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ABSTRACT

Anandamide and the synthetic cannabimimetic drugs AM 404 and WIN 55,212-2

were found to inhibit the binding of CH]batrachotoxinin A 20-a.-benzoate (BTX) to

voltage-gated sodium channels (VGSCs) and also to depress VGSC-dependent release of

GABA and L-glutamic acid. These effects occur independently of CB-l receptor

activation since they were not attenuated by AM251 at concentrations known to

antagonize CB-l receptors, although at higher concentrations AM251 inhibited VGSCs

also. These results suggest that anandamide and endocannabimimetics have the ability to

depress synaptic transmission by reducing the capacity of VGSCs to support action

potentials. In other experiments, I observed that anandamide is synthesized by both

resting and depolarized synaptoneurosomes, however, data from filtration and

superfusion experiments failed to support the hypothesis that depolarization activates the

release of anandamide from these synaptic preparations, even though substantial

quantities of anandamide were clearly present in the intracellular compartments. In these

investigations, I unexpectedly found that CH]ethanolamine (a potential precursor of

anandamide) is accumulated by synaptosomes and synaptoneurosomes during extended

incubation and released (as CH]ethanolamine) in a calcium-dependent fashion during a

depolarizing challenge with 30 mM KCl. Ethanolamine also stimulates the release of the

pH fluoroprobe acridine orange (AO) from synaptosomes and decreases AO release when

synaptosomes are depolarized with KCl. However, ethanolamine and other amino

alcohols (methylethanolamine and dimethylethanolamine) stimulate resting and KCI-
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evoked release of eH]-D-aspartate from synaptosomes. All amino alcohols rapidly access

synaptic vesicles where they sequester protons, thus accounting for AO efflux. Proton

sequestration by amino alcohols increases the AIP-dependent transvesicular membrane

potential which in tum enhances D-aspartate uptake into synaptic vesicles. My data

suggest a potential role for ethanolamine and related amino alcohols in the regulation of

synaptic vesicle filling and release of amino acid neurotransmitters. Depolarization

evoked release of ethanolamine from synaptosomes supports the idea that this amino

alcohol may also have an important postsynaptic role.

Keywords: anandamide; cannabinoids; sodium channels; synaptic vesicles; mammalian

brain.

IV



DEDICATION

~~~~~~~*~.W~~~*~~~~.~5o

.OO~~~T~~ffim~~, ~*~~o

Inmemory of my mom and thanks to my father

for bringing me up with love and support.

Thanks also to my wife

for always supporting me in hard and happy times.

v



ACKNOWLEDGEMENTS

The thesis is a product of many people's support. First and foremost, I thank my

senior supervisor Dr. Nicholson for giving me the opportunity to work in his lab. He gave

me direct instruction, contributed great ideas, and provided an enjoyable and encouraging

environment in which I could display my creation at my best. I appreciate him giving me

support throughout my graduate studies. When needed, I always got his timely and

effective help. It was great to have a lot of discussion about the project and related

scientific issues with him. I enriched my background in related fields. I was fortunate to

be his graduate student.

I especially thank my supervisory committee members Dr. Law and Dr. Kennedy for

their enormous help and direction at each stage of my research. I learned a lot from Dr.

Law for example, chromatography theory relating to HPLC analysis and the way to

effectively deliver an oral presentation of my research. I will never forget Dr. Kennedy

who provided me with the necessary instruments and apparatus for my research and gave

me his encouragement in the hard times of my study. I especially thank my good friend

Jian Zheng who introduced me to Dr. Nicholson's lab and helped me to master many

important skills for the research ahead. I would like to thank Yanshen Deng for

mentoring me and making me familiar with SFU facilities and giving me guidance in my

work. I would like to thank my colleague Yin Duan, who assisted me in many aspects

such as preparing mitochondria, and other lab work, especially when it was difficult to

balance my lab work and taking care of my baby. I thank QiangTu Zhang and Dan Sit

VI



who assisted me in optimizing my HPLC analysis. I will never forget the help and

assistance provided by so many people at SFU such as Xui He, Ying Zhen, Guanghua

Gao, Laurance David and Sudip Ghose. I would like especially to thank a very special

person who gave me great support in my study, my wife Chaoli Wang. She always stands

behind me and always ensured that I had a quiet environment for my study at home. I will

never forget the support from my parents. So that I was not distracted in my research, my

mom did not tell me about her serious illness before she passed away. I always got strong

support and encouragement from my family and Chaoli's family. Without their support, it

would have been impossible for me to complete my Ph.D. study. I sincerely thank them.

vii



TABLE OF CONTENTS

Approval ii

Abstract iii

Dedication v

Acknowledgements vi

Table of Contents viii

List of Figures xii

List of Tables xv

Glossary xvi

Chapter 1 Introduction 1

1.1 The discovery of the endocannabinoid system in mammals 1
1.2 The synthesis of endocannabinoids in brain with particular reference to

anandamide and 2-AG 5
1.3 Anandamide uptake 1J
1.4 Anandamide release 15
1.5 CB 1 cannabinoid receptor-mediated signal transduction 17
1.6 Evidence for other targets for endocannabinoids 21

1.6.1 T-type calcium channels 23
1.6.2 Potassium channels 24
1.6.3 Vanilloid TRPV1 receptors 25
1.6.4 Serotonin (5-HT) receptors 27
1.6.5 Nicotinic acetylcholine (nACh) receptors 28
1.6.6 Voltage-sensitive sodium channels 28

1.7 Inactivation of endocannabinoid effects 29
1.8 The regulatory role of ethanolamine .31
1.9 Conclusion 32

Chapter 2 Inhibition of voltage-sensitive sodium channels by anandamide
and cannabimimetic drugs 34

2.1 Abstract 34
2.2 Introduction .35
2.3 Methods 36

2.3.1 Animals 36
2.3.2 Isolation of synaptosomes and determination of endogenous L-

glutamic acid and GABA release 37

viii



2.3.3 Isolation of synaptoneurosomes and eH]batrachotoxinin A 20-a-
benzoate binding assays 39

2.3.4 Data analysis 40
2.4 Results 40

2.4.1 Anandamide and cannabimimetics selectively block veratridine-
induced release of L-glutamic acid and GABA from synaptosomes .40

2.4.2 Anandamide and cannabimimetics inhibit the binding of
eH]batrachotoxinin A 20-a-benzoate to VSSCs .47

2.5 Discussion 53

Chapter 3 Inhibition of voltage-sensitive sodium channels by the cannabinoid
1 receptor antagonist AM 251 in mammalian brain 59

3.1 Abstract 59
3.2 Introduction 60
3.3 Methods 61

3.3.1 Quantitation of endogenous amino acid release from synaptosomes 61
3.3.2 Binding of eH]BTX-B to mouse brain sodium channels 62
3.3.3 Analysis of data , 63

3.4 Results 63
3.4.1 Release of neurotransmitters L-glutamic acid and GABA from
. s1:naptosomes 63
3.4.2 [H]BTX-B binding assay 65

3.5 Discussion · 68

Chapter 4 The effect of depolarization on anandamide levels, anandamide
synthesis and anandamide efflux in synaptoneurosomal preparations from
mouse brain 72

4.1 Abstract 72
4.2 Introduction 72
4.3 Methods 76

4.3.1 Preparation of synaptoneurosomes and determination of anandamide
levels 76

4.3.2 Extraction of anandamide from synaptoneurosomes and saline
supernatants 76

4.3.3 Derivatization of anandamide 77
4.3.4 HPLC analysis 77
4.3.5 Determination of anandamide release from synaptoneurosomes

following incubation with eH]anandamide 78
4.3.6 Synthesis of organosoluble substances in the presence of

[3H]ethanolamine 80
4.4 Results 80

4.4.1 Anandamide levels in synaptoneurosomes 80
4.4.2 Studies on release of eH] material(s) after preloading

synaptoneurosomes with eH]anandamide 83
4.5 Discussion 88

4.5.1 Levels of anandamide 88
4.5.2 Efflux of eH] from synaptosomes preloaded with eH]anandamide 90

IX



Chapter 5 Depolarization-induced release of ethanolamine from brain
synaptic preparations in vitro 93

5.1 Abstract. 93
5.2 Introduction 94
5.3 Methods 96

5.3.1 Superfusion experiments 96
5.3.2 Depolarization assay 98
5.3.3 Analysis of radioactivity in superfusates 98
5.3.4 Protein assay 99
5.3.5 Analysis of results 99

5.4 Results 99
5.4.1 Release of ethanolamine from synaptosomes and synaptoneurosomes 99
5.4.2 Nature of radioactivity released from synaptic preparations under

resting and depolarized conditions 108
5.5 Discussion 113

Chapter 6 Ethanolamine and related amino alcohols increase basal and
evoked release of eH]-D-aspartic acid from synaptosomes by enhancing the
filling of synaptic vesicles 117

6.1 Abstract. 117
6.2 Introduction 118
6.3 Methods : :.:'.: 120

6.3.1' Chemicals and radiochemicals .120
6.3.2 Isolation of synaptosomes from mouse. brain 120
6.3.3 'Experiments using synaptosomes and the pH-sensitive dye acridine

orange : 121
6.3.4 Isolation of synaptoneurosomes and their use in the depolarization

assay 122
6.3.5 Release of eH]-D-aspartic acid from superfused synaptosomes 122
6.3.6 Preparation of synaptic vesicles 123
6.3.7 Measurement of the effects of amino alcohols on proton levels within

synaptic vesicles 124
6.3.8 Measurement of amino alcohol-induced changes to the electrical

(membrane) potential of synaptic vesicles .124
6.3.9 The effect of amino alcohols on the uptake of eH]-D-aspartic acid by

synaptic vesicles 125
6.3.10 Protein assay 126
6.3.11 Analysis of results 126

6.4 Results 126
6.4.1 Effects of ethanolamine and other amino alcohols on acridine orange

fluorescence in synaptosomes 126
6.4.2 Inability of ethanolamine to influence the plasma membrane potential.. 134
6.4.3 Release of eH]-D-aspartic acid from synaptosomes 135
6.4.4 The effects of ethanolamine, methylethanolamine and

dimethylethanolamine on the ATP-activated increase in intravesicular
proton levels 138

x



6.4.5 The effects of ethanolamine, methylethanolamine and
dimethylethanolamine on the transmembrane potential of synaptic
vesicles 140

6.4.6 The effects of amino alcohols on the uptake of eH]-D-aspartate into
synaptic vesicles 142

6.5 Discussion 144

Chapter 7 Summary and physiological significance of my findings 150

Appendices 154
Appendix 1 154
Appendix 2 155

References 156

Xl



Fig 1.

Fig 2.

Fig 3.

Fig 4.

Fig 5.

Fig 6.

Fig 7.

Fig 8.

Fig 9.

Fig 10.

Fig 11.

Fig 12.

Fig 13.

Fig 14.

LIST OF FIGURES

Inhibition ofveratridine (VTD)-evoked release ofL -glutamic acid
and GABA from mouse brain synaptosomes by AEA. .42

Inhibition ofveratridine (VTD)-evoked release ofL -glutamic acid
and GABA from mouse brain synaptosomes by AM 404 .43

Inhibition ofveratridine (VTD)-evoked release ofL-glutamic acid
and GABA by WIN 55,212-2 .44

Inhibitory effects of AEA (25 I!M), AM 404 (10 I!M), WIN 55,212-2
(25 I!M) and TTX (14 !!M) on KCI-induced release ofL-glutamic
acid and GABA from synaptosomes .45

AM 251 (2 !!M) does not attenuate the inhibitory effects of AEA (25
!!M), AM 404 (15 I!M) and WIN 55,212-2 (25 !!M) on sodium
channel-dependent release ofL -glutamic acid and GABA. AM 251
had no effect on basal release at 25 !!M .46

Anandamide (AEA), AM 404 and WIN 55,212-2 inhibit the binding
of eH]BTX-B to voltage sensitive sodium channels in mouse brain
synaptoneurosomes 48

Scatchard analyses of the specific binding of eH]BTX-B to mouse
brain voltage-sensitive sodium channels in the absence and presence
of AEA (l5!!M) and AM 404 (10 !!M). PMSF (50 !!M) was included
in these experiments 49

Scatchard analysis of eH]BTX-B binding to mouse brain voltage
sensitive sodium channels in the absence and presence of WIN
55,212-2 (15 !!M) 50

AEA increases the rate ofdissociation of the eH]BTX-B/sodium
channel complex 51

AM 251 (2 !!M) does not prevent AEA (75 !!M), AM 404 (75 I!M) or
WIN 55,212-2 (25 !!M) from displacing the specific binding of
eH]BTX-B to voltage-sensitive sodium channels of mouse brain 52

AM 251 inhibits veratridine-dependent release of endogenous L-
glutamic acid (.) and GABA (0) from mouse brain synaptosomes in
a concentration-dependent fashion 64

Inhibition by AM 251 of the specific binding ofeH]BTX-B to
sodium channels in the mouse brain synaptoneurosomal fraction 66

Scatchard analysis of [3H]BTX-B binding to sodium channels in the
absence (0) and presence (.) of 10 I!M AM 251. 66

AM 251 (25 I!M -; 50 I!M 0) does not reduce the association of
eH]BTX-B with mouse brain sodium channels 67

xii



Fig 15.

Fig 16.

Fig 17.

Fig 18.

Fig 19.

Fig 20.

Fig 21.

Fig 22.

Fig 23.

Fig 24.

Fig 25.

Fig 26.

Fig 27.

Fig 28.

Fig 29.

Dissociation of the eH]BTX-B:sodium channel complex (initiated
by 300 /lM veratridine) in the absence (0) and presence of25 uM (0)
and 50 /lM (.) AM 251 67

Levels of anandamide in synaptoneurosomes and the surrounding
saline under resting and depolarizing conditions as determined by
HPLC 82

Amount of organosoluble 3H present in a) the supernatant and b) the
synaptoneurosomal pellet after centrifugation 83

The lack of effect of depolarizing treatment (35 mM KC1) on release
of 3H from synaptoneurosomes pre-equilibrated with
eH]anandamide as measured using a filtration assay , 84

Release of eH]material from superfused synaptoneurosomes after
preloading with eH]anandamide. KCl (35 mM) was introduced at the
arrows (fraction 4) and remained present until the end of the
superfusion 86

Comparisons of [3H] remaining in synaptoneurosomes (on filters)
immediately after collection of the final fraction 87

Release of eH]ethanolamine from superfused synaptosomes 101

Effect of ionic calcium on basal (a) and chemically evoked (b)
release of eH]ethanolamine from superfused synaptosomes ~ ..103

Challenge with 5 mM ethanolamine (EtNH2), but not the nitrogenous
bases serine (5 mM) or choline (5 mM), causes efflux of
eH]ethanolamine from superfused synaptosomes 104

3 .
Release of [ H]ethanolamine from superfused synaptoneurosomes 105

Effect ofCa2
+ on (a) basal and (b) KC1- and VTD-evoked release

from superfused synaptoneurosomes pre loaded with eH]-
ethanolamine 106

Effect of the nitrogenous bases ethanolamine (EtNH2), serine and
choline (all 5 mM) on release of eH]ethanolamine from superfused
synaptoneurosomes 107

Paper chromatography of peak stimulation and control superfusate
samples using n-butanol:acetic acid:water (120:30:50) (solvent
system 1) and isopropanol:ethanol: concentrated HCl:water
(75:75:5:45) (solvent system 2) .111

Depolarization-induced exocytosis observed as an AO fluorescence
increase arising from exposure of synaptosomes to 35 mM KCl and
33 IJ.M veratridine 128

Showing (a) increases in AO fluorescence intensity in synaptosomal
suspensions exposed to ethanolamine concentrations between 0.31
and 5 mM and (b) the lack of effect on ethanolamine's response when
Ca2

+ is absent from the saline (left) or when synaptosomes are
pretreated with 10 IJ.M tetrodotoxin (right) 130

xiii



Fig 30.

Fig 31.

Fig 32.

Fig 33.

Fig 34.

Typical recordings of changes in AO fluorescence in synaptosomal
suspensions exposed to methylethanolamine and
dimethy lethano lamine 131

(a) Control responses to 5 roM ethanolamine and 35 mM KC1, the
latter applied at various times after approximately 100 seconds. In (b)
traces show the diminishing ability of 35 mM KCl to add to the
increase in AO fluorescence induced by 5 mM ethanolamine over
time 132

The effect of (a) ethanolamine, (b) methylethanolamine and (c)
dimethylethanolamine on the resting (basal) and KC1-evoked release
of eH]-D-aspartic acid from mouse brain synaptosomes .136

The effect of (a) ethanolamine, (b) methylethanolamine, (c)
dimethylethanolamine and (d) CCCP (7.5 J.1M) on ATP-dependent
quenching of acridine orange fluorescence in synaptic vesicle
preparations 139

The effect of (a) ethanolamine, (b) methylethanolamine, (c)
dimethylethanolamine on the ATP-supported (H+-A'TPase-dependent)
electrical potential of synaptic vesicles as determined using oxonol
V 141

xiv



LIST OF TABLES

Table 1. Partitioning of radioactivity from peak release and control
supernatants into chloroform.methanol 110

Table 2. Treatment of control and peak release supernatants with
trichloroacetic acid (TCA) 110

Table 3.. Inability of ethanolamine, methylethanolamine and
dimethylethanolamine (all at 5 mM) to modify the membrane
potential of synaptoneurosomes 134

Table 4. The effect of ethanolamine, methylethanolamine and
dimethylethanolamine (all at 5 mM) on the uptake of eH]-D-aspartic
acid into synaptic vesicles prepared from bovine cortex : 143

xv



AEA

2-AG

AM251

AM 404

ATP

BSA

BTX-B

CB1 receptor

CB2 receptor

CNS

DBD-COCI

CCCP

DMSO

DSE

DSI

EtNHz

EDTA

EGTA

FAAH

GABA

5-HT

nACh-R

ICso

Kd

N-Acyl-PE

GLOSSARY

Anandamide

2-Arachidonoyl glycerol

1-(2,4-Dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-(1
piperidyl)pyrazole-3-carboxamide

N-(4-Hydroxyphenyl)arachidonoylamide

Adenosine triphosphate

Maxium concentration ofbinding sites

Bovine serum albumin

Batrachotoxinin A 20-a-benzoate

Cannabinoid receptor-l

Cannabinoid receptor-2

Central nervous system

4-(N-Chloroformylmethyl-N-methy1)amino-7-N,N
dimethylaminosulphonyl-2, 1,3-benzoxadiazole

Carbonyl cyanide m-chlorophenylhydrazone

Dimethyl sulphoxide

Depolarization-induced suppression of excitation

Depolarization-induced suppression of inhibition

Ethanolamine

Ethylenediamine tetraacetic acid

Ethy lene glyco l-bis(2-aminoethyI ether)-N,N,N',N'-tetraacetic acid

Fatty acid amino hydrolase

y-Aminobutyric acid

5-Hydroxytryptamine (serotonin)

Nicotinic acetylcholine receptor

Concentration effective in producing 50% inhibition

Dissociation constant

N-Acyl phosphatidylethanolamine

xvi



NArPE

PMSF

PNS

SDS

THC

TRPV1-R

TTX

VSSCs

VTD

WIN 55,212-2

N-Arachidonoyl phosphatidylethanolamine

Phenylmethy lsulphonylfluoride

Peripheral nervous system

Sodium dodecyl sulphate

/19-tetrahydrocannabinol

Transient receptor potential vanilloid-1 receptor

Tetrodotoxin

Voltage-sensitive sodium channels

Veratridine

(R)-(+)-[2,3-Dihydro-5-methyl-3-[(4-morpholinyl)methyl-pyrrolo
[1,2,3-de]-1,4-benzoxazinyl]-(l-naphthalenyl)-methanone

xvii



CHAPTERl
INTRODUCTION

1.1 The discovery of the endocannabinoid system in mammals

The traditional drug, marijuana, has been known for its therapeutic and

psychoactive properties for at least 4000 years. It has been used in the treatment of

psychoses, convulsions, glaucoma, hypertension, nausea, pain and many other

conditions including the relief of pain associated with childbirth (Axelrod and Felder,

1998). The identification of the main active constituent /),.9-tetrahydrocannabinoid

(THe) in marijuana was accomplished by Gaoni and Mechoulam in 1964 (Gaoni and

Mechoulam 1964). Studies on structure activity relationships led to the discovery of

other active analogs and collectively, these bioactive natural products from marijuana

are called cannabinoids (Melvin and Johnson, 1987). This work, along with

observations of marijuana's potential therapeutic applications, opened up research into

the medical properties of cannabinoids. Investigations into the cellular actions of THC

found that it inhibits adenylate cyclase (Howlett and Fleming, 1984) and binds with

high affinity to sites in brain membranes (Devane et aI., 1988). These findings

indicated that THC most likely binds to a specific receptor in neuronal membranes

which may be coupled to adenylate cyclase. In 1990, a discrete receptor for

cannabinoids was cloned from rat brain (Matsuda et aI., 1990). The following year

Gerard and his colleagues cloned a human cannabinoid receptor (the CBl receptor).

This protein which contains 472 amino acid residues, was found to share over 97%



homology with the rat cannabinoid receptor (Gerard et aI., 1991). Functional studies on

CB1 receptor-transfected fibroblast cell lines (which are devoid of native cannabinoid

receptors), confirmed a binding constant (KJ = 3.3 nM) to cannabinoid agonists similar

to that observed in brain for native CB 1 receptors (KJ = 2.3 nM). Significantly,

activation of the cloned cannabinoid receptor inhibits cAMP formation. CB I receptors

are widely distributed in mammalian brain. They are particularly abundant in the

cerebellum, hippocampus, and cerebral cortex. They are also found at high density in

the basal ganglia and the nucleus accumbens. CB 1 receptors have also been detected

at moderate density in the hypothalamus, amygdala, spinal cord, brain stem, centra~

gray, and nucleus of the solitary tract (Herkenham, 1995; Pertwee, 1997; Joy et aI.,

1999). Since constituents of marijuana, particularly its active component THC can

exert a number of effects outside of the central nervous system, such as local analgesia,

suppression of inflammation, the alleviation of intraocular. pressure in glaucoma and

attenuation of vomiting, it was suggested that a cannabinoid receptor may also be

present in peripheral tissues. The peripheral cannabinoid receptor was cloned in 1993

(Munro et aI., 1993) and was termed the CB2 receptor. The CB2 receptor cloned from

a leukaemic cell line was found to have 68% sequence identity within the CBI ligand

binding pocket whereas the remaining structure displayed only 44% overall homology

with the CBl receptor (Axelrod and Felder, 1998). Not surprisingly therefore, the CB2

receptor shows some similar pharmacological properties when compared with the CB I

receptor and there are also some parallels in the mechanism of signal transduction

although CB2 receptors do not inhibit Q-type calcium channels or activate inwardly

rectifying K+ channels (Felder et aI., 1995). The recent localization of CB2 receptor-
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like immunoreactivity in glial cells and neurons in many areas of brain (Gong et al.,

2006), suggests that the CB2 receptor may have a more prominent role in the central

nervous system than previously anticipated. It is also clear that CB1 receptors are

present in the peripheral nervous system, including cells of the immune system, the

heart, vascular tissues and the testis (Galiegue et al., 1995; Richardson et al., 1998).

While CB1 receptors are evolutionarily conserved in many species (Begg et al., 2005),

CB2 receptors appear to be considerably more divergent (Griffin et al.; 2000). By

analogy with the localization of receptors for opiates in brain which led to the

discovery of endogenous opiate-like regulatory substances in the nervous system, the

occurence of discrete receptors for THC in mammals suggests the presence of a

regulatory factor (or factors) naturally present in the body capable of binding to

cannabinoid receptors and eliciting the various physiological and psychological

responses observed with the plant bioactive THC. The first endogenous substance

proposed in this regard was the eicosanoid anandamide which has a very different

structure from THC, consisting of arachidonic acid coupled to ethanolamine through

an amide linkage (Devane et al., 1992). Anandamide was shown to induce similar

behavioral (Crawley et al., 1993; Souilhac et al., 1995), pharmacological (Fride and

Mechoulam 1993; Smith et al., 1994) and signal transduction effects (Felder et al.,

1993) to the classical cannabinoid agonists from marijuana, but relatively high

concentrations were required to induce these effects when compared to THC. The

name anandamide is derived from an Indian Sanskrit word meaning "bringer of inner

bliss and tranquility" (Axelrod and Felder, 1998). Anandamide is widely distributed in

the body. Not only is it found in the central and peripheral nervous systems, but also in

3



kidney, testis, skin, uterus, spleen, blood plasma, and varIOUS parts of the

cardiovascular system (Martin et aI., 1999). Anandamide also displays THC-like

effects on behavior and physiological function. Compared to THC which is exogenous,

anandamide is an endogenous substance and therefore commonly referred to as an

endocannabinoid. Three years after anandamide was discovered, another

endocannabinoid contender was isolated from canine gut, spleen, and pancreas

(Mechoulam et aI., 1995). Its structure was assigned as 2-arachidonoyl-glycerol (2

AG). A short time later 2-AG was also shown to be present in brain (Sugiura et aI.,

1995). 2-AG binds to both CB1 and CB2 receptors. Other putative endocannabinoid

ligands including virodhamine, N-arachidonoyl dopamine, and noladin ether (a more

stable ether-linked form of 2-arachidonoyl glycerol) have been reported. All of these

compounds appear to bind CB1 receptors (Piomelli, 2003; Di Marzo et aI., 1998).

Various endocannabinoids have also been reported to retrogradely depress presynaptic

release of neurotransmitters in brain. Evidence suggests that endocannabinoids are

synthesized, released, taken up, and degraded in neurons by mechanisms similar to

those of neurotransmitters. Moreover, anandamide can be released from cultured

neurons when they are depolarized by an elevated concentration of K+, or when treated

with ionomycin or kainic acid (Di Marzo et aI., 1994). After anandamide is released

into the synaptic cleft, it rapidly binds to presynaptic CB1 receptors, triggering a

variety of responses which culminate in inhibition of transmitter release. Signal

inactivation is thought to occur when anandamide is taken back up into neurons and

hydrolyzed. The fundamental difference between neurotransmitter and

endocannabinoid release by the nerve is the direction. Neurotransmitters are released
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from presynaptic neurons and exert important excitatory or inhibitory influences on

postsynaptic neurons. Endocannabinoids are thought to be released predominately

from postsynaptic neurons and then trans locate retrogradely to CB 1 receptors on the

plasma membrane of the nerve ending where, via various mechanisms, they

downregulate the responsiveness of the presynaptic nerve ending to incoming stimuli.

Neurotransmitter release is controlled by Ca2+ influx. Ca2+ influx in turn is controlled

by at least five distinct types of calcium channels (N, L, T, P and Q) which can respond

to depolarizing stimuli. Endocannabinoids can indirectly inhibit Ca2+ influx by

controlling G-protein activity, by binding to certain specific K+ channels and, as I have

found, by blocking voltage-gated sodium channels (Nicholson et al., 2003). The

modulation of these cellular signaling systems by endocannabinoids leads to a decline

in neurotransmitter release. There is apparently no evidence at present to suggest that

endocannabinoids modulate other mechanisms important for the control of [Ca2+]i in

neurons, such as Na+/Ca2+ exchange. The following sections discuss key aspects of the

endocannabinoid system in terms of endocannabinoid synthesis, release, uptake,

hydrolysis, physiological function, and mechanisms by which they regulate signal

transduction in cells.

1.2 The synthesis of endocannabinoids in brain with particular
reference to anandamide and 2-AG.

There are two routes known to the responsible for the synthesis of anandamide in

brain. One route requires the presence of ci+ and another is largely independent of

Ca2+ (Llano et al., 1991; Schmid et al., 1997; Paria et al., 1996). In brain, two

important regulatory phenomena arising from the interaction of anandamide with CB 1
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receptors are "depolarization-induced suppression of inhibition" (DSI) and

"depolarization-induced suppression of excitation" (DSE). Available evidence suggests

that endocannabinoids such as anandamide are synthesized and released from

postsynaptic neurons as a result of postsynaptic depolarization. Ca2
+-dependent

endocannabinoid biosynthesis appears to be an important pathway for brain neurons

(Di Marzo, et aI., 1998). A rise in Ca2
+ concentration within the postsynaptic neuron is

thought to be a crucial initiator of anandamide biosynthesis. Studies in Purkinje cells

suggest that DSI can only occur if there is Ca2
+ influx, since it is not sustained when

the inward Ca2
+ current is terminated (Llano et aI., 1991). Further support for this

comes from studies with the Ca2
+ chelators, BAPTA and EGTA, which prevent DSI

(Pitler and Alger, 1992). Like DSI, calcium influx is needed for DSE to occur in

synapses onto Purkinje cells (Kreitzer and Regehr, 2001). However, it is still unclear as

to how much of a rise in the concentration of Ca2
+ is necessary for endocannabinoid

synthesis and depression of presynaptic transmitter release. Some investigations

suggest that endocannabinoid synthesis and release requires only modest increases in

the concentration of Ca2
+. For example in Purkinje cells of the rat cerebellum, a somal

increase in free [Ca2+] i of 40 nM Ca2
+ was sufficient to trigger a substantive (50% of

maximum) retrograde inhibitory response (Glitsch et aI., 2000). In contrast, other

researchers suggest that much higher calcium levels in the order of 15 IlM in the

postsynaptic compartment are required for half-maximal retrograde inhibition in

Purkinje cells (Brenowitz and Regehr, 2003) and 4 IlM Ca2
+ is required to induce half

maximal DSI in hippocampal neurons (Wang and Zucker, 2001). Clearly, more
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investigation is needed to clarify why such large differences in Ca2
+ concentrations

were required to reduce neurotransmission by this retrograde mechanism.

When brain neurons are activated by membrane-depolarizing agents (e.g.

ionomycin, kainate and high potassium), membrane depolarization causes Ca2
+ influx

into cells, and activates a calcium-dependent N-acyltransferase which catalyzes the

biosynthesis of N-arachidonoyl phosphatidylethanolamine (NArPE). Anandamide can

be released intracellularly by the hydrolysis of NArPE which is catalyzed by

phospholipase D (Di Marzo et al., 1994). Studies on the regional distribution ofNArPE

and anandamide in brain demonstrate that the brain stem and striatum contain the

highest levels, while levels in the cerebellum and cortex are lower. Thus the levels of

NArPE and anandamide in different brain regions show good agreement which

supports the idea that NArPE may be of relevance as a precursor of anandamide

(Bisogno et aI., 1999). The highest amounts ofNArPE and anandamide (up to 359 and

87 pmol/g wet weight of tissue respectively) were found in the brain stem and NArPE

is generally 3-13 times more abundant than anandamide in all brain regions. These

observations confirm that NArPE is present at sufficient levels to act as an effective

reservoir for anandamide synthesis. Although the regional distribution of NArPE in

brain correlates quite well with that of anandamide there is much less of a

correspondence with the distribution of cannabinoid receptors (Bisogno et aI., 1999).

NArPE can be hydrolysed by N-acyl phosphatidylethanolamine (N-Acyl-PE)

phospholipase D (NAPE-PLD) which is involved in the biosynthesis of anandamide

and other bioactive N-acylethanolamines (NAEs) (Liu et aI., 2002).
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Anandamide and other bioactive N-acylethanolamines (NAEs) can be generated by

direct cleavage ofN-Acyl-PE by phospholipase D (PLD) (Di Marzo et aI., 1994; Liu et

aI., 2002). N-arachidonoyl-PE can also undergo a two step reaction to form

anandamide. This first involves hydrolysis of N-arachidonoyl-PE by PLAI and PLA2

enzymes forming N-arachidonoyl-Iyso-PE from which the release of N-arachidonoyl

ethanolamine is catalysed by lysophospholipase D (lysoPLD). Both enzymes are found

in the brain and and the specific activity of lysoPLD is particularly high in cerebrum

and cerebellum (Sun et aI., 2004). Current evidence indicates that the lysoPLD is

distinct from the known N-acyl-PE-hydrolysing PLD (Sun et aI., 2004; Bisogno et aI.,

2005). Another possible route for the biosynthesis of anandamide is by the coupling of

arachidonic acid with ethanolamine. Anandamide can be produced in vitro by brain

tissue homogenates from extraneous arachidonic acid and ethanolamine (Kempe et aI.,

1996). This biosynthetic reaction does not require Ca2
+. Anandamide synthase was

partially purified from porcine brain (Ueda et aI., 1995) and shown to exhibit the same

pH and temperature dependence and inhibition profiles as the enzyme catalyzing

anandamide hydrolysis to arachidonic acid and ethanolamine [i.e. anandamide

amidohydrolase or fatty acid amide hydrolase (FAAH)]. The levels of FAAH have

been reported to be high in the hippocampus, thalamus, striatum, and frontal cortex,

whereas pons, cerebellum, and medulla possess the lowest activity. The enzyme was

found to be associated with all membrane fractions examined. FAAH activity was

highest in cells that were of lower density than 0.8 M sucrose. Such fractions contained

synaptic vesicles, microsomes, myelin fragments and synaptosome ghosts. The lowest

FAAH activity was observed in the pellet within the 1.2 M sucrose layer which

8



contains mostly mitochondria and the activities of cytosolic fractions were minimal

(Devane, 1994). The FAAH activity was retained after membranes had been

extensively washed in saline suggesting the enzyme is strongly bound to membrane

components under normal situations (Devane, 1994). The biosynthetic activity of

FAAH depends alot on the concentrations of arachidonic acid and ethanolamine

(Maccarrone et aI., 1998, 2000). It has been suggested that physiological levels of

ethanolamine and arachidonic acid may be too low to allow synthesis of anandamide to

occur in brain but FAAH-mediated synthesis clearly occurs in other organs like the

uterus (Schmid et aI., 1997; Paria et aI., 1996 ). In the uterus there is also evidence

from in vitro and in vivo studies that the synthesis of anandamide dominates over

hydrolysis at a stage associated with implantation. It is interesting that

phenylmethylsulfonyl fluoride (PMSF), which strongly inhibits amidase activity, has

been shown to have no inhibitory activity against the synthase, and in fact, may

facilitate the synthesis of anandamide at lower concentrations (Paria et aI., 1996).

Since the cellular concentrations of arachidonic acid and ethanolamine are considered

lower than those necessary for efficient tum over of the synthase enzyme, it was

proposed that 'anandamide synthase' -mediated anandamide biosynthesis in brain

would likely require activation of the two phospholipases responsible for arachidonic

acid and ethanolamine release from membrane phospholipids, [i.e. phospholipase A2

and D] (Di Marzo et aI., 1998).

Current evidence suggests that Ca2
+ entry may not actually be needed for

anandamide synthesis. The dopamine D2 receptor agonist quinpirole causes an

eightfold increase in anandamide outflow in the rat striatum, which is prevented by the
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D2 antagonist raclopride. Moreover, activation of muscarinic acetylcholine receptors

and metabotropic glutamate receptors have also been observed to cause

endocannabinoid release in hippocampal slices in a Ca2
+-independent manner

(Piomelli, 2003; Kim, 2002; Varma, 2001). The involvement of Ca2
+ mobilization

from internal stores (Piomelli, 2003) reminds to be clarified.

The distribution of 2-AG in brain was found to correlate quite well with that of

AEA with levels ranging from 2.0 to 14.0 nmol/g in the diencephalon and brainstem,

respectively (Bisogno et al., 1999). A variety of potential pathways leading to 2-AG

biosynthesis in neurons have been proposed. These include a primary PLC-mediated

hydrolysis of membrane phospholipids, followed by a second hydrolysis of the 1,2

diacylglycerol (DAG) by diacylglycerol lipase, or involvement of PLA1 which

generates a lysophospholipid, which, in turn, is hydrolyzed to 2-AG by

lysophospholipase C (Piomelli et aI., '1998). In addition to the phospholipase-mediated

pathways, 2-AG accumulation may occur as a result of breakdown of triacylglycerols

which can be catalyzed by a neutral lipase or from the dephosphorylation of

lysophosphatidic acid (LPA) (piomelli et aI., 1998). Ca2
+ appears to be a requirement

for the stimulation of 2-AG synthesis by inducing the formation of diacylglycerol

(Alger 2002). High frequency stimulation of CAl neurons has been shown to produce

a four-fold increase in 2-AG accumulation compared to the control treatment. This

effect can be prevented by the Na+ channel blocker tetrodoxin and by eliminating Ca2
+

from the superfusing solution (Piomelli et aI., 1998). Co-release of 2-AG and

anandamide has been observed in cortical neurons following ionomycin treatment (Di

Marzo et aI., 1994, Stella et aI., 1997) and 2-AG is 170 times more abundant than
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anandamide in rat on a whole brain basis. However, binding studies with eH]CP

55,940 have demonstrated that the affinity of anandamide for the CB1 receptor is

higher than that of 2-AG. In this context anandamide was shown to bind to the CBl

receptor with good affinity (inhibition constant K, = 61 nM) but to have low affinity for

the CB2 receptor (K,= 1930 nM) (Lin et aI., 1998). By contrast, 2-AG binds weakly to

both CB 1 (K, = 472 nM) and CB2 (K, = 1400 nM) receptors (Mechoulam et aI., 1995).

It is unclear how much of an impact 2-AG makes as an extracellular cannabinoid

signal because 2-AG also functions as a metabolic modulator of DAG and AA which

themelves have important signaling functions (Di Marzo, 1998). Moreover in platelets

for example, 2-AG is produced in large quantities but is then rapidly cleaved to

arachidonic acid by monoacylglycerol lipase activity (Cabot et aI., 1977; Bell et aI.,

1979). The very short half life of 2-AG suggests that it may serve primarily as a

precursor for arachidonic acid release (Lin et aI., 1998). Furthermore, since

anandamide and 2-AG are both present in the brain and have very similar functions, it

may be difficult to assess the contributions arising from anandamide and 2-AG at CB1

receptors and indeed distinguish these from inputs made by other endocannabinoid

candidates.

1.3 Anandamide uptake

After anandamide is released, it is rapidly taken up by cells and then quickly

hydrolyzed by FAAH. It is generally accepted that uptake of anandamide is an energy

free process. The accumulation of anandamide is clearly not dependent upon ATP or a

sodium ion gradient and is not inhibited by ouabain (Hillard et aI., 1997). The

movement of anandamide into neurons is most likely driven by the concentration
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gradient of free anandamide across the plasma membrane. Efficient FAAH-mediated

enzymatic cleavage of anandamide inside the cell acts to maintain the inwardly driving

concentration gradient (Glaser et al., 2003). So far there is no compelling evidence to

indicate whether or not there are specific proteins in the membrane involved in the

facilitation of anandamide transport. The evidence required to support the idea of

facilitated transport can be summarized as follows: (i) saturation kinetics must occur;

(ii) a carrier protein must be demonstrated; (iii) the protein must demonstrate a high

degree of specificity and reasonable affinity for the molecule being transported; and (iv)

the protein should exhibit sensitivity to inhibitor (Di Marzo et al., 1994; Hillard et al.,

1997; Beltramo et al., 1997). The cellular uptake of anandamide is known to be

temperature-sensitive and saturable (Hillard et al., 1997). The synthetic cannabinoid

AM404 inhibits anandamide uptake in rat cortical neurons and astrocytes and enhances

DSI. It was proposed that AM404 likely blocks the membrane carrier for anandamide

and therefore increases the persistence of anandamide at CB1 receptors (Beltramo et

al., 1997). Ligresti et al. (2004) found that anandamide uptake in neurons or astrocytes

is saturable at low concentrations and exhibits time-dependence however, uptake does

not saturate at high concentrations. Viridohamine (Porter et al., 2002) and

arachidonoylglycerol ether (Fezza et al., 2002) inhibit anandamide uptake

competitively suggesting that they interact with the same uptake mechanism. Indeed

certain structurally distinct diaryl analogs of anandamide (0-3246 and 0-3262) act as

potent blockers of anandamide uptake in RBL-2H3 cells (Ligresti et al., 2006). The

membrane carrier hypothesis for anandamide is further supported by the finding that

uptake and efflux of anandamide is inhibited by specific inhibitors such as VDM1, (N-
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4-hydroxy-2-methylphenyl) arachidonoylamide (Ligresti et aI., 2004) and that the well

known inhibitor of anandamide accumulation, AM404, also inhibits anandamide efflux

(Gerdeman et aI., 2002). If inhibition of anandamide uptake occurs as a result of

competition at intracellular binding sites between anandamide and its inhibitors, or by

the inhibitors reducing FAAH activity (both of which could reduce the inward

anandamide concentration gradient), it is difficult to understand how either mechanism

might bring about inhibition of anandamide efflux. Some selective transport inhibitors

do not appear to cross-react with FAAH such as UCM707 (Lopez-Rodriguez et aI.,

2003), OMDMI, OMDM2 (Ortar et aI., 2003) and AMI 172 (Fegley" et aI., 2004) and

therefore support the concept of an anandamide membrane transporter in the uptake of

anandamide. Moreover, saturable accumulation of anandamide is still observed in

FAAH-deficient synaptosomes (Ligresti et al., 2004). Recently, Moore et al. (2005)

reported the use of a potent, competitive inhibitor (LY2318912) to block anandamide

uptake in RBL-2H3 cells and proposed a high-affinity, saturable transporter binding

site for anandamide which is separate from FAAH. In other experiments, LY2318912

was administrated into rodents and caused a 5-fold increase in anandamide

concentrations in the brain (Moore et aI., 2005). However, as anandamide is lipophilic

it is a compound that should partition into the plasma membrane easily. Using red cell

ghosts as a model, investigation has shown anandamide rapidly passes though

membrane (in fact within seconds) however, a carrier is not necessarily required to

facilitate this process (Bojesen and Hansen, 2005). Another problem with the carrier

hypothesis is that a discrete anandamide carrier has not been identified so far (Bisogno

et aI., 2005). Many transport protocols used to examine selective inhibition of
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anandamide uptake examine time points ranging from 5 to 10 min. This length of time

is considered easily sufficient for anandamide to bind to intracellular proteins or to be

hydrolyzed intracellularly and both these mechanisms would facilitate uptake. An

added complication is that putative inhibitors of anandamide transport such as AM 404

and ADMll have been found to inhibit FAAH and BSA often incorporated into the

assay system may influence the effect of inhibitors on FAAH (Vandevoorde and

Fowler, 2005). In other words, current experimental approaches do not discriminate

unambiguously between the effects that a carrier in the membrane, intracellular

binding proteins or FAAH may have on anandamide uptake (Glaser et al., 2005).

Both saturable and non-saturable uptake of anandamide has been reported under

different conditions in several cell types. For example it has been found that

anandamide accumulation by N 18TG2 neuroblastoma and C6 glioma cell lines is

saturable with steady-state concentrations reached after 5 min. although saturability

was not observed with increasing concentrations of anandamide in shorter « I min)

incubation times (Glaser et aI., 2003). Other uptake investigations using anandamide in

RBL-2H3 cells have revealed low concentration saturable, and high concentration non

saturable accumulation (Ligresti et aI., 2004). The absolute levels of anandamide

(bound + free) in some cells, for example cerebellar granule neurons, is many fold

greater than its concentration in the extracellular medium (Hillard and Jarrahian, 2000).

A variety of cellular constituents may contribute anandamide accumulation and

transport within cells. Firstly, evidence that anandamide associates with membranous

compartments comes from the work of McFarland and colleagues who found tritium

enriched subcellular lipid fractions after incubating RBL-2H3 cells with
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eH]anandamide (McFarland et al., 2004). Another possibility is that anandamide is

sequestered by intracellular proteins which bind fatty acids, cholesterol and other

hydrophobic molecules (Hillard et aI., 2003; Stremmel et aI., 2001). Clearly therefore,

at least some aspects of anandamide uptake and accumulation could be due to

anandamide binding to intracellular proteins and not a transmembrane carrier. The

involvement of FAAH-mediated anandamide hydrolysis in the regulation of

anandamide uptake remains unresolved. For example, saturable anandamide transport

can still occur in FAAH knock out cells (Moore et aI., 2005; Ligresti et aI., 2004).

Cells with low FAAH activity, for example cerebellar granule .neurons, also

demonstrate a robust and saturable accumulation of anandamide (Hillard et aI., 1997).

But other research suggests that FAAH can significantly increase anandamide uptake.

For example, expression of FAAH in HeLa cells increases maximal anandamide

transport 2-fold compared to wild-type (no FAAH HeLa cells) (Day et aI., 2001). As

FAAH can hydrolyze many fatty acid primary amides, other fatty acid amides (for

example the putative sleep-inducer oleamide) may reduce uptake of endocannabinoids

and therefore augment their physiological effects (Giang et aI., 1997). In conclusion it

seems reasonable at this time to accept that a variety mechanisms controlling

endocannabinoid uptake may occur.

1.4 Anandamide release

How does the anandamide produced within the postsynaptic neuron get released?

Is its release facilitated by carriers or does it undergo efflux by simply diffusion?

Ronesi et al. (2004) found that in striatal neurons intracellular postsynaptic application

of an inhibitor of endocannabinoid uptake (e.g. AM 404 and VDMll) reduces
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endocannabinoid-induced long-term depression (LTD). This does not occur if the

uptake inhibitor is applied extracellularly. It was concluded therefore that the uptake

blocker competes more effectively for the internalized endocannabinoid carrier

(Ronesi et aI., 2004). Precisely how this transporter-dependent efflux is initiated and

maintained, as well as the presynaptic mechanisms of LTD induction, remains to be

determined. It has also been reported that CB1 receptor-mediated hippocampal DSI is

not inhibited by intracellular blockade of the anandamide membrane transporter

(AMT), indicating that differences of postsynaptic endocanabinoid release may exist in

different types.of neuron (Ronesi et al., 2004; Chevaleyre and Castillo, 2003).

Anandamide is a neutral lipophilic molecule with a very limited solubility in water.

One -would predict that it should be easy for anandamide to associate with specific

proteins in the extracellular fluid. In fact, two reports show that serum albumin

enhances anandamide efflux from rat and human neurons (Bojesen and Hansen 2003;

Giuffrida et al., 2000).' BSA has one high-affinity binding site for anandamide. The

equilibrium dissociation constant (~) of anandamide binding to BSA increases

significantly with temperature from 6.87 ± 0.53 nM at O°C to 54.92 ± 1.91 nM at 37°C

(Bojesen and Hansen, 2003). Bojesen and Hansen (2006) found that anandamide efflux

from the outer membrane leaflet of red cell ghosts to BSA in the medium depends

significantly on the BSA concentration and proposed a model to account for

anandamide release (Bojesen and Hansen, 2006). Synaptoneurosomes consist of a

pinched-off nerve ending attached via structural elements of the synaptic cleft region to

a pinched-off portion of the postsynaptic neuronal cell body. Since both the pre- and

postsynaptic moieties enclose their original content of cytoplasm, synaptoneurosomes
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should represent an ideal synaptic model for studying endocannabinoid function. In

Chapter 4 of this thesis I discuss the experiments I carried out to investigate the

potential release of anandamide from synaptoneurosomes under resting and

depolarized conditions.

1.5 CDI cannabinoid receptor-mediated signal transduction

CBI receptors mediate inhibition of excitatory or inhibitory transmission and this

occurs widely in the brain. Cannabinoid-induced stimulation of CBI receptors activate

signal transduction pathways via the pertussis toxin (PTX)-sensitive 0/00 (Di Marzo

et aI., 1998). The mechanisms of downstream intracellular signal transduction however

are quite diverse and depend to a large extent on the cell in question. In transfected

cells overexpressing CB1 receptors, PTX-sensitive O-proteins allow anandamide to

negatively modulate adenylate cyclase and voltage-sensitive Ci+channels and also to

activate inwardly rectifying K+ channels (Di Marzo et aI., 1998). In cerebellar parallel

fibre-Purkinje cell synapses two mechanisms for anandamide-dependent inhibition of

presynaptic glutamatergic transmission have been reported. The first is mediated by the

PTX-sensitive G proteins activating inwardly rectifying K+ channels which are blocked

by Ba2+ and tertiapin-Q (Daniel et aI., 2004). The second requires similar initial

cascades but involves 4-aminopyridine (4AP) and voltage-sensitive K+ channels as the

terminal effector (Daniel and Crepel, 200 I). In cerebellar granule neurons, PTX has

been found to abolish cannabinoid agonist-mediated inhibition (Huang et aI., 2001).

The inhibitory effect of the cannabinoid agonist WIN 55212-2 on cl+ influx was

additive with inhibition produced by the P/Q-type calcium channel inhibitor, co

agatoxin IVA and nifedipine (an L-type Ca2+ channel antagonist) but not with the N-
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type calcium channel inhibitor, ro-conotoxin GVIA, indicating that N-type voltage

sensitive calcium channels (VSCCs) are the primary effector (Nogueron et al., 2001).

Using cultured rat hippocampal neurons as a model, Twitchell et al. (1997) found

potent inhibition ofN- and P/Q-type calcium currents by cannabinoids (Twitchell et al.,

1997). The mechanism likely involves decreasing the basal level of cAMP, which

activates tyrosine residue phosphorylation and focal adhesion kinase (FAK), which

finally lead to inhibitory effects on neurotransmitter release (Di Marzo et al., 1998;

Derkinderen et al., 1996).

Although endocannabinoids inhibit both excitatory and inhibitory neurotransmitter

release, the sensitivity of different neurotransmitter systems varies considerably. Ohno

Shosaku et al. (2002) examined the effects of cannabinoid agonists on excitatory and

inhibitory synapses in rat hippocampal slices and cultures. They found that both DSE

and OSI can be induced, but OSI was much more pronounced than DSE. Specifically

GABA release was 30-fold more sensitive to suppression. Since neither the induction

of OSI nor DSE can be elicited in CB 1 receptor knockout mice, it has been concluded

CBl receptors are necessary for OSI and DSE (Ohno-Shosaku et al., 2002). The

reasons for the difference in sensitivity to cannabinoids between excitatory and

inhibitory transmission requires more study. In rat striatum, anandamide and other

cannabinoids significantly reduce forskolin-stimulated cyclic AMP accumulation,

resulting in a decrease in electrically-induced dopamine release but not the release of

acetylcholine, emphasizing the selective nature of CBl receptor-coupled effects

(Cadogan et al., 1997). In Purkinje cells, the release of endogenous cannabinoids
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results in blockade of afferent excitatory inputs as a result of effects on presynaptic

calcium entry (Kreitzer et aI., 2001).

In the brain, the first characterized cannabinoid receptor signal transduction

response was the inhibition of adenylyl cyclase in response to classical or non-classical

cannabinoid agonists, such as CP55940 and WIN 55,212-2. Such inhibitory effects can

be relieved by CBl receptor antagonists, such as SR141716A. There are at least nine

closely related isoforrns of adenylyl cyclase (ACs), each of which is regulated by a

different regulatory mechanism (Hanoune and Defer, 2001; Sunahara et aI., 1996). The

influence of the adenylyl cyclase isoforrn type on the outcome of the response to

cannabinoid agonists has been comprehensively investigated by Rhee et al. (1998). In

that study, calmodulin-regulated adenylyl cyclase isoforrns 1, 3, and 8, and hormone

stimulated isoforrns 5 and 6 were inhibited in response to cannabinoid agonists. In

contrast, adenylyl cyclase isoforrns 2, 4, and 7 were stimulated. Intracellular Ca2
+

transients have been shown to be stimulated by the endocannabinoids anandamide and

2-AG, as well as by aminoalkylindole and cannabinoid agonists in undifferentiated

NI8TG2, neuroblastoma and NG 108-15 hybrid cells (Sugiura et aI., 1997 and 1999).

The C6 astrocytoma did not respond to cannabinoid agonists (Sugiura et aI., 1997)

suggesting that the CB 1 receptor is not coupled to the same signal transduction

mechanism that the neuronal cell uses to mediate this response, or alternatively the

response is related to other potential binding sites of endocannabinoids which have

different structural requirements. With agonists, such as anandamide, WIN55212-2 and

CP55940, stimulation of the CB 1 receptor produced inhibition of the voltage-gated N

type Ca2
+ current (lea), leading to a decrease in Ca2

+ influx in 'differentiated' N18 and
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NG108-15 cells, which resulted in a decrease in neurotransmitter release

(Mukhopadhyay et aI., 2002). Stimulation of the CB1 receptor can also activate

p42/p44 mitogen-activated protein kinase (MAPK). This has been found to occur

through activation of a PTX-sensitive G protein-coupled CB1 receptor in cultured

U373MG human astrocytoma (Bouaboula et aI., 1995). The specific mechanisms

underlying CB1 receptor-mediated MAPK activation have not been fully elucidated as

yet. Stimulation of CB 1 receptors can also activate MAPKJERK kinase (MEK) which

then increase the activity of the extracellular signal-regulated kinase (ERK) in

hippocampal slices (Derkinderen et aI., 2003). The strong potential of cannabinoids for

inducing long-term alterations in hippocampal neurons through the activation of the

ERK pathway may be important for the physiological control of synaptic plasticity and

for the general effects ofTHC in the context of drug abuse (Derkinderen et aI., 2003).

On balance the available data on CB1 receptor-mediated signal transduction suggests it

is highly complex and requires much clarification. An excellect review of the role of

endocannabioids in synaptic signaling has been published by Freund et aI. (2003)

Cannabinoid receptors are widely distributed in vertebrate animals (Onaivi et aI.,

2002) and also occur in some invertebrates, such as sea urchins, hydra, mollusks, and

the leech (Salzet and Stefano 2002), but are not apparently found in insects

(McPartland et aI., 2001). In the rat, the expression of endocannabinoid receptors

depend on the developmental stage. For example, mRNA for CB2 receptor in liver was

found during the embryonic stages (Day 13-21), after which the levels declined, with

no mRNA being detectable in the adult liver (Buckley et aI., 1998). CBl receptors are

present at a high density in somatic regions of rat hippocampal neurons at day 5 of
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culture. In more mature cultures of these neurons (3-4 wk), the CB 1 receptors were

greatly enriched along axons and dendrites as well as on presynaptic terminals

(Twitchell et aI., 1997). Recently, Matyas et aI. (2006) investigated the subcellular

location of CB1 receptor in the nucleus accumbens, striatum, globus pallidus,

substantia nigra, and internal capsule. They observed CB1 receptors on the membrane

of the terminal and preterminal regions ofaxons. The majority of CB 1 receptors were

located in the axonal plasma membrane (Matyas et aI., 2006).

CB2 receptors can modulate adenylyl cyclase and MAPK activity in a similar way

to CB1 receptors, through their ability to couple to G/Go proteins. Thus in CHO cells

transfected with the CB2 receptor, cannabinoids were shown to inhibit adenylyl

cyclase activity in a concentration-dependent manner. This effect was PTX-sensitive

suggesting signalling through G/Go proteins (Felder et al., 1995). Cannabinoids also

activate p42/p44 MAPK in CB2 receptor expressing cells and these effects are

sensitive to inhibition with PTX and the CB2 antagonist SR 144528 (Kobayashi et al.,

2001).

1.6 Evidence for other targets for endocannabinoids

Evidence for non-CB1 and non-CB2-mediated actions of anandamide have been

clearly demonstrated using CBI and CB2 knockout mice. Di Marzo and colleagues

(2000) tested the ability of anandamide and THC to induce analgesia and catalepsy and

decrease spontaneous activity in the CB1 knockout homozygotes (CB1-/-). They

found that even though anandamide levels in the hippocampus and the striatum were

lower in the CBl knockout homozygotes (CB1-/-) comparing to the wild-type

(CB 1+/+), these effects of anandamide were not decreased in CB I -/- mice. Zimmer et
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al. (1999) also compared the ability of cannabinoids to induce responses in wild type

mice and CB I knockout mice. They reported that for certain physiological effects

induced by cannabinoids (e.g. in the hotplate analgesia test and hypothermia test)

CB 1-1- are not as sensitive as CB I +1+ mice but CB I -1- mice show a similar dose

response to THC in the tail-flick test at doses up to 50 mg/kg (Zimmer et aI., 1999).

This results suggest that part of the cannabinoid effects come from binding of

cannabinoids to non-CB I receptors. The fact that distribution of the endocannabinoids

does not match exactly that of the cannabinoid receptor binding sites also suggests that

endocannabinoids could bind to other sites (Bisogno et aI., 1999). Presence of non

CBI or non-CB2 receptors for cannabinoids in the central nervous system has been

confirmed in several laboratories. WIN 55,212-2 inhibits monosynaptically-evoked

EPSCs in CA 1 pyramidal cells not only in wild-type but also in CBI receptor knockout

mice (Hajos et aI., 2001). Breivogel et al. (2001) reported that anandamide and

WlN55,212-2 activate G-proteins in brain membranes in both CBI+I+ and CBI-I

mice. By contrast, a wide variety of other compounds that are known to activate CBI

receptors, including CP55940, HU-210, and 9-tetrahydrocannabinol, failed to stimulate

G-proteins in membranes derived from CB1-1- mice. Moreover, the CB I antagonist

SRI41716A did not reduce G-protein activation by anandamide in CB1-1- mice. These

findings strongly suggest the presence of receptors other than CB I receptors which are

capable of binding cannabinoids in nerve cells, and that different cannabinoids have

different capacities to bind to these non-CB I receptors. The presence of non-CBI or

CB2 receptors for endocannabinoids has been reported not only in the central nervous

system but also in peripheral tissues. Jarai and colleagues demonstrated that
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anandamide-induced mesenteric vasodilation persists in CB1 receptor deficient mice

and also in mice unable to express CB1 and CB2 receptors (Jarai et aI., 1999). Other

physiological effects mediated by endocannabinoids via CB I or CB2-receptor

independent mechanisms have been reported. The ability of 2-AG to induce interferon

gamma (IFN-gamma) expression in wild-type as well as in CB1 and CB2 double

knockout mice has been investigated. No differences in the magnitude of IFN-gamma

suppression by 2-AG in wild-type versus CBIICB2 null mice were observed. This data

suggest that 2-AG suppresses IFN-gamma expression in murine splenocytes in a CB

receptor-independent manner (Kaplan et aI., 2005). It is also interesting that

cannabinoid receptor agonists CP55,940 (ECso, 0.84 JlM), WIN 55,212-2 (ECso, 3.47

J.LM), arachidonyl-2-chloroethylamide(ACEA) (ECso, 17.8 JlM), and R-(+)

methanandamide (ECso, 19.8 J.LM) can all inhibit glutamate release from hippocampal

synaptosomes of rat and CBl null mutant mouse (Kofalvi, 2003). WIN 55,212-2

displayed the greatest efficacy. SR141716A, AM251 and the vanilloid receptor 1 (VRl)

antagonist capsazepine did not antagonize this effect. These data also add weight to the

idea that there exist distinct targets of cannabinoids which are independent of CB1

receptors, which when activated inhibit neurotransmitter release (Kofalvi, 2003).

1.6.1 T-type calcium channels

Instead of inhibiting N, P/Q calcium channels via CB1 receptors, Ca2
+ entry can be

controlled by a direct interaction of anandamide with the T-type of calcium channel. In

the CNS, T-channels generate low threshold spikes and participate in spontaneous

firing (Chemin et aI., 2001; Huguenard, 1996). T-channels are also involved in cardiac

pacemaker activity (Hagiwara et aI., 1988), aldosterone secretion (Rossier et aI., 1996)
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and fertilization (Arnoult et al., 1996). Ca2+ influx in HEK 293 and CHO cells

transfected with T-type Ca2+ channels was inhibited by anandamide (Chemin et al.,

2001). This effect is very similar to that observed in cells with native T-type Ca2+

channels. These inhibitory effects were not relieved by CBl antagonist SRl4l716A

(Chemin et al., 2001).

1.6.2 Potassium channels

Direct cannabinoid-mediated inhibition of certain K+ channels has also been

demonstrated by Maingret and colleagues (2001). The acid-sensitive TASK-l (TWIK

related acid-sensitive K+ channel), which regulates background activity of K+ currents,

can be inhibited directly by anandamide as well as certain other cannabinoid agonists

such as WIN 55, 212-2. In contrast to other cannabinoids agonists, for example 2-AG,

~9-THC, HU210 and the antagonist SR141617A have no clearcut effect on TASK-l

channels. The inhibitory effects of anandamide and WIN 55,212-2 at TASK-l

channels are independent of CB1/CB2 receptors (Maingret et al., 2001). TASK-1 is

differentially expressed in the brain, with high mRNA levels found in cerebellar

granule neurons, as well as in brainstem and spinal cord motoneurons (Maingret et al.,

2001; Talley et al., 2000). Neurons in these regions are involved in the control and

coordination of motor behavior. It is therefore possible that direct block of TASK-l

and subsequent alteration of excitability might be responsible for some of the non-CB1

receptor effects that anandamide has on locomotion in mammals.

The voltage-gated K+ channel controls repolarization and action potential frequency

(Kim et aI., 2005). Oliver et al. (2004) demonstrated that anandamide can convert non-
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inactivating delayed rectifying voltage-gated K+ channels into rapidly inactivating A

type K+ channels. Intruigingly, arachidonic acid has a very similar effect on inducing

inactivation of voltage-gated K+ channels (Oliver et al., 2004), but more work is

needed to ascertain whether the primary effect arises from anandamide itself or from a

breakdown product of this compound. But clearly, the current data suggest that

anandamide or a close metabolite can directly modulate the voltage-gated K+ channels

(Van der Stelt and Di Marzo, 2005).

1.6.3 Vanilloid TRPVl receptors

Transient receptor potential vanilloid I receptors (TRPVI-Rs) are widely

distributed in sensory neurons. The TRPVI-R is a membrane protein consisting of six

transmembrane domains and a pore-loop. The TRPVI-R protein is classified as a non

specific channel with preference for Ca2
+. Activation of the channel induces the release

of neuropeptides which can give rise to the sensation of pain, neurogenic

inflammation, smooth muscle contraction and cough (Jia et al., 2005). The TRPVI-R

channel is activated by vanilloids, capsaicin which is found in chilli peppers and the

highly potent diterpene resiniferatoxin (RTX). TRPVI-Rs can also be activated by a

number of other stimuli including heat and protons (Jia et al., 2005; Szallasi and

Blumberg, 1999). The opening of the ion channel component of the TRVP I-R allows

ci+ influx which increases the frequency of isolated miniature excitatory postsynaptic

currents (mEPSCs) in LC neurons (Marinelli et al., 2002; Van der Stelt et al., 2005).

Other work shows that anandamide acts as an agonist at TRPVI-Rs expressed in HEK

293 cells and this effect can be inhibited by TRPVI-R antagonist capsazepine

(Zygmunt et al., 1999). Vasodilation in arteries can also be induced by anandamide and
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IS accompanied by release of the calcitonin-gene-related peptide (CGRP). The

cannabinoid (CBl) receptor antagonist SR141716A is unable to block this effect

(Szallasi and Blumberg, 1999), but the TRPVI-R-selective antagonist capsazepine

does inhibit anandamide's vasodilatory effect as well as its effect on CGRP release.

Anandamide's effect at TRPVI-Rs is not mimicked by other cannabinoids, such as 2

AG, palmitylethanolamide HU 210, WIN 55,212-2 and CP 55,940 (Zygmunt et aI.,

1999). Thus it appears that endocannabinoids may have dual roles (i.e. to activate both

CBI receptors and TRPVI-Rs) and there is some evidence to suggest that anandamide

brings about depression of transmitter release and stimulation of TRPV1-R at different

concentrations. At concentrations of 10 flM and below, anandamide inhibited

SR141716A- and PTX-sensitive release of peptides (Nemeth et aI., 2003). Higher

concentrations of anandamide (l 0-100 flM) increased release of peptides in a

concentration-dependent manner; this could be blocked by capsazepine. As an

endogeneous ligand of TRPVI-Rs, anandamide may enhance TRPVl effects by

amplifying intracellular Ca2
+ influx via the TRPVI-R (Van der Stelt et aI., 2005)

although it is likely that the effects of anandamide on TRPVI-Rs may vary in different

tissues and be dependent on prevailing physiological conditions (Jia et aI., 2005). As

the TRPVI-R can be upregulated by several endogenous regulators such as protein

kinases A and C (Numazaki et aI., 2002; Bhave et aI., 2002; Bhave et aI., 2003) and

certain inflammatory mediators, this may explain anandamide's ability to trigger

partial or full TRPVI-R activation in different cell types (Jia et aI., 2005).
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1.6.5 Nicotinic acetylcholine (nACh) receptors

Nicotinic acetylcholine receptors (nACh-Rs) containing the a7 subunit common to

members of the ligand-gated ion channel superfamily are present in many brain areas

where cannabinoids are known to act (Lindstrom et al., 1996). Recently Oz et al. (2004)

found that the endocannabinoids, anandamide and 2-AG, inhibit nicotine-evoked

currents in Xenopus oocytes expressing a7 nACh-Rs, ICso value of 229.7 ± 20.4 nM

and 168 oM respectively. Although arachidonic acid also causes inhibition, the

inhibitory potencies of 2-AG and anandamide are higher than that of arachidonic acid

at a7-nAChRs (Oz et aI., 2004). Theinhibition by 2-AG and anandamide was found to

be non-competitive and voltage-independent. Since SR141716A was unable to inhibit

the effect of endocannabinoids, this supports the idea that inhibitory effects on currents

carried by a7 nACh-Rs are not mediated by CBI-Rs. The response to anandamide was

insensitive to the CB2 anatagonist SR144528, the G-protein inhibitor PTX and 8

bromo-cAMP. The effect of anandamide was also not affected by PMSF or AM 404

which both represent pharmacological manipulations known to increase the persistence

of anandamide (Oz et aI., 2004).

1.6.6 Voltage-sensitive sodium channels

DSI in the CA1 region of the hippocampus does not occur in the presence of TTX

(Alger et aI., 2002). TTX is a highly specific voltage-sensitive sodium channel (VSSC)

inhibitor. This suggests that VSSCs may be involved in the regulation of transmitter

release. Turkanis et al. (1991) found that THC decreased peak inward sodium currents,

an indication that THC can block sodium channels. The drug also decreased both the
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activation and the inactivation rates of VSSCs. All three effects were apparent at

concentrations between 100 oM and 8 ~M (Turkanis et aI., 1991).

Recently in our laboratory we discovered that anandamide and cannabimimetics

such as AM 404 and WIN 55,212-2 block veratridine-dependent depolarization of

synaptoneurosomes and veratridine-dependent release of the neurotransmitters

glutamate and GABA from synaptosomes isolated from mouse brain (Nicholson et aI.,

2003). The binding of the site 2-selective radioligand eH]batrachotoxinin A 20-a

benzoate (BTX-B) to VSSCs in mouse brain synaptoneurosomes was also displaced by

low to mid-micromolar concentrations of anandamide, AM 404 and WIN 55,212-2,

Electrophysiological experiments confirmed that anandamide inhibits VSSC

dependent sustained repetitive firing in cortical neurons in vitro and that inhibition is

increased by FAAH inhibition (Nicholson et aI., 2003). Thus there is compelling

evidence to suggest that anandamide targets VSSCs directly to inhibit neurotransmitter

release. Chapters 2 and 3 of this thesis describe my contribution to our laboratory's

investigation of VSSCs as a target for anandamide and synthetic cannabinoids.

1.7 Inactivation of endocannabinoid effects

As soon as the release of endocannabinoids across the postsynaptic membrane into

the synaptic cleft has been activated, these modulators bind to various membrane

receptors where they initiate different presynaptic responses. To terminate these

effects, endocannabinoids are thought to be translocated into cells where they are

rapidly broken down. Although (as previously discussed) it is still the subject of debate

whether the uptake of endocannabinoids is mediated by a membrane carrier, it is

broadly agreed that endocannabinoid uptake is energy independent. As they
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accumulate in neurons endocannabinoids are degraded via two main pathways:

hydrolysis and oxidation. Several lines of evidence suggest that fatty acid amide

hydrolase (FAAH) is an important enzyme for hydrolysis of endocannabinoids

(Deutsch et aI., 2002). Anandamide concentrations in FAAH knockout mice brains are

IS-fold higher than in wild type mice and knock out mice exhibit intense CB1-R

dependent behavioral responses, including hypomotility, analgesia, catalepsy, and

hypothermia (Cravatt et aI., 2001). FAAH is widely distributed in the central and

peripheral nervous system and this enzyme has a broad substrate specificity including

the ability to hydrolyze oleamide (a sleep modulator). Competition between oleamide

and endocannabinoids for FAAH may reduce the rapid intracellular degradation of

endocannabinoids. 2-AG appears to be a better substrate for FAAH compared to

anandamide. In fact, the hydrolysis of2-AG takes place about 4-fold faster than that of

anandamide in rat COS-7 cells overexpressing FAAH (Goparaju et aI., 1998).

However, a large part of the 2-AG degradative activity could be attributed to a

monoacylglycerollipase-like enzyme that did not hydrolyze anandarnide (Goparaju et

aI., 1999). These findings suggest that at least two enzymes feature in the hydrolysis of

2-AG. The concentration of 2-AG is more than 170-fold higher than that of

anandamide in cells, therefore more than one enzyme may be necessary for the

efficient termination of2-AG's effect.

Another important mechanism for endocannabinoid degradation is oxidation.

Anandamide and 2-AG both contain the arachidonic acid moiety which is sensitive to

attack by oxygenases, such as cyclooxygenases, lipoxygenases, and various

cytochrome P450S (Kozak and Marnett, 2002). Cyclooxygenases (COX) catalyze a
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critical step in prostaglandin (pG) and thromboxane (TX) biosynthesis by bis

dioxygenating arachidonic acid. COX-2 can oxygenate anandamide with lower affinity

than for arachidonic acid. Lipooxygenase-mediated oxidation of endocannabinoids has

been demonstrated in vitro and intact tissues and much of this activity resides in the

microsomal fraction (Kozak and Mamett, 2002). The relative significance of oxidation

versus FAAH degradation of endocannabinoids in vivo remains to be resolved.

1.8 The regulatory role of ethanolamine

Hydrolysis of anandamide by FAAH produces ethanolamine and arachidonic acid.

Ethanolamine is an important substrate for phospholipid synthesis required in the

". ,construction of membrane systems (Lipton et aI., 1990). Ethanolamine can be directly

incorporated into existing phospholipids by a Ca2+-dependent base exchange reaction

or transformed via CDP-ethanolamine which then combines with 1,2-diacylglyceroi. A

third pathway relating to phosphatidylethanolamine synthesis involves the

decarboxylation of phosphatidylserine, a reaction which occurs predominatntly within

mitochondria (Lipton et al., 1990). Ethanolamine also plays important regulatory roles

at the synapse. It increases both glutamate-dependent excitation and GABA-dependent

inhibition of avian tectal neurons (Wolfensberger et aI., 1982). Bostwick et al. (1989)

found ethanolamine enhances choline accumulation which then stimulates

acetylcholine synthesis. Compared to what is known about the regulatory role of

anandamide, the cellular functions of ethanolamine are poorly understood. In my

studies to ascertain whether we could demonstrate depolarization-dependent release of

eH]anandamide from synaptic fractions preloaded with eH]ethanolamine, we found

that depolarization of preloaded synaptosomes or synaptoneurosomes causes release of
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eH]ethanolamine, supporting the idea that this amino alcohol may playa regulatory

role in synaptic function. This work is the focus of Chapter 5 of my thesis. We also

observed that although ethanolamine does not depolarize synaptosomes (Liao and

Nicholson, 2005) it strongly activates the output from synaptosomes of acridine orange

(AO) a fluorescent indicator of synaptic vesicle exocytosis or proton concentration

within the synaptic vesicles. Chapter 6 of this thesis describes the experiments I

undertook to investigate in more detail the mechanisms underlying these presynaptic

phenomena.

1.9 Conclusion

Endocannabinoids are widely distributed in the central nervous system, peripheral

nevous system and other tissues of the body. In the nervous system, endocannabinoids

are thought to be released from postsynaptic neurons and move retrogradely to depress

neurotransmitter release from the presynaptic neuron. Endocannabinoids are known to

bind to a number of cellular sites or receptors including CB1 receptors, CB2 receptors,

VSSCs, several types of voltage-gated calcium channels, potassium channels and

vanilloid TRPVl receptors. CBl receptors have been shown to activate at least 6

subtypes of OJ and 0 0 proteins which are involved in modulating a variety of

physiological responses, including nociception, appetite enhancement, locomotion,

memory, analgesia and catalepsy (Breivogel et aI., 2001) as well as embryo

development (Mechoulam et al., 2001). As a variety of different endocannabinoid

targets may be present in the same cell, it is unclear how different effector proteins

interact to achieve the ultimate response. Like many neurotransmitters, the influence of

endocannabinoids can be terminated by enzymic degradation. But metabolites of
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endocannabinoids may still have important roles in regulating cellular function, for

example my results demonstrate that ethanolamine, (which arises in part from

anandamide hydrolysis) may play an important role in physiological function. Thus the

endocannabinoid system is a complex and important cellular regulatory system with

profound effects on physiological outcome.
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CHAPTER 2
INHIBITION OF VOLTAGE-SENSITIVE SODIUM

CHANNELS BYANANDAMIDEAND
CANNABIMIMETIC DRUGS

2.1 Abstract

In view of previous findings with the sleep inducing hormone cis-oleamide, this

study was undertaken to investigate the potential interaction of anandamide (a

structurally similar fatty acid amide) and related cannabimimetics with voltage-

sensitive sodium channels (VSSCs) in mouse brain synaptic preparations. My

experiments demonstrate thatanandamide, AM404 and WIN55,212-2 inhibit

veratridine- (but not KCI-) dependent release of L-glutamic acid (L-glu) and GABA

from synaptosomes [ICsos: 5.1 ).lM (L-glu) and 16.5 ).lM (GABA) for anandamide; 1.6

JlM (L-glu) and 3.3 ).lM (GABA) for AM 404; and 12.2).lM (L-glu) and 14.4 ).lM

(GABA) for WIN 55,212-2]. The binding of eHJbatrachotoxinin A 20-u -benzoate to

VSSCs was also inhibited by low to mid micromolar concentrations of anandamide,

AM 404 and WIN55,212-2. Significantly, none of the inhibitory effects demonstrated

on VSSCs were attenuated by the cannabinoid (CBl) receptor antagonist AM251 (2

).lM). Inhibition of fatty acid aminohydrolase by PMSF enhanced anandamide's ability

to displace eHJBTX-B. Scatchard analyses and kinetic experiments found that

anandamide, WIN 55,212-2 and AM404 bind to a site that is distinct from, but

allosterically coupled to site 2 on VSSCs. Experiments conducted by other researchers

involved in this study demonstrated that anandamide and cannabimimetics blocked
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TTX-sensitive sustained repetitive firing in cortical neurons and veratridine-induced

depolarization of the neuronal membrane. These results suggest that VSSCs participate

in a novel signalling pathway involving endocannabinoids. Such a mechanism has

potential to depress synaptic transmission in brain by reducing the capacity of neurons

to support action potentials and release excitatory and inhibitory neurotransmitters.

2.2 Introduction

A variety of low molecular weight neurotoxins, CNS drugs and neuroactive

pesticides interact with discrete binding sites on VSSCs to produce wide ranging and

profound effects on channel operation (Willow and Catterall, 1982; Postma and

Catterall, 1984; Strichartz et al., 1987; Hill et al., 1989; Deecher et al., 1989; Sheldon

et al., 1994; MacKinnon et al., 1994; Ratnakumari and Hemmings, 1996). Changes in

phosphorylation status of VSSCs by protein kinases such as protein kinase C (Numann

et al., 1991), cAMP-dependent protein kinases (Li et al., 1982), tyrosine kinase

(Hilborn et al., 1998) and phosphatases (Chen et al., 1995; Ratcliffe et al., 2000) are

important physiological regulators of VSSC function. However, the seemingly huge

innate capacity for remote modulation of sodium channels by direct acting, low

molecular weight, neurohumoral factors has led to the identification of very few

potential candidates. Nicholson and his colleagues have demonstrated that the sleep

inducing lipid cis-9,1O-octadecenoamide (cOA) exerts a depressant effect on the

nervous system by inhibiting sodium channels (Nicholson et al., 2001). Since cOA

bears a structural similarity to endocannabinoids and also shows cannabinoid agonist

activity in rat behavioral models (Mendelson and Basile, 1999), the possibility arose
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that more potent cannabimimetic substances, such as the endocannabinoid anandamide,

may have VSSC-inhibitory properties.

In this part of the thesis I present my experimental evidence that sodium channels

are inhibited by anandamide, AM 404 and WIN 55,212-2. From a mechanistic

standpoint, the inhibitory effects of the study compounds occur in ways that resemble

those reported for sodium channel-directed antiarrhythmics, anticonvulsants, local and

general anesthetics and neuroprotectants. Our results suggest the presence of a

cannabinoid binding region on sodium channels through which depressant effects of

anandamide in neuronal networks may be mediated.

2.3 Methods

2.3.1 Animals

All experiments were conducted with male CD1 mice (20-25 g) purchased from

Charles River Laboratories (Quebec). Animals were maintained in group cages at the

Simon Fraser University Animal Care Facility under standardized environmental

conditions (21°C; 55% relative humidity; 12 h light/dark cycle) and were permitted

unlimited access to food and water. Mice were sacrificed for experiments by cervical

dislocation and decapitation. All procedures associated with animal care and

experimentation were carried out according to Canadian Council on Animal Care

guidelines and with formal approval of the Simon Fraser Animal Care Committee.
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2.3.2 Isolation of synaptosomes and determination of endogenous L-glutamic
acid and GABA release

Synaptosomes (pinched-off nerve endings) were generated from the whole brains

of male CDI mice (20-25 g). Synaptosomes were purified on a Percoll step gradient

according to Dunkley et aI. (1986). Synaptosomes retain many of the functional

properties of the nerve ending in situ including the mainentance of normal resting

potentials, uptake of neurotransmitters and release of neurotransmitters in response to

depolarizing or other stimuli. They are therefore ideal for the proposed study on the

pre-synaptic effects of endocannabinoids. Investigations using synaptosomes do suffer

from the disadvantages that the preparation represents a mixture of many transmitter-

specific nerve endings and does not give much insight into how nerve cells integrate

signaling and communicate at the local and higher levels. Highly purified

synaptosomes were used to eliminate possible indirect effects of anandamide and

cannabimimetics on release via postsynaptic entities or extrasynaptosomal membranes.

Synaptosomes (fractions 3 and 4) were pooled, pelleted, then suspended in saline (in

mM) NaCl 128, KCl 5, MgCh.7H20 1.2, NaHC03 5, CaCh.2H20 0.8, glucose 14,

HEPES 20 (buffered to pH 7.4 with Tris) to a concentration of 7 mg protein/ml and

held on ice prior to assay.

Cannabinoids were formulated immediately prior to assay by vigorously injecting them

as DMSO solutions (2 j.11) into I ml saline, followed by sonication and vortexing. TTX

was added to saline in buffer (1 j.11) and formulated without sonication. Synaptosomal

suspensions (100 j.11) were added to saline (250 ,.il; to which either vehicle control,

cannabinoids or TTX, as necessary had been added), then vortexed gently and

incubated for 15 min at 30°C. Activators, veratridine (final concentration 2 JlM; added
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in 5 111 saline) or KCl (final concentration 29 mM), were then introduced, followed by

rapid mixing. After a further 5-min incubation, samples were centrifuged (Beckman

Microfuge E; 40 s), and 284 111 of each supernatant removed and acidified (perchloric

acid; 6 M; 6 111). Just prior to analysis by high performance liquid chromatography

(HPLC), samples were centrifuged and aliquots (80 111) of each supernatant added to

borate buffer (246 111; 0.1 M). Next, o-phthaldialdehyde reagent (OPA; 60 111;

Kilpatrick (1991) was added and after 1 min at room temperature, 40 111 was injected

onto the column. HPLC was carried out using a Hewlett Packard 1050 Series

Chromatograph and a C18 column (15 em x 4.6 mm i.d.; particle size 5 urn). The

mobile phase consisted of buffer A (80% 0.05 M sodium phosphate buffer + 20%

methanol; pH 5.7) and buffer B (20% 0.05 M sodium phosphate buffer + 80%

methanol; pH 5.7). Chromatography was started with buffer A (85%) + buffer B (15%).

The buffer A component was reduced to 15% over 16 min and after this, column clean

up and reequilibration was achieved by a 4 min elution with buffer A (85%) + buffer B

(15%). Effluent from the column was routed to an HP 1046A programmable

fluorescence detector [330 om (excitation) and 450 om (emission)] and OPA-amino

acid peak areas were quantified and traces recorded with an HP 3396 Series II

integrator. OPA-derivatives of L-glutamic acid and GABA in synaptosomal extracts

were identified by comparison with authentic OPA standards and gave complete

separation from other OPA-amino acids that were present. Linear fluorescence

responses to L-glutamic acid and GABA standards were observed over a wide

concentration range.
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2.3.3 Isolation of synaptoneurosomes and eH] batrachotoxinin A 20-a-benzoate
binding assays

Synaptoneurosomes was prepared from CD1 male mice based on the procedure of

Harris and Allen (1985). One mouse brain was homogenized in a teflon/glass

homogenizer (five excursions) with Na-free saline (in mM): choline chloride 130,

KCl 5.4, MgS04.7H20 0.8, glucose 5.5 and HEPES 50, adjusted to pH 7.4 with Tris

base. The homogenate was diluted with 15 ml of the same saline and filtrated though

two layers of nylon mesh (100 urn). The filtrate were subjected to an additional

filtration through a polypropylene filter (10 pm; Gelman Sciences) and centrifuged at

1000 x g for 10 min. The pellet was washed again by centrifugation and the

synaptoneurosomes were then resuspended in 900 ~l saline. Binding assays were

conducted at 35°C in Na'<free saline containing 1 mg/ml BSA (Catterall et al., 1981)

with modifications (Deecher et al., 1991). The binding reaction was started by adding

synaptoneurosomes (20 ul; 250 ug protein) to Na-free saline (140 ul) containing

eH]BTX-B (final assay concentration 1-160 nM; 46 Ci/mmol; Perkin-Elmer Life

Sciences Inc., Boston, MA, USA), scorpion (Leiurus quinquestriatusi venom (ScV; 30

ug; Sigma, St Louis, MO, USA) and inhibitors or solvent control, as appropriate. Prior

to addition of radiolabel and ScV, the inhibitors (in 2 ul DMSO) were incorporated

into 1 ml Na-free saline as described in the previous sections to achieve the required

concentration of study compound and a final DMSO concentration of 0.08%. After an

incubation of 50 min, 3 ml of ice-cold wash saline (in mM): choline chloride 163,

MgS04.7H20 0.8, CaCh.2H20 1.8 and HEPES 5 (adjusted to pH 7.4 with Tris base)

was added to the membranes and the suspension then filtered under vacuum (Whatman

GF/C filters; Hoefer FH 225V filtration manifold). Filters were immediately washed
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with three 3-ml rinses of ice-cold saline and radioactivity associated with filters was

measured using liquid scintillation counting. Non-specific binding, determined in the

presence of veratridine (0.3 roM) was 8.97 ± 0.29% of total binding with eH]BTX-B

at 6 nM. To investigate possible effects of anandamide on the association of eH]BTX-

B with site 2 on VSSCs, synaptoneurosomes were pre incubated with this substance for

10 min. eH]BTX-B (6 nM) was then introduced and the increase in specific binding

measured up to 40 min. For dissociation experiments, synaptoneurosomes were

equilibrated with eH]BTX-B (6 oM), then either a saturating concentration of

veratridine (plus solvent control) or veratridine plus the study compound was added

and specific binding monitored over a 20-min time course. Binding experiments were

conducted in the presence of phenylmethy suiphonyI fluoride (PMSF) where indicated.

2.3~4 Data analysis

In these investigations, curve fitting, determination of binding parameters and IC50

values were carried out using Prism software (GraphPad, San Diego, CA, USA).

Statistical analyses used Student's t-test (unpaired; two tailed).

2.4 Results

2.4.1 Anandamide and cannabimimetics selectively block veratridine-induced
release of L-glutamic acid and GADA from synaptosomes

I examined the ability of the endocannabinoid anandamide and the

cannabimimetics AM404 and WIN 55,212-2, to inhibit veratridine-induced release of

endogenous transmitters from synaptosomes. My results show that veratridine-evoked

release of L-glutamic acid and GABA is inhibited by anandamide (Fig. 1). These

effects occurred over concentration ranges similar to those needed to inhibit
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veratridine-induced changes to the membrane potential of synaptoneurosomes

(experiments conducted by Laurence S. David in our lab; Nicholson et aI., 2003). The

inhibition of veratridine-evoked release of L-glutamic acid by anandamide is

approximately 3 times greater than that of GABA release, as indicated by ICso values

of 5.1 and 16.5 ~, respectively. TTX (14 ~) fully suppressed veratridine-evoked

release of both L-glutamic acid and GABA (data not shown). Veratridine-stimulated

release ofL-glutamic acid and GABA are also inhibited by AM404 and WIN 55,212-2

at low micromolar concentrations; however, the differences between release of

excitatory and inhibitory transmitters were not significant [ICso values: AM404 = 1.6

~ (L-glutamic acid), 3.3~ (GABA); WIN 55,212-2 = 12.2~ (L-glutamic acid),

14.4~ (GABA)], (Figs. 2 and 3). K+-induced release of each transmitter was only

weakly inhibited by TTX (14 ~) and inhibited by anandamide (25 ~) and AM404

(10 ~) to much lesser extents (Fig. 4). WIN 55,212-2 (25 11M) inhibited K'vinduced

release 'of L-glutamic acid and GABA with a similar efficacy to TTX (Fig. 4).

Cannabinoid antagonist AM 251 failed to relieve the inhibitory effects of anandamide

and cannabimimitics on veratridine-induced release (Fig. 5).
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Fig 1. Inhibition ofveratridine (VTD)-evoked release ofL -glutamic acid and

GABA from mouse brain synaptosomes by AEA.

ICsos: 5.1 flM (L -glutamate), 16.5 JlM (GABA). Data points represent mean ± S.E.M.

of at least three independent determinations; **Significant difference in % inhibition

of L -glutamate and GABA release at 10 JlM (P<O.Ol). TTX (14 uM) completely

suppressed VTD-dependent release of L-glutamic acid and GABA and AEA alone (25

JlM) had no discernible effect on basal release of these transmitters. VTD (2 flM)
increased the release of GABA and L -glutamic acid from synaptosomes by 450 ± 56

and 740 ± 98 pmol/mg protein.
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Fig 2. Inhibition ofveratridine (VTD)-evoked release ofL -glutamic acid and

GABA from mouse brain synaptosomes by AM 404.

ICsos: 1.6 JlM (L-glutamate), 3.3 JlM (GABA). Data points represent mean ± S.E.M. of

3--4 independent determinations. Basal release of L-glutamic acid and GABA was

unaffected by 10 JlM AM 404 .
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Fig 3. Inhibition ofveratridine (VTD)-evoked release ofL-glutamic acid and

GABA by WIN 55,212-2.

ICsos: 12.2 JlM (L-glutamate), 14.4 JlM (GABA). Data points represent mean ± S.E.M.

of 3-6 independent determinations. WIN 55,212-2 alone (25 JlM) had no effect on

basal release of L -glutamic acid or GABA.
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Fig 4. Inhibitory effects of AEA (25 ~M), AM 404 (10 ~M), WIN 55,212-2 (25 ~M)

and TTX (14 JlM) on KCI-induced release ofL-glutamic acid and GABA from

synaptosomes.

Bars represent means and error bars S.E.M. of three independent experiments. KCI (29

mM) increased the release of GABA and L-glutamic acid from synaptosomes by 770 ±

112 and 1470 ± 291 pmol/mg protein, respectively.
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Fig 5. AM 251 (2 IlM) does not attenuate the inhibitory effects of AEA (25 IlM),

AM 404 (15 JlM) and WIN 55,212-2 (25 JlM) on sodium channel-dependent release of

L -glutamic acid and GABA. AM 251 had no effect on basal release at 25 IlM.

Bars represent means and error bars S.E.M. of three independent experiments

respectively.
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2.4.2 Anandamide and cannabimimetics inhibit the binding of
eH]batrachotoxinin A 20-a-benzoate to VSSCs

To investigate the possibility that a binding regions for anandamide and other

cannabimimetics may be present on VSSCs, I examined their ability to interfere with

the binding of eH]batrachotoxinin A 20-a-benzoate (eH]BTX-B). BTX-B, in common

with veratridine, binds selectively to site 2 on VSSCs (Catterall et al., 1981; Strichartz

et al., 1987). I found that the binding of eH]BTX-B to VSSCs was inhibited by

anandamide, AM 404 and WIN 55,212-2 (Fig. 6). Since FAAH is capable of

hydrolyzing anandamide and AM404 (Fegley et al., 2004), I examined the effect of the

FAAH inhibitor phenylmethylsulfonyl fluoride (pMSF) on the abilities of anandamide

and AM 404 to inhibit the binding of BTX-B to VSSCs. PMSF substantially increases

the inhibitory potency of both anandamide and AM404, indicating that PMSF prevents

their degradation during the protracted incubation of the eH]BTX-B binding assay.

PMSF did not affect total eH]BTX-B binding or the ability of veratridine to displace

eH]BTX-B in control incubations. The synthetic CB1 receptor agonist WIN 55,212-2

(lCso= 19.1 JlM) did not show an increase in inhibitory effect with PMSF. Scatchard

analysis of equilibrium saturation data demonstrates that anandamide reduces the

number of binding site on VSSCs available to eH]BTX-B without affecting the

affinity of radioligand for the remaining sites (Fig. 7). In contrast, AM404 and WIN

55,212-2 reduce the affinity of VSSCs for radioligand and binding capacity remains

unchanged (Figs. 7 and 8). Kinetic experiments showed anandamide to cause a

concentration-dependent increase in the rate of dissociation of eH]BTX-B over and

above that of a saturating concentration of veratridine (Fig. 9). In accordance with
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observations in the membrane potential (Nicholson et aI., 2003) and transmitter release

experiments, the CB1 antagonist AM 251 (2 ~) did not prevent anandamide, AM

404 or WIN 55,212-2 from displacing radioligand (Fig. 10).
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Fig 6. Anandamide (AEA), AM 404 and WIN 55,212-2 inhibit the binding of

eH]BTX-B to voltage sensitive sodium channels in mouse brain synaptoneurosomes.

PMSF (50 ~) produces a left shift in the displacement curves for AEA (IC50s = 88.7

~ no PMSF vs. 23.4 ~ plus PMSF) and AM 404 (IC50s = 77.0 f.1M no PMSF vs.

14.6~ plus PMSF). WIN 55,212-2 displaces [3H]BTX-B binding (IC50s = 19.5 ~).

Within each experiment, binding determinations were conducted in duplicate. Data

represent means and error bars the SEMs of 3-4 independent experiments.
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Fig 7. Scatchard analyses of the specific binding of [3H]BTX-B to mouse brain

voltage-sensitive sodium channels in the absence and presence of AEA (15 ~) and

AM 404 (10 JlM). PMSF (50 ~) was included in these experiments.

Within each experiment, binding determinations were conducted in duplicate. Data

points represent means and error bars the SEMs of three separate experiments.
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Fig 8. Scatchard analysis of eH]BTX-B binding to mouse brain voltage-sensitive

sodium channels in the absence and presence of WIN 55,212-2 (15 J.IM).

Within each experiment, binding determinations were conducted in duplicate. Data

points show the means and error bars the SEMs of three independent experiments.
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Fig 9. AEA increases the rate of dissociation of the eH]BTX-B/sodium channel

complex.

The control represents veratridine alone (300 JlM). Within each experiment, binding

determinations were conducted in duplicate. Data points represent means and error

bars the SEMs of three independent experiments.
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Fig 10. AM 251 (2 JlM) does not prevent AEA (75 JlM), AM 404 (75 JlM) or WIN

55,212-2 (25 JlM) from displacing the specific binding of eH]BTX-B to voltage

sensitive sodium channels of mouse brain.

Within each experiment, binding determinations were conducted in duplicate. Columns

represent means and error bars the SEMs of three different experiments.
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2.5 Discussion

This part of my research provides evidence to support the hypothesis that the

endocannabinoid anandamide inhibits VSSCs in low to mid micromolar concentrations

in neuronal preparations. This property is also shared by the cannabimimetics AM404

and WIN 55, 212-2. Clearly the cannabinoid antagonist AM 251 does not attenuate

VSSC inhibition by these substances. Together with electrophysiological evidence

that these substances also inhibit depolarization of VSSCs in a way that is insensitive

to AM 251 (Nicholson et aI., 2003), our findings argue strongly against indirect

mediation of VSSCs inhibition via CB1 receptor activation.

The idea that sodium channels are inhibited by anamdamide and related substances

is supported by evidence from other investigators. TTX is a specific inhibitor of

VSSCs and Alger (2002) reported that depolarization-induced suppression of inhibition

(DSI) is not expressed in the presence of TTX in hippocampal neurons of CAL

Turkanis et al. (1991) found that the potent botanical THC decreased the peak inward

sodium current, an indication that THC can block sodium channels. The drug also

decreased both the activation and the inactivation rates of sodium channels and these

effects were concentration-related (l00 oM to 8 ~M). Kim et al. (2005) examined the

effect of anandamide on tetrodotoxin-sensitive (TTX-S) and tetrodotoxin-resistant

(TTX-R) Na+currents in rat dorsal root ganglion neurons. Anandamide inhibited both

TTX-S and TTX-R Na+ currents in a concentration-dependent manner. The sleep

inducing factor cOA which is similar in structure to anandamide allosterically inhibits

eH]BTX-B binding to VSSCs (Nicholson et aI., 2001). The results of my experiments

provide further weight to the hypothesis that anandamide and the synthetic
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cannabimimetics AM404, WIN 55,212-2 operate allosterically to inhibit BTX-B

binding to VSSCs and that this interaction can regulate transmitter release.

The ability of anandamide and the synthetic agents to displace the binding of

eH]BTX-B to synaptoneurosomes and to display classical non-competitive

(anandamide) and competitive (AM 404 and WIN 55,212-2) behavior with respect to

sodium channel/neurotoxin binding site 2 shows a distinct parallel with the actions of

Class I antiarrhythmics and other neuroactive drugs including anticonvulsants, local

and general anesthetics as well as neuroprotectants, all of which are directly inhibitory

to sodium channels (Willow and Catterall, 1982; Postma and Catterall, 1984; Hill et

aI., 1989; Sheldon et aI., 1994; MacKinnon et aI., 1996; Ratnakumari and Hemmings,

1996; Crevling et aI., 1990; Sheldon et aI., 1989). Since the binding region on sodium

channels influenced by anandamide is intimately associated with site 2, it suggests that

certain of these neuroactive and cardiac agents, in particular those which show non

competitive behavior with respect to eH]BTX.B binding such as procaine derivatives

(Crevling et aI., 1990), lidocaine (Hill et aI., 1989), RH 3421 (Deecher et aI., 1991) and

amiodarone (Sheldon et aI., 1989), may produce inhibition by acting on an

endocannabinoid signaling pathway involving sodium channels. Dissimilar Scatchard

profiles clearly exclude the possibility that anandamide and the synthetic cannabinoids

inhibit sodium channels through mobilization of a common second messenger. Given

the competitive inhibition of eH]BTX-B binding observed for the endogenous sleep

inducer cGA (Nicholson et aI., 2001) and AM 404, both of which are closely related in

structure to anandamide, and the fact that cGA (Nicholson et aI., 2001) also increases

54



the dissociation of the radioligandlsodium channel complex, it is very likely that

anandamide binds sodium channels directly.

Furthermore, since the Scatchard plots for anandamide and AM 404 are different,

our results do not support the idea that AM 404 mediates its inhibitory effect on

sodium channels by augmenting anandamide levels. AM 404 has been reported to

selectively inhibit anandamide transport in astrocytes (ICso = 5 ~) and neurons (ICso

= 1 ~) (Beltramo et aI., 1997). This has led to its use as a potentiator of anandamide

action in whole animal studies and in in vitro experiments on synaptic signaling where

an increase in extraneuronallevels of endocannabinoids is required. Recently, AM 404

has been found to mimic anandamide at vanilloid receptors (Zygmunt et aI., 2000),

raising further questions about its selectivity for endocannabinoid transport in certain

preparations. In the present study, we found that in agreement with my binding results,

AM 404 blocks sodium channel-dependent depolarization (L. S. David's data),

sustained repetitive firing (data from Dr. Lee's group) and release of transmitters from

purified nerve endings at low micromolar concentrations. It is also apparent that WIN

55,212-2 exhibits a very similar pharmacological profile. Our results suggest strongly

that the potential for AM 404 and WIN 55,212-2 to block sodium channels should be

taken into account when they are used as pharmacological tools to explore synaptic

actions ofendocannabinoids.

Endocannabinoids are becoming increasingly recognized for their ability to

mediate retrograde signaling in brain via CB 1 receptors, this phenomenon ultimately

leading to reduced neuronal excitability and suppression of transmitter release (Huang

et aI., 2001; Kreitzer and Regehr, 2001; Levenes et al., 1998; Ohno-Shosaku et al.,
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2001; Wilson and Nicoll, 2001; Gerdeman et al., 2002). CBl receptor activation

inhibits presynaptic release of L-glutamic acid and GABA from hippocampal neurons

(Shen et al., 1996; Katona et al., 1999; Ledent et al., 2000; Hajos et al., 2001; Wilson

and Nicoll, 2001), and L-glutamic acid from striatal (Huang et al., 2001) and spinal

dorsal hom (Morisset and Urban, 2001) neurons. Various studies indicate that CB1

receptor-mediated inhibition of transmitter release can occur via inhibition of N- and

P/Q-type calcium channels and activation of an inwardly rectifying K+ conductance

(Felder et al., 1993; Mackie et aI., 1995; Twitchell et al., 1997; Huang et aI., 2001;

Nogeuron et al., 2001). Inhibition of transmitter release is also considered to be a

consequence of direct endocannabinoid-mediated inhibition of T-type calcium

channels (Chemin et al., 2001). The interaction of anandamide with neuronal

cannabinoid receptors has been demonstrated at nanomolar concentrations (Felder et

al., 1993; Nogeuron et al., 2001), although some preparations require up to 20 J,tM to

achieve robust or maximal response (Felder et al., 1993; Huang et al., 2001; Luo et al.,

2002). T-type calcium channels are also inhibited over a similar range (Chemin et al.,

200 I). Our results suggest sodium channel inhibition may represent a novel

mechanism of anandamide action in the nervous system. Since sodium channels are

receptive to concentrations of anandamide in the low to mid micromolar range, this

could constitute a low affinity damping mechanism within the various excitation

suppression pathways that anandamide and anandamide-related endocannabinoids

control in brain. The idea that such sites are present directly adjacent to post-synaptic

release sites (Kreitzer et al., 2001; Wilson et al., 2001) makes it likely that sufficient

concentrations can be achieved, but only locally at synaptic terminals. The significance
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of sodium channel inhibition by anandamide lies primarily in the potential to limit the

capacity of the nerve ending to support incoming action potential volleys and in

consequence, relax the drive on evoked release of L-glutamic acid and GABA. Our

experiments also reveal that anandamide differentially inhibits the release of L

glutamic acid and GABA from a mixed population of isolated nerve endings. A more

effective block of excitatory than inhibitory transmitter release could therefore act to

further reduce the level of downstream postsynaptic excitation in neural networks.

However, it should be recognized that a reduction in glutamate-mediated synaptic

transmission will reduce feed forward and feedback inhibition mediated by GABA

ergic intemeurons and that the sum of these effects in combination with a reduction in

GABA release is very difficult to predict. Nevertheless, there is clear potential for

sodium channel inhibition to decrease responsiveness to incoming stimuli in somatic or

axonal regions of the neuron where they lie in close proximity to sites of anandamide

release. My results, together with electrophysiological evidence and membrane

potential data of my co-authors (Nicholson et al., 2003), suggest that sodium channels

may be involved in a novel signaling pathway for the endocannabinoid anandamide

with a capacity for anterograde, retrograde and local suppression of neuronal

excitability. It is significant that recent studies in our laboratory found that other

endocannabinoids, specifically, 2AG, noladin ether and N-arachidonoyl dopamine all

inhibit eH]BTX-B binding and veratridine-induced release of the neurotransmitters

GABA and L-glutamic acid at similar concentrations (Duan et aI., unpublished

observations). In retrospect, it would have been of potential interest to examine

whether the effects of anandamide (or other cannabimimetics) and TTX are additive.
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Following our study, other researchers reported that AM404 depresses Ca2
+ spiking

10 hippocampal neurons by diretly inhibiting VSSCs (Kelley and Thayer, 2004).

Subsequent to this Kim et al. (2005) confirmed that anadamide blocks VSSC function.

Also in agreement with my results, both these effects occurred in the absence of CB 1

receptor activation.

In summary, my research suggests a novel mechanism for endocannabinoid

depression of transmitter release. Humoral modulators of sodium channels are

relatively rare, but this is now a recognized feature for neuromodulatory substances e.g.

dopamine (Cantrell et aI., 1999). As well as advancing our fundamental knowledge, a

greater understanding of the mechanism and consequences of sodium channel

inhibition by endocannabinoids and how the different cannabinoid targets integrate to

achieve the regulation of neurotransmission in the brain should also give insights into

the development of safer, more effective, drugs for management of anxiety, sleep

disorders, anesthesia, epilepsy, coma and cardiac arrhythmias.
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CHAPTER 3
INHIBITION OF VOLTAGE-SENSITIVE SODIUM

CHANNELS BY THE CANNABINOID 1 RECEPTOR
ANTAGONIST AM 251 IN MAMMALIAN BRAIN

3.1 Abstract

The CB1 receptor antagonist AM 251 is known to block the inhibitory effects of

endocannabinoids and synthetic cannabinoid agonists on transmitter release through an

action at presynaptic CB1 receptors in brain. I examined the ability of AM 251 to

inhibit sodium channel-dependent transmitter release and the binding of

. eH]batrachotoxinin A 20-a-benzoate to sodium channels in mouse brain synaptic

preparations. Veratridine-dependent (tetrodotoxin suppressible) release of L-glutamic

acid and GABA from synaptosomes was reduced by AM 251 [ICsos = 8.5 IlM (L

glutamic acid), 9.2 IlM (GABA)]. The binding of the radioligand eH]batrachotoxinin

A 20-a-benzoate to site 2 on sodium channels was displaced by AM 251 (ICso = 11.2

IlM). Scatchard analysis of binding showed that at its ICso, AM 251 increased (by 2.3

fold) the Kd of radioligand without altering Bmax, suggesting a competitive mechanism

of inhibition by AM 251. Kinetic experiments indicated that AM 251 inhibits

equilibrium binding by allosterically accelerating the dissociation of the

eH]batrachotoxinin A 20-a-benzoate:sodium channel complex. My data suggest that

micromolar concentrations of AM 251 are capable of reducing neuronal excitability

and inhibiting release of excitatory and inhibitory transmitters through blockade of

voltage-sensitive sodium channels in brain.
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3.2 Introduction

The CBl receptor antagonist AM 251, (N-(piperidin-l-yl)-5-(4-iodophenyl)-I-(2,4

dichlorophenyl)-4-methyl-lH-pyrazole-3-carboxamide) inhibits the binding of both

CBl agonists (e.g. eH]CP-55,940) and antagonists (eg eHlSR141716A) to rat brain

membranes at nanomolar concentrations (Thomas et aI., 1998; Lan et aI., 1999).

Wilson and Nicoll (2001) reported that 2 ~ AM 251 effectively reduces the

inhibitory effects of endocannabinoids on presynaptic release of GABA in

hippocampus, while in cerebellum, 1 ~ AM 251 provides virtually complete

(Kreitzer and Regehr, 2001), or full (Kreitzer et al., 2002) antagonism of

endocannabinoid-mediated depression of interneuron firing.

The results described in Chapter 2 of this thesis demonstrate that low micromolar

concentrations of CB1 receptor agonists, specifically the endocannabinoid anandamide

and WIN 55,212-2, inhibit the binding of eH]batrachotoxinin A 20-a-benzoate

(eH]BTX-B) to voltage-sensitive sodium channels. I also found that anandamide and

WIN 55,212-2 were effective blockers of veratridine-(sodium channel-)dependent

release of endogenous L-glutamic acid and GABA from highly purified synaptosomes.

In this investigation, my co-workers found that anandamide and WIN 55,212-2 fully

suppress both tetrodotoxin-sensitive sustained repetitive firing in cultured cortical

neurones and depolarization of mouse brain synaptoneurosomes by veratridine

(Nicholson et al., 2003). Significantly, none of the observed inhibitory effects are

antagonized by pretreatment with 1-2 !!M AM 251, supporting the idea that CB1

independent depressant effects ofanandamide on sodium channels can occur.
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During the course of these studies, I observed that 2 IlM AM 251 produces a

consistent (albeit extremely weak) inhibition of both veratridine-dependent transmitter

release and eH]batrachotoxinin A 20-ex-benzoate binding (Figs. 5 and 10). AM 251

may therefore have inherent sodium channel blocking activity at concentrations very

close to those used by us (Nicholson et al., 2003) and others (Kreitzer et al., 2002;

Wilson and Nicoll, 2001) to block activation of CBI receptors. Veratridine and

batrachotoxinin A 20-ex-benzoate activate voltage-gated sodium channels by binding to

site 2 which represents one of five well-characterized neurotoxin binding sites on this

complex (Strichartz et aI., 1987). The objective of this part of the investigation was,

therefore, to explore this putative interaction of micromolar concentrations of AM 251

with neuronal voltage-sensitive sodium channels in relation to channel sensitivity and

mechanism.

3.3 Methods

3.3.1 Quantitation of endogenous amino acid release from synaptosomes

Highly purified synaptosomes were prepared from the whole brains of two male

COl mice (20-25g) using the method of Dunkley et aI., (1986) as previously described

in Chapter 2. Synaptosomes were then suspended in saline [(composition in mM: NaCI

128, KCl 5, MgCh 1.2, NaHC03 5, CaCh 0.8, glucose 14, HEPES 20 (buffered to pH

7.4 with Tris)] to a concentration of 7 mg protein/mi. Prior to assay, AM 251 was

formulated by rapid injection (of a DMSO solution; 2 Ill) into 1 ml saline.

Synaptosomes (100 Ill) were introduced into saline (250 Ill; containing either vehicle

control or AM 251 as necessary) and vortexed gently. After 15 min. preincubation at

30 "C, veratridine (added in 5 III saline; 2 JlM final concentration) was introduced and
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samples mixed quickly. At t = 20 min., samples were quickly centrifuged (Beckman

Microfuge E; 40 sec.), and their supemants (284 ul) acidified with perchloric acid (6 M;

6 JlI). Samples were kept at -20 °C until HPLC analysis could be performed. The

derivatization with o-phthaldialdehyde and HPLC analysis to determine release of L~

glutamic acid and GABA has already been described in detail (Chapter 2).

3.3.2 Binding of eH]BTX-B to mouse brain sodium channels

Synaptoneurosomes were isolated using the method described III Chapter 2.

Binding reactions were initiated by added synaptoneurosomes (20 JlI; 250 ug protein)

to Na-free saline (140 ul) containing eH]BTX-B (6 oM for displacement and kinetic

experiments; 1-160 nM for Scatchard assay; 46 Ci/mmol; PerkinElmer Life Sciences

Inc, Boston, MA, USA), scorpion (Leiurus quinquestriatusi venom (ScV; 30 ug;

Sigma, St. Louis, MO, USA), 1 mg/ml BSA and AM 251 or solvent control, as

appropriate. PMSF (50 JlM) was included in some binding assays. Prior to addition of

radiolabel and ScV, AM 251 (in 2 JlI DMSO) or solvent control (DMSO) was

incorporated in to 1 ml Na-free saline as detailed in the previous section. At t = 50

min., binding assays were terminated and radioactivity associated with the membranes

quantitated as described in Chapter 2. Non-specific binding to membranes was

determined in the presence of 300 J.1M veratridine. To investigate possible effects of

AM 251 on the kinetics of association of eH]BTX-B with site 2 on VSSCs,

synaptoneurosomes were preincubated with AM 251 or solvent control for 10 min.

eH]BTX-B (6 nM) was then introduced and the increase in specific binding measured

up to 20 min. For dissociation experiments, synaptoneurosomes were equilibrated with

eHlBTX-B (6 oM) for 50 min., then either a saturating concentration of veratridine
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(plus solvent control) or veratridine plus AM 251 was added and specific binding

monitored over 20 min. time course.

3.3.3 Analysis of data

Curve fitting, determination of ICso, binding parameters, and statistical analyses

were performed using Prism software (GraphPad Software Inc., San Diego, CA, USA).

3.4 Results

3.4.1 Release of neurotransmitters L-glutamic acid and GABA from
synaptosomes

Veratridine stimulated the release of transmitter from synaptosomes by 0.45 ± 0.06

nmol mg" (L-glutamic acid) and 0.74 ± 0.10 nmol mg' (GABA) respectively. Both

these responses are totally abolished by 16 ~M tetrodotoxin. The inhibitory effects of

AM 251 on veratridine-evoked release of neurotransmitters (L-glutamic acid and

GABA) from synaptosomes are shown in Fig. 11. Maximum inhibition (glutamic acid

release, 80.1 ± 4.5%; GABA release, 71.8 ± 5.6%) was observed between 30 and 50

~ AM 251 and ICsos for inhibition of glutamic acid and GABA were established at

8.5~ (95% confidence interval = 6.5 to 11.2 ~) and 9.18~ (95% confidence

interval = 6.93 to 12.16 ~) respectively. Background release ofL-glutamic acid from

polarized (control) synaptosomes was 0.65 ± 0.12 nmol mg", and control release of

GABA was very close to, or below the detection limit, making quantitation difficult.

However, control release of L-glutamic acid was not significantly affected by AM 251

(P > 0.05) and no discemable effect of AM 251 on control release of GABA was

observed.
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Fig 11. AM 251 inhibits veratridine-dependent release of endogenous L-glutamic

acid (.) and GABA (0) from mouse brain synaptosomes in a concentration-dependent

fashion.

Data points show means ± S.E.M. of 3 independent experiments.
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3.4.2 eH]BTX-B binding assay

The specific binding of eH]BTX-B to synaptoneurosomal membranes, determined

as the fraction of binding eliminated in the presence of a saturating concentration of

veratridine (300 JlM), averaged> 90% of total binding using a standard radio ligand

concentration of 6 nM. Specific binding of eH]BTX-B to mouse brain sodium

channels was inhibited in a concentration-dependent fashion by AM 251 to a

maximum of 81.3 ± 3.5% and the ICso was calculated at 11.2 JlM (95% confidence

limits 10.0 to 12.5 JlM; Fig. 12). In parallel experiments, the inhibitory effect of 15 JlM

AM 251 on eH]BTX-B binding was not modified (P > 0.05) when experiments were

conducted in the presence of 50 JlM phenylmethylsulfonyl fluoride, a potent inhibitor

of fatty acid amidohydrolase, The mechanism of inhibition by AM 251 of CH]BTX-B .

binding to sodium channels under equilibrium conditions was investigated using

Scatchard analysis. The effect of AM 251 on the concentration dependence of

CH]BTX-B binding is displayed in Fig. 13. At 10 JlM, AM 251 increased the .KJ of

radioligand binding from 19.0 ± 1.3 nM to 42.7 ± 6.4 nM without affecting Bmax

(Control, 1220 fmol mg"; AM 251, 1189 fmol mg"). AM 251 did not reduce the rate

of association of CH]BTX-B with sodium channels (KOBs values: Control, 0.079 ±

0.001 min-I; 25 JlM AM 251, 0.080 ± 0.001 min-I; 50 JlM AM 251, 0.084 ± 0.003

min-I; Fig. 14), however, this compound did increase the rate of dissociation of

radio ligand over and above that produced by a saturating concentration of veratridine

(K. I values: Control, -0.025 ± 0.001; 25 JlM AM 251, -0.033 ± 0.002; 50 JlM AM 251,

-0.035 ± 0.001; Fig. 15).
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Fig 12. Inhibition by AM 251 of the specific binding ofeH]BTX-B to sodium

channels in the mouse brain synaptoneurosomal fraction.

All data points represent means ± S.E.M. of three independent experiments apart from

those for the three lowest concentrations of AM 251 which are the means of two

determinations. Assays within each experiment were performed in duplicate.
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Fig 13. Scatchard analysis of[3H]BTX-B binding to sodium channels in the absence

(0) and presence (e) of 10~ AM 251.

Results are means ± S.E.M. of three independent experiments, each performed in

duplicate.
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Fig 14. AM 251 (25 J.lM -; 50 J.lM D) does not reduce the association of eH]BTX-B

with mouse brain sodium channels.

All data points represent means ± S.E.M. of three to six independent experiments, each

performed in duplicate (0 = control).
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Fig 15. Dissociation of the eH]BTX-B:sodium channel complex (initiated by 300

JlM veratridine) in the absence (0) and presence of 25 JlM (D) and 50 JlM (.) AM 251.

All data points represent means ± S.E.M. of three independent experiments, each

performed in duplicate.
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3.5 Discussion

As pharmacological tools, AM 251 and its analogs have provided unique insight

into our understanding of cannabinoid CB 1 receptor pharmacology and the role of

endocannabinoids in synaptic signalling in the brain (Gifford and Ashby, 1996; Lan et

aI., 1999; Rinaldi-Carmona et aI., 1994; Thomas et aI., 1998; Wilson and Nicoll, 2001;

Ohno-Shosaku et aI., 2001; Kreitzer and Regehr, 2001; Kreitzer et aI., 2002). However,

the neurotoxic alkaloids veratridine and batrachotoxin are highly specific activators of

neuronal voltage-gated sodium channels (Catterall, 1980; Catterall et aI., 1981;

Crevling et aI., 1983) and the observation that AM 251 suppresses veratridine

dependent depolarization of synaptoneurosomes (Liao et aI., 2004; data obtained by

L.S. David), veratridine-dependent release of neurotransmitters from synaptosomes

and inhibits the binding of eH]BTX-B to synaptoneurosomal membranes, provides

compelling evidence that at micromolar concentrations this compound blocks voltage

gated sodium channels at the synaptic level in brain. There was good agreement both

between the inhibitory potencies of AM 251 in each of the three assays, as judged by

ICso values (range 8.5 - 11.2 IlM), and in the maximum percentage inhibition achieved

(range 60.3 - 81.3), indicating that AM 251 is acting on sodium channels in a very

similar fashion in both the functional and receptor binding systems. Furthermore,

veratridine-induced depolarization (Liao et al., 2004; data obtained by L.S. David), and

veratridine-induced release of L-glutamic acid and GABA are blocked fully by

tetrodotoxin, in line with previous reports (Nicholson and Merletti, 1990; Eells et al.,

1992; Nicholson, 1992; Zhang et aI., 1996), adding weight to the idea that the response

to veratridine is primarily a function of sodium channel activation.
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Since my binding experiments demonstrate displacement by AM 251 of

specific binding of eH]BTX-B, I conclude that the blockade of sodium channel

dependent depolarization and transmitter release in synaptic preparations occur as a

result of AM 251 affecting site 2 on the sodium channel. Saturation binding

experiments conducted with eH]BTX-B in the presence of 10 IlM AM 251, a

concentration very close to the ICso (11.2 IlM), revealed that this compound increases

the dissociation constant (Kj) of eH]BTX-B binding without affecting the number of

binding sites (Bmax) available to the radioligand. Such a profile suggests AM 251 to be

a competitive ligand for site 2 on voltage-gated sodium channels. Subsequent

investigation of the influence of AM 251 on the kinetics of eH]BTX-B binding

demonstrated that AM 251 is unable to slow the association of radioligand with site 2

showing that this is not a simple competitive mechanism, However, in the presence.of

excess veratridine, this pyrazole is able to produce an increase in the rate of

dissociation of the eH]BTX-B:sodium channel complex above that seen with

veratridine alone. My results are consistent with AM 251 binding to a site that is

distinct from, but coupled to the radioligand binding site. Such a profile suggests that

AM 251 can be classified as an allosteric competitive inhibitor of eH]BTX-B binding.

The pharmacology of AM 251 is similar to those of sodium channel-directed

anticonvulsant, antiarrhythmic and local anesthetic drugs (Catterall, 1981; Willow and

Catterall, 1982; Postma and Catterall, 1984), however, I cannot exclude the possibility

that AM 251 binds to a macromolecular complex other than the sodium channel (such

as a kinase) to achieve inhibition indirectly. The inhibition maxima achieved with AM
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251 in both functional and binding assays amounted to 60-80% suggesting this

compound is not a full antagonist of sodium channels.

The stability of modulators containing an amide linkage can be quite low in in

vitro assays due to the presence of fatty acid amidohydrolase (FAAH). This can lead to

difficulties in establishing true potency values and inclusion of an inhibitor of FAAH

such as phenylmethylsulfonyl fluoride will circumvent this problem (Childers et aI.,

1994; Adams et aI., 1995). Since AM 251 contains an amide linkage and the eHlBTX

B binding assay involved a 50 min incubation, I carried out a series of experiments in

the presence of 50 11M PMSF. The inhibitory effect of an ICso concentration of AM

251 on eH]BTX-B binding was not changed by PMSF, confirming that FAAH does

not interfere with inhibitory potency estimations for AM 251 in our assays.

In view of the very close structural similarity between AM 251 and

SR141716A, it is likely that SR141716A will show a similar pharmacological profile

and in this context, it is noteworthy that the insecticidal dihydropyrazole, RH 3421,

which blocks sodium channel-dependent release of GABA from synaptosomes

(Nicholson and Merletti, 1990; see also for RH 3421 structure) through an interaction

with site 2 on the sodium channel (Deecher et aI., 1991), bears a structural resemblance

to AM 251.

In conclusion, using in vitro biochemical approaches, I have demonstrated that

AM 251 has the ability to depress neuronal excitability at concentrations around 2-5

11M and higher through sodium channel blockade. Such responses are qualitatively

similar to those observed with CB1 cannabinoid receptor agonists at synapses and as
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such should be taken into account when AM 251 is used in the low micromolar range

to selectively antagonize CB1 receptor function.
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CHAPTER 4
THE EFFECT OF DEPOLARIZATION ON

ANANDAMIDE LEVELS,
ANANDAMIDE SYNTHESIS AND ANANDAMIDE

EFFLUXINSYNAPTONEUROSOMAL
PREPARATIONS FROM MOUSE BRAIN

4.1 Abstract

The effect of depolarization on the levels of anandamide in synaptoneurosomes

was investigated using DBD-COCI derivatization followed by HPLC analysis. The

biosynthesis of anandamide was also examined by conducting incubations with the

anandamide precursor eH]ethanolamine. Release of eH] from synaptoneurosomes

preloaded with eH]anandamide was also examined using filtration and superfusion

assays representing assessment of shorter term and longer term release respectively. A .

consistent theme to the results of these experiments is that a depolarizing challenge

with 35 mM KCI did not enhance anandamide production, moreover, depolarization

does not lead to an increase in release of this endocannabinoid from

synaptoneurosomes.

4.2 Introduction

It is widely accepted that anandamide is biosynthesized in synaptic regions upon

demand as part of a negative feedback loop which serves to reduce excessive release of

neurotransmitters. Studies indicate that depolarization stimulates anandamide synthesis

within the postsynaptic neuron and newly synthesized anandamide then diffuses
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retrogradely to presynaptic nerve endings where it inhibits release of not only

excitatory and but also inhibitory transmitters (Maejima et al., 2001, Vincent et al.,

1992). These phenomena are respectively termed depolarization-induced suppression

of excitation (DSE) (Maejima et al., 2001) and depolarization-induced suppression of

inhibition (DSI) (Llano et al., 1991; Vincent et al., 1992; Pitler and Alger, 1994). CB1

receptor agonists have been found to induce DSI in hippocampus and cerebellum

(Katona et al., 1999; Takahashi and Linden, 2000) and CB1 receptor antagonists block

DSI (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) providing strong evidence

that CB1 receptors mediate this effect. Likewise, cannabinoid agonists promote DSE in

the cerebellum and hippocampus and CB1 antagonists reverse it (Takahashi and

Linden, 2000; Kreitzer and Regehr, 2001). Further support for such a mechanism

comes from the studies of Ledent et al. (1999) and Wilson and Nicoll (2002) which

found that DSI and DSE cannot be demonstrated in certain neurons of CB I receptor

knockout mice. However, there appears to be no direct evidence showing that

endocannabinoids (for example anandamide) are produced and released from

postsynaptic somata or indeed synthesized exclusively in postsynaptic regions of the

synapse. Also, it is unclear whether anandamide is produced locally at the synapse or

in the neuron as a whole. Two main routes have been documented for the biosynthesis

of anandamide in nerve. The first, a Ca2
+-independent route, involves fatty acid amide

hydrolase (FAAH) which catalyzes the formation of anandamide from ethanolamine

and arachidonic acid (Kempe et al. 1996). Since the Ki of anandamide for FAAH is

high, the reverse reaction is generally favored. The second process is Ca2
+-dependent

and involves N-acyltransferase and phospholipase D (Axelrod and Felder, 1998). At
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present there is no direct evidence to show that enzymes for anandamide biosynthesis

are present in postsynaptic areas (Wilson and Nicoll 2002). Several investigations

suggest Ca2
+ is important for anandamide biosynthesis. DSI is known to be dependent

on Ca2
+ influx (Lenz et al., 1998) and Di Marzo et al. (1994) found that synthesis and

the release of eH]anandamide is stimulated by the Ca2
+ ionophore (ionomycin) and

depolarizing agents (including KCI) in primary cultures of rat brain striatal or cortical

neurons following preincubation with eH]ethanolamine. Anandamide synthesis has

been confirmed in human and rat brain slices and the tissue levels of this

endocannabinoid increase after depolarization (Steffens et aI., 2003). However, all-of

the reports to date concerning anandamide synthesis in functional systems rely on

intact nerve cells or brain tissue and neither of these provide insight into the specific

role of postsynaptic and/or presynaptic regions of the synapse in this process.

It is first important to investigate whether the endocannabinoid anandamide is

synthesized in synaptic regions. Synaptoneurosomes are synaptic elements individually

consisting of a pinched-off nerve ending linked via the synaptic region to a pinched-off

portion of the cell body and would appear to offer an ideal functional model for the

study of anandamide synthesis in resting and depolarized states. Also amenable to

study in this preparation is whether depolarization stimulates the release of

eH]anandamide from synaptoneurosomes previously loaded with eH]ethanolamine.

After its release anandamide is considered to be taken up rapidly by synaptic elements

and this serves to extinguish its inhibitory effect on transmitter release. Some support

for this is provided by analyses which show that in cerebellar neurons the

concentration of anandamide is many fold greater than its concentration in the
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extracellular media (Hillard and Jarrahian, 2000). This suggests anandamide is avidly

accumulated by neurons, although it is unclear at present whether any accumulated

anandamide can be stored for release at a later stage. Facilitated transport and simple

diffusion represent two hypotheses seeking to describe how anandamide may pass

through the neuronal plasma membrane. The observation that anandamide analogs

interfere with the uptake of eH]anandamide has been interpreted as evidence for

facilitated transport (Beltramo et aI., 1997). However, a specific integral membrane

carrier for anandamide has not been identified yet. The second hypothesis is simple

diffusion. However, since anandamide is a very lipophilic compound, its capacity to

diffuse will be greatly influenced by the distribution of protein and lipid molecules and

structures within the cell, the plasma membrane and in the extracellular space. Using

the red blood cell membrane model it has been shown that after loading with

eH]anandamide this substance passes rapidly (within seconds) from the cell interior

through the membrane and into the extracellular medium, but only if protein (e.g. BSA)

is present as an extracellular binding substrate to drive this redistribution. These results

indicate that a carrier to specifically facilitate translocation is not necessarily essential

(Bojesen and Hansen, 2005). Although it remains unresolved whether the translocation

of anandamide across the plasma membrane is governed by simple diffusion or protein

carriers, it is commonly accepted that anandamide translocation is independent of any

direct energy input (Bojesen and Hansen, 2006). This chapter describes my

investigations using synaptoneurosomes to investigate 1) whether increased levels of

endogenous anandamide can be demonstrated during depolarization, 2) whether

depolarization-induced release of organosoluble eH] can be detected after incubation
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of synaptoneurosomes with the anandamide precursor eH]ethanolamine and 3)

whether depolarization stimulates the release of exogenously-loaded eH]anandamide.

4.3 Methods

4.3.1 Preparation of synaptoneurosomes and determination of anandamide
levels

Synaptoneurosomes were prepared as previously described (Liao and Nicholson,

2005). Synaptoneurosomes from 4 mice were distributed between 4 tubes and

incubated for I minute at 35°C. KCI (50 mM final concentration) was added as

appropriate and membrane depolarization continued for 3 minutes.

Phenylmethylsulfonylfluoride (PMSF; 100 J.lM) was routinely added to prevent

hydrolysis of anandamide. To terminate the incubation, synaptoneurosomal

suspensions were rapidly centrifuged at 10,000 x g and supernatants removed.

Anandamide extraction from pellets and supernatants and HPLC analysis was

conducted using the method of Steffents et at. (2003) with minor modifications.

4.3.2 Extraction of anandamide from synaptoneurosomes and saline
supernatants

20 ml hexane/isopropanol (3:2 v/v) was added to the synaptoneurosomal pellet or I

ml of the supernatant obtained after centrifugation of the synaptoneurosomal

suspension, and mixed vigorously for 5 min. Aqueous and organic phases were

separated by centrifugation (l0,000 x g, 10 min). The upper phase was collected and

the lower aqueous phase was washed again using a hexane/isopropanol mixture. The

organic phases were then pooled and dried under N2. The residue was resuspended in

1900 IJ.1 of 6% ethanol in n-hexane and applied to an aminopropylsilica column
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(Chromabond-Nl-l-, 3 ml, 500 mg; Macherey-Nagel, Duren, Germany). All columns

were equilibrated with 2 X 2 ml n-hexane, prior to loading with anandamide solution.

After washing with 3 X 2 ml of n-hexane the lipid fraction containing anandamide

was eluted with 2 X 2 ml 10% EtOH in n-hexane and evaporated to dryness.

4.3.3 Derivatization of anandamide

The extracted anandamide fraction was re-dissolved in CH3CN. DBD-COCI (4

(N ,N-dimethylaminosulfony1)-7-(N -chloroformyImethy1-N-methyI-amino)-2,1,3

benzoxadiazole) in CH3CN (10 mM, 40 Ill) was added and the mixture vortexed

vigorously. The mixture was then heated at 60°C for 2 hr to convert anandamide to its

DBD-CO derivative. After stopping the reaction by adding 100 III CH3CNIH20 (1: 1,

v/v), the mixture was centrifuged at 10,000 x g for 2 min. An aliquot of the solution

(l00 ilL) was then subjected to high performance liquid chromatography (HPLC)

analysis.

4.3.4 HPLC analysis

HPLC was carried out using a Hewlett Packard 1050 series chromatograph and a

CI8 reverse-phase silica column (15 em x 4.6 mm i.d.; particle size 5 urn). DBD-CO

anandamide peak areas were quantified by their fluorescence at 560 nm using an

excitation wavelength of 450 nrn. The mobile phase was (CH3CNIH20, 70:30, v/v).

Each injection contained 80 III of the derivatized anandamide solution. To assess

linearity, recovery and precision of the HPLC measurements, stock solutions of

anandamide (10 nM - 10 IlM) were prepared and stored at -20°C until use. Calibration
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curves were prepared using anandamide standards (0.3 - 120 pmol) and either

derivatized directly or derivatized after addition to synaptoneurosomes.

4.3.5 Determination of anandamide release from synaptoneurosomes following
incubation with eH]anandamide

4.3.5.1. Filtration assay (shorter term release)

After 5 min preincubation at 32°C, 0.5 ml synaptoneurosomes were mixed with PMSF

(l0 JlM), 5 JlCi eH]anandamide (specific activity 204 Ci/mmol, PerkinElmer Life

Sciences Inc.) and 50 JlM unlabeled anandamide (INC Biomed) and then incubated at

32°C for 25 min. Alcohol was routinely removed from anandamide stock solutions

under a stream of Nz- After completing the loading with anandamide, the

synaptoneurosomal samples were transferred to ice. 20 JlI of synaptoneurosomes were

then transferred to 2 ml normal saline (in mM) NaCI 128, KCI 5, MgCh.7HzO 1.2,

NaHC03 5, CaC12.2H20 0.8, glucose 14, HEPES 20 (buffered to pH 7.4 with Tris) to a

concentration of 1.2 + 0.3 mg protein/ml or 2 ml saline containing 35 mM KCI (both

with 0.1% BSA present). After various times (0-5 minutes) the suspensions were

filtered under vacuum (Whatman GF/C filters; Hoefer FH 225V filtration manifold).

Filters were immediately washed with 5 ml ice-cold saline (without BSA). The filter

discs were placed in 20 ml vials and 1 ml 1% SDS was added followed by 12 ml

counting scintillation solution. Radioactivity was quantitated using a liquid scintillation

counter.

4.3.5.2. Superfusion assay (longer term release)

To 0.5 ml synaptoneurosomes was added to 5 JlCi eH]anandamide (specific

activity 204 Ci/mmol, PerkinElmer Life Sciences Inc.) and unlabeled anandamide
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(final anandamide concentration 50 J-lM) and incubated at 32°C for 50 min. I mM

PMSF was present to reduce anandamide degradation and loading was terminated by

resuspending synaptic particles in 10 ml ice-cold saline (NaCI 128 rnM, KCI 5 mM,

NazHP04 1 mM, csci, 0.8 mM, MgCh 1.2 rnM, glucose 14 mM and HEPES 20 mM

buffered to pH 7.4 with Tris) and centrifugation (1,000 x g; 10 min). Pellets were

resuspended in 800 ul of ice-cold saline and synaptoneurosomes (0.90 ± 0.16 mg

protein) were placed in each of ten Swinnex filtration units (Millipore) containing

Whatman GFIB filters. Superfusions were conducted as described previously

(Nicholson and Merletti, 1990).

Each filter unit was continuously supplied with saline containing 0.1% BSA from

above by a reservoir (30 ml syringe barrel). Saline superfusates were then routed to an

LKB 2070 Ultrorac fraction collector modified to collect 10 superfusates

simultaneously. The flow rate was held at 1 ml/min by a 10-channel peristaltic pump

(Watson Marlow 503S) placed between the filtration units and the fraction collector.

The collection of fractions (10 x 3 ml) was started after the eH]anandamide-loaded

synaptoneurosomes had been superfused with 10 or 30 ml control saline containing

0.1% BSA. The radioactivity in each fraction was quantitated by liquid scintillation

counting. Addition of depolarizing treatments normally coincided with fraction 4. In

all experiments where salines containing elevated KCI were used, the NaCI was

reduced by a corresponding amount to maintain isosmotic conditions. Superfusion

experiments were carried out at room temperature 24-28 0 C.
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4.3.6 Synthesis of organosoluble substances in the presence of
eH]ethanolamine

The preparation of synaptoneurosomes was carried out as already described.

Synaptoneureosomes obtained from one mouse brain were suspended in 1.2 ml saline.

10 !lCi eH]ethanolamine hydrochloride (specific activity 23 Ci/mmol; Amersham

Biosciences UK Ltd) was added and synaptoneurosomes were then incubated at 32°C

for 10 min. Each 0.1. ml (2.3 mg ± 0.51 mg protein) synaptoneurosomes was

introduced into 2 ml saline containing various treatments and incubated at 32°C for 50

min. The synaptoneurosomes were pelleted by centrifugation (8,000 x g, 5 min) and

organosoluble materials in supernatants and pellets were then extracted using methanol

and chloroform (Bligh and Dyer, 1959). Extracts were dried at 28°C overnight and

radioactivity then quantitated by liquid scintillation counting.

4.4 Results

4.4.1 Anandamide levels in synaptoneurosomes

Anandamide was detected in both resting and 50 mM KCI-stimulated

synaptoneurosomes using HPLC analysis (Fig. 16a and b). The quantities of

anandamide released into the saline from synaptoneurosomes were 6.85 + 3.12

pmol/mg and 9.66 + 3.87 pmol/mg for the control and KCI depolarized treatments

respectively, whereas the levels of anandamide in the synaptoneurosomal pellets were

7.21 + 2.28 pmol/mg in resting synaptoneurosomes and 11.20 + 2.98 pmol/mg in

the KCI depolarized synaptoneurosomes. There were no significant differences

between the levels of anandamide present in resting and KCI-depolarized

synaptoneurosomes, moreover no significant differences (p > 0.05) were observed in
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the supernatants derived from control and KCl-depolarized synaptoneurosomes. Other

experiments to investigate anandamide biosynthesis in synaptoneurosomes and the

distribution of anandamide between synaptoneurosomes and extracellular saline were

then performed with the anandamide precursor eH]ethanolamine. Ethanolamine is

very soluble in water and as its conversion to the lipophilic anandamide proceeds the

radioactivity becomes highly organosoluble. I found no evidence for significant

increases in organosoluble radioactivity in either the synaptoneurosomal pellet or the

saline supernatant (the latter indicative of released 3H) as a result of depolarization

with KCI (Fig. 17a and b). In these experiments BSA was included in the incubation

medium to encourage release of eH]anandamide.
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Fig 16. Levels ofanandamide in synaptoneurosomes and the surrounding saline

under resting and depolarizing conditions as determined by HPLC.

The depolarizing treatment consisted of incubation with KCI (50 mM) for 3 minutes. a)

Levels of anandamide released into medium. b) Anandamide present in the

synaptoneurosomal pellet. Values represent means ± SEM of 3-7 determinations.

Differences between resting and depolarizing treatments were not significant (P >

0.05).

82



40000
(a)

- ~ 30000
Sc .-

.~ 
CV - EE ~ 0. ooסס2
&0"0a..-..........
;,"0

u> e 1

Control KCI{35 mM)

(b)
,. --,-
J. -r--

J. .
J.

J.

25000

Control KCI (35mM)

Fig 17. Amount of organosoluble 3Hpresent in ajthe supernatant and b) the

synaptoneurosomal pellet after centrifugation.

Synaptoneurosomes pre-incubated with eH]ethanolamine and then challenged with 35

mM KCl. BSA was present throughout at 1 mg/ml. Values represent means ± SEM of

4 assays. Differences between the control and KCI treatments in a) and b) were not

significant (P > 0.05).

4.4.2 Studies on release of eH] material(s) after preloading
synaptoneurosomes with eH]anandamide

The results of the filtration experiments (Fig. 18) confirm that eH] material(s) can

be released from synaptoneurosomes preloaded with eH]anandamide, however

depolarization with 35 mM KCI failed to produce an increase in the release of

radiolabeled materials from synaptoneurosomes over the short term. Likewise, in the

superfusion experiments (Fig. 19a and b), radiolabeled material was released but there
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was no convincing evidence for depolarization-stimulated release of radioactivity over

longer time periods either. It was also clear that at the end of these superfusion

experiments, a substantial amount of eH] material was still present in

synaptoneurosomes (Fig. 20a and b). In agreement with the release profiles was no

reduction in radioactivity associated with synaptoneurosomes receiving the KCI

challenge. The 3H associated with synaptoneurosomes (Fig. 20) was approximately 40

and 6 times the amount of 3H present in the final fractions collected after the shorter

and longer superfusions respectively (Fig. 19).

O+--_._-.....,r---..._-_._----.

150000
"C m
~m-E.!iog m
m e _oom::sסס10
mCDE
baa.
.- ~ "C> a..- mU e 50000
m>-.
.2 m
"C&:
m~

a:::~

-o-CTRL

-.-KCI

1 2 3
Time (min)

4 5

Fig 18. The lack of effect of depolarizing treatment (35 mM KCI) on release of 3H

from synaptoneurosomes pre-equilibrated with eH]anandamide as measured using a

filtration assay.
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Values represent mean dpms present on GF/C filters ±SEM for 3 experiments. Where

error bars cannot be seen, they are within the data points.
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Fig 19. Release of eH]material from superfused synaptoneurosomes after

preloading with CH]anandamide. KCI (35 roM) was introduced at the arrows (fraction

4) and remained present until the end of the superfusion.

Profiles obtained after subjecting eH]anandamide-loaded synaptoneurosomes to a 10

min wash before starting the collection of fractions and b) profiles obtained after

subjecting CH]anandamide-loaded synaptoneurosomes to a 30 min wash before

starting the collection of fractions. The flow rate was 1 ml/min and BSA (1 mg/ml)

was present throughout and the volume of each fraction was 3 ml. The data points

represent means of 3 different experiments.
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Fig 20. Comparisons of eH] remaining in synaptoneurosomes (on filters)

immediately after collection of the final fraction.

a) Synaptoneurosomes that received the 10 ml wash before starting the collection of

fractions and b) Synaptoneurosomes that received the 30 ml wash before starting

collection of fractions. Each column represent mean ± SEM of 3 assays.
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4.5 Discussion

4.5.1 Levels of anandamide

The HPLC investigations show that anandamide can be detected 10

synaptoneurosomes at levels ranging from 6.85 ± 3.12 to 11.20 ± 2.98 pmol/mg

synaptoneurosome protein (Fig 16). A number of methods have been developed to

measure anandamide including GC-MS (Giuffrida and Piomelli, 1998), HPLC-MS

(Koga et al., 1997) and HPLC-fluorimetric quantitation (Arai et al., 2000; Yagen et al.,

2000). As a prelude to my experiments on anandamide I compared the dansyl chloride

with the DBD-COCI derivatization method (Arai et al., 2000; Steffens et al., 2003;

Yagen and Burstein, 2000). I found both of them to give linear responses with an

anandamide standard, however the DBD-COCI derivatization method was prefered

because the dansyl method was less sensitive and more complicated because water

must be totally eliminated from the derivatization step and sometimes multiple peaks

occurred. The amounts of anandamide detected in the saline were not found to change

significantly when the 35 mM KCI depolarizing treatment was used. Likewise, no

significant depolarization-related differences in the levels of anandamide remaining in

synaptoneurosomes were detected. If the biosynthesis of anandamide is increased by

depolarization one might expect its synaptoneurosomal levels to rise, however clearly

this did not occur. Alternatively, one could argue that any anandamide generated

above the resting level might exit the synaptoneurosomal compartment rapidly, leaving

intracellular levels unchanged. Again there was no evidence for this based on

measurement of endogenous levels of anandamide. It must be stressed that although

anandamide can be detected routinely in synaptoneurosomes using DBD-CaCl
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derivatization, the technique may be unsuitable for measuring small differences which

may exist between treatments. Another part of this study involved performing

experiments with the anandamide precursor eH]ethanolamine. Ethanolamine has been

shown to be a useful substrate for anandamide synthesis in neuronal cell cultures (Di

Marzo et aI., 1994). The amount of organosoluble 3H (generated from

eH]ethanolamine) in synaptoneurosomes can be used as an indicator of

eH]anandamide biosynthesis, while organosoluble 3H in the saline can provide a

measure of anandamide release. My results (Fig. 17a and b) show that organosoluble

3H derived from eH]ethanolamine is clearly present both in synaptoneurosomes and

the saline, however in agreement with my HPLC analyses, no depolarization

dependent enhancement of eH]anandamide formation (measured as organosoluble 3H)

from eH]ethanolamine in synaptoneurosomes was observed. Moreover, I found no

evidence for depolarization-enhanced release of organosoluble 3H from

synaptoneurosomes into the surrounding saline (which contained BSA). Although

organosoluble 3H is produced in significant quantities during incubation, it represents

only 5-8% of the total 3H. Thus under these conditions, > 90% of eH]ethanolamine is

not metabolized to anandamide by synaptoneurosomes. Note that (as described in

Chapter 5) when synaptoneurosomes and synaptosomes are pre-incubated with

eH]ethanolamine and then superfused, marked depolarization-induced increases in the

release of exclusively eH]ethanolamine can be demonstrated (Liao and Nicholson,

2005). In conclusion therefore, anandamide (measured as organosoluble 3H) is

capable of being synthesized from eH]ethanolamine in resting synaptoneurosomes but

only to a limited extent. Depolarization (using 50 roM KCI) does not significantly
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enhance anandamide synthesis in synaptoneurosomes or accumulation III the

surrounding medium as measured in synaptoneurosomal suspensions. Depolarization

activates Ca2
+ influx, which is necessary for Ca2+-dependent synthesis of anandamide

in other systems (Glitsch et aI., 2000; Di Marzo et aI., 1994). More recent evidence

indicates that Ca2
+ entry may not be necessary for anandamide synthesis (Kim et aI.,

2002). Thus the Ca2
+ supply for anandamide synthesis may be stored in organelles,

such as mitochondria or endoplasmic reticulum which are present in structures like

synaptoneurosomes. Other work indicates that FAAH may be involved in the synthesis

of anandamide in brain under specific conditions such as post-mortem accumulation of

anandamide (Patel et aI., 2005). The mechanism of anandamide biosynthesis in the

resting nerve requires more investigation.

4.5.2 Efflux of eH] from synaptosomes preloaded with eH]anandamide

. Several reports have appeared describing the cellular uptake of anandamide and it

is commonly accepted that anandamide translocation is energy-independent

(Mechoulam and Deutsch, 2005). However, little is known about the fate of

anandamide following uptake and in particular whether depolarization is capable of

evoking the release of sequestered anandamide. To investigate this possibility, I loaded

synaptoneurosomes with eH]anandamide and measured resting and depolarization

evoked release over the short term (filtration assay) and longer term (superfusion

assay). My data (Figs. 18 and 19) suggest that anandamide is steadily released from

synaptoneurosomes over time and that depolarization of synaptoneurosomes with KCI

does not stimulate efflux of anandamide in the early stages (Fig. 18) or later (Fig 19)

when significant quantities of anandamide still remain internalized (Fig. 20a and b). In
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as much as these results strongly suggest that anandamide is not accumulated by

synaptic vesicles and released exocytotically they also show convincingly that

extraneuronally sequestered anandamide is not released from synaptoneurosomes by

any other mechanism activated by depolarization. To facilitate depolarization-evoked

release from synaptoneurosomes, I routinely used 0.1% BSA in the assays, since others

have reported its utility in trapping extracellularly released anandamide (Bojesen and

Hansen, 2003; Giuffrida et aI., 2000). In my experiments anandamide release continues

for more than 20 minutes and even after this significant amounts of eH]anandamide

remain in synaptoneurosomes. The avid sequestration of exogenously applied

CH]anandamide by synaptoneurosomes is consistent with the findings of Hillard and

Jarrahian (2000).

In summary, the efflux of eH]anandamide from resting synaptoneurosomes

occurs readily. This process appears largely driven by diffusional run down of

anandamide from a higher concentration to lower concentration assisted by binding to

BSA in the saline. This efflux process is not significantly affected by depolarization in

the early or late phases and, at the end of the time course, substantial levels of residual

eH]anandamide are still observed in synaptoneurosomes. As PMSF was routinely

added to prevent anandamide degradation, it may not represent a truely physiological

situation since the activity of FAAH would be very low. However, it is unlikely that

eH]anandamide is trapped within the synaptoneurosomal compartment as a result of

inhibition of a PMSF-sensitive process since similar results were observed in initial

experiments where PMSF was absent. This investigation demonstrates that

anandamide (as assessed by HPLC and organosoluble 3H) IS synthesized In
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synaptoneurosomes and, accordingly, the necessary enzyme(s) and substrate(s) must

be present. However, the results strongly suggest that the amounts of anandamide

synthesized in synaptoneurosomes during rest and during depolarization are similar

and that KCl-induced depolarization does not enhance release. While

synaptoneurosomes support many of the processes attributed to the synapse in situ it is

possible that this sub-cellular neuronal preparation, may not retain functional carrier

mediated pathways for anandamide release although simple diffusional efflux should

not be impaired.
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CHAPTERS
DEPOLARIZATION-INDUCED RELEASE OF
ETHANOLAMINE FROM BRAIN SYNAPTIC

PREPARATIONS IN VITRO

5.1 Abstract

The research described in this chapter focuses on the release of the anandamide

metabolite ethanolamine from mouse brain synaptosomes and synaptoneurosomes.

.
Depolarizing treatments [veratridine (50 11M), KCI (35 mM) and 4-aminopyridine (2

mM)] increased the release of eH]ethanolamine from superfused synaptosomes

preloaded with this substance. Strong inhibitory effects of tetrodotoxin (2 !J.M) on

veratridine- and 4-aminopyridine-stimulated release of eH]ethanolamine from

synaptosomes were observed but KCI-evoked and resting release was not affected. In

the absence of calcium, a reduction in the resting release of eH]ethanolamine occurred

and release evoked by veratridine, and KCI was also reduced. 5 roM ethanolamine (but

not 5 roM serine or 5 mM choline) increased the efflux of preloaded eH]ethanolamine

from synaptosomes, although this was not accompanied by membrane depolarization.

When these experiments were performed using synaptoneurosomes, qualitatively

similar results were obtained. However, the resting and evoked release of

eH]ethanolamine in synaptoneurosomes was approximately 2.5-fold higher compared

to synaptosomes on a brain equivalent amount, suggesting that uptake and release

occur at other sites in addition to the nerve ending. My data are consistent with the idea

that a significant amount of ethanolamine accumulates presynaptically and a
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proportion of this undergoes calcium-dependent release upon depolarization possibly

via classical exocytosis. In contrast, ethanolamine-induced release of eH]ethanolamine

likely involves mostly diffusional exchange across the neuronal membrane rather than

base exchange. The present results add support to the concept that ethanolamine may

playa role as a synaptic signalling molecule in mammalian brain.

5.2 Introduction

After the endocannabinoid anandamide is taken up into nerve cells and hydrolyzed

by FAAH, ethanolamine is released. Breakdown of membrane phospholipids such as

phosphatidylethanolamine represents another important mechanism for the

intracellular release of ethanolamine (Spanner et al., 1978). Ethanolamine has been

detected in human serum at approximately 12 JlM (Baba et al., 1984), although the

serum levels of this substance range from 5-50 J.lM in other species (Houweling et al.,

1992; Spanner et al., 1978). In marked contrast to this, the intracellular concentrations

of ethanolamine in liver for example are close to 0.5 mM (Houweling et al., 1992).

Moreover, Ellison and co-workers observed the resting levels of ethanolamine in

various regions of mammalian brain to lie between 0.2 and 0.9 mM (Ellison et al.,

1987). Base exchange reactions are strongly implicated in the incorporation of

extracellular ethanolamine into phosphatidylethanolamine in the membrane of nerve

endings (Holbrook and Wurtman, 1988) and such reactions also appear to be

responsible for the release of ethanolamine accompanying ischemic episodes in brain

(Buratta et al., 1998). However, in contrast to these findings Perschak et al., (1986)

observed no significant change in the concentrations of serine and choline when

ethanolamine efflux increased more than 3-fold after stimulation of cortico-pontine
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fibers. While there is no dispute that ethanolamine is released both intracellularly and

extracellularly, base-exchange reactions alone cannot explain the phenomena. In fact,

Kiss et al. (1999) could find no evidence that base-exchange pathways contribute

significantly to the intracellular and extracellular release of ethanolamine.

It has been suggested that much of the ethanolamine present in neurons arises from

the transport of free ethanolamine from the extracelluar compartment (Massarelli et aI.,

1986) and uptake is known to proceed by high affinity mechanisms both in the retina

(Pu and Anderson, 1984) and cerebral neurons in culture (Massarelli et aI., 1986).

After loading rabbit retina photoreceptor cells with eH]ethanolamine, Pu and

Anderson (1984) were unable to demonstrate any increase in efflux of radiolabel upon

exposure to high [K+] medium. Similarly, using apush-pull cannula method, Van der

Heyden et al. (1979) reported no increase in the release of ethanolamine from the

substrantia nigra in response to depolarizing concentrations of [K+]. However,

electrical stimulation was found to cause the concentration of ethanolamine in

perfusates from the avian optic tectum to rise (Wolfensberger et aI., 1982).

Ethanolamine release from rat pontine nuclei is also enhanced during electrical

stimulation of cortical afferents (Pershak et aI., 1986), and mechanisms involving

membrane phospholipid precursors, base exchange and lor release of free

ethanolamine from intraneuronal stores have been proposed. Additionally,

ethanolamine is calcium-dependently release from hair cell cluster within the trout

macula in response to challenge with an elevated [K+] (Drescher et aI., 1987).

Evidence for a regulatory role of ethanolamine at the synapse is provided by the

observations that this substance intensifies both glutamate-dependent excitation and
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GABA-dependent inhibition of avian tectal neurons. This latter effect appears to be in

part related to ethanolamine's ability to inhibit GABA aminotransferase in brain

(Loscher, 1983). Moreover, like phosphoethanolamine, ethanolamine appears to

promote acetylcholine production in developing neurons by enhancing choline

accumulation (Bostwick et al., 1989). In many tissues ethanolamine appears to affect

cellular growth regulation (Kiss et aI., 1999).

Previously in Chapter 4, I described my investigations into the possible release of

anandamide from superfused synaptoneurosomes following extended incubation with a

potential precursor eH]ethanolamine. My experiments demonstrated enhanced release

of radiolabel under depolarizing conditions, however, chloroform-methanol

partitioning data revealed that unlike anandamide (which is chloroform soluble), the

released radioactivity was exclusively methanol-water soluble. Since these intial

superfusion experiments indicated a release pattern reminiscent of conventional

neurotransmitters, the present investigation was undertaken to characterize this

phenomenon further and clarify some of the mechanisms involved.

5.3 Methods

Male CDI mice (20-25g) were used for these experiments and the isolation of

synaptosomes and synaptoneurosomes was performed as described in Chapters 2 and 3.

5.3.1 Superfusion experiments

Synaptoneurosomes or synaptosomes (500 ul) were preincubated for 5 min. and

then I0 ~Ci [1)H]ethanolamine hydrochloride (specific activity 23 Ci/mmol;

Amersham Biosciences UK Ltd) was added. Incubations with radiolabel were carried
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out at 32°C for 50 min and were terminated by resuspending synaptic particles in 10

ml ice-cold saline and centrifuging (1000 x g; 10 min). Pellets were resuspended in

800 J.l1 of ice-cold saline, and synaptosomes (0.82 ± 0.19 mg protein) or

synaptoneurosomes (0.90 ± 0.16 mg protein) were placed in each of ten Swinnex

filtration units (MiIlipore) containing Whatman GF/B filters. Superfusions were

conducted as described previously (Chapter 4). Briefly, each filter unit was

continuously supplied with standard saline (containing 0.1% BSA) from above by a

reservoir (30 ml syringe barrel). Saline superfusates were then routed to an LKB 2070

Ultrorac fraction collector modified to collect 10 superfusates simultaneously. The

flow rate was held at 1 ml/min by a lO-channel peristaltic pump (Watson Marlow 503S)

placed between the filtration units and the fraction collector. The effects of various

treatments were examined after nerve preparations had been superfused with 20 ml

control saline to reduce extracellular radioactivity and establish consistent rates of

release. At this point, sample collection was started. Ten 3 ml fractions were collected

from each filtration unit, and radioactivity in each was quantitated by liquid

scintillation counting. Interaction of depolarizing treatments and other drugs with the

synaptic preparations normally coincided with fraction 4. Water insoluble drugs were

introduced into the saline in dimethyl sulfoxide (DMSO). In these situations, the

concentration ofDMSO did not exceed 0.1%, and appropriate amounts were present in

control superfusions. Where salines containing elevated [KCI] were used, the [NaCl]

was reduced by a corresponding amount to maintain isoosmotic conditions.

Superfusion experiments were carried out at ambient temperature 23-25 "C.
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5.3.2 Depolarization assay

The plasma membrane potential of synaptosomes and synaptoneurosomes was

measured on the basis of fluorescence changes to the voltage-sensitive probe

rhodamine 6G as we have previously described (Nicholson et aI., 2003). Rhodamine

6G is very well-suited to these studies since Mandala et al. (1999) have shown that this

fluoroprobe is specific for the plasma membrane potential and is not influenced by

treatments known to change the mitochondrial membrane potential. We consider any

interference with our measurements of plasma membrane potential due to rhodamine

6G associating with/dissociating from intrasynaptosomal or intrasynaptoneurosomal

mitochondria to be minimal, since blockade of sodium channels with TIX completely

eliminates any depolarizing influence of veratridine. Calibrations were performed in

the presence of different concentrations of external [K+] and the reduced Goldman

equation was used to calculate membrane potentials.

5.3.3 Analysis of radioactivity in superfusates

To investigate the nature of the radioactivity released from nerve fractions, samples

of their superfusates were subjected to I) precipitation using TCA, 2) partitioning

using the chloroform.methanol lipid extraction procedure of Bligh and Dyer (Bligh and

Dyer, 1959) and 3) paper chromatography (Whatman, 3 mm) using n-butanol:acetic

acid:water (120:30:50) and isopropanol:ethanol:concentrated HCI:water (75:75:5:45).

Appropriate regions of the paper chromatogram were cut out, and, after addition of

water, radioactivity was measured by liquid scintillation counting. Ethanolamine and

phosphoethanolamine standards were visualized using ninhydrin and molybdate
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reagents respectively. Choline, acetylcholine, methylcholine and dimethylcholine were

detected using iodine vapor.

5.3.4 Protein assay

Protein assays were conducted according to the method of Lowry as adapted by

Peterson (Peterson, 1977).

5.3.5 Analysis of results

Results are expressed as mean ± standard error (SEM) with the level replication

defined in fig legends. One-way ANOVA and Student's t test used in statistical

evaluation of data employed Prism 3 software (Graphpad, CA, USA). P values < 0.05

were taken as significant.

5.4 Results

5.4.1 Release of ethanolamine from synaptosomes and synaptoneurosomes

In synaptosomal preparations preloaded with eH]ethanolamine, both veratridine

(50 IlM), 4-aminopyridine (2 mM) and saline containing 35 mM KCI produced a

significant increase in the rate of release of radioactivity (identified as

eH]ethanolamine, see later) above control values (Fig. 21a-d). The results also

demonstrate that veratridine- and 4-aminopyridine-induced release is markedly

sensitive to inhibition by tetrodotoxin (2 JlM), in clear contrast to the KCI response,

and that the calcium ionophore A23187 (25 IlM) also stimulates release. No significant

effect on synaptosomal release of radiolabel was observed with L-glutamate (5 mM),

acetylcholine (30 mM), GABA (5 mM) or nicotine (50 JlM) (Fig. 21d). The basal
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efflux of eH]ethanolamine from synaptosomes was found to be reduced (circa 20%)

when calcium was omitted from superfusing saline containing 2 mM EGTA (Fig. 22a),

and the ability of veratridine or KCI to stimulate release was also attenuated in the

absence of calcium (Fig. 22b). When eH]ethanolamine-loaded synaptosomes were

challenged with serine (5 mM), choline (5 mM) or ethanolamine (5 mM), increased

release was only observed upon challenge with ethanolamine. The latter response

displayed dependency on external calcium (Fig. 23) but, in contrast to the effects of

KCI and veratridine, did not involve membrane depolarization (data summarized in

Table 3, Chapter 6).
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Fig 21. Release of eH]ethanolamine from superfused synaptosomes.

In (a), (b) and (c), representative profiles illustrate the stimulatory profiles of 50 JlM

veratridine (VTD), 35 mM KCI and 2 mM 4-aminopyridine (4-AP) and the inhibition

of VTD and 4-AP responses by 2 JlM tetrodotoxin (TIX). Values represent 3H

released as a percentage of 3H in fraction I. The histogram (d) summarizes. the full

datasets of treatments shown in (a-c) together with the stimulatory effect of A23187

(25 JlM) and failure of L-glutamate (Glu), acetylcholine (ACh), GABA and nicotine to

elicit release. Vertical columns represent mean increases in release above. control

values, and bars the SEM of 3-6 independent experiments (* = significantly different

from VTD alone (P < 0.01); ** = significantly different from 4-AP alone (P < 0.05);

TTX had no effect on KCI-induced release, P > 0.05).
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Fig 22. Effect of ionic calcium on basal (a) and chemically evoked (b) release of

eH]ethanolamine from superfused synaptosomes.

Data points represent means ± SEM of 4-11 independent determinations. Asterisks

signify statistically significant differences. In (a), basal release was significantly lower

(P < 0.015), and, in (b), KCI- and VTD-evoked release was significantly reduced

(P = 0.017 and P = 0.034 respectively), when Ca2
+ was omitted from the saline.
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Ethanolamine-induced release is partially dependent on the presence of Ca2
+ in the

superfusing saline (* =significantly different from release by ethanolamine with Ca2+

present (P < 0.01). Vertical columns represent means ± SEM of3 experiments.
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Fig 24. Release of eH]ethanolamine from superfused synaptoneurosomes.

In (a) and (b), representative stimulatory profiles for 50 11M veratridine (VTD) and 35

mM KCI in the presence and absence of 2 !J.M tetrodotoxin (TTX) are shown. Values

represent 3H released as a percentage of 3H present in fraction 1. The histogram (c)

shows full datasets of treatments (a) and (b) and also the stimulatory effects of 4

aminopyridine (4-AP) and A23187 (25 !J.M). Vertical columns represent mean

increases in release above control values, and bars the SEM of 3-6 independent

experiments (* =significantly different from VTD alone (P < 0.01).
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Columns represent means, and error bars the SEM of 3 experiments; *Indicates

significantly lower release (P = 0.012) compared to when Caz
+ is present.
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In experiments with synaptoneurosomes, very similar pharmacological profiles

were observed (Figs. 24, 25 and 26), although, on a brain equivalent basis, the absolute

level of KCI- or veratridine-stimulated eH]ethanolamine release was greater (circa

2.S-fold) compared with synaptosomes. KCl-evoked eH]ethanolamine release above

control (as a percentage of total eH] recovered in the 10 superfusate fractions plus

radioactivity remaining on the filter) averaged 5.14 ± 0.99% (synaptosomes) and

5.63 ± 0.67% (synaptoneurosomes).

5.4.2 Nature of radioactivity released from synaptic preparations under
resting and depolarized conditions

When radioactivity present in the superfusate samples was partitioned with

chloroform and methanol (Bligh and Dyer, 1959) the increase in radioactivity after

stimulation with KCI and veratridine was exclusively restricted to the water:methanol

phase (Table1). Treatment with TCA effectively precipitated the bovine serum

albumin contained in the superfusion saline, but, in contrast, the levels of radioactivity

in control and stimulated superfusate samples were not reduced by precipitation

treatment (Table 2). Superfusate samples obtained from synaptosomal experiments at

peak stimulation together with matched controls were also compared quantitatively

using paper chromatography in two separate solvent systems (Fig. 27). In each solvent

system, the radioactivity migrated as a single peak coincident with authentic

ethanolamine standard, and its level was significantly higher in KCI and veratridine

peak stimulation samples compared to respective controls (Fig. 27). Superfusates from

synaptoneurosomes subjected to these treatments yielded very similar 3H profiles to

those shown for synaptosomes in Fig. 27 after chromatography (data not shown).
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Phosphoethanolamine (RF = 0.18), a potential contender for release, was clearly

separated from ethanolamine (RF = 0.44) using n-butanol:acetic acid: water

(120:30:50). In the isopropanol:ethanol:concentrated HCI:water (75:75:5:45) solvent

system, choline (RF = 0.54), acetylcholine RF = 0.57), methylethanolamine (RF = 0.55)

and dimethylethanolamine (RF =0.55) were sufficiently more mobile than

ethanolamine (RF = 0.44) (and even more so after a double development) to conclude

that none of these potential metabolites could account for the radioactivity released

during basal and stimulated release.
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Table 1. Partitioning of radioactivity from peak release and control supernatants into

chlorofonn:methanol

Treatment Fraction n Radioactivity recovered (dpm)

H20:MeOH fraction CHCh fraction

Control SS 7 1500 ± 144 264 ± 204

I KCl (35 mM) SS 4 2664 ± 96 (P < 0.01) 120 ± 168

VERATRIDINE (50!J.M) SS 3 3072 ± 216 (P < 0.01) 552 ± 144

Control SN 4 2064 ± 336 120 ± 138

I KCl (35 mM) SN 4 4320 ± 456 (P < 0.01) 696 ± 192

1
VERATRIDINE (50!J.M) SN • 3 5040 ± 1176 (P < 0.05) 24 ± 141

Values represent mean total radioactivity ± SEM; P values indicate significant difference froW
respective controls; SS = synaptosomes, SN = synaptoneurosomes.

Table 2. Treatment of control and peak release supernatants with trichloroacetic acid

(TeA)

Treatment Fraction n 3H.in original 3H in sample after 3H in
superfusate sample TCApptn. precipitate
(dpm/ml) (dpm/ml) (dpm)

Control SS 3 580 ± 43 472 ± 31 16 ± 24

KCI (35 mM) SS 3 968 ± 36 1006 ± 55 13 ± 10

VERATRIDINE SS 3 1376 ± 15 1309 ± 61 25 ± 9
(50 !J.M)

Control SN 3 577 ± 30 640 ± 14 24 ± 10

KCI (35 mM) SN 3 1389± 60 1402 ± 30 79 ± 19

IVERATRIDINE SN 3 1465 ± 188 1306 ± 23 28 ± 27

Ii (50 !J.M)
I

Values represent mean
SN = synaptoneurosomes.

radioactive
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Fig 27. Paper chromatography of peak stimulation and control superfusate samples

using n-butanol:acetic acid:water (120:30:50) (solvent system I) and

isopropanol:ethanol: concentrated HCI:water (75:75:5:45) (solvent system 2).

Ethanolamine standard was exclusively associated with band 3 (solvent system I) and

band 4 (solvent system 2), and statistically significant differences between control and

stimulated treatments (P < 0.05) were only observed in these bands. Results show

chromatograms of superfusates from KCI-stimulated synaptosomes (a and b) in each

solvent system. In (c) and (d), chromatograms from veratridine-stimulated

synaptosomal fractions are shown. RFs of ethanolamine and other related nitrogen

containing compounds are provided in the Results section. In solvent system I,

phosphoethanolamine resided in band 2. In solvent system 2 choline, acetylcholine,

monomethylethanolamine and dimethylethanolamine were all located in bands 4 and 5

with at least 50% of each standard (as determined by spot area) always migrating in

band 5 ahead of ethanolamine. All values represent means ± SEM (n = 3).
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5.5 Discussion

The present work demonstrates that exogenously applied eH]ethanolamine is taken

up by synaptosomes and synaptoneurosomes alike and can be rapidly released by a

depolarizing challenge during the course of superfusion. Several lines of evidence

support the idea that free ethanolamine is released. The finding that the radioactivity

released by veratridine and KCl is aqueous:methanol soluble excludes the possibility

that the released material is an ethanolamine-coupled fatty acid such as anandamide or

a phospholipid such as phosphatidylethanolamine, both of which can be generated

from ethanolamine in neuronal preparations (Di Marzo, 1994; Holbrook and Wurtman,

1988). The inability of trichloroacetic acid to precipitate the released radioactivity

suggests this material is not a peptide or protein to which eH]ethanolamine has been

linked, as has been previously described (Tisdale and Tartakoff, 1988). Lastly, my

chromatographic results have excluded the possibility that the released radioactivity is

phosphoethanolamine, methylethanolamine, dimethylethanolamine, choline or

acetylcholine, all of which can be produced from ethanolamine in mammalian brain

(Andriamampandry et aI., 1989; Massarelli et aI., 1982).

After washing and initial superfusion of these preparations, the retention of

sufficient eH]ethanolamine to generate the depolarization-induced increases in release

during superfusion suggests that this substance is stored effectively within an

intracellular compartment (or compartments). Identification of the nature of storage is

beyond the scope of the present investigation. However, since the nitrogenous bases

choline and serine did not induce eH]ethanolamine release via the classical base

exchange reaction (Holbrook and Wurtman, 1988; Porcellati et aI., 1971), the
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possibility that the eH]ethanolamine released originates from a eH]ethanolamine

coupled phospholipid is not supported, although a phospholipase, capable of removing

the ethanolamine base moiety from phospholipids such as phospholipase D (Pershak et

al., 1986), cannot be ruled out. The failure of GABA or L-glutamic acid to stimulate

eH]ethanolamine release makes involvement of a heterocarrier type release

mechanism analogous to that reported by others (Bonanno et aI., 1993; Fassio et aI.,

1996) unlikely. Moreover, the lack of effect of nicotine and acetylcholine on

ethanolamine efflux indicates the absence of an nAChR-activated release pathway such

as that established for GABA in mouse brain synaptosomes (Lu et aI., 1998).

The results of the present study suggest a presynaptic release pattern for

ethanolamine similar in some respects to that of a neurotransmitter or releasable

signaling molecule since eH]ethanol~mine release can be evoked by veratridine,

elevated [K+] or 4-aminopyridine. All three pharmacological manipulations are known

to activate exocytotic release of neurotransmitter from synaptosomes (Sanchez-Prieto

et aI., 1987; Tibbs et aI., 1989) as a result of rapid and sustained activation of voltage

gated sodium channels (veratridine) (Ohta et aI., 1973), inhibition of KA+ channels

leading to oscillatory bursts of sodium channel activity (4-aminopyridine) (Kapoor et

aI., 1997) and direct membrane depolarization (KC1) (Blaustein and Goldring, 1975).

The sensitivity of veratridine- and 4-aminopyridine-induced eH]ethanolamine release

to inhibition by tetrodotoxin shows clearly that nerve depolarization is a critical

initiator of release. While 4-aminopyridine and KCl are considered the more

"physiological" of the depolarizing agents employed in my investigation, the relative

contributions of classical exocytosis of ethanolamine compared to depolarization-
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induced reversal of the plasma membrane ethanolamine transporter remain unresolved.

Both mechanisms have been reported to operate in the case of GABA release from

synaptosomes undergoing chemical depolarization (Raiteri et aI., 2002). Nevertheless,

my finding that depolarization-induced release of eH]ethanolamine from

synaptosomes exhibits a significant dependency on extracellular Ca2
+ lends support to

the idea that exocytotic release of this substance occurs.

It is also apparent that Ca2
+ is needed to maximize release of radiolabel following

challenge with 5 mM ethanolamine, a treatment which does not affect membrane

potential. Under these circumstances, a large proportion of the eH]ethanolamine efflux

is Ca2
+-independent and probably involves a concentration gradient-driven

transmembrane exchange of the unlabeled ethanolamine with an intracellular

radiolabeled pool.

It is noteworthy that in the majority of my experiments we observed more than a 2

fold greater responsiveness of synaptoneurosomes to depolarizing agents on a brain

equivalent basis compared to synaptosomes indicating that the nerve ending is not the

only site of release, although axonal release is considered unlikely (Pershak et aI.,

1986). It must also be pointed out that the absolute quantities of eH]ethanolamine

released in my experiments are relatively low, and this may argue against a classical

neurotransmitter role where levels approaching the millimolar range can be required to

exert a postsynaptic response.

In conclusion, this investigation highlights a novel mechanism for the release of

ethanolamine from superfused nerve terminals and synaptoneurosomes isolated from

mammalian brain. The role of presynaptically released ethanolamine may be restricted
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to indirect augmentation of postsynaptic amino acid neurotransmitter responses

(Loscher, 1983; Wolfensberger, 1982), as previously noted, however, the possibility

that a discrete receptor exists postsynaptically for ethanolamine or that this substance

participates in some form of depolarization-activated regulation of presynaptic

function warrants careful investigation. In this latter context, my studies (Chapter 6)

identify a mechanism involving ethanolamine which appears to be of relevance to

presynaptic regulation.
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CHAPTER 6
ETHANOLAMINE AND RELATED AMINO ALCOHOLS
INCREASE BASAL AND EVOKED RELEASE OF eH]-D

ASPARTIC ACID FROM SYNAPTOSOMES BY
ENHANCING THE FILLING OF SYNAPTIC VESICLES

6.1 Abstract

This part of my research examines the effects of ethanolamine and other amino

alcohols on the dynamics of acridine orange, oxonol V, and eH]-D-aspartic acid in

synaptic preparations isolated from mammalian brain. Ethanolamine concentration-

dependently enhanced acridine orange release from synaptosomes. Similar effects were

observed with methylethanolamine and dimethylethanolamine, but not choline. The

enhancement of acridine orange efflux by ethanolamine was independent of

extrasynaptosomal calcium (in contrast to KCI-induced acridine orange efflux), was

unaffected by tetrodotoxin and did not involve depolarization of the synaptosomal

plasma membrane. KCl was unable to release acridine orange from synaptosomes

following exposure to ethanolamine, however ethanolamine and other amino alcohols

were found to enhance both basal and KCI-evoked release of eH]-D-aspartic acid from

synaptosomes. Using isolated synaptic vesicles I demonstrate that amino alcohols are

able to 1) abolish the ATP-dependent intravesicular proton concentration (i.e. stimulate

efflux of acridine orange) in a similar way to CCCP, 2) increase the ATP-supported

transvesicular membrane potential (i.e. quench oxonol V fluorescence) in contrast to

CCCP and 3) enhance intravesicular uptake of eH]-D-aspartic acid. These results

suggest that positively charged, membrane impermeant amino alcohol species are
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generated within synaptic vesicles as they sequester protons. Cationic forms of these

amino alcohols boost the transvesicular electrical potential which increases transmitter

uptake into synaptic vesicles and facilitates enhancement of basal and evoked release

of transmitter. My data suggest a potential role for ethanolamine and related amino

alcohols in the regulation of synaptic vesicle filling. These findings may also have

relevance to neuropathophysiological states involving altered production of

ethanolamine.

6.2 Introduction

The resting levels of ethanolamine in mammalian brain are known to be in the low

millimolar range (Ellison et aI., 1987) and, despite a considerable amount of research,

the role that this amino alcohol plays in normal brain function and neuropathological

states remains to be fully elucidated. Studies indicate that ethanolamine facilitates both

amino acid and cholinergic neurotransmission in the brain. For example,

Wolfensberger et al, (1982) found that ethanolamine augments glutamate-dependent

excitation and GABA-dependent inhibition of avian tectal neurons. The enhancement

of GABA-induced depression by ethanolamine in these experiments was suggested to

be related to the capacity of this amino alcohol to reduce GABA breakdown via

inhibition of GABA aminotransferase (Loscher, 1983). Ethanolamine markedly

increases the levels of the amino acid neurotransmitters aspartic acid and glutamic acid

in microdialysates from the anterior hippocampus (Buratta et aI., 1998). Similarly,

ethanolamine and other amino alcohols were found to selectively stimulate K+-evoked

acetylcholine release from hippocampal slices, which was attributed to activation of
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calcium entry through L-type calcium channels (Bostwick et al., 1992; Bostwick et al.,

1993).

In other studies, high affinity uptake of ethanolamine has been demonstrated in the

retina (Pu and Anderson, 1984) and in cultured cerebrocortical neurons (Massarelli et

al., 1982) observations which accord with ethanolamine's function as an important

metabolic precursor molecule for acetylcholine and phosphatidylcholine (Corazzi et al.,

1986) and the involvement of ethanolamine in phospholipid metabolism (porcellati et

al., 1971).

Several investigations show that ethanolamine release in a number of brain

regions is associated with electrical or chemical depolarization. For example, the levels

of ethanolamine rise in perfusates of the avian optic tectum as a result of electrical

stimulation (Wolfensberger et al., 1982), and release of this substance from rat pontine

nuclei can be electrically evoked (pershak et al., 1986). Enhanced levels of

ethanolamine were also demonstrated in dialysates of rat striatum during challenge

with an elevated concentration of K+ (Korf and Venema, 1985), however, the same

depolarizing treatment failed to increase ethanolamine levels in perfusates from rat

substantia nigra (Van der Heyden et al., 1979). In our laboratory we found that

synaptosomes and synaptoneurosomes release eH]ethanolamine during superfusion in

a calcium-dependent fashion in response to a KCl challenge (Liao and Nicholson, 2005)

and suggested that depolarization-evoked release of eH]ethanolamine from the nerve

ending may occur via classical exocytosis. Associated experiments using the pH

sensitive dye acridine orange demonstrated that ethanolamine rapidly accesses synaptic

vesicles within the nerve ending. I now report on these and subsequent observations
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which led me to develop and test the hypothesis that ethanolamine modifies

presynaptic release of eH]-D-aspartic acid by affecting synaptic vesicle function.

6.3 Methods

6.3.1 Chemicals and radiochemicals

Ethano lamine, methylethanolamine, dimethylethanolamine, choline,

carbonylcyanide-m-chlorophenylhydrazone (CCCP), veratridine, acridine orange and

tetrodotoxin were obtained from Sigma-Aldrich Canada. Rhodamine 6G was

purchased from ~astman Kodak, Rochester, NY, USA. Oxonol V was supplied by

Molecular Probes Inc., Eugene, OR, USA. eH]-D-aspartic acid (specific acitivity 23.9

Ci/mmol) was from Perkin Elmer:NEN, Boston, MA, USA.

6.3.2 Isolation of synaptosomes from mouse brain

The whole brain material from three mice (acridine orange experiments) or one

mouse (eH]-D-aspartic acid release experiments) was cooled rapidly in ice-cold 0.32

M sucrose (adjusted to pH 7.4 with Tris base), and then chopped into small pieces. The

purified synaptosomal fraction was isolated according to the method of Hajos (1975)

with minor modifications. Brain tissue was first homogenized in ice-cold buffered 0.32

M sucrose (20 ml) to generate synaptosomes using 6 excursions of a motor driven

pestle. The homogenate was centrifuged (1,500 x g; 10 min.) and the supernatant

retained on ice. The pellet was dispersed in sucrose and centrifuged again.

Supernatants were combined, centrifuged (9,000 x g; 20 min.) and the crude

synaptosomal pellet (P2) was then gently resuspended in 0.32 M sucrose (5 ml). The P2

fraction was then divided equally and each portion carefully run onto the surface of 0.8
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M sucrose (20 ml. pH 7.4) in a centrifuge tube. The two tubes were then centrifuged

(9,000 x g; 26 min). Material in each 0.8 M layer was removed and diluted (over 30

min. with continuous mixing) to the equivalent of 0.32 M with ice-cold distilled water.

After centrifugation (9,000 x g; 20 min) the purified synaptosomal pellet was

suspended in calcium-free saline (NaCl 128 mM, KCl 5 mM, NazHP0 4.7HzO 1 mM,

MgCIz.7HzO 1.2 mM, EGTA 100 ~M, glucose 14 mM and HEPES 20 mM buffered to

pH 7.4 with Tris base) and held on ice.

6.3.3 Experiments using synaptosomes and the pH-sensitive dye acridine
orange

Experiments with the pll-sensitive fluorescent indicator acridine orange (AO) were

conducted according to published methods (Zoccarto et aI., 1999; Melnik et aI., 2001).

A 200 ~l aliquot of purified synaptosomes (0.47 ± 0.03 mg protein) was added to 2.8

ml calcium-free saline containing BSA (1 mg/ml) and AO (5 ~M final concentration)

and then incubated at 35°C with gentle shaking for 20 minutes. The suspension of AO-

loaded synaptosomes was then transferred to a stirred quartz fluorescence cuvette

thermostated at 35°C, and, using an excitation wavelength of 490 nm, the fluorescence

emission intensity was measured continuously at 530 om in a Perkin-Elmer LS-50

fluorescence spectrophotometer. Slit widths were each 3 nm. Immediately after starting

the recording Caz
+ (1.2 mM) or TTX (10 ~M) was added if required, additions of study

compounds were then made from approximately 100 seconds onwards and assays were

normally terminated at 400 seconds. Ethanolamine, methylethanolamine,

dimethylethanolamine, and choline were added in saline (10 ul). Veratridine, CCCP

were added in DMSO (2 ul), Neither addition of control carriers to AO-loaded
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synaptosomes nor addition of the study compounds to saline containing AO (in the

absence of biological material), had any effect on the level AO fluorescence.

6.3.4 Isolation of synaptoneurosomes and their use in the depolarization assay

The synaptoneurosomal fraction, isolated from the whole brain of a single CDI

mouse using the method of Harris and Allen (1985) was used for plasma membrane

potential measurements. All fractionation procedures were carried out between 1 and 4

-c and the final synaptoneurosomal pellet was suspended in saline (1 ml) and held on

ice. The membrane potential of synaptoneurosomes was measured based on the

fluorescence output of the voltage-sensitive indicator rhodamine 6G, as we have

outlined in a previous report (Nicholson et al., 2003).

6.3.5 Release of eHl-D-aspartic acid from superfused synaptosomes

Synaptosomes were incubated for 5 minutes at 32°C in the presence of 5 IlCi eH]

D-aspartic acid (specific activity 23.9 Ci/mmol) in saline (NaCI 128 mM, KCI 5 mM,

Na2HP04.7H20 1 mM, CaCh.2H20 0.8 mM, MgCh.7H20 1.2 mM, glucose 14 mM

and HEPES 20 mM buffered to pH 7.4 with Tris; total volume 1500 Ill). Loading was

terminated by transfering synaptosomes to ice. Pellets were resuspended in 800 III of

ice-cold saline and synaptosomes were transfered to each of ten Swinnex filtration

units (Millipore) containing Whatman GF/B filters. Superfusions were carried out as

we have described previously (Verdon et al., 2000). Individual filter units were

constantly supplied with saline from a 30 ml syringe barrel. Saline was then routed to

an LKB 2070 Ultrorac fraction collector adapted to collect 10 superfusates

simultaneously. A constant 1 ml/minute flow rate was maintained using a 10 channel
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peristaltic pump (Watson Marlow 503S) set up between the filtration units and the

fraction collector. The effects of amino alcohols were examined after nerve

preparations had been superfused with 40 ml control saline to establish consistent rates

of release. From this point onwards, ten 3 ml fractions were collected from each

filtration unit and total radioactivity in each tube measured by liquid scintillation

counting. Amino alcohols were dissolved directly in saline. The depolarizing (35 mM

KCI) treatment (with the [NaCI] reduced by an equivalent amount to maintain

isoosmotic conditions) was routinely added at fraction 4. All superfusions were

conducted between 22 and 25 °C.

6.3.6 Preparation of synaptic vesicles

Synaptic vesicles were prepared from bovine brain using procedures described in

the literature (Shioi and Naito, 1989; Roz and Rehavi, 2003). A brain from a freshly

killed bovine was obtained from a local abattoir and transported to the laboratory on

ice. All the following fractionation procedures were performed at 1-4 -c. After

removing as much white matter as possible, cerebral cortex tissue was chopped,

homogenized (10% w/v) in 0.32 M sucrose (containing 1 mM NaHC03, 1 mM MgCh

and 0.5 mM CaCh) using a motor driven homogenizer (6 up and down strokes) and

synaptosomes isolated according to Hajos (1975). The synaptosomal pellets were

gently dispersed in the sucrose solution (0.3 ml) and then synaptosomes were

osmotically disrupted by the addition of 10 ml of 5 mM Tris-HCI buffer solution

followed by incubation on ice for 45 min. Suspensions were centrifuged at 20,000 x g

for 20 min. and the supernatants then centrifuged at 62,000 x g for 40 minutes to yield
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the synaptic vesicle pellets, which were suspended in 0.32 M sucrose, I mM NaHC03

at protein concentration of7.5 mg/ml and stored at -80°C.

6.3.7 Measurement ofthe effects of amino alcohols on proton levels within
synaptic vesicles

The effects of ethanolamine, methylethanolamine, dimethylethanolamine and

CCCP on ATP-dependent proton accumulation into synaptic vesicles were studied

using the acridine orange method (Roz and Rehave, 2003). Recordings were carried

out with a Perkin-Elmer LS-50 fluorescence spectrophotometer. The excitation

wavelength was 493 nm excitation (slit width: 3 nm) and the emission signal was

sampled at 530 nm (slit width: 3 nm). Synaptic vesicles (110 ug of protein) were first

incubated in 2 ml buffer (150 mM KCI, 4 mM MgS04, 10 mM HEPES, pH 7.4)

containing acridine orange (1.5 J.lM) for one minute at 30°C. ATP (1 mM final

concentration) was then added followed by the study compounds. Fluorescence

changes were monitored for 340 seconds.

6.3.8 Measurement of amino alcohol-induced changes to the electrical
(membrane) potential ofsynaptic vesicles

The effects of ethanolamine and other compounds on ATP-induced polarization of

synaptic vesicles were monitored by recording fluorescence changes of the lipophilic

anionic dye oxonol V as described by Tabb et al., 1992. These experiments were

performed at 30°C using the Perkin-Elmer LS-50 with the excitation wavelength set at

617 nm (slit width: 5 nm) and an emission wavelength of 643 nm (slit width:10 run).

Synaptic vesicles (210 ug protein) were allowed to equilibrate with oxonol V (0.65 J.lM

final concentration) in 2 ml buffer (0.25 M sucrose, 4 mM KCI, 1 mM MgS04, 25 mM
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Tris/maleate adjusted to pH 7.4) over 1 minute. ATP (1.5 roM final concentration) was

then introduced which allowed synaptic vesicles to polarize. This was followed by

addition of the amino alcohols followed by CCCP as required. Fluorescence recordings

were run for a total of 300 seconds.

6.3.9 The effect of amino alcohols on the uptake of eH]-D-aspartic acid by
synaptic vesicles

Synaptic vesicles were equilibrated at 0 -c for at least an hour in a 20-fold excess

of buffer (0.25 M sucrose, 1 mM MgS04, 4 mM KCI, 35 roM Tris/maleic acid adjusted

to pH 7.4). Polarization of synaptic vesicles was achieved by warming to 30°C, and

incubating for 5 minutes with ATP (2 mM) with stirring. To 200 III synaptic vesicles

(approx. 70 ug protein) in buffer, Deaspartate . (0.8 IlCi eH]-D-aspartate; final

concentration 38 11M) was added with or without ethanolamine, methylethanolamine or

dimethylethanolamine, as appropriate, and incubations continued for 5 min at 30°C.

Uptake was terminated by the addition of ice-cold buffer (2 ml) containing ATP and

the appropriate amino alcohol and, after vortexing, the synaptic vesicles were quickly

filtered under vacuum through a nylon filter (pore size < 0.45 11m). The synaptic

vesicles retained on the filters were then washed twice with 2 ml of the same ice-cold

same solution. The filters were then placed in 1 ml 10% sodium dodecyl sulfate to

release radioactivity from synaptic vesicles. Radioactivity was quantitated using liquid

scintillation counting. Uptake of eH]-D-aspartic acid was temperature-sensitive and all

uptake values at 30°C were corrected by subtracting the radioactivity non-specifically

associating with synaptic vesicles at 0 °C.
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6.3.10 Protein assay

Protein levels were measured using to the method of Lowry as adapted by Peterson

(1977).

6.3.11 Analysis of results

Where appropriate results are expressed as mean ±standard error (S.E.M.) with the

level of replication stated. Fluorescence profiles were constructed "and statistical

analysis (Student's t test) performed using Prism 4 software (Graphpad, CA, USA).

6.4 Results

6.4.1 Effects of ethanolamine and other amino alcohols on acridine orange
fluorescence in synaptosomes

In synaptosomal preparations 35 mM KCI produced a distinct rise in AO

fluorescence above steady state control levels which only occurred in the presence of

Ca++(Fig. 28a) in accordance with previous reports (Zoccarto et aI., 1999; Melnik et aI.,

2001). The sodium channel activator veratridine (33 JlM) also enhanced AO

fluorescence and this response was reduced substantially by 10 JlM tetrodotoxin (Fig.

28b). Ethanolamine (5 mM) caused a marked and sustained increase in the intensity of

AO fluorescence (Fig 29a). Responses to ethanolamine were concentration-related and

threshold increases were detected at 0.31 mM. The increase in AO fluorescence

produced by ethanolamine was independent of Ca++ in the saline and was unaffected

by prior treatment of synaptosomes with 10 JlM tetrodotoxin (Fig. 29b). Other amino

alcohols methylethanolamine and dimethylethanolamine at 5 mM, caused similar rises

in AO fluorescence, however choline was devoid of any effect (Fig. 30). In Fig. 31a, a

typical profile for 5 mMethanolamine is shown together withresponses to 35 mMKCl,
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the magnitude of which is unaffected by time of challenge. From the time at which the

increase in AO fluorescence produced by 5 mM ethanolamine nears its peak and

onwards 35 mM KCI becomes progressively less able to increase AO fluorescence (Fig.

3Ib).
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Fig 28. Depolarization-induced exocytosis observed as an AO fluorescence increase

arising from exposure of synaptosomes to 35 mM KCI and 33 IlM veratridine.

(a) KCI can't initiate exocytosis in the absence of ci+ (below) comparing Ca2+

presence (above). In (b) the release of AO occuring after challenge with 33 IlM

veratridine (above), inhibition of veratridine's effect by TTX (middle) and a control

profile (lower) are displayed. Traces are representative of results from 3-5 independent

experiments. Ca2
+ was present at 1 mM except where otherwise indicated.
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Fig 29. Showing (a) increases in AO fluorescence intensity in synaptosomal

suspensions exposed to ethanolamine concentrations between 0.31 and 5 mM and (b)

the lack of effect on ethanolamine's response when Ca2
+ is absent from the saline (left)

or when synaptosomes are pretreated with 10 f.1M tetrodotoxin (right).

Profiles are typical of three experiments and Ca2
+ was included in the saline at 1 mM

except where indicated otherwise.
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Fig 30. Typical recordings of changes in AO fluorescence in synaptosomal

suspensions exposed to methylethanolamine and dimethylethanolamine.

Note the base choline produced no change in fluorescence, however following choline

application, the preparation was still responsive to ethanolamine. Study compounds

were added at 5 ~M and Ca2
+ was present at 1 mM throughout. Results are

representative of 3 experiments.
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Fig 31. (a) Control responses to 5 mM ethanolamine and 35 rnM KCI, the latter

applied at various times after approximately 100 seconds. In (b) traces show the

diminishing ability of 35 mM KCI to add to the increase in AO fluorescence induced

by 5 rnM ethanolamine over time.

Ca2
+ (l rnM) was included throughout. All traces are typical of 3 experiments.
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6.4.2 Inability of ethanolamine to influence the plasma membrane potential

Measurements of synaptoneurosomal plasma membrane potential using the

fluorescent voltage-sensitive probe rhodamine 6G demonstrated that ethanolamine and

its methyl and dimethyl forms do not depolarize or hyperpolarize the nerve membrane

(Table 3). It is also apparent from our results that the neuronal plasma membrane can

still be depolarized by KCI in the presence of each amino alcohol.

Table 3. Inability of ethanolamine, methylethanolamine and dimethylethanolamine

(all at 5 mM) to modify the membrane potential of synaptoneurosomes.

Treatment Membrane potentials (mV) Membrane potentials (mV)
100 sec after exposing produced by 35 mM KCI
synaptoneurosomes to after each amino alcohol
various treatments treatment

Control (n =4 ) -78±2 ---

Ethanolamine (n =6) -82 ± 1 NS -45 ±5

Methylethanolamine -79 ± 1 NS -32 ± 1

(n = 5)

Dimethylethanolamine -79 ± 1 NS -30 ±2
(n = 5)

KCI (n = 5) -38±4 * ---
Veratridine (n = 4 ) -15 ± 8 * ---
Membrane potentials were quantitated using the voltage-sensitive fluorescent dye rhodamine 6G as
described in Experimental Procedures. Responses to standard depolarizing treatments (35 mM KCI and
33 J,1M veratridine) are provided for comparison. In addition the response to 35 mM KCI added after
each amino alcohol challenge is displayed. Results are means ± S.E.M.; n values are given in brackets.
In the middle column, asterisks signify instances where differences from controls are significant, (P <
0.01). NS = not significant, (P> 0.05).
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6.4.3 Release of eH]-D-aspartic acid from synaptosomes

The effects of amino alcohols (all at 5 mM) on the basal and 35 mM KCI-evoked

release of eH]-D-aspartic acid from superfused synaptosomes are displayed in Fig 32.

Ethanolamine, methylethanolamine and dimethylethanolamine gradually increased

basal release of eH]-D-aspartic acid which overall amounted to increases of 65, 68 and

65% respectively. Amino alcohol-induced increases in the level of resting release were

in the main sustained for the remainder of the exposure period. Ethanolamine,

methylethanolamine and dimethylethanolamine also enhanced 35 mM KCl-evoked

release of eH]-D-aspartic acid from synaptosomes (by 52, 50, and 50% respectively)

and these amino alcohol-enhanced eH]-D-aspartic acid release profiles generally

shadowed that of KCI alone.
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Fig 32. The effect of (a) ethanolamine, (b) methylethanolamine and (c)

dimethylethanolamine on the resting (basal). and KCl-evoked release of eH]-D

aspartic acid from mouse brain synaptosomes.

Values represent 3H released as a percentage of 3H present in fraction 1. Data points

represent means and vertical bars the S.E.M. of 3-6 experiments. Amino alcohols (5

mM) were applied just after the start of sample collection and saline containing KCI

(35 mM) was routinely introduced at fraction 4. The % increases given in the Results

section were calculated by adding the % increases for each amino alcohol alone or with

KCI and expressing these values as a % of the summed basal or KCI alone values

respectively.
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6.4.4 The effects of ethanolamine, methylethanolamine and
dimethylethanolamine on the ATP-activated increase in intravesicular
proton levels

Experiments to directly measure the effects amino alcohols on the W-ATPase-

activated increase in intravesicular proton concentration were conducted with a

synaptic vesicle preparation from bovine cortex. ATP caused the typical end point

decrease in acridine orange fluorescence (Roz and Rehave, 2003), consistent with

increased pumping of protons into the interior of synaptic vesicles by the H+-ATPase

(Fig 33). Subsequent exposure to ethanolamine, methylethanolamine and

dimethylethanolamine (all 5 mM) caused an immediate drop in intravesicular proton

concentration which reduced to a level lower than that observed before the ATP

addition (Fig. 33 a-c). The protonophore CCCP also brought about a rapid decline in

intravesicular acidification (Fig. 33d) and produced negligible (ethanolamine and

methylethanolamine) or slight (dimethylethanolamine) enhancement of amino alcohoi-

induced proton depletions (Fig. 33 a-c).
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Fig 33. The effect of (a) ethanolamine, (b) methylethanolamine, (c)

dimethylethanolamine and (d) CCCP (7.5 J.1M) on ATP-dependent quenching of

acridine orange fluorescence in synaptic vesicle preparations.

Recording (e) shows the baseline profile. Amino alcohols were added at 5 mM. Each

trace is representative of at least 3 experiments. Note that the upward deflections

produced by study compounds equate to a loss of intravesicular protons and that the

ability of CCCP to reduce proton levels in the interior of synaptic vesicles beyond that

of the amino alcohols was negligible or weak (traces a-c).
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6.4.5 The effects of ethanolamine, methylethanolamine and
dimethylethanolamine on the transmembrane potential of synaptic
vesicles.

Changes to the electrical transmembrane potential of synaptic vesicles are

conveniently measured using the anionic fluoroprobe oxonol V. Addition of ATP to

synaptic vesicles led to rapid formation of the membrane potential, as evidenced by a

decline in fluorescence (due to increased association of free oxonol with synaptic

vesicles; Fig 34 a-d). Ethanolamine, methylethanolamine and dimethylethanolamine

(at 5 mM) strongly increased the extent of synaptic vesicle polarization (Fig. 34 a-c).

CCCP strongly depolarized synaptic vesicles in the presence of the .amino alcohols

(Fig. 34 a-c).
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Fig 34. The effect of (a) ethanolamine, (b) methylethanolamine, (c)

dimethylethanolamine on the ATP-supported (W-ATPase-dependent) electrical

potential of synaptic vesicles as determined using oxonol V.

Downward deflections represent polarization and upward deflections signify

depolarization of the synaptic vesicular membrane. Amino alcohols were added at 5

mM. CCCP fully reverses the membrane polarizing influence of all amino alcohols and

ATP combined (a-c). Recording (d) is the baseline (control). Each trace is typical of 3

or more experiments.
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6.4.6 The effects of amino alcohols on the uptake of eH]-D-aspartate into
synaptic vesicles

Each amino alcohol was examined for their ability to influence the accumulation of

eH]-D-aspartic acid by synaptic vesicles in the presence of ATP (Table 4). The uptake

of eH]-D-aspartic acid by synaptic vesicles was significantly (P < 0.05) increased in

the presence of ethanolamine, methylethanolamine and dimethylethanolamine by

amounts which averaged 76,62 and 145 % respectively.
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Table 4. The effect of ethanolamine, methylethanolamine and dimethylethanolamine

(all at 5 roM) on the uptake of eH]-D-aspartic acid into synaptic vesicles prepared

from bovine cortex.

Treatment Uptake of [3H]-D-aspartic acid
into synaptic vesicles (nmollmg protein/min)

Control 0.56 + 0.01

Ethanolamine 0.99 + 0.05 **
Methy lethanolamine 0.91 + 0.08 *

Dimethylethanolamine 1.37 + 0.15**

Values represent means ± S.E.M. of 3-4 experiments. Asterisks signify a significant
difference from control (* =P < 0.05; ** =P < 0.01)
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6.5 Discussion

The pH-sensitive fluorescent indicator acridine orange (AO) has found particular

utility in investigations of exocytotic function in synaptosomes. The quenching of AO

fluorescence upon addition of this fluoroprobe to synaptosomal suspensions arises

from its ability to become protonated and dimerize when sequestered within the acidic

interior' of synaptic vesicles, whereas high [K'j-induced increases in fluorescence

above steady state are Ca2+-dependent and reflect release of AO-rich synaptic vesicle

contents by exocytosis (Zoccarto et al., 1999; Melnik et al., 2001). In support of the

specificity of AO for synaptic vesicles, bafilomycin AI. which selectively blocks H+

translocation by vacuolar W -ATPases (Floor et al., 1990; Moriyama, 1990), eliminates

both initial quenching of AO fluorescence by synaptosomes and markedly stimulates

loss of AO from synaptosomes previously loaded with probe (Zoccarto et aI., 1999).

Inorganic weak bases also elicit similar responses. For instance, ammonium chloride

prevents the loading of synaptic vesicles with AO and activates the efflux of AO from

synaptic vesicles previously equilibrated with fluoroprobe by sequestration of protons

(Melnik et al., 2001). The sodium channel-independent components of AO efflux

observed with organic bases such as 4-aminopyridine (Zoccarto et al., 1999) and

veratridine (this study), likely also occur through a similar mechanism. Ethanolamine

and the other amino alcohols used in this investigation also possess weakly basic

properties.

In the present experiments I observed profound stimulatory effects of ethanolamine,

methylethanolamine and dimethylethanolamine on the fluorescence signal of

synaptosomes pre-equilibrated with AO suggesting that these amino alcohols either
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enhance the exocytosis of synaptic vesicles or reduce the level of protons in the

synaptic vesicle interior. In parallel assays, the depolarizing agents KCl and veratridine

produced calcium-dependent and tetrodotoxin-sensitive efflux of AO respectively.

However, unlike KCl which directly depolarizes synaptosomes and opens voltage

gated calcium channels (Blaustein and Goldring, 1975; Nachschen and Blaustein,

1980), ethanolamine does not affect the synaptosomal plasma membrane potential and

its AO fluorescence response is not affected when Ca2+ is absent from the external

saline. These observations suggest that these amino alcohols do not act by opening

voltage-gated calcium.channels in the plasma membrane. My findings therefore invoke

a different mechanism to that suggested by Bostwick et al. (1993), who proposed

enhancement of calcium entry into nerve terminals after activation of L-type calcium

channels. Voltage-gated sodium channel activation cannot be of relevance to the

actions of ethanolamine either, since in addition to the failure of ethanolamine to

depolarize the plasma membrane, ethanolamine-induced release of AO from

synaptosomes was unaffected by TTX. Additionally, my results demonstrate that

ethanolamine eliminates the ability of 35 mM K+ to release AO from synaptosomes,

clearly suggesting that amino alcohols also discharge the K+-sensitive synaptic vesicle

pool labelled with AO. However, I found that ethanolamine, methylethanolamine and

dimethylethanolamine enhance both basal and KCl-evoked release of eH]-D-aspartic

acid from synaptosomes. Bostwick et al. (1993) reported that ethanolamine and other

amino alcohols (R-alaninol and R-prolinol) enhance KC1-induced release of

acetylcholine from hippocampal slices. While my observations on the release of eH]

D-aspartate from synaptosomes showed good agreement with those of Bostwick et aI.,
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my data also presented somewhat of a paradox since it has also been shown that

bafilomycin A], which reduces the proton concentration of neurite vesicles (Cousin et

aI., 1997), also reduces KCl-evoked release of glutamic acid from synaptosomes

(Pocock et aI., 1995).

To explore this apparent anomaly in more depth I conducted investigations on

synaptic vesicles isolated from bovine brain. Experiments with acridine orange

provided direct confirmation that ethanolamine as well as the mono- and dimethyl

amino alcohols dramatically reduce proton levels in the synaptic vesicle interior. In

these assays, clear parallels with CCCP were evident. The pumping of protons' from

the cytoplasm into synaptic vesicles by V-W-ATPases generates the main

electrochemical gradient powering vesicular accumulation of neurotransmitters (Morel,

2003). Carbonylcyanidehalophenylhydrazones are known to dissipate proton gradients

in synaptic vesicles (Roz and Rehavi, 2003). However, the oxonol V experiments also

revealed that in marked contrast to CCCP, amino alcohols strongly increase the

electrical transmembrane potential of synaptic vesicles and this latter observation

correlates well their ability to enhance the uptake of eH]-D-aspartic acid into synaptic

vesicles. Taken together, my data strongly imply that the reduction in intravesicular

proton levels seen with amino alcohols cannot be due to efflux of protons from

synaptic vesicles. Given the basic (proton accepting) nature of amino alcohols,

ethanolamine most likely acts by rapidly accessing the interior of synaptic vesicles

where it immediately sequesters protons. Protonation can occur on the amine and

possibly also on the hydroxyl oxygen yielding positively charged species which, as the

oxonol V experiments predict, will contribute more to the overall electrochemical
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potential than proton equivalents. Comparable hyperpolarizing actions of nigericin

have been observed, although this substance facilitates K+ entry into the intravesicular

compartment coupled to W removal (Tabb et aI., 1992). Since the protonated forms of

amino alcohols are unable to traverse membranes easily, any decline in the higher

transvesicular membrane potential should be limited. Additionally, the oxonol V data

suggest that by reversing amino alcohol-induced hyperpolarization, CCCP shifts the

equilibrium in favor of proton dissociation from amino alcohols and allows proton

efflux from the synaptic vesicle interior to proceed. In summary, therefore, I propose

that enhanced filling of synaptic vesicles with eH]-D-aspartate from the cytoplasmic

compartment explains the increased basal and evoked amino acid release I observed

, with amino alcohols in the synaptosome experiments.. Since eH]-D-aspartic acid is

not metabolized, the quantities originally taken up into synaptosomes should be

sufficient to sustain the increased amino alcohol-dependent transfer to synaptic

vesicles.

In the synaptosomal assays I found that choline had no effect on AO fluorescence.

Since choline contains a quaternary nitrogen it is unable to traverse membranes and is

also considerably less susceptible to protonation. Moreover, the ability of choline to

access synaptic vesicles will be very limited because although choline would be

expected to be transported efficiently into the cytoplasmic compartment of cholinergic

nerve endings, it must undergo metabolism to acetylcholine which is then pumped into

synaptic vesicles (Sha et aI., 2004).

The physiological relevance of these findings needs placing in proper

perspective. My concentration-response data for ethanolamine demonstrate threshold
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effects on AO fluorescence close to 0.31 mM (18.9 ug/ml), while well-defined

increases in fluorescence occur up to 5 mM (305.4 ug/ml). The concentrations of

ethanolamine required to influence AO fluorescence align well with a report (Ellison et

aI., 1987), which established that resting levels of this amino alcohol in various regions

of mammalian brain lie between between 197 - 870 nmol/g wet wt. (12.03 - 53.1

ug/ml equivalent). In other tissues, for example liver, a similar resting concentration of

0.54 mM (32.9 ug/ml) ethanolamine has been reported (Houweling et aI., 1992).

Therefore the concentrations of ethanolamine I employed in this research are close to

physiological. A report by Andriamampandry et al. (1989) indicates that the steady

state levels of methyl- and dimethyl ethanolamine may be lower than that of

ethanolamine. Although it is generally assumed that ethanolamine exists mostly in the

protonated form in tissues, it remains to be established whether intracellular enzymes

for example, serine decarboxylase or those involved in base exchange reactions,

initially release the unprotonated species and, indeed, if such reactions can occur in

synaptic vesicles to the extent that might permit amino alcohol-dependent regulation of

synaptic vesicle filling. The mechanism I outline in this report may also have

relevance to the development of certain neuropathophysiological states where

ethanolamine concentrations are known to change. For example, ethanolamine levels

in brain tissues from epilepsy patients are elevated five-fold compared to non

epileptogenic samples and considerable intracellular buildup of ethanolamine has been

reported in epileptiform brain (Hamberger et aI., 1991; Hamberger et aI., 1993). In

addition, ischemic episodes are thought to trigger the release of ethanolamine by

activation of base exchange reactions in the brain (Buratta et aI., 1998). In both disease
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states, increased release ofL-glutamate (for which eH]-D-aspartate acts as a surrogate)

has been implicated (Meldrum, 1994; Choi and Rothman, 1990).

In closing, the central finding of this investigation is that at concentrations close to

those found in normal brain tissue, ethanolamine and closely related amino alcohols

have the ability to positively modulate the vesicular membrane potential, enhancing the

capacity of both synaptic vesicles to take up eH]-D-aspartate and synaptosomes to

release this amino acid. We are now considering the relevance of this mechanism to

other neurotransmitters and how changes in neuronal activity might influence the

concentrations of amino alcohols such as ethanolamine within the nerve ending.
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CHAPTER 7
SUMMARY AND PHYSIOLOGICAL SIGNIFICANCE

OF MY FINDINGS

Endocannabinoids are widely distributed in higher animals and exert important

physiological effects by binding to various molecular targets, such as CB1 receptors,

CB2 receptors, vanilloid receptors, 5-HT receptors, potassium channels, and calcium

channels. My data in Chapter 2 provides strong evidence that VSSCs are also critical

targets of endocannabinoids and synthetic cannabinoids. In support of this I found that

the endocannabinoid anandamide and the cannabimimetic drugs AM 404 and WIN 55,

212-2 inhibit the binding of eH]BTX-B to VSSCs suggesting they bind directly to this

complex. Experiments using synaptosomes demonstrated that anandamide and the

synthetic drugs selectively inhibit sodium channel-dependent release of amino acid

neurotransmitters (L-glutamic acid and GABA). As the cannabinoid antagonist AM

251 failed to reduce the inhibitory effect of anandamide and cannabimimetics in the

radioligand binding and transmitter release assays, it is reasonable to conclude that this

inhibition of VSSCs by the study compounds is totally independent of CB1 receptor

activation.

In support of my conclusions our collaborator Dr. George Lees found that

anandamide reversibly inhibits TTX-suppressible sustained repetitive firing in cortical

neurons. This inhibition is also AM 251-insensitive. Laurence David in our lab

confirmed that anandamide, AM 404 and WIN 55, 212-2 inhibits VSSCs dependent
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depolarization in synaptoneurosomes and more recently Daniel Duan in our lab has

found that other endocannabinoids (2-AG, AGE, NADA, A-GABA and A-GLY) as

well as the highly potent CB-l receptor agonist CP 55,940 also inhibit VSSCs. Further

extending this idea, I demonstrate in Chapter 3 that AM25 I binds to VSSCs and inhibit

sodium channel independent transmitter release although the concentration for

inhibition of VSSCs by AM 251 is higher than those reported in the literature for

blocking CB1 receports.

In Chapter 4 I present evidence that anandamide can be synthesized in synaptic

preparations. However, my results did not support the prevailing belief that

depolarization of the soma portion of the neuron increases the biosynthesis of

anandamide. Nor did depolarization enhance release of anandamide from

synaptoneurosomes preloaded with this substance, although a substantial amount of

anandamide was retained in synaptoneurosomes after extended superfusion.

Chapter 5 focuses on novel actions of the anandamide metabolite ethanolamine in

synaptic preparations. These experiments revealed that synaptosomes and

synaptoneurosomes preloaded with eH]ethanolamineethanolamine release this

substance in response to various forms of depolarization (KCI, VTD, and 4

aminopyridine). Depolarization-induced release of eH]ethanolamine is partially

calcium-dependent, indicating that a significant component of the release may be via

classical exocytosis. Base exchange was not involved in the release of ethanolamine

supporting the idea that this substance is stored intracellularly in free form. The

significance of these findings lie in the possibility that ethanolamine may playa role in

signaling across the synapse in the brain.
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In Chapter 6 I review the experimental evidence supporting my hypothesis that

ethanolamine and other endogenous amino alcohols also have an important presynaptic

regulatory potential. Ethanolamine and related amino alcohols are taken up into

synaptic vesicles where they rapidly sequester protons (as indicated by AO release).

Proton sequestration by ethanolamine generates membrane impermeant positively

charged (quaternary nitrogen) species which, in tandem with the pumping of protons

into the synaptic vesicle interior, increase the transvesicular membrane potential (as

indicated by oxonol V fluorescence decreases). This in tum enhances eH]D-aspartatic

acid uptake into the synaptic vesicle. The effects of ethanolamine and related amino

alcohols on synaptic vesicle function explain my original observations on how these

amino alcohols affect the dynamics of acridine orange and transmitter release from
. (

synaptosomes. As'· ethanolamine sequesters protons in synaptic vesicles, acridine

orange becomes deprotonated and undergoes rapid efflux from the synaptosomal

compartment, therefore KCl is incapable of stimulating AO release. Lastly, the

boosting of both the synaptic vesicle membrane potential and enhanced loading of

synaptic vesicles with eH]D-aspartatic acid in the presence of amino alcohols is the

reason why I found that these compounds enhance the basal and evoked release of

eH]-D-aspartate release from synaptosomes. These results show that ethanolamine and

related amino alcohols have the ability to regulate synaptic transmission by affecting

synaptic vesicle filling with eH]-D-aspartic acid. The relative importance to synaptic

vesicle filling of the transvesicular proton gradient versus electrical potential gradient

is known to be different for different transmitters. In this context, the vesicular uptake

of L-glutamic acid and GABA is more reliant on the vesicular transmembrane potential
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than the proton gradient (Wolosker et aI., 1996; Tabb et aI., 1992), whereas the

converse is true for acetylcholine and monoamines (Reimer et aI., 1998). Thus

ethanolamine, which completely collapses the transmembrane proton gradient but

strengthens the transmembrane potential, should be more important in the regulation of

filling of synaptic vesicles with amino acid neurotransmitters. Further, my results

suggest that in addition to the amino alcohols, other endogenous bases such as

ammonia and methylamine warrant future investigation.

Schemes illustrating potential mechanisms by which ethanolamine reduces KCI

induced release of AO and increases the polarization of synaptic vesicles are given in

Appendices 1 and 2.
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APPENDICES

Appendix 1

POSSIBILITY
#1

POSSIBILITY
#2

Ethanolam ine Ethanolam ine
~-+--.....

(EtNH2)

Possible mechanisms by which ethanolamine prevents KCI from release AO from

synaptosomes
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Appendix 2

EtNH/ AND -/+
FURTHER H+
UPTAKE BOOSTS
+ve CHARGE
INSIDE VESICLE NEURO-

TRANSMITTER

Proposed mechanism underlying the increase In synaptic vesicle polarization by
ethanolamine
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