninutes and 2 hours¢heme 2.3 again monitoring the

reaction by TLC.

Cj\ - . /T?/\/OH )OL+/\/OH

+
R N R NH
R) cl (g Hy (_\FI'Q)
HoN Cl
1
OH
R H/\/ + HC

Scheme 2.3Proposed mechanism of the reactof ethanolamine with an acid
chloride.

On completion of the reaction, the solution was washed with aqueous acid and
base to remove basic and acidic impusitieespectively, and the crude product
analysed by TLC antH nuclear magnetic resonance (NMR) spectroscop$HIn
NMR spectra, ethanolamide protons agpes a quartet and an adjacent,
downfield, triplet at approximately 3.0 to 4.0 ppm. If these peaks were observed

in the NMR spectrum, the crude product was purified by flash column
chromatography.

If a synthesis proved to be unsuccesstulyas likely that the acid chloride had

not formed in the first step, possibly because due to the carboxylic acid not being
a strong enough nucleophile to react dffety with oxalyl chloride. In an
attempt to drive the reaction forwards otdifferent approaches were taken. The
first was to simply increase the reactitime, while the second was the use of
N,N-dimethylformamide (DMF) aa catalyst as shown stheme 2.4
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MezN
H
DMF
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_O)H(Cl @]
<\El o) QOJ\I(Q
+ +
MezN‘ﬂ/ B Me2N=< O
H H
O Cl

O O /o)
)]\O/(Hiil}lMez —_— R)I\CI + MezN—<H

Scheme 2.4Proposed mechanism of DMF-catsgd acid chloride synthesis

using oxalyl chloride.

Another possible detrimental effean the synthesis was the reaction of
ethanolamine with unreacted oxalythloride. Although the excess of
ethanolamine used should have “mopped up” the oxalyl chloride, it, along with
the reaction solvent, was removeaa vacuo in some syntheses to prevent
unwanted side-reactions. The crude acid ritidoresidue was then redissolved in

an appropriate solvent beforédition of excess ethanolamine.

Coupling Strategy

An alternative method employed in amibdond formation is the use of coupling
agents, so called because they couptarboxylic acid and an amine togethe
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an intermediate that is more susceptitdeelectrophilic attack than the parent
acid. Using a coupling agent, amide bogdtkesis can occur itwo ways. When

a coupling agent is reacted with a carboxylic acidDQeaacyl urea is formed. The
first possible route of amide bond synthesithes direct reaction of an amine with
this species. The alternze route involves a second carboxylic acid molecule
reacting with the-acyl urea to form a symmetramhydride, which can then react
with the amine to form an amide bond. Both routes are likely to occur to varying

extents when using a coupling agent and are depictetheme 2.5

AN \/|\/\ O-Acyl urea
o) I 0 N
0 A
R OH + C R O—CIZ
I —R
N NH HN=R
\/lv\ \fl\/\ 0
Coupling
Agent O R)J\N/R
PN H
R OH

O O H,N—R'

PPN

R "0 'R
Symmetric anhydride

Scheme 2.5Coupling strategy of angthanolamide synthesis.

For some compounds, wheretbxalyl chloride method pwved unsuccessful, this
reaction was attempted with the cting agent 1-(3-dimethylaminopropyl)-3-
ethycarbodiimide hydrochloride (EDC)A mechanism for this reaction is

proposed irscheme 2.6

For these reactions, the carbagyacid was dissolved ian appropriate solvent
and stirred with an excess of EDCr foetween 5 minutes and 1 hour. Excess
ethanolamine was then addedthe reaction mixture and stirred for 30 minutes to
19 hours. A silica guard tube was empldyer the duration of the reactions,

which were monitored by TLC.
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Scheme 2.6Mechanism of aryl ethanolamide synthesis using the coupling agent
EDC.

Precipitated by-products wefitered off, the solution washed with aqueous base

and the crude product analysed by TLC dhtl NMR spectroscopy. If the
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ethanolamide product was evident, the crude product was purified by flash column
chromatography.

A problem that can occur in reactions of this type is the formatidhaxdylureas,
which reduce the yield of the desiredbguct. These species form by inter- or
intramolecular rearrangementscieme 2.y which may be reduced by the

introduction of a catgkt to the reaction.

AVal v

o | o o |
do L3
R @_(I: R %) R O=C|:

NH NH
A A
Intramolecula Intermolecula
X
R Il\lj\'
o=c|:
NH
An
N-Acyl urea

Scheme 2.7Mechanisms of intra- and intermolecublsacylurea formation when

using coupling agents.

Two catalysts, 1-hydroxybenzotriazol@lOBt) and 4-dimethylaminopyridine
(DMAP), were employed irthese reactions to redudé¢acylurea occurrence.
These compounds react with t®eacylurea and symmetric anyhdride as soon as
they form, thereby reducing the formation of thecylurea. The intermediates
formed by these reactions are morescgptible to nucleophilic attack by
ethanolamine than the anhydridself and, thus, the aetion is also catalysed
(schemes 2.&nd2.9).
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Scheme 2.8Mechanism of HOBt catalysia the EDC coupling reaction.
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Scheme 2.9Mechanism of DMAP catalysias the EDC coupling reaction.

The results of both the acid chloride arwipling strategies faaryl ethanolamide
synthesis are describedsaction 2.3.1

2.2.2 Phenylphosphinic Acids

Until recently, the formation of phenylphosphinic acid derivatives was limited by
the lack of a suitable methodology ftreir synthesis under mild conditions.
However, Boyd and co-workers developediexible synthetic strategy in which
phenylphosphinic acid is silylated the presence of a baselig(trimethylsilyl)
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phenylphosphonite (BTSPP). This trivalespecies can thaimdergo nucleophilic
attack to form a new carbon-phosphorbend when reacted with various
electrophilic species (Boyat al, 1996). In order to synthesize the PPA
derivatives shown itable 2.2 BTSPP was generat@usitu by stirring a solution

of phenylphosphinic acid with diisopgoylethylamine (DIPEA)RNd trimethylsilyl
chloride (TMSCI) for up to 3 hours. BT8Rwvas then stirred with the appropriate
alkyl iodide and the intermediate washeith aqueous acid thydrolyse the silyl
groups. The only exception to this sv®PA3, where 3-broopropan-1-ol was
used instead of an alkyl iodide. DIPEA wesed in preference to other bases as its
steric bulk reduces the risk of sideactions between the base and electrophile.
Since BTSPP is pyrophoric, these reactions were performed under an inert

atmosphere. The mechanism of this synthetic route is shogamé@me 2.10

Me3$|—CI
\
0 0
I , I .
P< 'Pr _P< ,/_\ 'Pr
Ph” 1 TH 2/ Ph” 1 "H NG
O ADN\ OTMS Et_N\i
H Pr  — » Pr
+ .
DlPEA Et_H_IPrZ
Me,Si— Cl —
€3 Iu ci
TMSCI
+ -
?TMS cl CI)TMS
Ph—P—R -— P.‘/ﬁ
(I) s Ph” “OTMS e
BTSPP )
Et—N— P I
H30+ t A r, C
o

Scheme 2.10Mechanism of the synthesis pifienylphosphinic acid derivatives
via the formation of BTSPP. R = alkyl, X = | or Br.
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One problem encountered in the purifioa of phosphinic acids is that they
interact with silica and, thereforepmventional chromatographic techniques can
not be used. Because of this, it was important that the reactions were driven to
completion in these syntheses. When a crude product was obtained, it was
analysed by'H and®P NMR spectroscopy. IfH NMR spectra, any remaining
phenylphosphinic acid producedistinctive P-H doublet between6.0 and 9.0

ppm with a large coupling comt of 500-600 Hz, and a singf® peak at
approximatelyd 25-30 ppm. Alkyl-substitied PPAs gave a singfeP peak at
approximatelyd 40-50 ppm. If a phenylphosphinacid peak was evident, the
reaction had not reached mpletion and repeat reaati® were performed in
which reaction time and equieats of reagents were altered to drive the reaction
forwards. The results of the phenylphosphiacid syntheses are described in

section 2.3.2

2.2.3 Alkylphosphinic Acids

Until recently, the most common method @fosphinic acid synthesis was the
Arbuzov reaction. This reaction involvebe nucleophilic displacement of an
appropriate leaving group, usually a halide, from carbon by a substituted
phosphonite ester, resuigj in a phosphinate ester. As depictedcheme 2.11

subsequent acidic hydrolysis of thster forms the free phosphinic acid.

x_/\v
/N R
ll?l Heat <\(|3 (”3
RO OR R~ 1 R R 1 R
u 1 OR 2 1 OR 2
H;O"
O
1]
P<
R 1 R
1 OH 2

Scheme 2.11Phosphinic acid synthesiga the Arbuzov reaction. R,1RR, =
alkyl, X = halide.
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However, the Arbuzov reaction is limitedy the restricted availability of
phosphonite starting materials atieé high temperatures of 120-160 that are
required. These temperatures mean thatstarting material, halide and product
must be thermally stable to withstathése harsh conditions. Recently, however, a
flexible methodology was developed fphosphinic acid synthesis under mild
conditions (Boydet al, 1990; Boydet al, 1994). In this methodology, similar to
that used in the synthesis of pheghadsphinic acid derivatives, ammonium
phosphinate is reacted witlexamethyldisilazane (HM$) to silylate the oxygen
atoms and form the reactive, trivalebis(trimethylsilyl)phosphonite (BTSP).
Nucleophilic attack by BTSP on an alkyl fddiresults in theisplacement of the
halide ion and formation @& new carbon-phosphorus bond.

In the synthesis of alkylphosphinic acid compounds, showscheme 2.12
ammonium phosphinate was heated wiith equivalents oHMDS for 2-3 hours

at 110-120°C to generate BTSP, which was then stirred at room temperature with
the appropriate alkyl iodide. Forthe synthesis of mono-substituted
alkylphosphinic acids, the ream was terminated at thistep by washing with
agueous acid to hydrolyse the silyl grouptowever, for the synthesis of di-
substituted alkylphosphinic acids, more B8 was added to the reaction solution
at this point. Instead of acting as a lsiting agent, HMDS now acts as a hindered
base to deprotonate the intermediatel allow nucleophilic attack at a second
alkyl iodide. After stirring with the second iodidethe silyl groups were
hydrolysed with aqueous acid to liberathe di-substitutegroduct. As with
BTSPP, BTSP is pyrophoric so the rieaws were performed under an inert
atmosphere.

Alkylphosphinic acids, like the phenylphosptu acids, could not be purified by
normal silica chromatography, so these reactions needed to be driven as far as
possible towards completion. In addition to the problem of reactions being
incomplete, the major possible problesith mono-substituted alkylphosphinic

acid synthesis was the reaction procegdioo far, resulting in unwanted di-
substitution. The possible problems in the synthesis of di-substituted species were

more diverse, however.
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Scheme 2.12Mechanism of the synthesis of mono- and di-substituted

alkylphosphinic acidsia the formation of BTSP.

In addition to remaining ammoniumphosphinate and the presence of mono-
substituted product, the synthesis oé thsymmetric compounds could result in
both symmetric and asymmetric di-suhsgiin. To ascertain the extent of

reactions, products were analysed by NMR spectroscopy/PINMR spectra,

ammonium phosphinate appedras a single peak at9-10 ppm, while mono-
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and di-substituted APAs appeared as single peaks3842 ppm and 61-64

ppm, respectively. If undesirable phospi®meaks were evident, the reaction
times and reagent quantities were adjusted accordingly in an attempt to rectify the
problem. Fortunately, since ammoniuphosphinate is water soluble, small
amounts could be removed by aqueous washing if it was observed in the spectra.

The results of the alkylphosphiracid syntheses are describedgé@ttion 2.3.3

2.2.4 Physical Measurements

The physical characteristics of the successfully synthesized novel target
compounds were fully evaluated by ltiveg point analysis, NMR spectroscopy,

mass spectroscopy and elemental analysis. These data and general experimental
methodologies are described appendix A. Representative NMR and mass

spectra are shown appendix B.

2.3 Results and Discussion

2.3.1 Aryl Ethanolamides

The synthesis of the target aryl ethiameide compounds was largely unsuccessful
despite numerous attempts with variedateon conditions. Of # fourteen target

compounds, only five were synthesized successfully.

Acid Chloride Strategy

The results obtained from reactionsings the acid chloride strategy are

summarized irable 2.4 It is evident from these results that there is no definitive
set of conditions thatan be used for aryl ethanolale synthesis and the reaction
must be tailored to the individual carboixyacid starting materials. For instance,
of the successful syntheses, twotlé four compounds required DMF catalysis
whereas AE5 was successful with oitheut the catalyst. AE3 and AE4 are
structurally very similar to AE5 andEG6, but the former compounds were not
successfully synthesized despite attemysi;ig similar conditions to those that
proved successful for thetlar. The successful synsis of compound AE9 with a

relatively high yield can be easily explad. The chlorine atom on the benzene
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ring has an electron withdrawing effectda therefore, makes the carboxylic acid
and subsequent acid chloride more susilepto nucleophilic attack. On the other

hand, the failure to synthesize the methdgyivatives may be due to these groups
having an electron donating effect,etbby making the acid chloride less

susceptible to nucleophilic attack. A dian effect caused by the double bonds in
AE1 and AE2 may be responsible for their failure.

Coupling Strategy

The results of reactions performedngsthe EDC coupling strategy are shown in
table 2.5 Although this strategy was not egptd as thoroughly as the acid
chloride strategy, it is appent that there is no patterelating to the success of
synthesis and conditions used. The augcessful reaction, AE13, was performed
using DMAP and stirring overnight. This reaction time resulted in only a slightly
increased yield when compared to stigrifor 4 hours. AE1 and AE2 were totally
unsuccessful, presumably due to the deudtand adjacent to the acid functionality
affecting the acid chloride reactivity. Eand AE4 are the most structurally
similar compounds to the successfully synthesized AE13 and would be expected
to be synthesized successfully too. The okcatalysis in the attempted syntheses
of AE3 proved to have no beneficidfext. The aryl ethanolamide was formed
after stirring overnight with and withowatalyst, but angsis by TLC showed
there were numerous, close impurities meaning purification by flash column
chromatography was not possible. This wk® the case in thgynthesis of AE4.

As with the acid chloride strategy,etrelectron donating effect of the methoxy
groups of AE8 were likely to bedhreason for the failed synthesis.
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/@A/R©/\/R©R©/\R ©/\/R©)\R R
HO
AEL AE2 AE3S  AH ABS AE6

OH AFE/
OMe OH
peAsaciNcHcalsen
\©/ ©/ OMe MeO OMe
OMe Cl o
AEB  AB9 AE10 AE11 AE12 AE14 R= 'LN/\/OH
H
Oxalyl
Chloride _ Ethanolamine | DMF?
Compound , Time* _ Time _ Outcomé’
(Equiv.) (Equiv.) (Equiv.)

AE1 1.91 1hr? 5.46 20 1.28 C
AE1l 1.53 2 hrs 3.27 Yarh 0 C
AE2 1.38 lhr 2.95 1Y% hrg 0 C
AE2 1.38 Y 2.95 Y cat. d
AE3 1.4 Yahr® 2.84 Yol 0 e
AE3 1.4 Yr 2.84 Yohn 1.59 e
AE3 1.4 1¥%hrs’ 2.84 2 hrs 1.59 d
AE3 1.14 vhr? 2.84 1% hrg 1.11 d
AE4 1.27 1Y% 2.71 Yar 1.42 d
AE4 1.27 114 2.71 Yhar 0 f
AE5 1.4 1% 3.0 1%rs 0 g (26 %
AE5 1.4 1hr® 3.0 1% hrs cat. e
AE5 1.4 1hr?P 3.49 Yan cat. g (45 %
AE6 1.4 1% 3.0 13hrs 0 g (62 %
AE7 1.42 1 3.03 Yo 0 e
AE8 1.27 1hr 3.03 Yo 0 C
AE8 1.27 1Vhre 3.03 2 hrs 0 h
AE9 1.46 Yvhr 3.64 2 hrs 0 C
AE9 1.09 vhr® 3.12 1% hrd 1.22 | g(71 %
AE10 1.27 Thr 3.03 Yol 0 h
AE11l 1.27 Thr 3.03 Yo 0 C
AE12 1.42 Thr 3.03 Y 0 e
AE14 1.3 Yhr 4.3 Yahr 0 h
AE14 1.3 3hrs 2.78 1h cat. g (49 %)

1. a = Solvent removed prior to addition of ethanolamine, b = inert atmosphere. 2. cat. = Catalytic
amount, typically 2 drops. 3. ¢ = Crude product formed, but not the desired AE, d = minute trace of
ethanolamide protons, e = no product, f = impurity remained after columning, g = successful

synthesis and purification (overall % yielth)= “product” was the starting material.

Table 2.4 Results of reactions usitige acid chloride strategy.
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AES8 OMe

W R ©/§/ R ©/ R @‘/\ R MeO R R
o 7 N ® > _ o _on
AEL AE2 AE3  AE4 AE13 R= H/\/

EDC | Time' | Ethanolamine | Time® | Catalyst’ .
Compound Outcome
(Equiv.) (Equiv.) (Equiv.)
AE1l 2.9 1 5.46 o/n 0 a
AE2 1.39 Yhr 4.43 1% hrg 0 a
AE2 1.19 10 1.48 o/n 0 b
AE3 1.27 Yhr 2.84 Yol 0 b
AE3 1.21 ) 1.62 Yo n H, 1.31 b
AE3 1.11 1% hrs 1.22 2 hrs D, cat. b
AE3 1.21 5mins 1.22 o/n 0 C
AE3 1.27 10 1.22 o/n 0 C
AE3 1.27 Yar 1.27 o/n D, cat. C
AE4 1.21 2% hrs 2.71 Yxh 0 d
AE4 1.21 40 1.36 o/n 0 C
AES 1.20 ) 3.03 2 hrs H,1.43 a
AES8 1.20 25 1.82 o/n 0 b
AE13 1.11 0 1.38 4 hrs D, cat. €12 %
AE13 1.11 vhr 2.12 o/n D, cat. €53 %)

1. a = EDC and ethanolamine added together. 2. o/n = Overnight. 3. H = HOBt, D = DMAP, cat. =

catalytic amount (micro spatula tip). 4. a = Crude product formed, but not the desired AE, b = no
product, ¢ = numerous spots on TLC of crude product. Too close to separditd, MR showed
only a minute trace of ethanolamide protons,seiecessful synthesis and purification (overall %
yield).

Table 2.5 Results of reactions ung the EDC coupling strategy.

2.3.2 Phenylphosphinic Acids

Optimisation of these reactions took sotinge to achieve. Initial studies involved
the attempted synthesis of PPA1 and these results are summartabtei.6
The methodology of Boyet al. (1994) suggested th&TSPP should be stirred
with the appropriate electrophile for 22- hours so, in attempts 1 and 2, butyl
iodide and BTSPP were stid@ogether for 20%2 hours. Neither reaction proved to
be successful although, as expected, usigequivalents resulted in the reaction

going further towards completion than Gefuivalents. Increasing the reaction
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time and iodide concentration in attei@B and 4 showed a promising shift
towards the product, but starting materidl stmained. It wagpostulated that this
was because all of the phenylphosphexid was not being converted to BTSPP
so, in attempts 5 and 6, reaction timéhwbDIPEA and TMSCI was increased to 3
hours and in attempt 5, the iodide reaction was refluxed &tC5h order to
attempt to drive the reaction forwardBhe fact that apgciable amounts of
phenylphosphinic acid were still presenteafthese reactions indicated that the
determining factor was iodideaction time. Attempts 7d 8 were run in parallel
with reaction times of 65mal 153 hours, respectively. Attempt 7 went very close
to completion with a small amount of phenylphosphinic acid remaining, while
attempt 8 resulted in a single product peak 46.42 in the’’P NMR spectrum.
With this result in mind, the remamg PPA derivativesvere attempted by
reacting phenylphosphiniacid (14.1 mmol) with DIPEA (31.0 mmol) and
TMSCI (31.5 mmol) for 3 hours and the appriate electrophile for 7 days or

more. The results of these reactions are summarizedlm2.7.

Although the experimental conditions réed in the desired products and
disappearance of phenylphosphinic acid, éhesere still two factors affecting
product purity. In the literature, Boyat al (1996) suggested that washing with

2M hydrochloric acid was sufficient thydrolyse the remaining TMS groups.
However,’H NMR spectra of the crude products often revealed a strong TMS
peak at approximately O ppm. To hydrolyse theggoups effectively, the crude
material was resuspended in wet methanol, stirred for 1% to 2 hours and the

solvent then removed vacuo
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6.

with

with

with

with

Attempt DIPEA TMSCI Time lodide Time Outcome
(Equiv.) (Equiv.) (hrs) (Equiv.) (hrs)

1 2.2 2.18 2 0.5 2114 | Phenylphosphinic acid present in approximate ratio of 4:3
product.

2 2.2 2.18 2 1 2115 | Phenylphosphinic acid present in approximate ratio of 1:2
product.

3 2.2 2.18 21/, 1.5 48 Phenylphosphinic acid present in approximate ratio of 1:5
product.

4 2.2 2.18 21/, 2.0 48 Phenylphosphinic acid present in approximate ratio of 1.7
product.

5 2.2 2.18 3 1.5 204 Appreciable amount of phenylphosphinic acid remaining.

6 2.49 2.52 3 1.5 203/ | Appreciable amount of phenylphosphinic acid remaining.

7 2.2 2.18 %3 2.0 65 | Near completion.

8 2.2 2.18 93 2.0 153 Reaction complete, but excess iodide present. Impurity rem
with base/acid wasR'P peak ab 45.42.

oved

1. Refluxed at 50C.

Table 2.6 Results of attempted PPA1 syntheses.



Electrophile | Time Overall % | P NMR
Compound _ Outcome' _
(Equiv.) (hrs) Yield )
PPA1 2.0 153 a 74 45,42
PPA2 2.0 163 a 66 47.63
PPA3 2.04 164 b - -
PPA4 1.98 211Y% a 21 47.49
PPAS 1.16 163 a 63 48.34
PPAG6 1.14 185%; C - -
PPA7 1.49 167% d - -
PPA7 1.49 259Y, a 79 48.60
PPAS8 1.17 164 d - -
PPAS8 1.17 284Y, a 68 46.86

1. a = Pure product by and®*'P NMR after base/acid wash, Bt and®**P NMR indicates no

phosphorus-containing product, ¢ = no product, d = some phenylphosphinic acid remaining.

Table 2.7 Results of attempted phenylphosphinic acid syntheses.

The second problem encountered was thatllofl iodide remaining in the crude
product, evident from an excess number of protons infthBIMR spectra. To
solve this, a work up procedure was developed to remove any impurities from the
product. After initial washing with hydrddoric acid to partly hydrolyse the TMS
groups, this aqueous phase was remowedraplaced with 1M sodium hydroxide
solution. As the alkylphosphinic acid prodsiavere acidic in nature, they were
extracted into the basic aqueous layer, leaving any organic impurities in the
solvent, which was then discarded. The product was then liberated by addition of
excess 2M hydrochloric acid and redissolvadclean solvent. This procedure
effectively removed impuritieand resulted in clean products.

As can be seen frotable 2.7, the attempted syntheses of PPA3 and PPAG failed.
The use of 3-bromo-1-propanol in th#eapted synthesis of PPA3 may have
been an important factor as alkydromides are less reactive than their
corresponding iodide. In addition, there may have been competition between
carbons 1 and 3 in the nucleophilic ekaby BTSPP, although this does not
explain the total lack of any form of fpduct”. A possible reason for the failure of

PPAG is the production of propene gas as proposedhieme 2.13This would
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explain the lack of successtinis synthesis although, asthe synthsis of PPA3,
regenerated phenylphosphinic acid shoulkhaeen evident in the NMR spectra.

+|_

(I)TMS i ) (i)TMS

—> | Ph—P—H

I
Ph” “OTMS 6\ | *
| OTMS

>

Scheme 2.13Proposed mechanism to explaie failure of PPA6 synthesis.

2.3.3 Alkylphosphinic Acids

As mentioned insection 2.2.3 the main problem in the synthesis of
alkylphosphinic acids is optimising theaction conditions to obtain the desired
product without the formation of unwandtesubstitutions. This was especially
problematical in the synthesis of asymmetric, di-substituted phosphinic acids
where it was theoretically possible to obtain two types of mono-substituted
product and two types of symmetrical, di-stituted product agell as the target
compound. Therefore, determining the optimum reaction conditions was vital for

successful APA synthesis.

Mono-Substituted Alkylphosphinic Acids

Decylphosphinic Acid (APAL):

The initial attempts atnono-substituted APA synthis were on target compound
APA1. The results for thisompound are summarizedtable 2.8 As can be seen

in attempts 1 to 3, increasing the iodide reaction time increased the amount of di-
substituted product formed. Attempts 46avere performed in order to compare
the HMDS silylating method with the TMSCI method employed for
phenylphosphinic acid syntheses.
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Silylating | Time lodide | Time

Outcomé
Method? (hrs) (hrs)

Attempt
(Equiv.

d. Approximate 15:1 ratio of
1 a 2% 0.90 20 | product to ammonium
phosphinate. Large TMS peak.

d,f. No ammonium

phosphinate remaining.

2 a 3 0.90 92 _ _
Approximate 12:1 ratio of
product to di-substituted.

d. As above, but approximately

3 a 3 0.86 162

8:1.

d,f. Approximate 3:1 ratio of
4 b 3 0.82 46 desired product to ammonium
phosphinate.

e. Similar to attempt 4, but
5 c 3 0.82 47 . o
some di-substitution.

e. As above, though less di-
6 a 3 0.82 47 o
substitution.

1. a=1.10 equivalents of HMDS, b = 2.20 equivalents of DIPEA for 15 mins then 2.20
equivalents of TMSCI, ¢ = 2.20 equivalents of N6t 15 mins then 2.20 equivalents of TMSCI.
2. d = Purification by base/acid extraction, e = washed with 2M HCI, f = stirred with methanol for

1v%-2 hrs to hydrolyse TMS groups.

Table 2.8 Results of attempted synthes® decylphosphinc acid (APAL).

The reduced iodide conceation and intermediate reaction time employed proved

to be more successful, and the resudt®w that in the TMSCI reactions,
triethylamine (NEf) is a more effective base than DIPEA. However, the HMDS
method resulted in less di-substituted product and, despite the fact that synthesis
of pure APAL1 was not achieved, this imed appeared to be the best route to

mono-substituted APAs.
Hexadecylphosphinic Acid (APA2):

The results of attempted APA2 synthesis are showtialohe 2.9 The first
attempted synthesis was carried out usasg iodide than in the APA1 syntheses
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in order to prevent di-substitutioncaurring. This strategy proved successful,
although the overall yield was quite lowttémpts were made teectify this in
subsequent reactions by optimising teat conditions. Attempt 2 appears to be
anomalous as the desired product wasfowhed, while chaging to the TMSCI
silylating method in attempt 3 producdide desired product, although a large

amount of ammonium phosphinate remained.

Silylatin i lodide [
Attempt ylating '(I'rl]rrr;()a '(I'rl]rrr:)a Outcomé?
Method* (Equiv.
c. Pure product obtained with
1 a 2 0.75 22%, ]
20 % overall yield.
c. Oil formed and did not
2 a 3% 0.8 311 . ) )
crystallize on refrigeration.
d,e. Significant amounts of
ammonium phosphinate
3 b 3 0.8 44% . o )
remaining. Stirring overnight
with water did not remove it.
d,e,f. Pure product obtained
4 b 3 0.8 48 _ _
with 7 % overall yield.
d,e,g. Pure product obtained
5 b 3 0.87 66 _ _
with 11 % overall yield.
d,e,g. Pure product obtained
6 a 3 0.9 189 ] ]
with 26 % overall yield.

1. a=1.10 equivalents of HMDS, b = 2.20 equivalents of DIPEA for 15 mins then 2.20
equivalents of TMSCI. 2. ¢ = Purification by base/acid extraction, d = washed with 2M HCI, e =
stirred with methanol for 1¥2-2 hrs to hydrolyse TMS groups, f = sodium salt purification method,

g = ethyl acetate wash.

Table 2.9 Results of attempted synthesesiekadecylphosphinic acid (APA2).

At this point, two different purificatiomethods were attempted. In attempt 4, it
was noticed that when performing the basic extraction (as described for the PPA
derivatives) on hexadecylphosphinic acid, @khwhite precipitate formed. This

was assumed to be the insoluble sodium salt, so the precipitate was filtered off,

dissolved in methanol and ddied with excess 2 M hydrddoric acid to yield the
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alkylphosphinic acid, alsa thick, white precipit@& The product was then
resuspended in dichloromethane, washed, dried and the solvent removed to yield
the pure product. However, the yield wiasv so, in the final two reactions, an
attempt was made to find a solvent in which the impurities were soluble and the
product insoluble. Hexane aggred to be the most suitable solvent, so it was used
to wash the crude product to yield {hare alkylphosphinic acioh higher yields.

Octadecylphosphinic Acid (APA3):
These reactions were performed in patallith those for APA2 and the results

are summarized itable 2.10

Attempt Silylating | Time | lodide ‘{;]rrr;()a Outcomé
Method" | (hrs) | (Equiv.)

c¢. No phosphorus peak evident
1 a 3% 0.75 92 | a1

in **P spectrum.

¢. Small product peak plus
2 a 3% 0.80 312 ) )

ammonium phosphinate.

d,e. Ammonium phosphinate
3 b 3 0.80 44%5> o

remaining after work up.

d,e,f. Pure product obtained
4 b 3% 0.89 48 _ _

with 4 % overall yield.

d,e,g. Pure product obtained
5 b 3 0.89 66 _ ,

with 15 % overall yield.

d,e,g. Pure product obtained
6 a 3 0.92 138 _ _

with 26 % overall yield.

1. a=1.10 equivalents of HMDS, b = 2.20 equivalents of DIPEA for 15 mins then 2.20
equivalents of TMSCI. 2. ¢ = Purification by base/acid extraction, d = washed with 2M HCI, e =
stirred with methanol for 1¥2-2 hrs to hydrolyse TMS groups, f = sodium salt purification method,

g = ethyl acetate wash.

Table 2.10 Results of attempted synthese®oofadecylphosphinic acid (APA3).
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Di-Substituted Alkylphosphinic Acids

Synthesis of these compounds proveuwbre problematical than the mono-

substituted alkylphosphinic acids. The first compound attempted, APA4, was the
most straightforward as it was symmetriaal, therefore, there was no danger of
unwanted di-substitutions. The resufor this analogue are showntable 2.11

The first attempt, stirring with each atdn of iodide overnight, as described in
the literature, was unsuccessful with di-substituted product evident in tf@

NMR spectrum and some remaining amnuomiphosphinate. It was thought that
deprotonation of the send intermediate was not ocdag effectively so, to try

and rectify this, the reacin time of the second addition of HMDS was increased.
This led to a slight improvement wigome di-substitution evident, so reaction
times at all stages were increased, resulting in a greater ratio of di-substituted
product to mono-substituted 4pyoduct. To try and increaghis ratio further, the
second iodide reaction time was almost dedhbih attempt 4, leading to a much
improved ratio in favour of the desired protda the final attempt, the silylating
time was increased and a longer reactioretimso applied to the first iodide.
Although mono-substituted produwas still evident, this reaction was the most
effective of the five attempts.

Despite the failure to synthesize A#, the asymmetrical phosphinic acid
derivatives were attempted beginning with APA5, also shownahle 2.11 The

first reaction employed standard litars¢ conditions but with longer reaction
times for the two iodides. This resulted in a much more successful ratio of di-
substituted to mono-substituted productantlihe previous attempts with APA4.
This was likely to be caused by thepdetonation of the second intermediate
species being easier to achieve in theaction due to the reduced electron
donating effect of the butyl group in comparison to the decyl group. Increasing the
iodide reaction times further in the sad attempt led to an almost complete
conversion to the di-substituted product, although some mono-substitution
remained.

It was now evident that total di-substitution was unlikely to be achieved in this
one-pot reaction due to éhfine line between mono-alkylating the ammonium

phosphinate in the first step and d¢neg unwanted, symmetrical di-substitution.
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98

HMDs | Time | FI'St 1 1o | Base Usedll| Time Second Time
Compound (Equiv.) | (rs) lodide (hrs) | (Equiv.) (hrs) lodide (hrs) Outcome
quilv. (Equiv.) quiv. (Equiv.)
No di-substituted mduct. Mostly mono-
APA4 1.01 2 1.01 21 a, 1.01 2 1.01 21| substituted with some ammonium
phosphinate.
Small amount of di-sudtitution. No starting
APA4 1.10 2 1.09 22 a, 1.10 2Y4 1.09 24 material remaining, mostly mono-
substitution.
Approximate 3:2 ratio of mono- to di-
APA4 1.10 2% 1.09 66 a, 1.10 3 1.09 44%5 . ]
substituted species.
Approximate 1:3 ratio of mono- to di-
APA4 1.10 3 1.06 68 a, 1.10 2 1.06 83%- . ]
substituted species.
Approximate 1:4 ratio of mono- to di-
APA4 1.10 4 1.06 93 a, 1.03 24 1.06 7( . ]
substituted species.
Butyl, Approximate 1:7 ratio of mono- to di-
APA5 1.10 2% 111 44 b, 1.10 3% Decyl, 1.06 43 substituted species.
Butyl, Almost complete reaction. Small amount ¢
APAS 1.04 3 1.10 68 a, 1.06 2 Decyl, 1.06 8373 mono-substitution remaining.

1. a=HMDS, b = DIPEA.
Table 2.11 Results of attempted syntheses of APA4 and APAS.
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For the final two asymmetrical di-sulisted alkylphosphinic acids, APA6 and
APA7, the one-pot method was initiallytempted with mixed success. In an
attempt to remove the possibility of uamted side-reactions in the synthesis of
APA6 and APAY, it was decided that dféient approach would be taken. As
described above, the mono-substitluteompounds hexadecylphosphinic acid
(APA2) and octadecylphosptic acid (APA3) were stcessfully synthesized and
purified. Using these compounds as startimaterials for the synthesis of APA6
and APA7 and an analogous method to that employed in the synthesis of
phenylphosphinic acid derivatives, unwangebstitutions would not be possible.
The results of the attempted syntleesé APA6 and APA7 are shown table
2.12 In an attempt to silylate heaxaxylphosphinic acid, the DIPEA/TMSCI
method was employed followed by theacton with excess butyl iodide.
Although not as effective as the initialstdt with the one-pot synthesis, this
method did appear promising. In ordeingrove the amount of target compound,
the iodide concentration was doubled3®6 molar equivalents. However, the
result was opposite to that expected awn when the reaction was refluxed with
2.04 equivalents, the outcome was notfagourable as the initial reaction.
Similarly, the attempted synthesis of APAY this route was also only a limited
success. Based on the large proportiorstafting materials remaining, it was
thought that the deprotonation of teesompounds by DIPEA was not occurring
effectively due to the electron donatipgwer of the hexadecyl and octadecyl
substituents. Unfortunately, due to tino®nstraints, it was not possible to
investigate the outcome of theseactions using stronger bases in the

deprotonation step.

2.4 Summary

In summary, five aryl ethanolamidesix phenylphosphinicacid and two
alkylphosphinic acid target compounds were successfully synthesizethljtee
2.13) These target compounds were subsequently analysed for any
cannabimimetic effects and the followingagtiers describe their evaluation at the
CB1 and CB2 cannabinoid receptors, tharatamide transporter and fatty acid

amide hydrolase.

87



88

, , First . . Second .
Compound S,v'l'g:ﬂgg% lodide -(rr']TS? B?ES euliis)e d -(rr']TS? lodide -(rr']rr'g Outcome
(Equiv.) quiv. (Equiv.)
Butyl No ammonium phosphinate remaining.
APAG6 a ’ 93 a, 1.10 2% hrg 1.10 70 | Approximate 1:9 ratio of mono- to di-substituted
1.05 product.
APAG b 153 141 Approximate 1:2 ratio of mono- to di-substituted
' product.
APAG b 3.06 143 Approximate 13:1 ratio of mono- to di-substitute
' product.
APAG b 204 139 Approximate 1:1 ratio of mono- to di-substituted
' product.
APA7 Butyl, 117 b. 1.05 31, h 110 168 No phosphorus peak P NMR spectrum.
a , 1. 2 NIs .
1.09
APA7 b 280 143 Approximate 6:1 ratio of mono- to di-substituted
' product.

1. a=1.10 equivalents of HMDS at 110-TZDfor 3%z to 4 hours, b = DIPEA for 15 mitieen TMSCI for 3 hrs using hexadecyl- or
octadecylphosphinic acid as starting mate@ak = HMDS, b = DIPEA. 3. Refluxed at 40.

Table 2.12 Results of attempted syntheses of APA6 and APAY.




Compound Structure Yield (%)

R
AE5 (j/V 45
AE6 ©)\R 62
R
AEQ Q/ 71
Cl

R
AE13 49

AE14 R 53

PPAl1 R* —— Butyl 74
PPA2 Rl —_ Decyl 66
PPA4 R*—— Isobutyl 21
PPAS R*—— Octadecyl 63
PPAY R*—— Hexadecyl &
PPAS R: Propyl 68
APAZ R* —— Hexadecyl 26
APA3 26

R* —— Octadecyl

(0]
ﬁ
R = I\ /\/OH Rl = T R2 = _P

Table 2.13 Summary of the successfubynthesized target compounds.
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Chapter 3:

CB1 Receptor Binding Studies
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3.1 Introduction

Radioligand binding assays have provedaluable in the study of receptors.
Competition assays are the most Wydaised of the radioligand binding
techniques and enable the affinity of agifor a receptor to be determined as well
as the elucidation of receptor number and the kinetics of ligand-receptor
interactions. Radioligand binding alsenables the measurement of receptor
activation upon drug binding and the acteradetermination of receptor
distribution within different tissues. In order to investigate the ability of the novel
aryl ethanolamide and phosphinic acid pamunds to bind to and activate the CB1

receptor, two different radioligand binding assays were employed.

3.1.1 Competition Assays

Competition assays, sometimes referred to as displacement assays, are so called
because they measure the ability of an unlabelled compound to compete for a
binding site occupied by radiolabelleddigd. Radioligands bind specifically to
receptors and non-specifically to othgroteins and components of the assay
system, so a means of determining tbpecific binding is required. This is
achieved by incubating the radioligand andell or tissue preparation containing

the receptor of interest with a high cemtration of an unlabelled receptor ligand,
thus displacing the specifically bound radioligand. The radioactivity of the
remaining, non-specifically bound ligand can then be measured and specific
binding calculated by subtracting this fratime radioactivity in the absence of
competing ligand. This type of assay was used to determine whether the aryl
ethanolamide and phosphinic acid test poonds displayed affinity for the CB1

receptor by displacing radiolabelled cannabinoid receptor ligands.

3.1.2 GTPy-S Binding Assays

As shown infigure 1.2, when a G protein-coupled receptor is in its active state,
GTP is bound to its Gsubunit and, subsequently, signalling is terminated by
hydrolysis of GTP to GDP by amherent GTPase activity. GTPS is a

hydrolysis-resistant synthetic analogue @TP. Therefore, when a GPCR is
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activated by agonist binding the presence of GTRS, it displaces GDP and the

G protein is persistently activated. To measure the extent of GPCR activation by a
compound, S]-GTPy-S binding assays can be used. The extent of receptor
activation is determined by the difference between b&38]-GTPy-S binding

and binding in the presence of the compound. Non-specific bindirfgS¥G TP-

v-S is determined as described for competition assays, using a saturating
concentration of unlabelled GTPS. It was decided to investigate the effects of
the test compounds or°$]-GTP+-S binding to brain membranes for two
reasons. First, if any of the compounds [diged affinity for the CB1 receptor, the
[*°S]-GTPy-S assay would indicate whethétey were receptor agonists or
antagonists. Second, if the compounds rthd display CB1 receptor affinity, the
[*°S]-GTPy-S assay would indicate whetheeyhactivated any other GPCRs in

the brain.

3.2 Experimental Methods

3.2.1 Competition Assays

Cultured cells transfected with CB1 aw#ten used in cannabinoid research but,
since the CB1 receptor is highly expressed in the CNS, membrane homogenates
from rat cerebellum or whole brain wereedsn this work. This section describes

the preparation of these tissues and their use in competition assays to investigate

the affinity, if any, of the test compounds for the CB1 receptor.

Membrane Preparation:

Frozen cerebella or whole brains takeom male Wistar or hooded Lister rats
were thawed, weighed and homogenizeiiGrvolumes of ice-cold buffer (50 mM
Tris; pH 7.0) using a Polytron homogeer. The homogenate was centrifuged at
30,00@ at 4°C for 10 minutes, the supernatant layer was discarded and the pellet
manually re-homogenized in ice-coliiffer using a glass/teflon homogenizer.

The centrifugation and re-homogenizationgedure was repeated twice more and
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the final membrane pellet resuspended in 10 volumes of ice-cold buffer. Aliquots
of the membrane homogenate were frozen 21G2Mtil required.

Competition Assay Procedure:

The assay procedure described belovglight adaptation of that described by
Comptonet al (1993), was used routinely within the School of Biomedical
Sciences. In this procedure, the usbofine serum albumin (BSA) in the buffers
was necessary to overcome a particydesblem encountered with the use of
cannabinoids. These compounds are notoriously lipophilic and tend to adhere to
glass and plastics. BSA acts as a carrier for the cannabinoids, keeping them in
solution and reducing unwanted interactions with the assay vessel and membrane
lipids. The assay protocol was initiallierified by producing a concentration-
response curve for HU-210 displacement’f[{CP-55,940 from rat cerebellum

membranes as follows:

[*H]-CP-55,940 (180.0 Ci/mmol) was dissolved in drug buffer (50 mM Tris; pH
7.0, 2 mM EDTA, 5 mM MgCJ, 5.0 mg/ml BSA) and the radioactivity of a pD
sample measured using liquid scintillation spectroscopy. Dilutions were made to
give 65,000 dpm per 5@l aliquot, resulting in an assay concentration of
approximately 0.16 nM ®H]-CP-55,940. HU-210 was initially dissolved in
ethanol to 200 times the desired assayceatration and then diluted 10 times in
drug buffer. Aliquots (5Qul) of radioligand solution were added to polystyrene
test tubes followed by 50 of blank buffer (drug buffer with 10 % v/v ethanol) or
HU-210 solution and 850l of assay buffer (50 mMris; pH 7.0, 2 mM EDTA, 5

mM MgCl,, 0.2 mg/ml BSA). To initiate the assay, 50 of membrane
preparation were added to each tuibe, tubes vortexed and incubated at°G7

for 30 minutes. Membranes were harvdste to Whatman GF/B filter mats, pre-
soaked in drug buffer for 30 minutesjng wash buffer (50 mM Tris; pH 7.0, 2
mM EDTA, 5 mM MgC}, 0.5 mg/ml BSA) at 2C on a Brandel cell harvester.
Individual filter circles were transferretb insert vials and 4 ml of Packard
Emulsifier-Scintillator Plus added to each. After standing overnight, the vials
were vortexed and radioactivity measumtdan LKB Rackbeta liquid scintillation
counter. Each assay condition was asdagetriplicate and non-specific binding

determined in the presence of 1 HU-210.
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Receptor Solubilization:

As mentioned above, binding of radiolighto sites other than the receptor of
interest is a problem encountered with tiyige of assay. In an attempt to increase
the ratio of specific to non-specific ratlgand binding, solubilization of the CB1
receptor was attempted. In theory, this crude purification procedure should reduce
the contribution of non-specific binding from the membrane preparation.

Aliquots of rat cerebellum membrane homogenate were thawed, manually re-
homogenized using a glass/teflon homogeniand kept on ice when not used.
Solubilization of receptors was attempted by mixing 4d0of membrane
preparation and 700l of solubilization buffer {0 mM Tris; pH 7.0, 20 % w/v
glycerol, 1 % w/iv 3-[(3-Cholardopropyl)dimethylammonio]-1-propane
sulphonate (CHAPS)), vortexing three times over a 15 minute period and
centrifuging at 36,009 at 4 °C for 15 minutes. The supernatant layer was
removed and saved as soluble fraction 1 and the pellet re-suspendeduno?00
buffer (10 mM Tris; pH 7.0) by brie$onication using an MSE Soniprep 150
ultrasonic disintegrator. Solubilizanh and centrifugation were repeated as

described above and the supernatant saved as soluble fraction 2.

To determine whether this solubilizatipmocedure had been effective, the total
and non-specific binding of 0.52 nNMH]-SR 141716A, a selective CB1 receptor
antagonist, (56.0 Ci/mmol) to untreatedmimanes and the two soluble fractions
was compared. This was performed using the methodology described above with
10 uM CP-55,940 to determine the non-specific binding of the radioligand. In
addition, the effect of pre-soaking filter mats in drug buffer or polyethylenimine
(PEI) solution (0.3 % w/v; pH 10.0) were compared, as PEI treatment has been
shown to be effective for retention oflgole receptors, possibly due to an ionic
charge effect (Brunst al, 1983). All conditions were measured in triplicate and

assays were repeated on a further occasion.

Displacement of®H]-CP-55,940 from CB1 by Test Compounds:
The ability of the test compounds to bitedthe CB1 receptor was assayed using

the simple particulate homogenatedathe protocol described abovéHJCP-
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55,940 was used as the radioligand, (M HU-210 used to determine non-
specific binding and the test compounds were assayed at 1, 10 q«M,00
depending on solubility. The compounds warigially dissolved in ethanol and
diluted in drug buffer as previouslgescribed for HU-210. For these assays,
whole rat brain membrane homogenate was used and each concentration of

compound tested in triplicate using a minimum of two different tissue sources.

Note: PPA1 became accidentally contaminated and was not used in the CB1

receptor competition assay or the assays described hereafter.

3.2.2 GTPy-S Binding Assays

As with the CB1 receptor displacement assay, the <&$Phinding assay was
routinely used within the School of Biomedl Sciences. In this protocol, a slight
variation of the method describeby Traynor & Nahorski (1995), brain
membranes were pre-treated withaplylline to reduce the basal level 319-
GTP«-S binding. The antagonist theophyllimecupies the G protein-coupled
adenosine Areceptor (Bruns, 1981), which is activated by endogenous adenosine
in the membrane homogenate. Pre-treatmvath theophylline therefore reduces
unwanted {°S]-GTPy-S binding. However, unlike the CB1 displacement assays,
the GTPy-S binding assay protocol initially involved the use of BSA-free buffers.

The assay was verified by producingancentration response curve for HU-210-
stimulated 1°S]-GTPy-S binding to rat cerebella membranes. Assays with and
without BSA in the buffers were perfoed in parallel to investigate whether
including BSA would increase the signalnoise ratio. The tissue preparation and

assay procedure are described below.

Membrane Preparation:

Frozen cerebella form male Wistar loooded Lister rats were thawed, weighed
and homogenized in 40 volumes of ice-cold buffer (50 mM Tris; pH 7.4, 100 mM
NaCl, 10 mM MgCJ}) using a Polytron homogenizer. The homogenate was

centrifuged at 33,0@Dfor 15 minutes at 4C, the supernatant discarded and the
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pellet manually re-homogenized incetcold buffer using a glass/teflon
homogenizer. The centrifugation and re-log@nization procedure was repeated
twice more with the final pellet resuspmied in 10 volumes of ice-cold buffer.

Aliquots were frozen at -20C until required.

General Assay Procedure:

[*°S]-GTPy-S (20 mM, 1000 Ci/mmol) was diluden assay buffer (50 mM Tris;

pH 7.4, 100 mM NaCl, 10 mM Mggl+ 0.2 mg/ml BSA) to 893 nMGTP+-S

was dissolved to 5 mM in distilled water and @®f this solution diluted to 500

uM with 50 ul of ethanol and 400l of drug buffer (50 mM Tris; pH 7.4, 100 mM
NaCl, 10 mM MgCj, + 5 mg/ml BSA).HU-210 was dissolved in ethanol to 500
times the desired assay concentration and then diluted 10-fold in drug buffer.
Aliquots of membrane homogenate were thawed and a membrane mixture was
prepared with 15@l of theophylline solution (100 mM in distilled water), 1pD

GDP solution (10 mM in distilled water) and 3ibmembrane homogenate, made

up to 15.6 ml with assay buffer. This mixture was vortexed and left to stand at
room temperature for 20 minutes prior to its use in the binding assay.

Aliquots of °S]-GTPy-S solution (46Qul) were placed in polystyrene test tubes
and 20ul of blank buffer (drug buffewith 10 % v/v ethanol), GTR-S solution

or HU-210 solution were added in tripdite. The assay was initiated by adding
520 ul of membrane mixture and the tsbeere vortexed and incubated at°Z5

for 45 minutes. Membranes were harvested on to Whatman GF/B filter mats and
washed with distilled water at 4C on a Brandel cell harvester. Individual filter
circles were then transferred to inserals and 4 ml ofPackard Emulsifier-
Scintillator Plus added to each. Afterraang overnight, the vials were vortexed

and radioactivity measured on an LKB Rackbeta liquid scintillation counter.

Comparison of GDP Concentrations:

The preliminary results from the®§]-GTPy-S binding assays indicated that
buffers containing BSA were the mostexfive, so they were adopted for the
remaining assays. However, it was alsezided to investigate the effect of GDP

concentration on CP-55,940-stimulated binding ¥8FGTPy-S as this has
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previously been shown to affect this assay (Griffiral, 1998). Rat whole brain
membranes were prepared in the samag as the cerebella membranes and the
assay performed using GDP at 50 or 100 and CP-55,940 at concentrations
between 5 nM and M. As the radioactivity present in the membranes in the
initial assays was lower than expected, possibly due to radioactive decay, the
assay concentration oP§]-GTPy-S was doubled to 0.82M and the amount of
membrane homogenate used was also doubled. Otherwise, the procedure used was

the same as described above.

The Effect of Test Compounds 8t8]-GTP++S Binding to Brain Membranes:

The comparison of GDP concentrations demonstrated that the use.bf §ave

the higher binding above basal, so this concentration was used to assay the test
compounds for their ability to stimulaté°$]-GTP+-S binding to rat brain
membranes. The assays were performed in the presence pM[85]-GTPy-S

as described above, but with the followmlgerations. First, test compounds were
initially diluted to 200 times the desiredsay concentration in ethanol and then
diluted 10-fold in drug buffer. Asgaconcentrations were 1, 10 or 1001 with 50

ul of the solution added to the assayxture. Second, CP-55,940 was used at 1
uM as a positive control. Finally, thenembrane mixture was prepared as
described above, except that 600of brain membrane homogenate were used
and 500ul of the mixture was added to eacssay tube. All assays were
performed using triplicate concentats in two different brain membrane

homogenates.

3.3 Results and Discussion

3.3.1 Competition Assays

The initial competition assay otH]-CP-55,940 from rat cerebella membranes by
HU-210 is represented figure 3.1 These data clearly demonstrate that the assay
procedure used was valid, with a concentration-dependent displacement of the

radioligand by HU-210. From this data it was also possible to make a rough of
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estimate of the Kvalue of HU-210. Using the @hg-Prusoff equation (Cheng &
Prusoff, 1973), 16 = K; (1 + L/Kg) where L is the concentration ofH]-CP-
55,940 and Kis the dissociation constant of CP-55,940 at the CB1 receptor. The
concentration of3H]-CP-55,940 in the assay was 0.16 nM and, using GraphPad
Prism, the 1G, of HU-210 was determined as 2.69 nM. From the literature, §he K
of CP-55,940 in rat cerebellum membranes was reported as 0.52 nM éaayn
1999) and, hence, thg Kf HU-210 was calculated toe approximately 2.06 nM.
Obviously this value was obtained from very limited experimental data but, in
comparison to the Kvalues for HU-210 summarized iable 1.2 is of the same
order of magnitude suggesting that thissay was an effective measure %f|{
CP-55,940 displacement from the CB1 receptor.
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Figure 3.1 The displacement of specifically bourfeh[-CP-55,940 from rat
cerebellum membranes by HU-210. Data are expressed as the: IBEd of
three determinations of displacement and were fitted by non-linear regression

using GraphPad Prism.

The results of the subsequent atterdpgelubilization of the CB1 receptor are
shown infigure 3.2 As would be expected, there was very little difference
between the specific and non-specific binding #f]{SR 141716A to the un-
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treated membranes when comparing buffer- and PEI-soaked filter mats. The
amount of specifically bound radioligand svalightly higher using buffer-soaked
filters with 31.1 + 0.4 % specific bindg compared to only 21.9 £ 1.6 % using
PEIl-soaked filters. When comparing tleéect of filter pre-treatments on the
soluble fractions, it is clear that the PBkg&ed filters retained a greater amount of
the soluble protein. However, it is alspparent that the solubilization procedure
greatly reduced the amount of bound réidand and all but eliminated specific
binding. This suggests that a large proportion of the membrane homogenate,
including the CB1 receptor, was ingble under these conditions. Repeated

assays produced very similar results and, therefore, this approach was abandoned.
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Figure 3.2 The effect of solubilization and filter pre-treatment on the total and
non-specific binding ofH]-SR141716A to rat cerebellum membranes. Data are
expressed as the mearSEM of three determinations 6H]-SR141716A

binding at each assay condition.
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Using the original assay protocol with washmembranes, the affinity of the test
compounds for the CB1 receptor was nueed by their ability to displacéH]-
CP-55,940. The results of these assays are shofigunes 3.3and3.4 and it is

clear from these data that none of the compounds had a strong affinity for the CB1
receptor, with high concentrations @dmpound being required to produce even a

small percentage displacement.
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Figure 3.3 The displacement offi]-CP-55,940 from rat brain membranes by

aryl ethanolamide test compounds. Data are expressed as the mean + SEM of
three (AE5 and AEG6) or four (AESd AE14) independent experiments. Each
concentration of AE13 was assayed in two different membrane homogenates and
the data is expressed as mean + SEM of the triplicate concentrations from these

single experiments.

The aryl ethanolamides AE5 and AEG6 provedhave the highest receptor affinity,
displacing 30.4 and 30.2 % of the specifically bound radioligand, respectively, at
100 uM. With ICs values of >10QM, the K values of AE5 and AE6 at the CB1

100



receptor can be roughly estimated uding Cheng-Prusoff equation. Assuming a
Kgq of 0.52 nM for CP-55,940 as describaldove, these two aryl ethanolamides
have K values of >76.5uM, very high when compared with the cannabinoid
receptor ligands described section 1.7.1 From this limited data it appears that,
for the aryl ethanolamides, a single bene ring and a spacer between it and the
ethanolamide group confers greatest affinlilowever, the large standard errors

for most data prevent any firm conclusions being drawn for these compounds.
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Figure 3.4 The displacement oftfi]-CP-55,940 from rat brain membranes by
phosphinic acid test compound3¥ata are expressed as the mean * range of two
independent experiments (PPA2, PPA5, PPA7 and APA3) or the mean + SEM of
three independent experiments (PPA4, PPA8 and APA2).

The phosphinic acids demonstrated even faafnity for CB1 receptors than the

aryl ethanolamides, with a maximudisplacement of 18.1 % using PPA2 at
10QuM. The inactivity of the phosphini@acids is not entirely unexpected,
however, as they were primarily designedrassition state enzyme inhibitors of

FAAH rather than cannabinoid receptor ligands.
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3.3.2 GTPy-S Binding Assays

The results of the initial assay to investigate the effect of including BSA in the
buffers are shown idigure 3.5. It is apparent that ith the use of BSA, the
maximum percentage binding of$]-GTPy-S above basal was greater than in
the BSA-free assay. If BSA were actingasarrier of HU-210 in the assay, the
concentration-response curve should hdeen shifted to the left and the
maximum f°S]-GTP+-S binding should have been the same no matter which
buffer was used. The fact that the curvesw@t shifted to the left, but that the
maximum effect was increased is not easitplained. One possibility is that BSA

is acting as an allosteric effectaf the CB1 receptor G protein complex,
increasing the overall signal compared to the BSA-free system. This would have
important repercussions for cannabinoid research, asimeto work has been
performed in the presence of BSA. Timechanism of this interaction requires
further investigation. The increase®q]-GTPy-S binding afforded by BSA,

however, led to the adoption of these assay conditions.
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Figure 3.5 HU-210-stimulated*fS]-GTP«-S binding to rat cerebellum
membranes using norma#§ and BSA @) buffers. Data are expressed as the
meant SEM of three determinations 6f$]-GTP«-S binding and were fitted by

non-linear regression using GraphPad Prism.
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The next investigation of assapralitions was the comparison of CP-55,940-
stimulated }°S]-GTP«-S binding to rat whole brain membranes in the presence of
50 or 100uM GDP. These results are shownfigure 3.6. Again, it is clear that

the concentration-response curve withi®0 GDP displayed a greater maximum
effect than that perfaned in the presence of 1001 GDP. The curves, generated
by GraphPad Prism, haweaxima of 47.8 and 36.0 %°§]-GTP+-S binding
above basal for 50 and 1QO0M GDP, respectively. As the binding of guanine
nucleotides to G proteins is a dynamicqass, this result suggests that increasing
the GDP concentration shifts the @dmium in favour of GDP binding and,
therefore, 1°S]-GTP+-S binding is reduced. For this reason, the lower
concentration of GDP was used in subsequent assays as it was in the original

assay.
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Figure 3.6 CP-55,940-stimulated5]-GTP+-S binding to rat brain membranes
using 50uM (®) and 10QuM (4A) GDP. Data are expressed as the meSEM
of three determinations o’B]-GTP«-S binding and were fitted by non-linear

regression using GraphPad Prism.
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Since none of the test compounds showed any appreciable affinity for CB1
receptors in the ®H]-CP-55,940 displacement assayitle effect would be
expected for ¥S]-GTP+-S binding unless the compounds activate other GPCRs
in the brain. The results of°§]-GTP+-S binding assays with the test compounds

are shown irfigure 3.7.
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Figure 3.7 The effect of test compounds 6iJ]-GTP+-S binding to whole rat
brain membranes. Data are expressed as the mean + range of two independent
experiments using different membrane homogenates, except the data for CP-

55,940 which is the mean + SEM of thirteen assays.

These results clearly show that, withemror, none of the compounds activated
GPCRs in rat brain or the CB1 receptorpirticular. This latter point correlates

with the result of the CB1 competition agsaOf course, the lack of increased
[**S]-GTP+-S binding compared to basal the presence of these compounds

does not rule out the possibility that theyay be antagonists of other GPCRs. In
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order to demonstrate this hypotheticaleeff it would first be necessary to show
that these compounds displace radioligands that are specific for other GPCRs
from brain membranes. Due to the sheer Ineinof such receptors, this would be a

difficult and time-consuming task, well beyond the scope of this research.

In summary, none of the target compoustdewed any significant affinity for the

CB1 cannabinoid receptor and did not aatievany other GPCRs in the rat brain.
The next chapter describes the develepihof a cannabinoid receptor competition
assay in porcine spleen and the subseigaealuation of the test compounds for

CB2 receptor affinity.
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Chapter 4.

CB2 Receptor Binding Studies
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4.1 Introduction

Most examples of CB2 binding assaystlie literature have involved the use of
transfected cells, while little work has besarried out on the native receptor. For
this reason, porcine spleen membranes weeel as a high density source of CB2
receptors in order to develop CB2 receptor competition and agonist-stimulated
GTP«-S binding assays. After the initial characterization, these assays would then
be used to examine the effects of tlowel aryl ethanolamide and phosphinic acid
test compounds. The spleen was choseh s been reported to have relatively
high levels of CB2 expression (Galiegeteal, 1995), and pig spleen was chosen
because of its size and, hence, theoam of tissue which could be readily
prepared. The major problem in using spleen, or any other tissue preparation,
instead of transfected cells is that themune cells on which the CB2 receptor is
expressed also express CB1 receptors (Setadk, 1997), albeit at much lower
levels. Cannabinoid ligands will, thereégorbind to both receptors and the data
produced will reflect overall cannabimbibinding, and not specifically CB2
binding. For the test compounds, howevee, ¢iffect of CB1 receptors should not

be greatly relevant as none of tbempounds tested had CB1 affinity and,
therefore, any effects in these assaysud be solely from CB2 receptors. The
following section describes the preparatarporcine spleen membranes and their

use in the development of the competition and @BPassays.

4.2 Assay Development

4.2.1 Competition Assays

Membrane Preparation:

Spleens from male or female Modern Wéhhybrid pigs, less than 6 months old,
were obtained from a local abattoir.(®/ood and Sons, Clipstone, Notts.). The
tough, fibrous outer membrane was rembweth forceps and the internal red
pulp scraped out and placed in ice-coldfer (50 mM Tris; pH 7.0, 2 mM EDTA,

5 mM MgCh). The tissue suspension was centrifuged at 2,@204 °C for 10

minutes, the supernatant was removedtardvet weight of tissue measured. The

107



tissue was then homogenized in 10 volumes of ice-cold buffer containing 10 %
(w/v) sucrose using a Polytron homogaati and the homogenate centrifuged at
1,00Qy at 4°C for 10 minutes. The supernatantswdiluted with an equal volume

of ice-cold, sucrose-free buffer andstimixture was then centrifuged at 33,000

at 4 °C for 15 minutes. The pellets were moally re-homogenized in ice-cold
buffer using a glass/teflon homogeai and the centrifugation and re-
homogenisation process was repeated twice more with the final re-
homogenisation in 40 volumes of buffer witspect to the original wet weight.

Aliquots of the spleen membrane preparation were frozen &C-2@til required.

Preliminary Binding Assays:

As the CB2 receptor density in the spleen membrane preparation was unknown, it
was first necessary to determine the lea# total and non-specific binding using
varying amounts of tissue in order find the optimum conditions. The assay
procedure was the same as that dbsdrifor the CB1 competition assays, using
0.18 nM fH]-CP-55,940 as the radioligand and i HU-210 to determine non-
specific binding. Each determination ddtal and non-specific binding was
performed in triplicate using 100l of spleen membrane homogenate in a total
assay volume of 1 ml. Where necessdhng tissue was diluted with buffer or
concentrated by centrifugation at 9,90t 4°C for 5 minutes then re-suspension
of the pellet in the appropriate volume kmfffer. After incubation for 30 minutes
at 37°C, membranes were harvested as ipusly described using distilled water
at 4 °C and the radioactivity then measuress is evident fromfigure 4.1,
increasing the tissue concentration resultedn increase in the total binding of
[*H]-CP-55,940 to the membranes. Simiarn increase in non-specific binding
would be expected but this was not eviddrhis resulted in a steady increase of
specific binding peaking with 41.9 % spicibinding in the 400 % concentrated
tissue preparation. A possible reason fas thias thought to be filter binding of
the PH]-CP-55,940. This potential problem is addressed below.

Since specific cannabinoid binding to eh membranes had been successfully
demonstrated, the next assays performed in the assay development were
concentration-response curves for CP-55,940 displacemertHpP-55,940.

Duplicate assays were performed as abwitd triplicate concentrations of CP-
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55,940 and 10Ql of 400 % spleen membrane homogenate. Non-specific binding
was determined using 1AM of the unlabelled ligand. The results of these

experiments are shown figure 4.2.
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Figure 4.1 The effect of spleen membrane concentration on the binding of

[*H]-CP-55,940. Data are expressed as the me#EM of three determinations of
binding in the presence or absence ofllCP-55,940.
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Figure 4.2 Displacement of'H]-CP-55,940 from spleen membranes by
CP-55,940. Data are expressed as the mezaM of three separate

determinations of displacement for each concentration of CP-55,940.

Although the displacement otH]-CP-55,940 did not reach 100 %, these assays
clearly demonstrate a concentration-dependent displacement of the radioligand
from porcine spleen membranes by CP-55,940. The possibility thatHhep-
55,940 was adhering to the filters wastéel by examining the total and non-
specific “binding” in the absence of spleen membranes. It is apparentidrare

4.3 that there was significant, albeit ndisplaceable, binding of the radioligand

to the filter mats and, in an attemf rectify this, a centrifugation-based

competition assay was performed to harvest the membranes.
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Figure 4.3 The total and non-specific binding H]-CP-55,940 in competition
assays with and without spleen membranes. Data are expressed as tite mean
SEM of three determinations of specific and non-specific binding in the presence

or absence of spleen membranes.

Centrifugation Assay:

Assays were performed to determitotal and non-specific binding oH]J-CP-
55,940 to 0, 100, 200 and 400 % concentrations of spleen membrane homogenate,
with 10 uM HU-210 to determine the non-spkcibinding. The procedure was
performed in microcentrifuge tubes withpticate determinations at each spleen
concentration as described above. Afterubation, the membranes were pelleted
by centrifugation at 36,0@0for 2 minutes at 4C to eliminate the use of filters.
To remove free radioligand from the agsalution, the supernatant was aspirated
and the pellets then washed with 1 oflbuffer (50 mM Tris; pH 7.0, 2 mM
EDTA, 5 mM MgCh). To digest the pellets, 5@ of aqueous NaOH solution (1
M) was added to each before vortexinge ®olutions were neutralized with /D

of aqueous HCI solution (1 M) and 1 ol scintillation fluid added to each tube.
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After standing overnight, the tubes wegtexed and radioactivity was measured.
As is shown irfigure 4.4, this assay did not prove b® more advantageous than
the filtration procedure. Despite theidence of specific binding to the spleen
homogenates, there was significant adherence °pif-GP-55,940 to the

microcentrifuge tubes and this binding was displaceable by HU-210.

In a further attempt teeduce unwanted binding oH]-CP-55,940, solubilization

of the spleen membranes was perfatmé was hoped that with CB2 being
structurally dissimilar to CB1, the predure would possibly be more successful
than the previous attempts. This procedwas essentially the same as described
for the CB1 receptorsgection 3.2.), except only one soluble fraction was

obtained from the tissue.
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Figure 4.4 The effect of spleen membrane concentration on the binding of
[*H]-CP-55,940 in a centrifugation assay. Data are expressed as the: GE&h
of three determinations of specific amoin-specific binding at each concentration

of spleen membrane preparation.
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Assays were performed wompare the binding ofHi]-CP-55,940 to 10Qul of

either untreated membrane homogenatkibdiized protein or a blank containing

no tissue. The effect of pre-soaking filters in drug buffer and PEI solution was
also examined and these results are showigune 4.5. It is clear that there was
significant binding of H]-CP-55,940 to both sets of filters and this binding was
more than doubled in PEI-soaked filtersmpared to BSA-soaked. The fact that

the non-specific “binding” in both blanksas greater than the total binding may

be due to the high concentration of U0 employed displacing radioligand from

the assay tube walls, therefore making more available to adhere to the filters. The
level of PH]-CP-55,940 binding to the filters rkes it difficult to comment on the

results from the membrane and soluble fraction assays with any confidence.
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Figure 4.5 The effect of solubilization of spleen membranes and filter pre-
treatment on the total and non-specific binding®Bf{CP-55,940. Data are
expressed as the meaiSEM of three determinations of total and non-specific

binding for each assay condition.

PEIl-soaked filters appeared to retain more membrane homogenate than BSA-
soaked filters. The soluble fractions, hewer, exhibited less specific binding of

the radioligand than the un-treated membranes, suggesting that, as for CB1, CB2
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was insoluble using these conditions. Fas tieason, attempts at solubilizing the
CB2 receptor were abandoned at this pastwas the idea of pre-soaking filters

in PEI as this seemed to promote non-specifid-CP-55,940 filter binding.

In this development procedure, membranes retained on filters had been rinsed
with distilled water since this hdmeen successful with the brain G¥+% binding

assays. For the final assays in the development of the CB2 displacement assay, the
use of cold water and wash buffeontaining 0.5 mg/ml BSA to wash the
membranes was compared. Assays were performed to investigp@H-55,940

binding with and without 100ul of un-diluted membrane homogenate as
described above followed by harvesting on to Whatman GF/B filters, pre-soaked

in drug buffer (containing 5 mg/ml BSA) for 30 minutes.
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Blank (Water) Blank (BSA) Tissue (Water) Tissue (BSA)

Tissue and Wash Solution

[ITotal Binding [ Non-Specffic Binding
Figure 4.6 The effect of wash solution on the total and non-specific binding of

[*H]-CP-55,940 to spleen membranes. Data are expressed as the Stesinof

three determinations of total and non-specific binding for each assay condition.
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It is evident fromfigure 4.6 that the use of wash tier containing BSA caused a
significant reduction in *H]-CP-55,940 sticking to théilter mat and, in the
presence of tissue, reduced non-specifically bound radioligand. Assuming that
[*H]-CP-55,940 binds to the filter homogeneously, this effect should not
detrimentally affect the outcome ofnigiing assays. As a result of these initial
assays, it was decided that centrifugatamsays or solubilization of the tissue
would not provide any advantage ovee thtandard competition assay using a
particulate membrane preparationnvéstigation of cannabinoid and test
compound binding to spleen membranes was, therefore, performed using) 100

of un-diluted membrane homogenate and the membranes then washed with BSA

wash buffer at 4C as described for CB1 competition assays.

4.2.2 GTP¥-S Binding Assay

The GTPy-S binding assay routinely used in the School of Biomedical Sciences
had not been performed in spleen tessso some initial experiments were
required to determine the optimum conditions. Total, non-specific and HU-210-
stimulated 1°S]-GTP«-S binding to spleen membranes was measured in triplicate
using GDP concentrations of 12.5, 25, 50 and 1RO The procedure used was

the same as that described for brasection 3.2.2, with [**S]-GTPy-S at an
assay concentration of 0.48/1 and 250ul of spleen membrane homogenate used

in the membrane mixture. HU-210 was used aML The assay volume of 1 ml
consisted of 48@l of [**S]-GTP+-S solution, 2Qul of either blank assay buffer,
GTP+-S solution or HU-210 solution and 5Q000f membrane mixture.

Figure 4.7 shows representative data from these experiments in comparison to a
positive control of rat brain membranes using the same conditions. It is evident
that, in the brain membranes, HU-210 caused an increas&ShTP+-S
binding. However, this was not obsedvén the porcine spleen membrane
preparation, suggesting that the receptor density was simply too low for an
effective GTPy-S binding assay using this tissue. Previously published data
investigating {H]-CP-55,940 binding in peripheral tissues showed that, in the red
pulp of the spleen, éhspecific binding of*H]-CP-55,940 was 44 fmol/mg wet
weight tissue compared to 143 fmol/mg in the brain (Lynn & Herkenham, 1994).
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Figure 4.7 The effect of GDP concentration on HU-210-stimulafég]fGTP+y-
S binding to porcine spleeA) and rat brain membraneB)( Data are expressed
as the meatt SEM of three determinations of total, non-specific and HU-210-

stimulated binding at each concentration of GDP.
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Another study, using RT-PCR to analyse #xpression of cannabinoid receptors
in different tissues showed that tbeain contains 72 times more cannabinoid
receptor mMRNA compared to spleen (Schettal, 1997). With this in mind, the
results of the spleen GTPPS binding assays are not unexpected, considering the
fact that CP-55,940-stimulated binding 819]-GTP+-S to brain membranes was
only 30.4 % above basdigure 3.7). This assay was not pursued further due to
this lack of cannabinoid-stimulated G¥FS binding in porcine spleen

membranes.

4.3 Experimental Methods

With the development of an effective cannabinoid competition assay using
porcine spleen membrane homogenatewas then possible to determine the
receptor number in this tissue prepamatithe binding affinity of a number of
cannabinoid receptor ligands and the affinit any, of the test compounds for the

CB2 receptor. The following sections describe how this was achieved.

4.3.1 Determination of Receptor Number and Affinity for
CP-55,940
Competition assays where the competing compound employed is the same as the
radioligand can be used to determine the receptor numbg) @hd the affinity
of the receptor for the radioligand {K(DeBlasi,et al 1989). According to the
Cheng-Prusoff equation:

ICs0= Kc (1 + L/Ky)
where G is the concentration of unlabelled compound required to displace 50 %
of specifically bound radioligand, kand K, are the dissociation constants of the
unlabelled and radiolabelled ligands, resjvely, and L is the concentration of
radioligand (Cheng & Prusoff, 1973)Assuming that the radioligand and
unlabelled ligand have equal receptor affinity (i.e),Khen Kk = K, = K.
Therefore, using the Cheng-Prusoff equation:

1Go = Kq (1 + L/Kq)
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=K+ L &
so Ky =1GCs-L 0)

Also, according to the law of mass action:

Brax = Bo (Kq + L)/L
where B is the specific binding of the radioligand. Substitutiag (

ma= Bo ICso/L €)
Since B and IGycan be determined experimentally, equatidn)safd €) can be
used to define B and K.

It would have been desirable to perform these assays with a CB2-specific
radioligand and corresponding unlabellégand, but these were not available
when this work was performed. Inste#@dyvas decided to define binding to both
cannabinoid receptors usingH]-CP-55,940 which possesses almost equal
affinity for CB1 and CB2 (Showaltegt al, 1996). Assays were performed to
measure the displacement of a single concentrationr’HjfJP-55,940 from
spleen membranes by increasing concentrations CP-55,940 (0.03 to 300 nM)
using the protocol described belowadh drug concentration was assayed in
triplicate and each assay was performmedpleen membrane homogenates from
three different animals. The adaptationtioé assay was carried out to allow for
the use of repeat dispensing pipettas, drug solutions and buffers (containing

BSA) were made up as described previously.

General Assay Procedure:

[*H]-CP-55,940 (180.0 Ci/mmol) was dissolved in drug buffer (50 mM Tris; pH
7.0, 2 mM EDTA, 5 mM MgCl, 5.0 mg/ml BSA) to a concentration of 3.25 nM
and then diluted to 0.65 nM in assay buffer (50 mM Tris; pH 7.0, 2 mM EDTA, 5
mM MgCl,, 0.2 mg/ml BSA). Aliquots (25@l) were placed in polystyrene test
tubes with 500ul of assay buffer and 5@l of blank buffer or unlabelled drug
solution then added. Assays were initiated by addition of R0@f spleen
membrane homogenate (diluted 1:1 with assay buffer), the tubes vortexed and
then incubated at 37C for 30 minutes. Non-specific binding of the radioligand
was determined using HU-210 at a concentration oft¥0 Membranes were

harvested on to Whatman GF/B filter mats, pre-soaked in drug buffer for 30

118



minutes, using wash buffer (50 mMis; pH 7.0, 2 mM EDTA, 5 mM MgGJ 0.5
mg/ml BSA) at 4°C on a Brandel cell harvester. Individual filter circles were
placed in insert vials, 4 ml of Packaganulsifier-Scintillator Plus added to each
and left overnight. The vials were theartexed and radioactivity measured on an
LKB Rackbeta liquid scintillation counteffor accurate determination of tHi]-
CP-55,940 assay concentration, the mean value of radioactivity from thred 250
aliquots of radioligand solution was tdemined and the assay concentration

calculated.

Protein Concentration Assay:

In order to determine By, it was necessary to determine the protein concentration

in the spleen membrane homogenates used in the assays. This was achieved using
a variation of the method described by Bradford (1976):

Aliquots of each spleen membrane hommuae were diluted to 4, 2, 1 and 0.5 %
of the original with buffer (50 mMrris; pH 7.0, 2 mM EDTA, 5 mM MgG)
containing NaOH at a final concertiom of 0.5 M in each solution. These
solutions were assayed against BSA standards fromufy®al to 4 mg/ml, each
containing the same concentrationsbofffer and NaOH as the spleen samples.
Triplicate aliquots of the standardsida quadruplicate aliquots of the spleen
membrane samples (140) were placed on a 96 well plate with 12 blanks of buffer
containing 0.5 M NaOH. @massie blue dye (20d) was added to each well
and, after allowing a minimum of 2 minutes for the colour to develop, optical
densities were measured at a wangth of 595 nm using a Dynation MRX
microplate reader. The protein concetitras of the samples were calculated by
fitting the sample optical densities to the BSA standard curve generated by non-

linear regression (one site binding) using GraphPad Prism.

Coomassie Blue Dye:

Coomassie Brilliant Blue G (100 mg) wassblved in 50 ml of 95 % ethanol and
100 ml of 85 % orthophosphoric acid add&te solution was made up to 1 litre
with distilled water, filtered and sted in a well stoppered bottle at room

temperature.
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Data Analysis:

The amount of radioligand bound to themianes was calculated and expressed
as fmol/mg protein. This was plotted agstithe concentration of unlabelled CP-
55,940 (log M) and a sigmoidal dosespense curve for each homogenate was
generated by non-linear regraessi using GraphPad Prism., Bralues were
determined by subtracting the minimunom the maximum of each curve and
these, along with the Kgvalues generated by the program, were used to calculate
Bmax and Ky values for each tissue homogendiee final values were expressed
as the means + SEMs of the three assays. As the spleen membranes contained
both CB1 and CB2, the B« and Ky represent the total number of cannabinoid
binding sites and the affinity of comlgid spleen cannabinoid receptors for CP-
55,940.

4.3.2 Determination of K Values for Other Cannabinoid Ligands
When the K had been determined foiH]-CP-55,940 binding to porcine spleen
cannabinoid receptors, it was possible to determine the equilibrium binding
constants (K for other cannabinoid ligands in this tissue preparation. In the
Cheng-Prusoff equation, theqkof CP-55,940 is equivalent topKand K is
equivalent to K so:

ICs0 = Ki (1 + L/Ky)
Rearranging gives:

Ki = 1Cso/(1+ L/Ky)
Assays were performed to generatcentration-response curves JfJFCP-
55,940 displacement from spleeembranes by HU-210, SR141716A, SR144528
and anandamide. The assays were perfdrimédriplicate as described above but,
since anandamide is hydrolysed by FAAtdsays were performed to compare its
ability to displace H]-CP-55,940 from normal and PMSF-treated membranes.

This PMSF pre-treatment was performed as described below.

Treatment of Spleen Membranes with PMSF:
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PMSF was dissolved in ethanol to a centration of 6 mM and then diluted 10
times in assay buffer. Equal volumeés5 ml) of spleen membrane homogenate
and either PMSF solution or assay buffentaining 10 % ethanol were vortexed
together, incubated at room temperatéwr 30 minutes and then centrifuged at
19,00@ for 2 minutes. The supernatant wapiegted, the pellet washed with 5 ml

of assay buffer and then re-suspended in the original volume of buffer.

Data Analysis:

The percentage displacement of specifically boutid]-CP-55,940 from the
membranes was plotted against the concentration of unlabelled cannabinoid (log
M) and a sigmoidal concentration-response curve generated by non-linear
regression using GraphPad Prism. They Nalue generated by the program was
used to calculate the;Kalue for that compound and the fina] ¥alue was
determined by calculating the mean + SEM for the three individual assays; The K
for CP-55,940 was also determined in this way using the data generated in the CP-
55,940 versus’H]-CP-55,940 assays.

4.3.3 Determination of the Affnity of Test Compounds for the
CB2 Receptor

The affinity of the test compounds for the CB2 receptor was determined by their
ability to displace JH]-CP-55,940 from porcine spleen membranes. Each
compound was assayed as described abseetion 4.3.) using triplicate
concentrations of either 10 or 1Q0M in three different spleen membrane

homogenates.

4.4 Results and Discussion

4.4.1 Determination of Receptor Number and Affinity for

CP-55,940

The results of 3H]-CP-55,940 displacement from spleen membranes by CP-
55,940 are shown idigure 4.8. The combined data from the three assays
produced a Kfor [°H]-CP-55,940 of 1.55 + 0.34 nM, and a&of 678.5 + 129.5
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fmol/mg protein and these values congparell with data in the literaturdaple

4.1), especially the results of Hillaet al. (1999) which were also obtained using
native spleen cannabinoid receptors, all@in the rat. The small differences
between the values described here andther cited literature values are readily
explained. The fact that the, B in the spleen membranes is lower than that
reported by other groups, excluding Hillatal, is likely to be due to this work
being done using the endogenous recepmopposed to transfected receptors
where the receptor number is artificially high. Therefore, no direct comparisons
can be made between this work and thg«Balues described in the literature. As
Kq is a property of the receptor, thg&has no bearing on it. One possible reason
for the difference in Kvalues is the presence of CB1 in the spleen membranes
used in this work. However, in spec@her than the pig, it is known that the CB1

receptor is expressed at much lower levels than the CB2 receptor.
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Figure 4.8 Displacement of specifically bountH]-CP-55,940 from spleen
membranes by CP-55,940. Data are expressed as the mean + SEM of three

independent experiments.

The lower affinity of the receptor population for CP-55,940 described here is

likely to be caused by species variation. The only CB2 receptors that have been



cloned at this time are the human, rat and murine receptors. The murine receptor
(mCB2) is 13 amino acids shorter thae thuman equivalent (hCB2) with the two
sharing 82 % overall identity. In binding studies with the hCB2 and mCB2
receptors expressed in COS-3 celfs{]{CP-55,940 was displaced by CP-55,940
with 1Cso values of 3.2 =+ 0.8 nM and 5.6 &5 nM for the two receptors,
respectively. This indicates that mCBZXhaslightly lower affinity for CP-55,940
than hCB2 (Shireet al, 1996). It has also recently been shown that the cloned rat
CB2 receptor exhibits a different bimgj profile for a number of cannabinoid
receptor ligands in comparison to the hCB2 and mCB2 receptors (Gtiffib,
2000). 1t is likely that the porcine CB2 retepalso exhibits a slightly different
binding profile compared to the humaat and mouse CB2 receptors, explaining
the slight variation between they Kn porcine spleen membranes and the data

summarized irtiable 4.1, using cells transfected with hCB2.

K Bmax
d (pmol/mg Receptor Source
(nM) .
protein)
0.49+£0.11| 4.69+0.58 hCB2in CHO cells (Rinaldi-Carmeinal, 1998)
0.88+0.09| 1.55+0.39 hCB2in HEK-293 cells (E@l, 1999)
hCB2 in CKL cells (CHO with krox24 reporter)
0.96 +0.24| 2.42 +0.34 .
(Portieret al,, 1999)
hCB2 in CCL cells (CHO with cAMP reporter)
0.46 +0.06| 2.88 +0.19 _
(Portieret al, 1999)
0.64+0.05 | 27.4t6.15 | rCB2 in HEK-293 cells (Griffiret al, 2000)
0.73+£0.20 | 9.9t 1.60 | mCB2 in HEK-293 cells (Griffiret al, 2000)
0.87+0.08 | 5.8+ 0.67 | hCB2 in HEK-293 cells (Griffiret al, 2000)
28+0.4 0.57+ 0.02 | Rat spleen membranes (Hillaetlal, 1999)

Table 4.1 Previously reported Kand Bnax values determined by CP-55,940
displacement of’H]-CP-55,940 from the CB2 receptor.

4.4.2 Determination of K Values for Other Cannabinoid Ligands
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The results of cannabinoid displacement GH]{CP-55,940 from spleen
membranes are shown figure 4.9. These data show that, in this system, the
affinities of the compounds is in the order HU-210 > CP-55,940 > SR144528 >
SR141716A > anandamide. It is also cleéhat pre-treatment of the spleen
membranes with PMSF had no effect oe #bility of anandamide to displace
[*H]-CP-55,940. This suggests that FAAH is pogsent in the spleen or that the
levels are too low to significantly hydgale anandamide in the time available
during the assay. Data from Katayastaal. (1997) indicates that FAAH activity
with respect to anandamide hydrolysd.13 + 0.06 nmol/min/mg protein in rat
spleen compared to 4.36 + 0.28 nmol/min/mg in the liver. Despite the inevitable
species variation, this difference in distribution is likely to be similar in the pig.

In table 4.2 the K values obtained in these expeents are compared with those
published in the literature. It is evidetitat the values obtained using porcine
spleen membranes are consistent withliferature values, although most of these
were determined using cells transfectath hCB2. The only two compounds that
appear significantly different, howevare the two antagonists, SR141716A and
SR144528. The reasons for these differencedilely to be due to the fact that
these were the only receptor-selectivenpounds tested. The presence of CB1 in
the spleen membranes is likely tovhacaused the lower than expectedvlue

for SR141716A while, at the same time, causing a higher than expgotath&

for SR144528. However, Rinaldi-Carmonet al. (1998) determined that
SR144528 had a;jKralue of 0.30 = 0.38 nM in rat spleen microsome membranes
compared to 4.55 + 1.1 nM in this woigince both preparations contained CB1
and CB2, it is most likely that the differendaghe values are due to inter-species

differences in receptor structure and binding.
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9T

Compound Ki (nM) Literature K ; (nM) Receptor Source
0.69 £ 0.02 hCB2 in CHO cells (Showaltet al, 1996)
2.55+0.19 hCB2 in mouse AtT-20 cells (Feldet al., 1995)
7.2+24 Rat spleen sections (Lynn & Herkenham, 1994)
CP-55,940 1.55+£0.31 0.75 +0.08 hCB2 in HEK-293 cells (Taet al, 1999)
0.64+ 0.06 rCB2 in HEK-293 cells (Griffiret al, 2000)
0.73+ 0.20 mMCB2 in HEK-293 cells (Griffiret al, 2000)
0.22+0.18 hCB2 in CHO cells (Showaltet al, 1996)
HU-210 1.02+0.24 0.60 +0.13 hCB2 in mouse AtT-20 cells (Feldet al, 1995)
702 £ 62 hCB2 in CHO cells (Showaltet al, 1996)
SR141716A 236.7+25.1 973 +280 hCB2 in mouse AtT-20 cells (Feldet al, 1995)
0.30+0.38 Rat spleen microsome membranes (Rinaldi-Carnebiad,
0.60 £0.13 1998)
SR144528 455+1.1 0.30+0.14 hCB2 in CHO cells (Rinaldi-Carmoret al, 1998)
0.08+ 0.02 rCB2 in HEK-293 cells (Griffiret al,, 2000)
mCB2 in HEK-293 cells (Griffiret al, 2000)
371 +£102 hCB2 in CHO cells (Showaltet al, 1996)
Anandamide 693+ 26 1940 + 240 hCB2 in mouse AtT-20 cells (Feldet al, 1995)
641+ 178 (PMSF) 306 + 48 hCB2 in HEK-293 cells (Taet al, 1999)
1930 Mouse spleen membranes (lghal, 1998)
>10uM rCB2 in HEK-293 cells (Griffiret al, 2000)

Table 4.2 The K values of cannabinoid receptor ligands at porcine spleen cannabinoid receptors in comparigalués Kom the literature.

The values for porcine spleen are represented as thein@taM of three independent experiments.




4.4.3 The Affinity of Test Compounds for Porcine Spleen

Cannabinoid Receptors

The results of *H]-CP-55,940 displacement from porcine spleen membranes by

the novel test compounds are showfigare 4.10
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Figure 4.1Q The displacement offi]-CP-55,940 from porcine spleen
membranes by aryl ethanolamide and phosphinic acid test compounds. Data are

expressed as the mean + SEM of three independent experiments.

It is apparent from these results thane of the test compounds had any affinity
for the CB2 receptor and, unlike the riégswat the CB1 receptor, no speculation
can be made about any structure-activity relationships. However, despite these

disappointing results, the cannabinolinding profile of porcine spleen
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cannabinoid receptors has been charamdriand shown to be similar to the
binding profiles of the cloned human, @d murine CB2 receptors. The next
chapter describes the investigation tbe effect of these compounds on the
anandamide transport mechanism. It was hapatthe lack of affinity of the test
compounds for the receptors would not preclude activity at this target. Indeed, the
anandamide transport inhibitor AM404 gsesses only low affinity for the CB1
cannabinoid receptors with g ¥alue of 1.76 + 0.14M (Beltramoet al, 1997).
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Chapter 5:

Anandamide Uptake Studies

129



5.1 Introduction

In order to explore the effects of theyl ethanolamides and phosphinic acids on
anandamide uptake, a cell line possessimgy endocannabinoid transporter was
required. The mouse neuroblastoma cell NM8TG2 was available in the School
of Biomedical Sciences and, althougheviously shown to accumulatéH]-
anandamide (Deutsch & @h 1993), the anandamideansport system has not
been fully characterized in this cdilpe. The following section describes the
culture of these cells, the uptake expentseused to determine the presence of
the anandamide transport system and sples# studies to investigate the effect

of the novel test compounds

5.2 Experimental Methods

5.2.1 Cell Culture

The cell culture work was performed in a laminar flow cabinet using sterile
techniques throughout. All solutions were sterile unless otherwise stated and were
pre-warmed to 37C in order to prevent the celleing exposed to temperature

shock.

Initial Cell Culture:

N18TG2 cells were thawed from storage at 280 suspended in culture medium
(90 % DMEM, 9 % FBS and 1 % 200 mM dlutamine) and, to remove the
freezing solution, were centrifuged at ¢0@r 15 minutes. The supernatant was
aspirated, the pellet re-pended in 10 ml of culture medium and the suspension
transferred to a 25 cneulture flask. The cells were then incubated at@7n an
atmosphere of 95 % Land 5 % CQ@ When the cells had reached confluence,
they were dislodged from the flask wishml of trypsinsolution (0.25 % w/v).
This solution was not sterile, sowas added to the flask through a Qr2 filter in
order to remove any microbial contamis. The cell suspension was transferred
to a universal tube and the flask washeth 5 ml culture medium which was
combined with the cell suspension and centrifuged agy4605 minutes. The

supernatant was aspirated ahd tube “flicked” to break up the cell pellet which
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was then re-suspended in 5 ml of crétunedium and transferred to a 75%cm
culture flask. A further 5 ml of mediumvas added to the flask to give an overall

split of 1:3 and the cells wenmecubated as described above.

Cell Viability Test:

In order to test the viability of the ik trypan blue dye was used. This is an
exclusion dye which is only taken up bgadl or dying cells, turning them blue.
Equal volumes of cell suspension and dye were mixed together audoi®he
mixture placed on a counting chamber and examined using phase contrast
microscopy. The number of colourless, Wabells and deadr dying cells were

counted in a 2by 25 grid and percentagebility calculated.

Cell Maintenance:

It was observed that EDTA was at leasteffective as trypsin at dislodging the
cells so, when the cells had reached kmmnfce, the culture medium was aspirated
and the cells dislodged from the flaskiw10 ml of EDTAsolution (0.5 mM in
Dulbecco’s PBS). As with the trypsin solutidhjs solution was not sterile, so it
too was added to the flask through a @ filter. The cell suspension was then
transferred to a universal tube, and tlaskl washed with 5 ml of culture medium
which was combined with the cell suspensidhe tube was then centrifuged at
400Qg for 5 minutes, the supernatant aspiaa@d the cell pellet re-suspended in 6
ml of medium. A 1:3 splitvas performed by transferriryml of the suspension
back to the original culture flask and kivag the volume up to 10 ml with culture
medium. The remaining 4 ml of cell susp@mswas split in to two new flasks in a
total volume of 10 ml per flask and allrtle flasks incubated as described above.
Cells were passaged every 2 to 3 daysyleen confluent, and new culture flasks
were used after every third or fourth pags#o prevent the selection of cells that

were resistant to EDTA treatment.

Cell Plating:
When cells were required for anandamide uptake assays, a 1:3 split was
performed and the remaining 4 ml oflcispension was made up to 25 ml with

culture medium. The cell suspension was then plated at 1 ml per well on a 24 well
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culture plate and incubated as described above.

Cell Storage:

In case the cells became infected, it wiasessary to have a supply of frozen,
healthy cells that could be thawed anttumed. To achieve this, at passage 2, the
cells were dislodged, transferred to avensal tube and the flask washed as
described above. 5 ml of the suspensimre transferred ta second universal
tube with 5 ml of medium, resulting inishtube containing onthird of the cells.
The cells were then pelleted and theosectube used for a 1:3 split. The pellet
from the first tube was re-suspendedtiml of freezing solution (10 % DMSO, 90

% FBS) and 1 ml aliquots were graduallykred in to liquid nitrogen for storage.

5.2.2 Anandamide Uptake Assays

The high-affinity anandamide transportirscribed in rat neanes and astrocytes

by Beltramoet al. (1997) is temperature-depemtiesaturable and inhibited by
AM404 and the prostaglandin #ansport inhibitor bromaesol green. In order to
establish the presence of the uptake masham N18TG2 cells, it was necessary

to perform assays to demarasge these characteristiCBhe effect of temperature

and inhibitors on anandamide accumulation in to the cells was examined by
performing anandamide concentostiresponse assays to measure its
accumulation at 0C and at 37°C in the absence or presence of AM404 and
bromocresol green. An anandamide @amtration-response assay was also
performed at 37C in a cell-free system to deteine whether experiments would

be affected by adherence of the anandartodihe culture plate. This assay was
performed in the absence or presenof AM404 to ascertain whether any
adherence was displaceable by this bitbr. Finally, the effect of time on
anandamide uptake by N18TG2 cells was examined by performing time course
assays using a single concentration airatamide in the absence or presence of
AM404.

For these assays, cells were incubateét unlabelled anandamide containing 0.5

% (viv) of [H]-anandamide (223 Ci/mmol) as a tracer. The amount of

anandamide accumulated could then be calculated by lysing the cells and
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measuring the radioactivity present the lysate. The aqueous solutions of
anandamide used in the assays contained 2-hyd@ayglodextrin $-CD) as this
has previously been shown to immpe anandamide’s solubility (Jarhet al,
1996). Also, since these cells exprese tbB1 receptor, it was necessary to
displace any membrane-bound anandaniigewashing the cells with BSA-

containing buffer before lysis togwrent it affecting the results.

General Assay Procedure:

N18TG2 cells were grown to confluence on 24 well culture plates as described
above and placed on a plate warmer at@7The culture medium was aspirated
and replaced with 500l of Tris-Krebs’ buffer (20 mM Tris; pH 7.4, 130 mM
NaCl, 5 mM KCl, 1.2 mM MgCl, 2.5 mM CaCJ, 10 mM glucose) pre-warmed to

37 °C and the cells allowed to equilibrate for at least 10 minutes. The buffer was
then aspirated aneplaced with 50Qul of pre-warmed assay buffer (Tris-Krebs’
with 1 % (w/v) B-CD) containing the appropriat®ncentrations of anandamide
and PH]-anandamide. The cells were citbated for 10 minutes and the
incubations terminated by aspiration tbk buffer. The cells were then washed
carefully with 2 x 500ul of Tris-Krebs’ buffer containing 0.1 % (w/v) BSA at
room temperature and lysed with 500 of aqueous HCI solution (1 M). The
lysates were transferreéd scintillation vials andach well washed with 50d of
distilled water which was combinedittv the correspondindysate. 8 ml of
scintillation fluid was added to eachbi, the tubes vortexeahd radioactivity

measured on an LKB Rackbdiguid scintillation counter.

Comparison of Anandamide Uptake at 0 andBG7

Assays were performed as descalbebove with triplicate anandamide
concentrations of 6.25 to 100 nM containing 0.03 to 0.5 #j-&nandamide. For

the assay at OC, the culture plate, Tris-Krebs’ buffer and assay buffers were
cooled on ice. The 37C assay was performed in the presence or absence of

AM404 and bromocresol green at 1Bl and 20uM, respectively.

Cell-Free Assay:
The assay was performed as above wliiplicate anandamideoncentrations in
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the presence or absence ofyl AM404.

Time Point Assay:
This assay was performed essentiadlg above using 50 nM anandamide
containing 0.25 nM 3H]-anandamide with or without 1M AM404. Assay

durations of 5, 10, 20 and 40 minutes were employed.

When the transport mechanism had been studied, the aryl ethanolamides and
phosphinic acids were included in the gahessay to invéigate whether they
affected anandamide accumulation. The pounds were dissolved in ethanol and
assay solutions made up with B anandamide containing 0.25 nMHJ-
anandamide and 1M of the test compound with anfal ethanol concentration of

0.5 %. Duplicate assays were perfodmas described above, except that the
incubations continued for 20 minutes, wittiplicate concentrations each of a
blank containing anandamide only, a positisontrol of anandamide containing

10 uM AM404 and the test compounds.

Data Analysis:

The mean £+ SEM anandamide accumulation was plotted against anandamide
concentration or time and curves werag@ated by non-linear regression (one site
binding) using GraphPad Prism. To detae the significance of inhibition by
AM404 and bromocresol green, the data from assays using these compounds was
compared to the control conditions using un-paired t tests. For the test compound
assays, the accumulation in the presencesif compound was compared to that

of the control containing anandamidenly and the percentage inhibition

calculated.

5.2.3 Protein Concentration Assay

In order to calculate the rate ainandamide accumulation by the cells
(pmol/min/mg protein), it was necessary to determine the amount of protein in the
wells of the culture plates. N18TG2 cellgre grown to confluence on a 24 well
plate as described above and the plate placed on a plate warmetCatSrice

the culture medium was protein-rich, vitas necessary to remove as much as

134



possible to prevent it affecting the assaw cellular protein. To achieve this, the
medium was aspirated and the wells tieashed with 1 ml of pre-warmed Tris-
Krebs’ buffer which was replaced with arttuer 1 ml of buffer. 1 ml of aqueous
NaOH solution (1 M) was then added to eaahl and left for 10 minutes to allow
the cellular protein to be digeed. BSA standards from 1.9&%/ml to 4 mg/mi
were assayed in triplicate, each contagnihe same concentrations of NaOH and
Tris-Krebs’ buffer as the samples. Thesay procedure and calculation of protein
concentration was the same as describegdtion 4.3.1

5.3 Results and Discussion

5.3.1 Cell Viability
Cell viability was tested after the initial culture from frozen and after passage
number 7. The initial viabily was approximately 75 %, increasing to a mean of

92 + 1.5 % in the three flasks tested after passage 7.

5.3.2 Characterization of Anandamide Uptake

The data from the preliminary anandamidptake assays were expressed as
pmol/min/well due to an unforeseen probleith the protein concentration assay.
The comparison of anandamide uptake at 0 andG7shown infigure 5.1,
demonstrated that there was a terapee- and concentration-dependent
accumulation of anandamide in the N18TG&G2Is, indicating the presence of the
anandamide transporter. In addition, this accumulation was significantly inhibited
by the anandamide transport iniio AM404, further supporting this
interpretation. Performing the uptalssay in the absence of celfgyre 5.2)
showed a concentration-dependent adherai anandamide to the plastic of the
culture plate, which was displateby AM404. However, the amount of
anandamide that adhered to each well was very small in comparison to that
accumulated by the cells, and this effect was ignored in subsequent assays.
Confirming the results of Beltramet al. (1997) in rat neurones and astrocytes,
figures 5.3shows that anandamide uptakeswiane-dependent in N18TG2 cells.
However, contradictinghe results of Beltramet al figure 5.4 shows that
anandamide accumulation by N18TG2 cells was not significantly inhibited by
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bromocresol green. Un-paired t-testsnp@aring anandamide accumulation in the
absence and presence of this compounduf2) gave P values of > 0.1 at all

anandamide concentrations.

Although the scope of these experiments Vimited, the results clearly show that
N18TG2 cells possess a temperatuaed time-dependent anandamide uptake
mechanism that is inhibited by AM404. However, it is apparent from the graphs
that the range of anandamide concerdregtiused was not sufficient to allow the
determination of Wax It is also evident that there was inconsistency between the
experiments. This can be seen when comparing the rates of anandamide uptake in
the absence of inhibitor ifigures 5.1and 5.4 The most likely reasons for this
inconsistency are variations the confluency of the cells and slight differences in

the culture medium used in the differgaissages. It is cledénough, that in order

to properly characterize thHanetics of this uptake mechanism in this cell type,

numerous repeats of these assays should be performed.

Since Vhax Was not determined, these prelianp results can not be compared
directly with those of Beltramet al. However, it does appear that there are
differences in the kinetics of the uptakechanism of N18TG2 cells compared to
that of rat neurones andtaxytes. In these cells,,Kvalues were determined as
32 nM and 320 nM, respectively. In comparison, it is apparent figunes 5.1
and 5.4 that the K, for N18TG2 lies between the$&o values. There is also a
difference between the time courses n@t neurones andistrocytes when
compared with N18TG2 cells. Beltramet al. found that anandamide
accumulation reached 50 % of the maXimate within about 4 minutes. In
contrast,figure 5.3 shows that in the N18TG2 cells, this time is much greater.
This is possibly due to wviation in the transportemumber between the different

cell types.
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Figure 5.1 Accumulation of anandahé by N18TG2 cells at @C Figure 5.2 Adherence of anandamide to the plastic of a culture
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anandamide uptake at 3C in the presence and absence of AM404
were compared using un-paired t-tests (** P < 0.01, *** P < 0.001).
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5.3.3 The Effect of Test Compunds on Anandamide Uptake

As the results described above indicated that N18TG2 cells possess an
anandamide transport system, the eftédhe aryl ethanolamides and phosphinic
acids on uptake were investigated. The resultfigumre 5.5 show that, when
compared to the anandamide control, AM404 inhibited anandamide uptake by
30.3 £ 10.0 % at a concentration of @M, while none of the other compounds
tested had any inhibitory effect at tsame concentration itkin experimental
error. The only compound that showed any activity was PPA2. This compound
has a long carbon chain and a benzene aimg therefore, structural similarities
with AM404, but this could also be cmaed for PPA5 and PPA7. Therefore, it is
likely that this compound haub real effect on anandade uptake, though studies

at higher concentrationsould be required toonfirm this. It ispossible, however,

that there are multiple endocannabinoid s@ort systems. If this were the case,
the relatively poor inhibition of anandamide uptake by AM404 and bromocresol
green could be due to potent inhibition a@fsingle transporter. It is therefore
hypothetically possible that oree more of the test eapounds could demonstrate

this selectivity.

Although the test compounds failed to bindeither CB1 or CB2 and to affect
anandamide uptake, the next chapter idless the investigation of their potential
effects on FAAH using a novel spectrophuttdric assay for FAAH activity. It

was hoped that this would be the mdiely successful target for these
compounds due to the known inhibition iopprofen and other NSAIDs and the

similarities between the alkylphosphiracids and existing FAAH inhibitors.
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Chapter 6.

Fatty Acid Amide Hydrolase
Studies
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6.1 Introduction

6.1.1 Existing Assays for Fatty Acid Amide Hydrolase Activity

The majority of assays for FAAH activity described in the literature involve the
use of either radiochemicals, chraography, or both. In radiochemical FAAH
assays, a radiolabelled substrate is intabavith the enzyme and, after extraction

of reaction products from the mixture, the radioactive reaction product is
separated from any remaining labellatstrate. This separation is achieved by
TLC (Deutsch & Chin, 1993), mini-column chromatography (Desarreiual.,

1995) or reverse-phase high performance liquid chromatography (RP-HPLC) (van
der Steltet al, 1997; Maccarronet al, 1999), followed by measurement of the
radioactivity present in the relevantrigh fraction or peak. Alternatively, if an
ethanolamide FAAH substrate is used, the compound can be radiolabelled with
14C on the ethanolamine portion. After incubation of this substrate with the
enzyme, addition of an organic solvent $esithe ethanolamine to partition in the
agueous phase, while any unreacted substrate is retained in the organic phase. The
aqueous phase is then removed and liquid scintillation counting is performed,
eliminating the use of chromatography (Onegial, 1995).

The other commonly used FAAH assay® based purely on chromatography.
The first methodology involves the incubation of an unsaturated FAAH substrate
with the enzyme followed by extractiaof the reaction products. RP-HPLC is
then used to separate and quantify substrate and products by detection of the
carbon-carbon double bonds (Laegal, 1996). The second method is another
HPLC-based assay in which an ethanolamide substrate is incubated with FAAH
and the products then extracted frahme assay mixture. The ethanolamine
produced by the reaction is derivatized by reaction wiffhthaldialdehyde to
form an isoindole which can then semi@d by RP-HPLC and detected at a
wavelength of 230 nm (Qiet al, 1998).

All of these assays have drawbacks in thay are either expensive due to the use
of radiolabelled substrates, time-canmgng because of the chromatographic
analysis, or both. These problems arecesily compounded by the need to assay

multiple samples, but only two exampleEFAAH assays exist in the literature
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that do not possess either of these drawadekst, the activity of FAAH has been
measured using an ion-specific electrddedetect the ammonia generated by
oleamide hydrolysis (Pattersat al, 1996). Second, a fluorescent displacement
assay has been described which measitiesr the arachidonic acid or oleic acid
generated by hydrolysis of anandamide or oleamide, respectively (Thetnader
1997). In this method, the generationtloé fatty acid displaces DAUDA (11-(5-
dimethylamino naphthalenesulphonyl)-undema acid), a fluorescent fatty acid
analogue, from fatty acid binding proteinABP) and the decrease in fluorescence
is used to determine the rate of hydradylsy FAAH. Both of these methods have
drawbacks, however. The ammonia electrod¢hod involves the use of large (10
ml) assay volumes due to the physisae of the electrode. The fluorescence
assay has two problems associated with it. First, the FABP must be extracted from
either rat liver orE. coli expressing the recombinant protein, then purified and
delipidated for use in the assay. Secdmelause anandamide and oleamide also
bind to the FABP, the assay system reeglicalibration in order to discount the
effects of these ligands binding to the FABP.

6.1.2 A Novel FAAH Assay

Due to the drawbacks of existing agsait was decided that a totally novel
approach would be taken to develop edfective, cheap and rapid FAAH assay
that could be performed without spdiad equipment. To achieve this, a
spectrophotometric assay was developeihg the first known substrate of
FAAH, oleamide. To measure the raté ammonia generation upon oleamide
hydrolysis, a dual-enzyme assay wa®posed using FAAH and L-glutamate
dehydrogenase (GDH) as showrsaheme 6.1
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Scheme 6.1Dual-enzyme assay to measure the ammonia generated by FAAH-

catalysed oleamide hydrolysis.

As shown above, GDH catabs the condensation afketoglutarate ¢-KG) and
ammonia to form glutamate, usihADH as a co-factor. NADH has a high molar
extinction at 340 nm and, therefore, its oxidation to NABn readily be followed
using a spectrophotometer. Since amim and NADH are equimolar in this
reaction, the ammonia generated by FAA&talysed hydrolysis of oleamide and
the reduction in absorbance at 340 nma directly proportional. The following

section describes how this theoretical assay system was developed and optimized.

6.2 Assay Development

6.2.1 Glutamate Dehdrogenase Reaction

Before attempting to combine the two em®s in one assay, it was first necessary
to optimize the conditions of the GDH assay. Using commercially available
bovine L-glutamate dehydrogenase, thehud of Bergmeyer & Beutler (1985)

was adapted for use in cuvettes as showtabie 6.1 These adapted conditions
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will henceforth be referred to as thedrmal” assay conditions. ADP was present

in this assay system as it is a known allosteric activator of GDH.

C C
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Triethanolamine 155 mM 156 mM
o-Ketoglutarate 11 mM 1.00 11 mM 140
ADP 0.56 mM 0.67 mM
B-NADH 186 uM 0.10 222uM 14
NaHCG; 3.70 mM 3.75 mM
GDH’ 7.4 kU/dn? 0.02 6.7kU/dm’ 2
Water - 2.00 - 244
Ammonia up to 150uM 0.10 160uM 50
sample
Total Volume 3.22 ml 450l

Table 6.1 Assay components, volumes and concentrations for the glutamate
dehydrogenase reactionl Unit = the amount of enzyme that will oxidize 1.0

pmole ofa-KG in the presence of ADP at 26, pH 7.8.

Another factor known to affect GDH activity is the magnesium ion concentration,
although there are conflicting accountsitsf effects. For example, Fahien al.
(1990)reported that, in the absence of ADP, Miphibited bovine GDH activity
while, in the presence of ADP, Mgbehaved as an activator. However, Baiey

al. (1982), also using bovine GDH, showed that, up to 5 mM:*Mgd no effect

on GDH activity or the role of ADP in its regulation.
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Preliminary Assays

With the conflicting accounts dhe effect of ADP and M, it was necessary to
investigate the effects of these factbysperforming assays in their presence and
absence. To confirm that the assay concentrations used by Bergmeyer & Beutler
were indeed the most effective, assays were also performed with varying amounts
of a-ketoglutarate, NADH and GDH in comparison to the normal assay

conditions.

Normal Assay Procedure:

Assay solutions were made up by placing 14®f solution A (71.4 mMa-
ketoglutarate, 4.3 mM ADP, 500 miiethanolamine; pH 8.0), 14l of solution

B (7.1 mMB-NADH, 120.6 mM NaHC®@), 2 ul of GDH solution (1600 kU/dr

50 % glycerol solution) and 244 of distilled water in acrylic cuvettes.

Solutions were stirred and gently shaken for at least 10 minutes to allow
equilibration prior to placing # cuvettes in a Beckman DU650
spectrophotometer. Absorbance was maadoat 340 nm until constant and the
reactions then initiated by the addition of @®f ammonium acetate solution (1.4
mM) to give an assay concentration of 16@. Solutions were mixed by stirring
and absorbance automatically measured every 38 seconds for up to 30 minutes.
Each assay was conducted at room tempegand consisted of four test cuvettes
and two cuvettes containing a blank distilled water added in place of

ammonium acetate solution.

Variation of Assay Conditions:

Assays were performed as described abweitk the following variations in the
assay conditions: high (1.1 mM) omid0.4 mM) NADH, high (22.2 mM) or low
(1.1 mM)a-KG, high (66.7 kU/dm) or low (0.7 kU/dn})) GDH, 1 mM Md¢* with
ADP, 1 mM Md" without ADP or the absence of both Mgnd ADP. For assays
containing Mg*, the distilled water in the normassay was replaced with MgCl
solution (1.8 mM).
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Results:

The results irfigures 6.1and6.2 show the effect of altering-KG, NADH and
enzyme concentrations on the rate of &i2H reaction. It is clear that lower than
normal concentrations of these species reduced the reaction rate. As expected,
increasing the amount of enzyme incexhshe rate, but a higher than normal
concentration ofa-KG did not affect the reacm. Unfortunately, due to the
absorbance reading going off the scalf the spectrophotometer, a higher
concentration of NADH could not bessayed. The effects of ADP and ¥1gn
the GDH reaction are shown figure 6.3 andtable 6.2 These data confirm the
activation of glutamate dehydramgse by ADP and show that Kighas an
inhibitory effect on the reaction rate. dlnitial reaction rate in the presence of

ADP (i.e. normal assay conditions) is double that of the assay in its absence.
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Figure 6.1 Representative data from a single experiment, showing the effect of
different concentrations of-ketoglutarate and NADH on the rate of the GDH
reaction. Blank ), normal assay conditiong{, higha-KG (v), low a-KG
(®) and low NADH @). For visualisation, all data were normalized so that the

absorbance reading at 0 seconds was 2.0.
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Figure 6.2 Representative data from a single experiment, showing the effect of
different concentrations of enzyme on the rate of the GDH reaction. Bink (

normal assay condition#(), high GDH (v) and low GDH @). For visualisation,

all data were normalized so that the absorbance reading at 0 seconds was 2.0.

2.1
1'! ’llllll.lllll....l.llllllllll..lllll
AA!'i....
1.9 R IIIVV:OQ......
A 0’ vv' .....
%) AA te, YV, ...0....
Q A - oo
8 1.7 A, Cee Ty Cee.
£ A, *e, Vv
§ AAA teo, Yy
< 1.5 AAAA ‘vv'v
AAA 00,’
AL,
A,
1.3 AAAAAAAAAA
A
1-1 T T T T T 1
0 250 500 750 1000 1250 1500
Time (s)

Figure 6.3 Representative data from a single experiment, showing the effect of
the presence or absence of ADP andMu the rate of the GDH reaction. Blank
(m), normal assay condition&], +ADP/+M¢f* (¥), -ADP/-M¢** (¢) and -
ADP/+Mg** (@). For visualisation, all data were normalized so that the

absorbance reading at 0 seconds was 2.0.
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Conditions Rate (Abs/sec) Relative Rate
Normal (+ADP/-Md") -1.02 x 10° 1
-ADP/-Mg** -5.13 x 1¢° 0.50
+ADP/+Mg* -3.86 x 10 0.38
-ADP/+Mg** -2.21 x 1¢° 0.22

Table 6.2 The effect of ADP and Mg on initial GDH reaction rate. Rates were
determined by linear regression (0 to 228 seconds) of the datéiguom 6.3

using GraphPad Prism and the blank rate subtracted from each.

When ADP and 1 mM Mg were both present, the initial rate was approximately
one third that of the normal assay, shogvthe negative effect of the ADP-metal
complex. However, with Mg alone, the inhibitory effct was even greater, with

the initial rate reduced to one fifth of the optimum.

These results demonstrate that the yassmditions adapted from Bergmeyer &
Beutler were indeed optimal for this assay. The reaction rate could have been
dramatically increased by increasing the enzyme concentration but this would be
unnecessary and wasteful. In contrast to the results of Fahan(1990), these
results showed that the ADP/Kfgcomplex was not activating, but inhibitory.
This also contradicts the findings of Baileyal.(1982) who found Mg did not

alter either the activity of GDH or thdfect of ADP. With these results in mind,

the assay conditions showntable 6.1were adopted for the subsequent assays.

Ammonium Acetate Concentration-Response Assay

To show that the GDH assay could be usedletect variable concentrations of
ammonia, an ammonium acetate concentration-response assay was performed.
The protocol was as described for tlmmmal assay procedure, using ammonium
acetate at assay concentrations between 1 andiNi6@ach concentration was
assayed in duplicate against blankstaining water only. Reaction rates were
linear up to at least 5 minutes, so tingial rate at each concentration was

determined by linear regression of the dadan O to 304 seconds using GraphPad
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Prism. Reaction rates were plotted agammncentration and the results of this
assay are shown figure 6.4. These data clearly show that, as expected, the rate
of GDH reaction was dependent on ammomiacetate concentration and was
linear using these assay conditions. With this demonstration, it was then possible
to combine GDH and FAAH in one assaytést the proposed spectrophotometric
FAAH assay.
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Figure 6.4 Representative data showing the effect of increasing ammonium
acetate concentration on the rate of GDH-catalysed glutamate formation. Data are
expressed as the mean * range of two determinations of rate and were fitted by

linear regression using GraphPad Prism.

6.2.2 FAAH Assays

Preliminary Assays

FAAH is highly expressedn the brain (Desarnauét al, 1995) and liver
(Katayamaet al, 1997) so, due to the immediatvailability of rat liver
microsomes, liver was chosen for this work. The first attempt at combining the

two enzyme sources in one assay wasiceessful as the absorbance was off the
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scale of the spectrophotometer, prolgabile to light scattering by the cloudy
assay solution. To overcome this, the microsomes were solubilized as described

below and the assays repeated.

Tissue Solubilization:

Frozen rat liver microsomes (13.25 rpgotein/ml in 250 mM sucrose, 5 mM
EDTA, 20 mM Tris; pH 8.0) were praped by an adaptation of the method
described by Kamatét al. (1971) and kindly provided by Mr Kishan Jassi. Equal
volumes of thawed microsome prefdéra and microsome buffer containing 1 %
(w/v) of the detergent t-octylphenoxypolyethoxy ethanol (TX-100) were placed on
ice and vortexed three times over a period of 15 minutes, then centrifuged at
9,00@ for 5 minutes at 4C. The supernatant, containing the soluble protein, was

removed and used in the subsequent assays.

FAAH Assay Procedure:

Assay solutions were made up by placing 1#t0f solution A, 14ul of solution

B, 2 ul of enzyme solution and 44 of solubilized microsomes in acrylic cuvettes
and making the volume up to 448with microsome buffer. The procedure used
was then exactly as described above for the GDH reaction with the assay initiated
by adding 2 pul of ethanolic oleamide stkc (36 mM), giving an assay
concentration of 16QM. Blank cuvettes contained the same assay components as

the test cuvettes, buti of ethanol was added instead of oleamide solution.

The results of the initidFAAH assay are shown iiigure 6.5. This example of
typical experimental data demonstrates thatreaction rate in the blank and test
sample were linear for the duration tife assay. The blank showed a small
decrease in absorbance due to theiiable presence of endogenous ammonia in
the microsome preparation, but this wakpsed by the much larger reaction rate
in the presence of oleamide. These diadiicate that oleamide was hydrolysed by
FAAH, with the resulting ammonia utilizeloy GDH. The linearity of these data
may be due to the FAAH reaction being thate-limiting step in this system,
presumably because the pH and temperatlitke assay were not optimal for this

enzyme.
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Figure 6.5 Representative experimental data from the preliminary FAAH assays
using solubilized rat liver microsomes with an ethanolic blankdr 160uM

oleamide #). Data were fitted by linear regression using GraphPad Prism.

Oleamide Concentration-Response Assay

To demonstrate further that thissay was working as predicted, a limited
oleamide concentration-response assay was performed. The procedure was as
described for the preliminary FAAH assay, with oleamide at assay concentrations
of 10 to 320uM. Each concentration was assayed in duplicate against ethanolic

blanks.

Data Analysis:

As with the previous assays, the rafeoleamide hydrolysis was linear for the
duration of the experiments, so rates were determined by linear regression of the
data from O to 4560 seconds. The rateeafction in nmol/min was then calculated

as described below and the data dittey non-linear regression using GraphPad

Prism.
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The absorbance of a chromophore is linked to its concentration by the Beer-
Lambert equation:
A=¢cl

where A = absorbance,= the molar extinction coefficient, ¢ = the concentration
of the chromophore and | = the path ldngtf the cuvette. In this system, the
molar extinction coefficient of NADH = 6220 ¥cm™ and the path length of the
cuvette = 1 cm. Therefore,

A=6220c

As the absorbance in these assays decreased with time, the slopes generated by
GraphPad Prism were negative with units of A/sec so:
-1(slope x 60) = 6220 c/min
c/min = -1((slope x 60)/6220)
Finally, to convert the rate from moles/dmin to nmol/min:
nmol/min = -1((Slope x 60 x 450xPx 1x1)/6220)
= -1((Slope x 27x19/6220)

Results:

The results of the preliminary oleamidencentration-response assay are shown

in figure 6.6. These data show that theteraof oleamide hydrolysis was
concentration -dependent, confirming that this assay may be an effective method

to measure FAAH activity.
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Figure 6.6. The effect of concentration on FAAH-catalysed oleamide hydrolysis
by solubilized rat liver microsomes using a spectrophotometric FAAH assay. The
data represent the mean = range of two determinations of rate and were fitted by

non-linear regression using GraphPad Prism.

Comparison of Rat Liver Microsomes and Liver Plasma Membranes

To simplify the overall assay procedure, it was decided that rat liver membranes
would be assayed for FAAH activity as thereparation is simpler than that of
microsomes. Therefore, the rate of hydrolysis of BDoleamide by FAAH was
compared in solubilized preparations from rat liver microsomes and rat liver

membranes to determine whether the membranes were a viable FAAH source.

Assay Procedure:

Rat liver membranes were prepared as described for the brain membrane
preparation insection 3.2.1 and kindly provided by Professor David Kendall.
Assays were performed as describedth@ previous rat liver microsome FAAH
assays, with 4@l of solubilized microsomes or membranes in duplicate against
blanks containing ethanol instead oéamide solution. Slopes were generated as

previously described using data fronto01026 seconds and the rate of oleamide
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hydrolysis calculated as nmol/min/mgopgin. The microsome preparation was
provided at a known protein conceatton of 13.25 mg/ml and the protein
concentration of the membrane preparation was determined using the adapted
method of Bradford (1976), as described section 4.3.1 The protein
concentrations used to determine thie raf oleamide hydrolysis in each tissue

preparation were the pre-solubilization concentrations.

Results:

The results of this assay are showrigiure 6.7. It is clear from this figure that
there was no difference in the FAAH adiyvpresent in solubilized rat liver
membrane or microsome preparationgthdugh the protein concentrations used

to determine rates were the pre-solubilization concentrations, it is reasonable to
assume that the efficiency of FAAHIsbilization by TX-100 was the same in
both preparations. In light of these resuitsvas decided that, because of the ease
of preparation, rat liver membranes would be used instead of rat liver microsomes

in subsequent assays.
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Figure 6.7 Comparison of the rate of FAAH-catalysed hydrolysis of 180
oleamide in solubilized preparations of rat liver microsomes and membranes. Data
represent the mean * range of two determinations of rate. Protein concentrations

were determined prior to solubilization of the tissue preparations.
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Crude Purification of FAAH Activity

In an attempt to enrich the FAAH adtiv in the liver membrane homogenate, a

crude purification procedure was emypéd using a BioRad Econo-Pac High Q

anion exchange column.

Purification and Assay Procedures:

Distilled water was passed through the column for 1 hour at 1 ml/min followed by
column buffer (1 mM EDTA, 0.1% (wjvTX-100, 20 mM HEPES; pH 7.2) for 2
hours at 1 ml/min. Rat liver membrane homogenate was solubilized as described
at the beginning of this section, usingequal volume of solubilization buffer (1

mM EDTA, 1% (w/v) TX-100, 20 mM HEPE, pH 7.2). The solubilized protein
solution (5 ml) was then passed throughdbkimn at 1 ml/min. A linear gradient

of 50 mM to 1 M ammonium acetate svemployed to desorb bound material,
which was collected as 32 x 2.5 ml fracts. FAAH assays were then performed
using 50ul aliquots of the samples with cafun buffer making up the bulk of the
assay volume. In these assays, all cuvettes contained oleamide at a concentration

of 160uM and, in the blanks, the tissue was replaced byl 58 buffer.

Results:

From the results shown figure 6.8, it is apparent that FAAH activity was not
eluted as a sharp band, with activity @msin fractions 4 to 11. A subsequent
experiment fijgure 6.9) showed that fraction @ontained the highest FAAH
activity, possessing an oleamide hygsi$ rate of 0.72 + 0.01 nmol/min.
Significant enzyme activity was also evident in fractions 4, 5, 7 and 8. However,
with the failure of this procedure weparate the FAAH activity in to a single
fraction, no further purification was atbgted. For simplicity, it was decided to

routinely use solubilized homogenate without an additional purification step.

156



0.6

0.54

0.4

0.3

0.2

Rate of Oleamide Hydrolysis (nmol/min)

- EQQQDD@T&QQ

3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
Fraction Number

Figure 6.8 The FAAH activity present in the alternate fractions collected during

the attempted purification of the enzyme using an ion exchange column.
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Figure 6.9 The FAAH activity present in fractions 4-8, collected during the

attempted purification of the enzyme using an ion exchange column.
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FAAH Assays Using Rat Liver Crude Particulate Fraction

To simplify further the overall procedun¢ was decided to attempt FAAH assays
with the crude particulate fraction (CPF)rat liver. The preparation of this tissue
homogenate, more straightforward thawer membrane preparation, and its

subsequent use in FAAH assays is described below.

Preparation of Rat Liver Crude Particulate Fraction (CPF):

Freshly dissected liver from Wistar hooded Lister rats was roughly chopped
with scissors, weighed and homogenized @nvolumes of ice-cold buffer (1 mM
EDTA, 50 mM Tris; pH 7.4) using a Boron homogenizer. The homogenate was
centrifuged at 1,009 for 5 minutes at 4°C, and the supernatant was then
centrifuged at 36,0@0for 20 minutes at #C. The resulting pellet was then
suspended in 4 volumes (original wet weight) of ice-cold buffer and manually re-
homogenized with a glass/teflon homogenizZdiquots of the CPF (1 ml) were

frozen at -80°C until required.

Assay Procedure:

Assays were performed to assess tA&l activity in solubilized preparations

from rat liver CPF. Solubilization was fiermed as described above using equal
volumes of rat liver CPF and buffdd mM EDTA, 50 mM Tris; pH 7.4)
containing 1 % (w/v) TX-100 and 104 of the soluble protein was used in each
assay. The assay procedure was as destabove, with CPF buffer as the bulk

of the assay volume. The hydrolysis of 1aM oleamide was measured in
qguintuplicate against blanks containing no oleamide and rates determined as

previously described.

Results:

The rate of oleamide hydrolysis in tlEslubilized tissue was calculated as 0.98 +
0.08 nmol/min, i.e. greater than that in soluble liver microsomes or membrane
homogenate. Subsequently, an oleamide concentration-response assay was
performed with oleamide at 1 to 10M, with each concentration assayed in

duplicate. To calculate the rate of hydrolysis of oleamide in this assay, the protein
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concentration of the solubilized tissue smmeasured using an adaptation of the
method of Bradford (1976) as described saction 4.3.1 Rates were then
expressed as nmol/min/mg protein and the results are shdignria 6.10. These

data demonstrate that, as in solubilized rat liver membranes, there was a
concentration -dependent FAAH activity solubilized preparation of rat liver

CPF.
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Figure 6.1Q0 Representative data showing the effect of oleamide concentration on
its FAAH-catalysed hydrolysis using solubilized rat liver crude particulate
fraction. Data represent the mean + range of two determinations of hydrolysis rate

and were fitted by non-linear regression using GraphPad Prism.

All of the results described above damstrate that the novel assay combining
FAAH and GDH does work, largely as prewid. The next section describes the

detailed validation of this assay system.

6.3 Assay Validation
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To ensure that this assay system waslid method of measuring FAAH activity,
it was necessary to demonstrate that the enzyme kinetics measured were
comparable with those reported using existing assays and that activity was

concentration-dependently inhibited by known FAAH inhibitors.

6.3.1 Oleamide Concentration-Response Assays

Although these assays had been performed as part of the assay development
process, they were of limited value diethe low number of replications and
variations in the assay conditions. Totifgahis, assays were performed using the

following, definitive, protocol.

FAAH Assay Procedure:

Assay solutions were made up by placing 14®f solution A (71.4 mMa-
ketoglutarate, 4.3 mM ADP, 500 mhiethanolamine; pH 8.0), 14l of solution

B (7.1 mMB-NADH, 120.6 mM NaHC®), 2 ul of GDH solution (1600 kU/drh

50 % glycerol solution), 192l of CPF buffer (1 mM EDTA, 50 mM Tris; pH 7.4)

and 100pl of solubilized preparation of rat liver CPF in acrylic cuvettes.
Solutions were stirred, gently shaken &ileast 10 minutes to allow equilibration

and then the cuvettes were placed in a Beckman DU650 spectrophotometer.
Absorbance was monitored at 340 nm until it was constant and the reactions were
initiated by the addition of 2ul of ethanolic oleamide solution. Solutions were
mixed by stirring and absorbance autowalty measured every 38 seconds for up

to 2500 seconds. Each assay was conductexbat temperature and consisted of
five test cuvettes and one cuvette eimnhg a blank of ethanol instead of
oleamide solution. Oleamide was assayedoaicentrations ranging from 3.75 to

120 uM, with each concentration measured in triplicate. Three assays were

performed using liver CPF from three separate rats.

Data Analysis:
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The protein concentration of each soluahl tissue was determined as described
previously and slopes were calculated éach assay by linear regression of the
data (0 to 494 seconds) using GraphPasniPrThe slope of the blank was then
subtracted from that of the test sdegpand the rate of oleamide hydrolysis
calculated using the equation describedeantion 6.2.2 Rates were then plotted
against concentration and the data ditby non-linear regression to a rectangular

hyperbola using GraphPad Prism.

The two defining values usually quotedhen referring to enzyme kinetics are
Vmax the maximum rate, and K the Michaelis constant, which is the
concentration of substrate at which the reaction rate is half the Non-linear
regression analysis of the ddip GraphPad Prism generategl &nd \ax values

for each experiment. The means + SEMs of these data were calculated from three

experiments.

Results:

The combined data from the three experiments are shofigune 6.11 The Vnax

and K, values for oleamide hydrolysis l3AAH were calculated as 5.73 + 0.44
nmol/min/mg protein and 103.8 + 13uB/, respectively and data described in the
literature are shown inable 6.3 for comparison. Although M values for
oleamide hydrolysis by FAAH have not been reported in the literature, the rate at
a single concentration has been determined in comparison to that of anandamide.
Using purified FAAH, the rate of hydrolysis of 1081 oleamide was shown to be

242 + 20 nmol/min/mg protein compared to 333 + 30 nmol/mg/protein with 100
uM anandamide (Cravatet al, 1996). This demonstrates that, although
anandamide is the preferred substrafethe enzyme, the rate for oleamide
hydrolysis is similar to that fanandamide. In comparison with tfig.x values in

table 6.3 the maximum rate described for these experiments is of the same order

of magnitude.
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Figure 6.11 The effect of concentration on FAAH-catalysed oleamide hydrolysis
in solubilized rat liver crude patrticulate fraction. Data are expressed as the mean *

SEM of three independent experiments.

However, the kK, value of 103.8 + 13.QM obtained with the present assay was
higher than the previously reported dabait of the same order of magnitude.
These differences may well be due to akhll temperature effects. Although the
Vmax was defined using this spectrophotint assay, the concentration of
oleamide required to achieve this may have been greater than that needed to
achieve the maximum rate under the optimum conditions. For this reason, the
concentration necessary to achieve half the maximal rate,,evduld also be
higher. These results suggest that #psctrophotometric assay of FAAH activity

was effective but, to confirm this, it wagcessary to validate further the assay by
studying the effects of known FAAH inhibrs. This validation procedure is

described in the following section.
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Vmax
Km (nmol/min
Tissue Substrate (uM) /mg Reference
protein)
Rat brain Anandamid| 12.7 +
_ 5.63 +0.20| Desarnawt al, 1995
microsomes e 1.8
Over- .
| Anandamid _
expression in 18 132 Kurahashiet al, 1997
e
COS-7 cells
Rat brain Anandamid| 2.78
_ 1.40 £ 0.06| Langt al, 1999
microsomes e 0.51
~ | Anandamid 0.800 +
Human brain 2+0.2 Maccarronest al, 1998
e 0.075
Solubilized rat
liver plasma | Oleamide 31+3 N.D. Patricebit al, 1998
membranes
Rat liver .
Oleamide 5+2 N.D. Pattersemn al, 1996
membranes

Table 6.3 Previously reported values ofand \Vinax for fatty acid amide
hydrolase. N.D. = Not determined.

6.3.2 FAAH Inhibitor Studies

If the results observed using the novel spectrophotometric assay system were truly
due to the hydrolysis of oleamide by FAAH, known inhibitors of the FAAH
should inhibit the enzyme in a concexton-dependent manner. To demonstrate
this, the effects of methylaraclinyl fluorophosphonate (MAFP), PMSF and
anandamide on the assay were investig. MAFP is a potent, selective and
irreversible inhibitor of FAAH, whilePMSF is a broad spectrum serine protease
inhibitor, which has also been showto inhibit FAAH irreversibly. As

anandamide is a substrate of FAAH, it was also included in this work as a
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competitive inhibitor of oleamide hydrolysik.is also possible that the products

of anandamide hydrolysis would inhibit FAAH.

FAAH Inhibitor Assays

Assays were performed essentially as described for the oleamide concentration-

response assays, except the volume of buffer in the assay solution was reduced
from 192 to 190ul. When the absorbance of the initial assay solution was
constant, 2ul of ethanolic inhibitor wasdded to each cuvette followed byiPof
oleamide solution. The assay solutions ween stirred and absorbance measured
against one blank containing neither bitor nor oleamide and a second blank
containing oleamide but no inhibitor. Oleamide was present in the assay at 100
uM, while MAFP was assayed at a@ntrations between 10 nM angil1, PMSF
between 3.125 and 50M and anandamide between 10 and 3&d. Each
inhibitor concentration was assayed in triplicate using rat liver CPFs from three

different animals.

Data Analysis:

Slopes were calculated as described iptesly and the blank containing neither
inhibitor nor oleamide subtracted from ttest samples. The percentage inhibition
of oleamide hydrolysis was then caldel& by comparing the inhibitor samples
with the second blank containing oleamitlut no inhibitor. The mean + SEM
inhibition was calculated from the tripate inhibitor concentrations was then
plotted against concentration (log M) and a variable slope sigmoidal curve fitted
by non-linear regression using GraphPad Prism. The v@lues generated for

each tissue by the program were combined as the mean + SEM.

Results:

Representative curves generated by these assays are shbguran6.12 The
validity of this assay was confirmed byetlioncentration-dependent inhibition of
FAAH-catalysed oleamide hydrolysis ihese compounds. As predicted, the
order of potency was MAFP > PMSF > anandamide, witpg V&lues of 264 + 49
nM, 17 + 3uM and 171 + 4QuM for the three compounds, respectively. These
values for MAFP and PMSF are higher thexpected, as can be observed when
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they are compared to devalues described in the literatutakile 6.4. There is

no reported 16 value for inhibition of FAAH activity by anandamide. There are
two possible explanations of these discraes. Firstly, as mentioned before, the
kinetics of inhibition may have been efted by the lower than optimal pH and
temperature employed in this assagc@hdly, it was thought that the lack of
preincubation of the inhibitors with FAAH may have affected these results, as
methods described in the literature involw@incubating the inhibitors with the
enzyme preparations for times of 10 20 minutes. The investigation of this

possibility is described below.
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Figure 6.12 Representative data showing the effect of MARR, PMSF (&)
and anandamidew() on the FAAH-catalysed hydrolysis of 1M oleamide in
solubilized rat liver CPF. Data are expressed as the mean + SEM of three

determinations of percentage inhibition.
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Tissue Substrate | Compound | ICs Reference
N18TG2, approx. )
100uM De Petrocellist al,
10x FAAH MAFP 3nM
o anandamide 1997
purification
RBL-1, approx. )
100uM De Petrocellist al,
10x FAAH MAFP 1nM
o anandamide 1997
purification
Rat brain 30 uM Deutschet al,
PMSF 290nM
homogenate anandamide 1997b
Rat brain
_ 2uM
membranes minug _ PMSF 3.7uM | Fowleret al, 1997
anandamide
cerebellum

Table 6.4 Previously reported I§g values for inhibition of FAAH activity by
MAFP and PMSF.

Preincubation Assays

To investigate the effect of preinculyagi FAAH with an inhibitor, the enzyme

preparation was preincubated with @ PMSF for different periods of time.

Assay Procedure:

The assay procedure was essentially asriteed above for the inhibitor studies.
The effect of 10uM PMSF on the hydrolysis of 100M oleamide was studied
with preincubation times 10, 20 and 30 minutes in comparison to no
preincubation. Each condition was assayedtriplicate with three different
solubilized rat liver CPF preparation§he percentage inhibition of oleamide
hydrolysis was calculated and the conaddl mean + SEM plotted against
preincubation time. To determine whetlpeeincubation significantly affected the
inhibition of enzyme activity, one-way alysis of variance was performed on the
data. P values were determined bymearing the level of inhibition in

preincubated samples with the control using GraphPad Prism.
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Results:

The results of the preincubation assays are shoviigune 6.13 It is clear that
preincubation of FAAH with 1QuM PMSF caused a significant increase in the
inhibition of the FAAH-catalysed hydrolysis of 100 uM oleamide compared to the
control. This may at least partially explain the higher than expectgdvélies

reported above.
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Figure 6.13 The effect of preincubation with 20 PMSF on the FAAH-
catalysed hydrolysis of 100M oleamide in solubilized rat liver CPF. Data are

expressed as the mean + SEM of three independent experiments and were
analysed by one-way ANOVA (*** P < 0.0001).

The Effect of FAAH Inhibitors on Glutamate Dehydrogenase

To complete the validation of this ass@ywas necessary to demonstrate that the
observed inhibition of oleamide hydrolysigas not due to the inhibition of

glutamate dehydrogenase activity.
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Assay Procedure:

Using the solutions described section 6.3.1 140 ul of solution A, 14ul of
solution B, 192ul of buffer (1 mM EDTA, 50 mM Tris; pH 7.4) and\2 of GDH
solution were placed in acrylic cuvetteslions were stirred then gently shaken

for at least 10 minutes to allow equi#bion and the cuvettes then placed in a
Beckman DU650 spectrophotometer. Absorte was measured at 340 nm and,
when constant, 2l of ethanol or ethanolic inhibitor solution was added to the
cuvettes followed by 100l of buffer or ammoniunacetate solution (0.45 mM in
buffer). Solutions were stirred and absorbance then automatically measured every
38 seconds for up to 30 minutes. Assagssisted of two blank cuvettes, two
control cuvettes to measure the GDH reaction rate and two cuvettes to examine
the effect of the FAAH inhibitor. Tricate assays were performed with each
inhibitor using MAFP, PMSF and anandam®iat assay concentrations of 1, 100
and 320uM, respectively.

Data Analysis:

Absorbance was plotted against time. Reaction rates were linear up to 300
seconds, so the slopes of the curvesewtetermined from 0 to 266 seconds by
linear regression of the data usinga@mPad Prism. Initial reaction rates
(nmol/min/mg protein) were calculated dsscribed above and the rates of the
blanks subtracted from those of the test samples. The rate of the GDH reaction in
the presence and absence of FAAH inhibitor was calculated as the mean + SEM of
the combined data and the rate in the gmes of inhibitor was then expressed as a
percentage of the control rate. To determine whether the reaction rate in the
presence of FAAH inhibitor was significanttlifferent from the control rate, the

data were analysed by paired t-tests using GraphPad Prism.

Results:

The effect of FAAH inhibitors on thete of the GDH reaction is showntable
6.5, which clearly demonstrates that nonelw# inhibitors tested had a significant
effect on GDH activity. These data coni that the observed, concentration-

dependent inhibition of oleamide hydralydy these compounds was not due to
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an effect on GDH and, therefore, finallpnfirmed that the assay procedure was

an effective means of measuring FAAH activity.

Rate with
Control Rate .
_ Inhibitor
FAAH (nmol/min/mg _
. _ (nmol/min/mg % of Control | P Value
Inhibitor protein) _
protein)
MAFP
205+ 2 199 +2 96.9+1.4 0.069
(1 uM)
PMSF
2022 200 £ 2 99.1+1.3 0.161
(100 uM)
Anandamide
226 £ 3 228+ 3 100.7 £ 1.8 0.182
(320uM)

Table 6.5 The effect of FAAH inhibitors on the rate of GDH-catalysed glutamate
production using 100M ammonium acetate. Data represent the mean £ SEM of
three independent experiments with each inhibitor and were analysed by paired t-

tests using GraphPad Prism.

With the completion of the assay validation, it was it was decided to perform one
more investigation using this spectrophotometric procedure. To test its versatility,
the assay was used to examine FAAH aigtiin various tissue preparations in
order to determine whether there midpat tissue-dependent differences, perhaps
indicating the existence of more than one form of the enzyme. These experiments

are described below.

6.4 Comparison of FAAH Adivity in Different Tissue

Preparations

The activity of FAAH has been shown be broadly similar in brain and liver
although, as described section 1.5.4there is evidence for the existence of other

enzymes that hydrolyse endocannalisoi However, most work published
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concerning FAAH has involved the use atfher solubilized or untreated tissue
preparations and no direct comparistrave been made between the two. The
original isolation and protein sequengiof FAAH was carried out using soluble
protein from rat liver membranes, abted by treatment with TX-100. This
solubilization was used to characterize tPAAH activity in the assays described
above, but no consideration was givermty FAAH activity that might be present
in the pellet of insoluble protein thatmmained after solubilization. In the work
described below, the FAAH activity in tle®lubilized and insoluble protein from

the crude particulate fraction of rat liver and rat brain was examined.

Preparation of Crude Particulate Fractions:

Frozen livers or brains from Wistar booded Lister rats were thawed, weighed
and homogenized in 10 volumes of icdecbuffer (1 mM EDTA, 50 mM Tris;

pH 7.4) using a Polytron homogenizer. The homogenate was centrifuged at 1,000
for 5 minutes at 4C, and the supernatant was then centrifuged at 3% @d0@0
minutes at £C. The resulting pellet was then suspended in 4 volumes (original
wet weight) of ice-cold buffer and marlyare-homogenized with a glass/teflon

hgomogenizer. Aliquots of the CPF (1 ml) were frozen af&aQntil required.

Preparation of Soluble and Insoluble Protein Solutions from Rat Liver and Brain
CPFs:

Equal volumes of either rat liver obrain crude particulate fraction and
solubilization buffer (1 mM EDTA, 50 mMris; pH 7.4, 1 % (w/v) TX-100) were
mixed, placed on ice and vortexed thitemes in a fifteen minute period. The
mixture was then centrifuged at 9,@0@r 5 minutes at 4C and the supernatant
retained as the soluble protein dmo. The insoluble protein was then
resuspended, with the aid of sonicatiomthe original volume of TX-100-free
buffer.

Assay of FAAH Activity:
Using the solutions described section 6.3.1 140 ul of solution A, 14pl of
solution B, 2ul of GDH solution, 192ul of buffer and 100ul of soluble or

insoluble protein were placed in acrybavettes and stirred. The solutions were
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gently shaken for at least 10 minutesattow equilibration and then placed in a
Beckman DUG650 spectrophotometer. Absorte was measured at 340 nm until
constant and the assay initiated by the addition af @f ethanol or ethanolic
oleamide solution (22.5 mM). The solutions were stirred and absorbance
automatically measured every 38 @eds for up to 30 minutes at room
temperature. Each assay consistedwaf blank cuvettes containing ethanol and
four test cuvettes containing oleamideidlicate assays were performed with both

soluble and insoluble protein.

Data Analysis:

The concentration of protein in eaclsstie solution was determined using the
adaptation of the Bradford method (1976) as describséction 4.3.1Rates of
oleamide hydrolysis were calculated from the slopes generated by linear
regression of the data from 0 to 49%kcaends using GraphPad Prism. The mean
blank rate in each assay was subtradtech the observed rate for each sample
and the mean + SEM rate of hydrolysis calculated using the data from the

duplicate assays.

Results:

The results of this assay are shownfigure 6.14 The rates of oleamide
hydrolysis using solubilized ptein were 3.29 + 0.08 and 1.05 = 0.11
nmol/min/mg protein in liver and brain, respectively. This contrasts with the rates
observed using the insoluble proteinig¥h for liver and brain, were 10.52 + 0.18
and 12.58 +0.60 nmol/min/mg protein. Tisisggests that the majority of FAAH
activity in both rat liver and brain wamt solubilized by treatment with TX-100
and remained bound to the plasma memérd he FAAH activity in the insoluble
liver protein was 3.2 times greater than timathe solubilized protein whereas, for
brain, the insoluble protein possessedaativity 12.0 times greater than that
found in the soluble protein. These resuttay indicate that the fifteen minute
period used for the solubilization ofethprotein from these tissues was not
adequate to achieve effective solutdlion. Alternatively, the data may be
evidence for the existence of two or mdlifferent FAAH activities in rat liver

and brain. If this is the case, the activity evident in the insoluble protein
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preparations may be more strongly anchored to the plasma membrane than the
activity in the soluble preparations. Thbserved ratios of activities may also be
indicative of a variation in the exmsion of these hypothetical enzymes in the
two organs. In order to investigate the possible existence of multiple FAAH
activities in these tissues, additional @werization would be required and this,

unfortunately, was beyond the scope of this work.
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Figure 6.14 The rate of FAAH-catalysed hydrolysis of 1001 oleamide in
solubilized and insoluble protein solutions from rat liver and brain crude
particulate fraction. Data represent the mean £ SEM of eight determinations of the

hydrolysis rate.

Unlike existing procedures, the spectrophotoioetature of this assay gave it the
potential for high-throughput screening T8) of compounds for inhibition of
FAAH activity. The next section describége adaptation of the assay for use on a

96 well microtiter plate for the purpose of HTS.

6.5 Adaptation of the FAAH Assay for Use on a Microtiter Plate
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Inhibition of FAAH results in an increase in the levels of endogenous
cannabinoids and, therefore, it is a potdrmtrag target. However, screening large
numbers of compounds for potential inkalos using existing assays of FAAH
activity would be impractical and xpensive. The adaptation of this
spectrophotometric assay for use on a 98 (@e greater) microtiter plate format
would enable the cheap and rapid HTScompound libraries for their effect on
FAAH. Although the sensitivity of the spesphotometric assay is not sufficient
to detect very low levels of FAAH inhibition, the aim of HTS is to identify potent

inhibitors and this would be easily achievable.

As the key process in the assay whs use of GDH to detect the ammonia
generated by FAAH-catalysed oleamide hydrolysis, it was first necessary to
demonstrate that the GDH assay couldabdapted for use on a microtiter plate.

This procedure is described in the following section.

6.5.1 Measurement of GDH Activity Using a Microtiter Plate
Assay

To adapt the GDH methodology for use on arotiter plate, the major alteration
required was a reduction ofetlassay volume from 450 to 2(QD To achieve this,
the solutions used in the assay were adbagptethat the assay concentrations of the
individual components were the sametlagse in the spectrophotometer assay,

despite the altered volumes used in this assay.

GDH Microtiter Plate Assay Procedure:

The assay solution was made up bgcpig 4.5 ml of solution A (49.38 mM-
ketoglutarate, 2.96 mM ADP, 691.36 miMethanolamine; pH 8.0), 600l of
solution B (7.41 mMB-NADH, 125.15 mM NaHCG), 9.4 ml of buffer (1 mM
EDTA, 50 mM Tris; pH 7.4) and 500l of GDH solution (1600 kU/drstock in
50 % glycerol diluted to 284.4 kU/dnwith buffer) in a universal tube. The

solution was thoroughly med by vortexing and 150l of the mixture placed in
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each well of a 96 well microtiter plat&he absorbance of the solutions was
measured at 340 nm on a DynategfiR5000 microplate reader and, when
constant, 50ul of buffer or ammonium acetate solution (12.5 to §0@, in

buffer) was added to the assay solutianth a multi-tip pipette. The plate was

then shaken for 10 seconds and the absorbance of each well was measured every
30 seconds for 5 minutes. Of the eight rows on the plate, one row contained the
buffer blank while the other seven eaatn@ined a different concentration of

ammonium acetate.

Data Analysis:

For each of the eight assay conditiotise wells were treated individually.
Absorbance was plotted against time arel g¢lopes of the lines were determined

by linear regression using GraphPad Pri8sthe concentration of protein in the
GDH solution was known, slopes were converted to reaction rates using the
equation described isection 6.2.2and the mean + SEM rate was determined
from the twelve repeats of each assagdition. The rate at each concentration of
ammonium acetate was then determined by subtracting the blank rate from the
observed rate. Reaction rate was plotgdinst ammonium acetate concentration

and the data fitted by linear regression using GraphPad Prism.
Results:

The results of this assay are showfigare 6.15 in comparison to those obtained

using the spectrophotometer assay.
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Figure 6.15 Comparison of the effect of ammonium acetate concentration on the
rate of GDH-catalysed glutamatetiwation using spectrophotometek ) and
microtiter plate ®) assays. Data are expressed as the mean + range of two
determinations of rate (spectrophotometer assay) or the mean + SEM of twelve
determinations of rate (microtiter plate assay) and were fitted by linear regression

using GraphPad Prism.

The reproducibility between these two setdafa clearly demonstrates that the
spectrophotometric GDH assay could be effectively adapted for use on a
microplate reader. The next logical stepgrdfore, was to investigate whether the

same reproducibility existed for the FAAH spectrophotometer assay.

6.5.2 Measurement of FAAH Activity Using a Microtiter Plate
Assay

Preliminary Assays

The spectrophotometric FAAH assays were initiated by the additionubfo?
ethanolic oleamide solution. To scale down this amount of oleamide solution for

use in the microtiter plate assay, ibwid have been necessary to add QuBef

175



ethanolic solution to each well. This was not readily achievable with any
accuracy, so it was decided to dilute ethanolic oleamide in buffer before addition
to the assays. This proved impossible to achieve as the oleamide consistently
precipitated out of solution when digd in buffer. This problem was not
encountered in the spectrophotometer yassathe presence of TX-100 kept it in
solution. To counter this problem, the ethanolic oleamide solution was diluted in
buffer containing TX-100 and, to limit the amount of the detergent in the assay,
tissue was not solubilized and was useddly in the assay. This was achieved as

described below.

Assay Procedure:

Frozen aliquots of rat liver CPF wetlgawed and a tissue solution made up by
mixing 2.2 ml of tissue homogenate with 2.8 ml of buffer (1 mM EDTA, 50 mM
Tris; pH 7.4). Oleamide was dissolved @ppropriate concentrations in ethanol
and 20ul of the ethanolic solution, or ethanir the blank solution, was diluted

by the addition of 98@l of buffer containing 1 % (w/v) TX-100. Assay solutions
were made up by adding 450 of solution A, 60ul of solution B, 50ul of GDH
solution, 500ul of oleamide solution and 440l of buffer in a test tube. The
solutions were thoroughly mixed by vortexing and 150f each solution placed

in the wells of one column of a 96 well microtiter plate. The absorbance of the
solutions was measured at 340 nm ddyaatech MR5000 microplate reader and,
when constant, 5@l of tissue solution was added to the assay solutions with a
multi-tip pipette. The plate was then shaken10 seconds and the absorbance of
each well was measured every 30 secdiodss minutes. The microtiter plate
layout consisted of one column of eight blank solutions and six columns

containing oleamide at assay concentrations of 3.75 t@&00

Data Analysis:

The absorbance of each well was plottaghinst time and the rate of reaction
(absorbance/sec) was determined by limegression using GraphPad Prism. The
mean = SEM rate was calculated frone #ight repeats of each assay condition
and the rate at each concentration ebohide was then determined by subtracting

the blank rate from the observed ratee oncentration of oleamide was plotted
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against the rate of hydrolysis and théadited by non-linear regression (one-site

binding) using GraphPad Prism.

Results:

The results of this preliminary FAAlhicrotiter plate assay are shownfigure

6.16 It is clear from these data that thieliminary assay was not successful. The
reason for this undesirable result was aac| although one factor that may have
affected the outcome was the concertratwf TX-100 present. In this assay, the
TX-100 concentration was 0.245 % (Ww/vcompared to 0.111 % in the
spectrophotometer FAAH assay. Both of these concentrations exceed the critical
micelle concentration, the concentration of detergent at which micelles
spontaneously form in solution. It is gmble that the presence of micelles could
cause light scattering, therefore affeqg absorbance reading, although this did
not appear to have any detrimentdfects on the spectrophotometer assay.
However, the absorbance readings frommficrotiter plate assay were lower than
the corresponding spectrophotometer assay because of the smaller path length
involved. Any effects of light scattery by micelles would, therefore, have a
greater effect on the plate assay thandpectrophotometer assay. This, combined
with the higher TX-100 concentration, mhag the reason for the failure of this
preliminary assay. The next section ddsesi how this problem was investigated

using oleamide solutions with different concentrations of detergent.
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Figure 6.16 The effect of oleamide concentration on the rate of FAAH-catalysed
oleamide hydrolysis using a microtiter plate assay. Data are expressed as the mean
+ SEM of eight determinations of rate and were fitted by non-linear regression

(one-site binding) using GraphPad Prism.

Comparison of Oleamide Solutions and Tissue Preparations

The method of oleamide solubilizationsdeibed for the preliminary microtiter
plate assay (solution one) was compared against an oleamide solution with
significantly less TX-100. This solutiondlsition two) was made by diluting 200

ul of the appropriate concentration of ethanolic oleamide with 1.8 ml buffer
containing 1 % (w/v) TX-100. This sdlon was then diluted five-fold in
detergent-free buffer. Both oleamide sau8 were then assayed using neat or
solubilized rat liver crude particulateafition to determine which appeared most

effective.
Assay Procedure:

Two initial assay solutions were madp by placing 2.25 ml of solution A, 3Q0

of solution B and 25@I of GDH solution in universal tubes. For assays using neat
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tissue, 1.1 ml of rat liver CPF and 3.6 afilbuffer was added to the initial assay
solution. For assays using solubilized tissue, rat liver CPF was solubilized as
previously described and 2.2 ml of this solution and 2.5 ml of buffer was added to
the initial solution. Solutions werioroughly mixed by vortexing and 150 of

each solution placed in the relevantliweof a 96 well microtiter plate. The
absorbance of the solutions was measured at 340 nm on a Dynatech MR5000
microplate reader and, when constantub0f the appropriate oleamide solution

or blank solution was added with a multi-tip pipette. The plate was then shaken
for 10 seconds and the absorbance of eeelh was measured every 30 seconds
for 5 minutes. Each of the two oleamide solutions and their corresponding blank
solutions were assayed in both neat aalibilized rat liver CPF with oleamide
concentrations of 60 and 120M. Eight determinations of oleamide hydrolysis
rate were made for each assay condiaod rates of oleamide hydrolysis were

determined as described for the preliminary FAAH microtiter plate assay.

Results:

The data irfigure 6.17 show the effect of the oleamide and tissue solutions on the
rate of oleamide hydrolysis by FAAH in comparison with typical data from the
standard FAAH spectrophotometer assay. #pparent from this data that the use

of oleamide solution two, with the reduckel of TX-100, resulted in a greatly
reduced blank rate compared to the rate of hydrolysis in the presence of oleamide.
Assays A and C, with the highest levels of detergent, were ineffective. Of the
remaining microtiter plate assays, assay D showed the greatest correlation with
the data from the spectrophotometer assay. The distinction between the two
oleamide concentrations was greater in #sisay, suggesting that solubilization of

the rat liver CPF was more effective thidme use of the neat tissue preparation.
This was not unexpected, as the conditionassay D were the closest to those

used in the spectrophotometer assay.
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Figure 6.17 The rate of FAAH-catalysed oleamide hydrolysis in microtiter plate
assays using oleamide solutions one and two with neat (A and B) or solubilized (C
and D) tissue, compared to data oh¢al from a typical FAAH spectrophotometer
assay (E). Data are expressed as the mean + SEM of eight determinations of rate
for the plate assay and three determinations for the spectrophotometer assay. The

numbers in brackets represent the TX-100 concentration in each assay.

To determine whether these conditionsrevalso effective at lower oleamide
concentrations, concentration-resporsssays were performed. Quadruplicate
determinations of the rate of oleamidgdrolysis were made at oleamide assay
concentrations of 3.75 to 120M using three different solubilized rat liver CPFs.
Reaction rates (absorbance/sec) were determined as described above and plotted
against oleamide concentration. The hssof these assays are shownfigure

6.18 It is clear from these data thaeth was no evident relationship between the
concentration of oleamide and the ratkits hydrolysis by FAAH using the
microtiter plate assay. The rates of hydrolysis at the lower oleamide

concentrations were not distinguishalilem one another, making any kinetic
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analysis impossible so, due to these disappointing results and time constraints, no
further kinetic investigations were undekén using this FAAH assay procedure.
However, as the main aim of this adaptation was the high throughput screening of
potential FAAH inhibitors, the effect oPMSF on the rate of hydrolysis of

oleamide by FAAH was examined as described below.
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Figure 6.18 The effect of oleamide concentration on the rate of FAAH-catalysed
oleamide hydrolysis using adapted microtiter plate assays. Data are expressed as
the mean £ SEM of four determinations of rate and were fitted by non-linear

regression (one-site binding) using GraphPad Prism.

6.5.3 Investigation of the Effecof PMSF on FAAH Activity Using

a Microtiter Plate Assay

If this assay was to be used to scradibrary of compounds for potential potent
inhibitors of FAAH activity, it would only banecessary to examine the effect of
the compounds on the hydrolysis of a singloncentration of oleamide. If a
potential FAAH inhibitor was identified, more detailed kinetic studies could then

be undertaken using the spectrophotomE#AH assay or a “traditional” assay
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for FAAH activity. The use of higher olean@icconcentrations appeared to be the
only effective measure of the rate PAAH-catalysed oleamide hydrolysis in the
attempted microtiter plate assays sontestigate the viability of using this assay
for HTS, the effect of 1M PMSF on the rate of hydrolysis of 1M oleamide

by FAAH was investigated. This concentaatiof oleamide was chosen so a direct
comparison could be made between #gsay and the spectrophotometer assays
with PMSF, which also used oleamide at 10W0.

Assay Procedure:

Frozen rat liver crude particulate framti was thawed and solubilized with an
equal volume of buffer (1 mM EDTA, 5&M Tris; pH 7.4) containing 1 % TX-

100 (w/v), as described previously. Oladewas dissolved to 20 mM in ethanol,
diluted ten-fold with buffer containin@ % TX-100 (w/v) and this solution was
then diluted five-fold in detergent-frdmuffer. PMSF was dissolved to 1 mM in
ethanol, then assay solutions made by combiningu®@® solution A, 120ul of
solution B, 100pul of GDH solution, 880ul of solubilized rat liver crude
particulate fraction, 96@l of buffer and 4Qul of ethanol or PMSF solution in a
test tube. This solution was mixed by vortexing and d58er well placed in a 96

well microtiter plate. After 30 minutegreincubation of PMSF with FAAH, the
absorbance of the solutions was measured at 340 nm on a Dynatech MR5000
microplate reader and, when constantub6f oleamide solution or oleamide-free
blank solution was added with a multi-tip pipette. The plate was then shaken for
10 seconds and the absorbance of eadhwas measured every 30 seconds for 5
minutes. Assays consisted of eight waltmtaining blank solutions, eight wells
with oleamide and eight wells with oleamide and PMSF. Triplicate assays were

performed using rat liver CPFs from three different animals.

Data Analysis:

The absorbance of each well was plottaghinst time and the rate of reaction
(absorbance/min) determined by linear regression of the data using GraphPad
Prism. The mean + SEM rate was calculdtedh the eight determinations at each
assay condition and the blank rate subtracted from the observed rates of

hydrolysis for oleamide and oleamide in firesence of PMSF. To test if the rate
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of oleamide hydrolysis in the presenceRMSF was significantly different from
that of the control, data were analyseth un-paired t tests using GraphPad

Prism.

Results:

The effect of 10uM PMSF on the FAAH-catalysed hydrolysis of 1QM
oleamide in the microtiter plate assay is showfigare 6.19. These data show
that PMSF significantly inhibited A/AAH activity. The mean inhibition of
oleamide hydrolysis in the three exipgents was 55.96 = 1.90 % which compares
well with the spectrophotometer assay, where M PMSF inhibited the
hydrolysis of 100uM oleamide by 34.35 + 1.45 %. The difference in inhibition
can be explained by the lack of praibation of PMSF with FAAH prior to the
spectrophotometer assays. These results giear evidence that this microtiter
plate assay can be used for the HTSilwfaries of compounds for inhibitors of
FAAH activity.
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Figure 6.19 The effect of 1uM PMSF on the rate of FAAH-catalysed
hydrolysis of 10QuM oleamide using a microtiter plate assay. Data represent the
mean = SEM of eight determinations of hydrolysis rate and were analysed using

un-paired t-tests (*** P < 0.0001).
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The final investigations using this novadsay system concerned the examination
of the effects of the aryl ethanolata and phosphinic acid test compounds on

FAAH activity. These experiments are described below.

6.6 Investigation of the Effects of Test Compounds on FAAH
Activity

The effects of the novel test compounds on the hydrolysis ofil06leamide by
FAAH were examined using the same methodology described for the known
inhibitors of the enzyme. Each compouwds tested in triplicate at an assay
concentration of 10 or 10QM, depending on their solubility in ethanol, and
duplicate assays were performed usingilsdized preparations of rat liver CPFs
from two different animals. After subtri@ing the blank slope from the test slopes,
the percentage inhibition of edmide hydrolysis by each compound was
calculated by comparison with the control rate. The mean + range percentage
inhibition was then calculated. The results from these assays are shiiguren

6.20

It is clear from these data that, as with the other potential targets investigated, the
test compounds had no effect on the rate of FAAH-catalysed oleamide hydrolysis.
These results are especially disappointing considering that the two
alklylphosphinic acids were designed be the phosphinic acid analogues of
known FAAH inhibitors. This suggests thidite phosphinic acid moiety is not a
transition state inhibitor of the hydrolgsof endocannabinoids and oleamide by
FAAH.
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Figure 6.2Q The effect of the novel aryl ethanolamide and phosphinic acid test
compounds on the FAAH-catalysed hydrolysis of i®oleamide. Data are
expressed as the mean * range of two independent experiments, each performed

with triplicate concentrations of test compound.
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Chapter 7:

Summary and General

Discussion
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7.1 CB1 Receptor Binding Studies

It is clear from thedata presented ichapter 3 that the novel aryl ethanolamide
and phosphinic acid compoundsthesized during th research hadery little or

no affinity for the CB1 receptor. The only two compounds that exhibited even low
CB1 receptor affinity were the argthanolamides AE5 and AEG6, although the
approximate Kvalue for both compounds was >7@M4. In rat brain membranes,

no increase in*fS]-GTP+-S binding was observecbave basal levels in the
presence of the target compounds suggegghat, in addition to the CB1 receptor,
the target compounds did not activate artyeptGPCRs in this tissue. Of course,
this does not rule out the possibility thhése compounds are antagonists of other
GPCRs, but the investigation of this pbdgly was beyond the scope and aims of
this work. This lack of pharmacological activity is not entirely unexpected for the
alkylphosphinic acid compounds$he lack of unsaturatiom the alkyl chains of
APA2 and APA3 resulted in these cpounds being analogous to saturated fatty
acid amides which do not possess CB1 receptor affinity. The incorporation of
carbon-carbon double bonds in the alkyl chas was the ultimate aim for these
compounds, may result in an increased GBdeptor affinity, although this is

purely speculative.

Despite these disappointing results, aesk published since the completion of
this work has shown that the aryl ethanolamide template was a valid target for the
synthesis of potential oaabimimetic drugs. Berglunet al. (2000) synthesized a
series of monocyclic and bicyclic alkyl amide cannabinoid receptor ligands,
structurally very similar to the ary@thanolamide compounds described in this
thesis. The structures of somkthese compounds and their\alues at the CB1
and CB2 receptors are showntable 7.1 It is apparent from these data, that the
compounds described by Bergluetl al. were generally selective for the CB1
receptor. Structurally, when comparedthe aryl ethanolamides, it is clear that
affinity for the cannabinoid receptorsgseatly increased by the incorporation of
an alkyl chain with &is double bond at thertho or metaposition of the benzene

ring. It can only be assumed that simitructural modifications applied to the
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phenylphosphinic acid compounds would atemfer affinity for the cannabinoid
receptors and resistance to hydrolysisivo.

CB1 K; CB2 K; CB1/CB2

Compound Structure
(nM) (nM) Ratio
[¢]
AE5 WNNOH >76.5uM - -
N
AE6 ~"on >76.5uM - -

1 MH 371 474 0.78

N
OH
2 I jA 359 672 0.53

N/\/OH

3 . 38 99 0.38

X

(o]
NJ\/OH

4 . 59 305 0.19

AN

O x

5 Nl 6800 849 8.00

Table 7.1 The structures and; Kalues at the CB1 and CB2 receptors of
compounds synthesized by Berglwetdal (2000) in comparison to AE5 and AES6.

The development of these novel cannabinoid ligands by Berglualdoffers the
possibility that the synthesis of compouradghis type with even higher receptor
affinities is possible. No mention wasade by these authors, however, of the

ability of these cyclic alkyl amides tohibit anandamide uptake or FAAH. These
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compounds would possibly act as modulatfrshese targets given that they are
structural mimics of the endogenous cannaids. Therefore, the hypothesis that
aryl ethanolamides are potential cannametic drugs has been shown to be
valid, although the compounds generatadkéd sufficient stietural diversity.
This cannabimimetic potential may sal apply to pheylphosphinic acid

compounds.

7.2 CB2 Receptor Binding Studies

To date, the porcine CB2 receptor has resrbcloned and littleesearch has been
performed to elucidate theraling profile of this recepto The data presented in
chapter 4 demonstrate the development of an effective cannabinoid competition
assay using porcine spleen membranes. TheofKCP-55,940 in this tissue
preparation was shown to be 1.55 nM with g,8Bralue of 169 fmol/mg protein.

This Ky value compares well with values in the literature using the cloned human,
murine and rat CB2 receptors. Theudlues of a number of cannabinoid receptor
ligands were determined using this assay system and also compared favourably
with data from cloned CB2 receptors. Goming reports in the literature that
there is only a low level of FAAH activitin the spleen, predgatment of spleen
membranes with PMSF prior to competitiassays with anandamide had no effect

on the K value of this endocannabinoid. The differences in thand K values
compared to data in the literature are likely to be due to inter-species differences
in the CB2 receptors and the unavoidabkspnce of CB1 receptors in the spleen
membranes, albeit at much lower levels than the CB2 receptor. Attempts at
developing a¥S]-GTP+-S binding assay using ponei spleen membranes were
unsuccessful, however, presumably due to the low number of cannabinoid
receptors in this tissue compared to brain membranes in WiBhGTPy-S

binding assays were possible.
The potential affinities of the targebmpounds for the CB2 receptor was also

examined using this assay. The presence of CB1 receptors in the spleen

membranes had no effect on thescperiments as very littler no affinity for the
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CBJ1 receptor was observed for these compounds. Similarly, this was also the case
for the CB2 receptor, with no compourttbgving even low affinity. As described

for CB1 receptor affinity insection 7.1 the lack of CB2 receptor affinity
exhibited by the alkylphosphinic acidompounds was not unexpected. The
endogenous saturated fatty acid amidesylath these compounds are analogues,

do not bind to the CB2 receptor, althougkvould be interesting to examine the
effects of these compounds on the plestd CB2-like receptor(s) with which
palmitoylethanolamide, itself an saturatgokecies, may interact. It is likely that

the lack of unsaturation in these gqooaunds was a major impediment to their
ability to bind to the CB2 receptor.

However, since the synthesis of the &rgryl ethanolamide and phosphinic acid
compounds was completed, a worldwide patent by Japan Tobacco Inc. (1997)
disclosed highly selective ligands for 682 receptor that were based on an aryl
ethanolamide template. Of 391 compoundsted, 32 proved to be potent

cannabinoid receptor ligands and some of these species are shable in2

Structure CB1K; (nM) CB2 K; (nM) CB1/CB2 Ratio
{QXH >3300 0.44 >7500
O
f&;)kﬂ >4300 1.9 >2263
SN
WQfN@ 330 0.11 3000
O

Table 7.2 The structures and;Kalues at the CB1 and CB2 cannabinoid receptor

of highly selective CB2 receptor ligands developed by Japan Tobacco.

It is evident that these compounds #re most selective CB2 ligands yet and,
although their pharmacology has not beeaneixed in detail, they have great
therapeutic potential and may inhibimdocannabinoid uptakand degradation.

Structurally, these compounds differ frahe aryl ethanolamides by the inclusion
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of a substituted phenyl group in placetbé hydroxy group and alkyl ester or
alkyl sulphide substituents at theetaor para positions of the benzene ring. The
phenylphosphinic acid equivalents ofefie compounds may also exhibit high
affinity for the cannabinoid receptorahile being resistant to hydrolysis.
Therefore, as for the CB1 receptor, the hypothesis that aryl ethanolamides, and
possibly their corresponding phenylppbsic acids, are potential
cannabimimetic drugs haseén shown to be validlthough more structural
diversity was required than in the mpounds whose synthesis this thesis

describes.

7.3 Anandamide Uptake Studies

Accumulation of anandamide into tmouse neuroblastomeell line N18TG2
was previously demonstrated by Detnits& Chin (1993) but, until now, this
mechanism had not been characterizéd]-Anandamide uptake into cultured
N18TG2 cells was shown to be concatitn-, time- and temperature-dependent.
In addition, this accumulation was inhibited by the selective anandamide transport
inhibitor AM404 and the prostaglandin, Eptake inhibitor bromocresol green,
confirming the characteristics of thenandamide uptake system observed by
Beltramoet al (1997) in rat neurones and asti&s. However, although not fully
characterized, the kinetics of anandamig¢ake into N18TG2 cells differed from
those reported by Beltraned al. The K, observed in N18TG2 cells fell between
the Ky values reported for rat neuronedaastrocyte anandamide accumulation
and the time taken to achieve 50 % of tihhaximal rate appeared considerably
greater than in these two rat cell tgpeNonetheless, the presence of an
anandamide uptake system was confirmme8l18TG2 cells, allowing the effects
of the aryl ethanolamide and phosphinidaarget compounds on this transporter

to be investigated.
None of the target compounds displayaaly significant inhildory effect on

anandamide uptake into cultured NI&X cells. The only compound that was a

possible anandamide uptake inhibitor, PPéi&plays some structural similarities
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with AM404. However, higher conceations of PPA2 than the single 10/
assay concentration used would be requicedonfirm any effects. All inhibitors

of anandamide uptake described ine tliterature, with the exception of
bromocresol green, show at least soaifinity for one or both cannabinoid
receptors. Considering the lack of cannabinoid receptor affinity displayed by the
compounds synthesized in the course &f thsearch, it is perhaps not surprising
that they were not effective in inhibity anandamide uptake. However, since the
chemical synthesis of tharget compounds was complété& has been shown that

the vanilloid receptor ligand olvanil and its derivatives inhibit anandamide uptake
with ICso values approaching that @&M404. Some of these compounds are

shown intable 7.3

Structure IC 50 (uM)
AM404
M 0,
H
Olvan|I

=z N
— OH

- _ N
O 50
= OH

Table 7.3 The structures and gvalues at the ananaiéde transporter of
AM404 and some of the vanilloid receptor ligands (Medthl, 1999b).

192



The structural similaritie between these compounds and the long alkyl chain
phenylphosphinic acids are obvious. It is etyi possible that incorporation of a
para-hydroxy group into the benzene ring PPA5 (octadecylphenylphosphinic
acid) and at least one Gan-carbon double bond in thekgl chain would enable

this compound to inhibit anandamide uptake. Unfortunately, the anandamide
transporter and its inhibitors were unknoat the time the target compounds were
synthesized and, therefore, they weredesgtigned as uptake inhibitors. However,

as with the CB1 and CB2 receptor affinittheir lack of structural diversity
appears to have severely iied their biological activity.

7.4 Fatty Acid Amide Hydrolase Studies

Chapter 6 describes a novel spectrophotonee#ssay for rat liver FAAH activity
as an alternative to the widely usedioczhemical- and HPLC-based assays. Using
this methodology, the K and \hax values for FAAH-catalysed oleamide
hydrolysis were determined and found to dimilar to valuespublished in the
literature. In addition, inhibition dFAAH by MAPF, PMSF and anandamide was
observed in a concentrationgdndent manner, although thesd@alues of these
compounds were higher than previouplyblished data. However, “traditional”
FAAH assays often involve pre-incubatiohthe enzyme with an inhibitor prior
to initiation of the rea@on. Using the spectrophotatric assay, PMSF was pre-
incubated with FAAH for up to 30 mines and this procedure significantly
increased the level of inbition. It was also shown &b the levels of FAAH
activity in solubilized and insoluble memame fractions of rat brain and liver
were significantly different. This may kaue to the presence of more than one
FAAH enzyme in these tissues, althoughthiar research isequired to confirm
this. In addition, due to the spectrophotomneetature of thisassay, the possibility
of scaling down the protocol for use oncnatiter plates was examined. Although
kinetic analysis of FAAH activity was nogéadily achievable oa microtiter plate,
the assay was shown to have the pmdérfor high-throughput screening of
chemical libraries for FAAH inhibitors This may prove important in the

development of novel cannabimimetic drugs.
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When the novel aryl ethanolamide aplkdosphinic acid target compounds were
assayed for their ability to inhibffAAH activity, no biological activity was
apparent. The aryl ethanolamides andngtghosphinic acids were ineffective as
ligands for the CB1 and CB2 cannabinoidagtors and, therefore, would not be
expected to compete with endogenousyfacid amides for FAAH. However,
although inactive in cannabinoid recaptmmpetition and anandamide uptake
assays, it was hoped that the alkylphosghacids would inhibit FAAH. These
compounds were primarily designed as $raon state FAAHmhibitors, being the
phosphinic analogues of potent FAAH inhibitors, so these results are especially
disappointing. Therefore, it is apparehat the phosphinic acid moiety does not
inhibit the transition state of FAAldatalysed amide bind hydrolysis. As
described irsection 1.5.3 new evidence now supportise proposal that FAAH
catalyses the hydrolysis of both amidnd ester bonds by a novel mechanism
(Patricelliet al, 1999; Patricelli & Cravatt, 1999This novel activity may be a
contributary factor in théailure of the alkylphosphigiacid compounds to inhibit
oleamide hydrolysis. It is also apparéam existing FAAH inhibitors that a good
leaving group, such as a fluorine atomnexessary for reaction with serine or
cysteine residues at the active site af #nzyme. This is demonstrated for the
sulphonyl fluoride and methyluorophosphonate compoundssicheme 7.1

ENZYME —R—H ENZYME —R—H
|
o o)
1 1l
—ﬁ—R—ENZYME %—T—OMe
o R
\

ENZYME

Scheme 7.1Proposed mechanism by which sulphonyl fluorides and methyl
fluorophosphonates inhibit FAAH, demonstrating the importance of a good
leaving group (Di Marzo &eutsch, 1998). R=0 or S.
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It is likely that modifying APA2 andAPA3 by replacing the hydrogen atom or
hydroxyl group of the phosphinic acid mtyievith a good ¢aving group would
confer the ability to inhibit to FAAH on these compounds. This effect could be
increased by the incorporation oflaast one carbon-carbon doeltdond in to the
alkyl chain, thereby mimicking FAAH substrates such as oleamide. Such
modifications may also impart inhibitp activity on the phenylphosphinic acid

compounds, although a deal of work iguiged to confirm these assumptions.

7.5 Conclusion

None of the novel target compounds demd in this thesis proved to be
cannabimimetic. It is clear that the limdtstructural diversity of these compounds
compromised their biological activitynd, therefore, future work inevitably
requires the inclusion of more variedbstituent groups into species. However,
the potential remains for the develogmh of modulators of endocannabinoid
signalling based on the aryl ethamolide, phenylphosphinic acid and
alkylphosphinic acid templates. Compouradslogous to the aryl ethanolamides
have already been shown to actaanabinoid receptdigands by Berglunet al

and Japan Tobacco. There are no reports in the literature, however, of
cannabimimetic compounds containinge tiphosphinic acid moiety, although
phosphorus-containing compounds are able to bind to the CB1 receptor and
FAAH, demonstrated by the methifiorophosphonates which are CB1 receptor
agonists and potent FAAH inhibitors (Margt al, 2000). Therefore, as described

in this chapter, structural modifications of the phenylphosphinic and
alkylphosphinic acids may confer affinifipr the cannabinoid receptors or the
ability to inhibit endocanabinoid uptake and FAAH. The activity of these
compounds would be enhanced by theitahelic stability, imparting an extended
half-life in vivo.

Research in to the endocannabinoid systestillsat a relativelyearly stage and it

is highly likely that there are targets for cannabimimetic drugs that remain
undiscovered. Indeed, there is mountingderce for the existence of enzymes
other than FAAH that catalyse ermm@mnabinoid degradation (Goparagt al,
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1999; Uedeet al, 1999) the presence of peripHet81-like (Pertwee, 1999) and
CB-2 like (Griffin et al, 1997; Calignanet al, 1998) receptarin the body. To
date, these receptors have been implicatettie tumour suppressive effects (De
Petrocelliset al, 1998), vasodilatory effects (Haresal, 1999; Jaragt al, 1999)
and attenuation of pain responses (Caligneinal, 1998) that are modulated by
endocannabinoids and may present opportwite novel therapies. Of particular
interest is the dissociatioof the potential psychotrapeffects of cannabimimetics
from their positive therapeutic effects. Peripheral CB1- and CB2-like receptors
offer a real possibility of achieving thgoal. Therefore,lthough the novel target
compounds described in this thesis pssed no biological #eity at the known
targets involved in endocannabinoid sijng, it may be that they, or their
derivatives, may act as specific ligis for undiscovered components of the

endogenous cannabinoid signalling pathways.
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Appendix A:

Synthetic Chemistry Protocols
and Physical Data
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Al. Physical Measurements

Analytical thin layer chromatography was performed on aluminium-backed Merck
silica gel 60 Es4 plates and visualization of spots achieved using ultraviolet light
or potassium permanganate staining. Flash column chromatography was
performed using Merck silica gel 60, particle size 0.04-0.063 mm.

Melting point determinations were reed out using Griffin melting point
apparatus.

All 'H and*P NMR spectra were obtained using a Bruker ARX250 nuclear
magnetic spectrometer and chemical shifts are quoted as parts per milliordon the
scale. Mass spectra were recorded on a Micromass Platform mass spectrometer by
Dr Catherine Ortori in the School d?harmaceutical Sciences, University of
Nottingham. Microanalysis was perfoed by Mr Trevor Spencer in the

Microanalysis Laboratory, School of Chemistry, University of Nottingham.

A2. Synthesis of Aryl Ethanolamides

Acid Chloride Strategy

Typical Experimental Protocol:

The appropriate carboxylic acid (3.0 mmalas dissolved in a suitable solvent
(30 to 50 ml) in the presence or absence of DMF (1.50 to 4.77 mmol). The stirred
solution was cooled to @C in an ice bath, oxalyl chloride (3.27 to 5.73 mmol)
was added and the solution stirred at room temperature under an inert atmosphere
or with a silica guard tube for betweenr@bhutes and 3 hours. After this time, the
solution was cooled to OC and ethanolamine (5.40 to 16.50 mmol) added.
Stirring was continued for between 20nuies and 2 hours at room temperature
and the solution then washed potassium hydrogen sulphate solution (1 M, 20 ml),
saturated sodium hydrogen carbonate swmhu(R0 ml), distilled water (20 ml) and
saturated sodium chloride solution (20 ml). The solution was dried over
magnesium sulphate, filtered and solvent remowestacuoto yield the crude

product, which was purified by flash column chromatography.
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The following compounds were synthesized using this methodology:

N-(2-Hydroxyethyl)-3-phenylpropionamide E5) as a crude white solid (0.26 g,
40 %), purified by flash chromatography using DCM:MeOH (95:5) as eluent to
yield a crystalline white solid (0.17 g, 26 %y, 0.30, m.p. 77-79C; o4 (250
MHz, CDCkL) 2.50 (2H, t, J=7.63 Hz, PWG), 2.97 (2H, t, J=7.63 Hz,
PhCHCH,), 3.35 (2H, g, J=5.00 Hz, NH®), 3.62 (2H, t, J=4.88 Hz, lOH),

5.97 (1H, s, NH), 7.18-7.32 (5H, m, @EtHs); m/z 194.4 (MH, 100 %), MH
requires 194.4. C 67.64; H 7.63; N 6.71 %;H;sNO; requires C 68.37; H 7.82;

N 7.25 %.

N-(2-Hydroxyethyl)-2-phenylpropionamide E6) as crude yellow oil (0.50 g, 78
%), purified by flash chromatography usiDgEM:MeOH (95:5) aluent to yield
a pale yellow oil (0.40 g, 62 %R 0.37,64 (250 MHz, CDC}) 1.55 (3H, d,
J=7.25 Hz, Ch), 3.34 (2H, m, NHE,), 3.58 (3H, m, BICONHCH,CH,OH),
6.08 (1H, s, NH), 7.24-7.40 (5H, ml&%); m/z 194.4 (MH, 100%), MH
requires 194.2. C 68.50; H 7.99; N 7.20 %;HGsNO- requires C 68.37; H 7.82;
N 7.25 %.

N-(2-Hydroxyethyl)-3-chlorobenzamide (AE9) as a crude, pale yellow solid (0.45
g, 71 %), purified by flash chromatograpiiying DCM:MeOH (95:5) as eluent to
yield a pale yellow crystalline solid (0.45 g, 71 %), 0.22, m.p. 101-103C; 5y

(250 MHz, MeOH-d) 3.67 (2H, t, J=5.63 Hz, NH&), 3.88 (2H, t, J=5.75 Hz,
CH,OH), 7.59-8.04 (4H, m, CQE4Cl); m/z200.3 (MH, 100%), MH requires
200.6. C 54.20; H 5.13; N 6.96 %gH;oNO,CI requires C 54.15; H 5.05; N 7.02
%.

N-(2-Hydroxyethyl)-2-naphthylacetamide (AE14) as a crude, pale yellow solid
(1.09 g, 89 %), purified by flash chromatoging using EtOAc as eluent to yield a
pale yellow crystalline solid (0.60 g, 49 %%, 0.17, m.p. 134-136C; 64 (250
MHz, CDCk) 2.71 (1H, s, OH), 3.40 (2H, s, GEO), 3.69 (2H, t, J=4.75 Hz,
NHCH,), 3.81 (2H, m, &,0H) 6.32 (1H, s, NH), 7.40 (1H, d, J=9.0 Hz, Naph
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C%H), 7.51 (2H, m, Naph ©H), 7.75-7.88 (4H, m, Naph'¢>H): m/z230.1
(MHY), 212.1 (MH-H,0), MH" requires 230.3. C 71.14; H 6.62; N 6.00 %.
C14H1sNO; requires C 73.34; H 6.59; N 6.11 %.

Coupling Strategy

Only one compound was successfully synthesized using the EDC coupling

strategy. The following is the experimental protocol used in this reaction:

4-Biphenylacetic acid (0.5 g, 2.36 mmapd EDC (0.5 g, 2.61 mmol) were
dissolved in dichloromethane (40 ml) and a catalytic amount of DMAP was
added. The solution was stirred at room temperature for 15 minutes, then
ethanolamine (5.0 mmol) was added drogwiShe reaction was stirred at room
temperature with a silica guard tulier 20 hours then the solution was then
washed with hydrochloric acid (2 M2 x 30 ml), saturated sodium hydrogen
carbonate solution (2 x 30 ml), distilledater (30 ml) and saturated sodium
chloride solution (30 ml). The solution was dried over magnesium sulphate and
the solvent removeth vacuoto yield N-(2-hydroxyethyl)-4-biphenylacetamide
(AE13) as a crude, pale yellow solid.39 g, 65 %) which was purified by flash
chromatography using DCM:MeOH (95:5) @sent to yield a white solid (0.32 g,

53 %), R 0.21, m.p. 185-186C; &4 (250 MHz, MeOH-d) 1.86 (1H, br s,
CH,OH), 3.44 (2H, q, J=5.0 Hz, NH&), 3.72 (4H, m, EI,CONHCH,CH,),
7.29-7.64 (9H, br m, aryl)n/z256.0 (MH, 100%), MH requires 256.3. C 54.20;

H 5.13; N 6.96 %. gH;0NO.Cl requires C 54.15; H 5.05; N 7.02 %.

A3. Synthesis of Phenylphosphinic Acids

Typical Experimental Protocol:

Phenylphosphinic acid (14.1 mmol) was placed under an inert atmosphere,
dissolved in dry dichloromethane (30 ml) and cooled t®COin an ice bath.
Diisopropylamine (31.0 mmol) and trinimisilyl chloride (31.5 mmol) were
added, the solution stirred for 3 hrs abm temperature and then cooled to0

The appropriate electrophile (21.2 mmol)sasdded, the solution stirred for 7 to
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12 days at room temperature and theslvea with hydrochloric acid (2M, 5 x 20
ml) and sodium hydroxide solution (1M, 4fl). The organic phase was discarded
and the remaining aqueous phase acidigtl hydrochloric acid (2M, 50 ml) to
liberate the phenylphosphinic acid. The product was redissolved in
dichloromethane (2 x 20 ml) and thegganic phase was then washed with
distilled water (30 ml) and saturated sodium chloride solution (30 ml). The
solution was dried over magnesium sulphate, filtered and the solvent removed
vacuo to yield the phenylphosphinic aci The following compounds were

synthesized using this methodology:

Decylphenylphosphinic acid (PPA2) aswhite solid (2.26 g, 57 %), m.p. 60-61
°C; 84 (250 MHz, CDC}) 0.86 (3H, t, J=3.25 Hz, Gjf 1.17-1.44 (16H, m, CH
(CH.)g-CHs), 1.69-1.85 (2H, m, P-C#){ 7.38-7.48 (3H, m, Ph*&H), 7.67-7.75
(2H, m, Ph &°%H), 9.20 (1H, s, P-OH)3p (101 MHz, CDC}) 47.63; m/z283.2
(MH®, 100%), MH requires 283.4. C 66.87; H 9.91 %,gd,/,PO, requires C
68.06; H 9.64 %.

Isobutylphenylphosphinic acid (PPA4) asvhite solid (0.59 g, 21 %), m.p. 64-67
°C; 8y (250 MHz, CDCY) 0.91 (6H, d, J=7.5 Hz, CH{&),), 1.71-2.00 (3H, m,
CH,CH), 7.35-7.47 (3H, m, Ph®¢™H), 7.66-7.74 (2H, m, PhH), 10.61 (1H,
s, POH);8p (101 MHz, CDC}) 47.49; m/z199.1 (MH, 100%), MH requires
199.2. C 59.76; H 7.42 %.,8H15PO, requires C 60.60; H 7.63 %.

Octadecylphenylphosphinic acid (PPA5)aawhite solid (3.48 g, 63 %), m.p. 79-
82 °C; 84 (250 MHz, CDC}) 0.91 (3H, t, J=6.50 Hz, Gj}f 1.22-1.46 (32H, m,
CHy(CH2)16CHs), 1.69-1.90 (2H, m, PCH 7.40-7.55 (3H, m, Ph¥&¢™H), 7.67-
7.79 (2H, m, Ph €H), 9.48 (1H, s, POH)8p (101 MHz, CDC}) 48.34; m/z
395.5 (MH, 100%), MH requires 395.6. C 73.07; H 10.93 %;4d43sPO,
requires C 73.06; H 10.98 %.

Hexadecylphenylphosphinic acid (PPA7)aahite solid (4.08 g, 79 %), m.p. 73-
76 °C; oy (250 MHz, CDCY¥) 0.88 (3H, t, J=6.5 Hz, Gl 1.19-1.57 (28H, m,
(CH2)14CHz), 1.71-1.88 (2H, m, PG 7.38-7.50 (3H, m, Ph*&™H), 7.68-7.76
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(2H, m, Ph €®H), 7.95 (1H, s, POH)p (101 MHz, CDGJ) 48.60; m/z367.5
(MH", 100%), MH requires 367.5. C 72.08; H 10.87 % ld3PO, requires C
72.09; H 10.73 %.

Propylphenylphosphinic acid (PPA8) asvhite solid (1.77 g, 68 %), m.p. 85-87
°C; 84 (250 MHz, CDC}) 0.88 (3H, t, J=7.50 Hz, Gj{ 1.44-1.53 (2H, m,
CH,CHs), 1.72-1.84 (2H, m, PC} 7.25-7.48 (3H, m, Ph%™H), 7.67-7.75 (2H,
m, Ph G®H), 11.92 (1H, s, POH)8p (101 MHz, CDC}) 46.86; m/z 351.3
((2M)H*-H,O, 100%), MH requires 185.2. C 58.50; H 6.83 %gHzxPO
requires C 58.69; H 7.11 %.

A4. Synthesis of Alkylphosphinic Acids

Ammonium Phosphinate Synthesis:

Hypophosphorus acid (50 % w/w, 0.27 mmol) was placed in a round-bottomed
flask and cooled to°® in an ice bath. Concenteat ammonia solution was added
dropwise with stirring until in excesshen as much water as possible was
removedin vacuo The remaining water was azeotroped with cyclohexane, the
mixture removedn vacuoand the product dried over phosphorus pentoxide to

yield ammonium phosphinate as a white solid in quantitative yield.

Mono-Substituted Alkylphosphinic Acids

Typical Experimental Protocol:

Ammonium phosphinate (2.5 g, 30.1 mmalhd hexamethyldisilazane (33.1
mmol) were heated together at 110-220for 3 hours under an inert atmosphere.
The mixture was then cooled to °@, dry dichloromethane (30 ml) and the
appropriate alkyl iodide (27.1 mmol) egted and the solution stirred at room
temperature for 3 to 7 days. After this time, the solution was filtered, washed with
hydrochloric acid (2 M, 3 x 30 ml)nal dried over magnesium sulphate. The

solvent was then removead vacuoto yield the crude product which was re-
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suspended in methanol (40 ml) andrstl for 2 hours. The methanol was then
rmovedin vacuq the product washed with ethyl acetate (3 x 30 ml) and filtered.

The following compounds were synthesized using this methodology:

Hexadecylphosphinic acid (APA2) as a white solid (1.62 g, 26 %), m.p. 88:61
54 (250 MHz, CDCJ) 0.86 (3H, t, J=6.50 Hz, Gjf 1.14-1.81 (30H, m,
(CH,)1sCH3), 6.01 and 8.18 (1H, d, J=541.75, IRH), 7.68 (1H, s, POHJp (101
MHz, CDChk) 41.26;m/z 291.7 (MH, 100%), MH requires 291.4. C 66.82; H
12.23 %. GgH3sP O, requires C 66.17; H 7.63 %.

Octadecylphosphinic acid (APA3) aswhite solid (1.98 g, 26 %), m.p. 68-7Q;
Su (250 MHz, CDCY) 0.92 (3H, t, J=6.75 Hz, G 1.22-1.87 (34H, m,
(CH,)17CH3), 6.09 and 8.25 (1H, d, J=541.50, I®H), 4.63 (1H, s, POH¥p (101
MHz, CDCk) 42.09;m/z319.2 (MH, 100%), MH requires 319.5. C 68.04; H
12.65 %. GgH3oPO; requires C 67.88; H 12.34 %.

A5. Synthesis of Oleamide

Oleic acid (1.70 g, 6.02 mmol) was placed unae atmosphere of dry nitrogen
and dissolved in dichloromethane (30 ml). The solution was cooled@adhd
oxalyl chloride (1.60 ml, 18.62 mmol) egted with stirring. The solution was
stirred for 4 hours at room temperature and the solvent removed under vacuum to
yield a pale yellow residue, which wadigsolved in dichloromethane (30 ml).
Excess aqueous ammonia was slowly added to the stirred solutionCaaifd
stirring was continued for 30 minutes abm temperature. The white precipitate
formed was then filtered off and the solution washed with sodium hydroxide
solution (1 M, 3 x 20 ml), dried over magnesium sulphate, filtered and solvent
removedin vacuo The crude white solid (1.53 g, 90.3 %) was purified by flash
column chromatography using EtOAc:hexdB86:20) as eluent to yield oleamide

as a white solid (1.23 g, 72.5 %%, 0.32, m.p. 76-78C; o4 (250 MHz, CDC))

0.90 (3H, t, CH), 1.28-1.32 (20H, m, (82),CH,CH,CO, CH;(CHy,)4), 1.65 (2H,
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t, CH,CH,CO), 2.02 (4H, d, B,CH=CHCH,), 2.25 (2H, t, CHCO), 5.36 (2H, t,
CH=CH), 5.63 (2H, s, N}J; m/z 282.4 (MH, 100%), MH requires 282.5. C
76.88; H 12.53; N 5.06. 16H3sNO requires C 76.81; N 12.53; N 4.98%.

A6. Synthesis of Anandamide

Arachidonic acid (1 g, 3.28 mmol) wasaped under an atmosphere of dry
nitrogen in a foil-wrapped flask and dissolved in dry benzene (10 ml) and DMF
(0.3 ml, 3.90 mmol). The solution was cooled ttand oxalyl chloride (1.0 ml,
11.64 mmol) injected with stirring. The solution was stirred for 2 hours at room
temperature and the solvent removed under vacuum to yield an orange residue,
which was re-dissolved in dichloromethane (30 ml). Ethanolamine (2.0 ml, 33.24
mmol) was added slowly to the stirred solution &C0and stirring was continued

for 40 minutes at room temperature. Bodution was then washed with potassium
hydrogen sulphate solution (1 M, 2 x 30 ml), saturated sodium hydrogen
carbonate solution (2 x 30 ml), distilledater (30 ml) and saturated sodium
chloride solution (30 ml) and dried over magnesium sulphate. The solvent was
removedin vacuoto yield a crude, pale yellow oil (1.125 g, 98.6 %) which was
purified by flash column chromatogiay using EtOAc as eluent to yield
anandamide as a pale yellow oil (0.917 g, 80.3R),23;54 (250 MHz, CDCY))

0.88 (3H, t, J=6.75 Hz, Gj}i 1.25-1.38 (6H, m, (B,)s:CHs), 1.72 (2H, quin,
J=7.50 Hz, ©,CH,CO), 2.01-2.16 (4H, m, Anan*¢CH,), 2.27 (2H, t, J=7.75

Hz, CH,CO), 2.82 (6H, g, J=5.83 Hz, Anarl"t'H,), 3.41 (2H, q, J=4.75 Hz,
NHCH,), 3.72 (2H, t, J=5.00 Hz, GOH), 4.16 (1H, s, OH), 5.27-5.45 (8H, m,
4(CH=CH)), 6.69 (1H, s, NHN/z348.4 (MH, 100%), MH requires 348.5.
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Appendix B:

Selected NMR and Mass Spectra
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