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I Abstract

T he plant-derived cannabinoid A^-Tetrahydrocannabinol, is the predom inant 

psychoactive m oiety o f cannabis and exerts a variety o f psychological and 

physiological effects in hum ans. Previous investigations in this laboratory have shown 

that A®-Tetrahydrocannabinol (5 ^M ) induces apoptosis in cortical neurones via 

signalling through the cannabinoid receptor type 1. The phosphorylation o f the tum our 

suppressor protein, p53 at serine residue 15 is a critical step in stabilising p53 and 

prom oting p53-induced apoptosis. I report that A^-Tetrahydrocannabinol activates p53 

by inducing the phosphorylation o f serine residue 15, which was m ediated by the stress 

activated protein kinase, c-jun N term inal kinase 1. Furtherm ore, A®- 

Tetrahydrocannabinol induced the translocation o f phosphorylated-p53“ '''  ̂ to the 

lysosomal m em brane; an event that coincided with A®-Tetrahydrocannabinol-induced 

lysosomal m em brane destabilisation. A’-Tetrahydrocannabinol also induced the 

selective translocation o f cathepsin-D , a lysosom al protease which was required for A^- 

T etrahydrocannabinol-induced caspase-3 activation and DNA fragm entation. Depleting 

neurones of p53 using small interfering RNA inhibited A^-Tetrahydrocannabinol- 

induced lysosomal m em brane destabilisation and DNA fragm entation, indicating that 

p53 signalling is pivotal in A®-Tetrahydrocannabinol-induced lysosomal branch of 

neuronal apoptosis. Additional evidence for the proclivity o f A®-Tetrahydrocannabinol 

to regulate p53 signalling was dem onstrated by the alterations observed in the p53 post 

translational m odifying proteins, m urine double minute 2 and small ubiquitin m odifier 

1. The observed changes in these p53 regulatory proteins could potentially increase the 

activity o f p53, thus prom oting A®-Tetrahydrocannabinol-induced p53-dependent 

neuronal apoptosis. I also present evidence that the endocannabinoids, anandam ide (20 

|xM) and 2-arachidonoylglycerol (20 [xM) have the proclivity to induce neuronal 

apoptosis in vitro, involving sim ilar m echanism s to those activated by A®- 

Tetrahydrocannabinol. Conversely, a low concentration of 2-arachidonoylglycerol (0.01 

^.M) provided neuroprotection against glutam ate-induced excitotoxicity. These results 

indicate that endocannabinoids have pleiotropic effects in cultured cortical neurones 

and can exert both neurotoxic and neuroprotective effects. This thesis also shows that



there is an inter-relationship between neuronal maturity and A’-Tetrahydrocannabinol in 

vivo neurotoxicity. Briefly, A’-Tetrahydrocannabinol (1 mg/Kg) induced the release of 

cathepsin-D from the lysosomes, caspase-3 activation and DNA fragmentation in the 

neonatal, but not in the adult, rat cerebral cortex. These results indicate that A®- 

Tetrahydrocannabinol induces a similar neurotoxic response in vivo and can be 

considered to offer a molecular mechanism for the deleterious effect that maternal use 

of cannabis may have on the developing cerebral cortex.
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Chapter 1

Introduction



1.1 Cannabis - a brief history

The hemp plant {cannabis sativa) first characterised by von Linne in 1753, is a 

fast growing annual which has characteristic finely branched leaves with saw tooth 

edges (Clarke, 1981). Cannabis sativa probably originated in Central Asia, however, it 

has been cultivated around the world as a versatile economically beneficial crop 

producing food, medicinal products, canvas fabric and rope (Iversen, 2000; Robinson, 

1996). Currently the plant is thought of mainly in the context of its psychoactive 

properties and is now grown for its A’-Tetrahydrocannabinol content, the main 

psychoactive component of cannabis, and not for its fibre content (Iversen, 2000). The 

psychoactive chemicals are found in most parts of the cannabis plant with the highest 

concentrations found in the sticky resin produced by glands at the base of the fine hairs 

that coat the leaves and particularly the bracts of the female flower head. The seeds 

contain no psychoactive chemicals, but like all seeds they have a high nutritional 

content (Iversen, 2000).

Cannabis preparations have been used for medicinal, recreational and 

ceremonial purposes in many human cultures for thousands of years. It was Napoleon’s 

retreating army that spread the recreational use of cannabis as a psychoactive drug to a 

naive Europe. Although cannabis was cultivated in Europe and America at this time, its 

psychoactive properties were largely unknown, possibly due to the low psychoactive 

chemical properties of plant strains grown for fibre production. The Irishman Sir 

William B. O ’Shaugnessey carried out the first experimental characterisation of the 

drug and advocated the medicinal use of cannabis in Europe. O ’Shaugnessey (1842) 

observed that cannabis was non-toxic, even at high doses and acted as an analgesic, a 

muscle relaxant and an anticonvulsant. The medicinal use of cannabis became popular 

for a time and was used to treat insomnia, neuralgia, migraine and dysmenorrhoea. 

However, the use of cannabis waned due to technical difficulties obtaining consistent 

preparations and the increased availability of opium, which at the time was considered a 

more reliable and effective drug. Whilst the medicinal use of cannabis was not 

sustained, the recreational use of the drug increased during the early 19th Century. 

However, this was confined to a small number of artisans. Authors such as Ludlow 

(T h e  Hasheesh Eater’, 1857), Baudelaire (‘Les Paradis Artificiels’, 1860), and
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Strindberg ( ‘Son of a Servant’, 1909) recounted their experiences with hashish in grand 

literary style and provide descriptive accounts of the subjective effects of cannabis. 

Since the use of cannabis as a recreational drug was increasing steadily, its prohibition 

quickly ensued and was followed by what has been described by some as the 

‘demonisation’ of the drug. During the period between c. 1950 to c. 1970 the medicinal 

use of cannabis was halted and virtually all research interest in the field was terminated 

(Iversen, 2000). Despite this tincture of cannabis remained on the British 

pharmacopoeia until 1973. However, since then there has been advances in several 

fields such as pharmaceutical purification, synthetic chemistry and molecular biology 

which has led to a steady growth in research into this multipurpose plant and the effects 

that its active compounds have on physiological systems.

1.2 Cannabis - current trends

Despite its illegal nature, cannabis is the W orld’s most used recreational drug. 

Since the middle of the 20* Century, cannabis use has become steadily more prevalent 

especially in young people (Ashton, 2001). There is a considerable population, which 

includes 1% of schoolchildren, who smoke cannabis daily or several (5 - 15) times a 

day and who may be chronically intoxicated due to the slow elimination of cannabis 

from the body (Robertson et al., 1996). Throughout Europe, America and Australia 

public debate has centred on the possible legalisation of cannabis use, at least for 

therapeutic purposes. The best evidence on the affects of liberalising cannabis policy 

comes from The Netherlands. To satisfy international treaties, the Dutch law states that 

cannabis is illegal, however, in 1976 The Netherlands formally adopted a policy of non

enforcement of the cannabis laws. Therefore, the cannabis regime in The Netherlands 

lies somewhere between depenalisation of cannabis possession and complete 

legalisation. This harm minimization policy seems to work well with the Dutch 

tradition of “gedoogbeleid” which is the formal, systematic application of discretion 

(MacCoun and Reuter, 1997 and 2001). MacCoun and Reuter also report that it is not 

decriminalisation of cannabis but the legalisation and subsequent commercialisation 

that may be responsible for increases in cannabis use. A cross-sectional comparison of
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all drug use surveys carried out from 1970 to 1996 was carried out by MacCoun and 

Reuter (2001) and has shown that rates (lifetime prevalence) of cannabis use in The 

Netherlands are similar to those in the USA but higher than in neighbouring countries. 

The situation in The Netherlands regarding the ‘gateway’ association, where it is 

believed that the use of cannabis leads to the use of other drugs is less clear. However, a 

regime that tolerates home cultivation of small quantities (as in Alaska and South 

Australia) might be more effective in reducing the ‘gateway’ association than the Dutch 

commercialised supply of cannabis (MacCoun and Reuter, 1997, 2001). The research of 

MacCoun and Reuter, in addition to others in the field highlight the complexities (both 

policy and non-policy based) that are involved in the debate over the legalisation of 

cannabis.

A general population survey commissioned by the National Advisory 

Committee on Drugs (NACD) in The Republic of Ireland made several findings on the 

prevalence rates for the use of key illegal drugs in Irish people aged 1 5 - 64 .  The survey 

found that the use of cannabis was more prevalent in male respondents and also in 

younger respondents. The lifetime prevalence rate for those aged 15 to 34 was 24%, 

which is more than double the rate for those aged 35 to 64, having a prevalence rate of 

just 11%. Males (life time prevalence; 22%) were found to use cannabis more than 

females (12%) and this was found across all age groups. The NACD survey also found 

that 22% of current users have used cannabis on a daily or almost daily basis. This trend 

is more prevalent in males (27%) than in females (11%) and in younger (23%) rather 

than older respondents (21%; NACD, 2004). The use of cannabis by young adults is of 

particular concern due to cannabis being viewed by many as a potential risk factor in 

precipitating the onset of psychosis and schizophrenia in susceptible individuals 

(Emrich et al., 1997; Moore et al., 2007). Cannabis resin incorporated into a cigarette 

was the most commonly used (68%) form of cannabis. Ingesting A®- 

Tetrahydrocannabinol by smoking a cigarette containing cannabis plant material or 

cannabis resin is the most efficient way to administer A’-Tetrahydrocannabinol. 

Another less efficient method of administering A’-Tetrahydrocannabinol is by 

consuming food or alcoholic beverages containing the fat-soluble psychoactive
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compounds of cannabis. The NACD survey found that consumption of cannabis in food 

was higher in females (5%) than in males (3%).

1.3 The effects of cannabis consumption
Many factors impinge on the behavioural effects of cannabis such as the amount 

of active compound in the preparation, route of administration and subject expectations 

(Ameri, 1999). The numerous pharmacological actions of cannabis are complex and 

affect almost every system of the body; they include a unique combination of some 

effects associated with alcohol, tranquillizers, opioids and hallucinogens e.g., an initial 

sense of euphoria followed by a period of sedation (Ashton, 1998). These subjective 

effects of cannabis peaks 20 minutes after smoking and slowly dissipates over 3 - 4  

hours (Chiang and Barnett, 1984). At low doses cannabis produces a mixture of 

stimulatory and depressant effects but at high doses cannabis exerts mainly depressive 

effects. Acute effects of cannabis consumption are associated with impaired functioning 

in a variety of cognitive and performance tasks, including impaired memory, altered 

time sense and decrements in tasks such as reaction time, learning perception, motor co

ordination and attention (Block et a i ,  1992; Chait and Perry, 1994; Heishman et a i ,  

1997; Court, 1998). These effects can persist for up to 24 hours post consumption 

(Heishman et al., 1990; Yesavage et al., 1985). Some of the behavioural effects of 

cannabis have been linked to alterations in the functional activity of the cerebral cortex 

(Jentsch et al., 1997). This is supported by evidence that cannabis exposure causes 

deficits in tasks dependent on working memory (Mathew et al., 1997; Jentsch et al., 

1997).

Cannabis consumption, like alcohol, has been linked to an increased risk of road 

traffic accidents and their co-abuse has been reported to have an additive effect on 

cognitive impairment (O ’Kane et al., 2002; Perez-Reyes et al., 1988; Ramaekers et al., 

2004). Apart from its actions in the CNS cannabis affects many other body systems, 

including the cardiovascular, respiratory, gastro-intestinal, immune, endocrine and 

reproductive systems, all of which may carry health hazards, especially with chronic 

use (Ashton, 1999). The prevalence of recreational cannabis use has increased markedly
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over the past decade; this widespread use carries health risks to the individual and to the 

wider community (Ashton, 1999). However, the use of cannabis to alleviate symptoms 

of AIDS, multiple sclerosis and nausea due to chemotherapy etc., has highlighted the 

potential use of the active compounds in cannabis, termed cannabinoids, in the 

treatment of these conditions. The use of cannabis and synthetic cannabis analogues as 

therapeutic agents requires detailed investigations into the exact physiological effects of 

cannabis.

1.4 A’-Tetrahydrocannabinol

The cannabis plant contains some 400 chemical compounds of which more than 

60 are termed cannabinoids (Ashton, 1999). The main cannabinoids found in the 

cannabis plant are; A^-Tetrahydrocannabinol, A*-Tetrahydrocannabinol, cannabidiol 

(CBD), cannabinol (CBN), A^-Tetrahydrocannabivarin (A^-THCV) amongst many 

other cannabinoid types (Pertwee, 2006). A’-Tetrahydrocannabinol (A®-THC) is the 

main psychoactive component in cannabis although there are other less potent 

psychoactive compounds in cannabis e.g., CBN (Mechoulam and Gaoni 1965; Paton 

and Pertwee, 1972). The structure and stereochemistry of A^-THC was elucidated in 

1964 by Mechoulam and Gaoni (Figure 1.1). At least four molecular moieties of the A’- 

THC structure contribute to its cannabimimetic activity. The phenolic hydroxyl is 

necessary for cannabinoid activity. Increases in side chain length can increase potency. 

The Southern aliphatic hydroxyl and Northern aliphatic hydroxyl both effect activity 

(Mechoulam et al., 1987). A’-THC is an extremely lipophillic molecule and passes the 

blood brain barrier to reach its site of action within seconds of inhaling cannabis smoke 

(Agurell et al., 1986). Being highly fat-soluble, A’-THC accumulates in fatty tissues 

from where it is slowly released back into other body compartments, including the brain 

(Ashton, 1999). Phyto-cannabinoids are differentially distributed within the brain with 

higher concentrations observed in the frontal cerebral cortex, hippocampus and 

cerebellum (Mclsaac et al., 1971). The sequestering of A^-THC in fatty tissues and its 

re-release into the blood stream and the brain accounts for the long tissue half-life of 

A^-THC (Maykut, 1985). The complete elimination of a single dose from the body may
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take up to 30 days. A^-THC and other cannabinoids are metabolised in the liver forming 

more than 20 metabolites some of which are also psychoactive e.g., 11-Hydroxy-A’- 

T etrahydrocannabinol.

The A®-THC content of cannabis varies with the strain of plant used and 

preparation type (Table 1.1). The average A®-THC content in a cannabis cigarette in the 

1970s was 10 mg however a modem cannabis cigarette may contain more than 60 - 150 

mg (Ashton, 1999). In addition, the emergence of more potent genetically engineered 

plant strains infers that modem cannabis may contain even more A’-THC than 

previously observed. Therefore, current cannabis smokers may be exposed to higher A’- 

THC concentrations than smokers in the 1960s and 1970s which may have currently 

unknown consequences. The A^-THC content of cannabis also varies with the 

geographical location of cultivation. Cannabis cultivated in the tropics has a A®-THC to 

cannabidiol (CBD; a non-psychoactive cannabinoid compound) ratio of 10:1, whilst 

plants cultivated in more northern latitudes have less A’-THC to cannabidiol ratio (1:2; 

Clarke, 1981).

Phenolic hydroxyl

CH;

Side chain

Southem aliphatic hydroxyl

Figure 1.1: The key structural elements of A’-THC.

(Adapted from Iversen, 2000).
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Since the elucidation of the structure of A^-THC many hundreds of chemical 

analogues have been synthesised e.g., WIN 55212-2, HU-210, CP 55940 (D ’Ambra et 

al., 1992; Mechoulam et a i ,  1988; Johnson and Melvin, 1987). Development of these 

synthetic cannabinoid analogues has aided the dissection of the molecular actions of 

cannabis. Synthetic cannabinoids may also be utilised as therapeutic remedies for a 

number of pathophysiological conditions such as, Multiple Sclerosis (MS), Alzheim er’s 

and Parkinson’s disease. However, at present, only a few cannabis-based compounds 

are licensed for medicinal use. Dronabinol, the generic name for A’-THC, is mixed with 

sesame oil and is marketed under the name of Marinol®, which is licensed for use as an 

appetite stimulant to counteract AIDS wasting syndrome and as an antiemetic for 

cancer patients undergoing chemotherapy. Nabilone (Cesamet®) is a potent synthetic 

A®-THC analogue, with slightly less undesirable psychoactive effects, is primarily used 

to alleviate nausea and vomiting associated with cancer chemotherapy and also acts as 

an appetite stimulant. Sativex'^“ is another cannabinoid-based medicine containing a 

mixture of A^-THC and cannabidiol, a non-psychoactive phyto-cannabinoid, and is 

prescribed for the symptomatic relief of neuropathic pain in adults with MS. 

Rimonabant (Acomplia®) is a cannabinoid receptor antagonist, which is used as an anti

obesity drug and has shown potential in laboratory trials as a smoking cessation aide.



Preparation

type
Source

Approx. A’-THC 

content

Cannabis

(herbal)

Cigarette of dried leaves/flowers etc., 

from plants cultivated in the 1960s and 

1970s

1 - 3% A’-THC 

(10 mg/cigarette)

Modem cannabis cigarette using more 

potent material or plant strains 

(sinsemilla, skunk, white widow et al.)

6 - 20% A’-THC 

(60 - 150 mg/cigarette)

Cannabis resin 

(Hashish)
Resin secreted in the flower heads 10 - 20% A"-THC

Hashish oil
Product of extraction by organic 

solvents

15 - 30% A"-THC 

(sometimes up to 65%)

Table 1.1; A’-THC concentrations in different preparations of cannabis.

(Adapted from Ashton, 1999).
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1.5 Cannabinoid receptors

The identification of A^-THC was not immediately followed by the full 

understanding of its molecular mechanism of action. Initially, due to the lipophillic 

nature and the central depressant effects of A^-THC, cannabinoids were thought to 

mediate their actions through the disruption of membrane ordering (Paton and Pertwee, 

1972). The revelation of the strict structural requirements for the pharmacological 

activity of A^-THC provided early evidence for the existence of a specific cannabinoid 

receptor. Sensitivity to pertussis toxin (PTX) also provided evidence that A®-THC acts 

through a protein-coupled cannabinoid receptor mechanism (Hewlett et a i ,  1986). 

These speculations were resolved when it was discovered that cannabinoids inhibit the 

enzyme adenylyl cyclase resulting in a decrease in cyclic adenosine monophosphate 

(cAMP), therefore indicating the actions of cannabinoids are mediated through a cell 

surface G protein-coupled receptor (Howlett et ai ,  1989). Profound cAMP inhibition 

by the binding of guanine nucleotides suggested that the cannabinoid receptor is closely 

linked with the second messenger system of which cAMP is an important component 

(Herkenham et a i ,  1990). Advances in synthetic chemistry, pharmacology research and 

molecular biology since the isolation of A’-THC in the 1960s, culminated in the cloning 

of cannabinoid receptors in the early 1990s. To date, only two cannabinoid receptors 

have been cloned, CB, and CBj, although there are other putative cannabinoid receptors 

(Matsuda et a i ,  1990; Munro et a i ,  1993; Mackie and Stella, 2006). Cannabinoid 

receptors consist of an extracellular N-terminal and intracellular C-terminal, intersected 

by a 7 a  helical hydrophobic transrnembrane region. These basic structural features are 

hallmarks of G protein-coupled receptors.

1.5.1 Cannabinoid receptor types

Confirmation of the existence of a specific cannabinoid binding receptor came 

with the cloning in 1990 of the CB, receptor from a rat cerebral cortex cDNA library by 

a probe derived from a member of G protein-coupled receptors (Matsuda et a i ,  1990). 

This was quickly followed by the identification of the human cannabinoid receptor 

homologue (hCB,; Gerard et ai ,  1991). Furthermore, a second human cannabinoid- 

binding receptor, the cannabinoid receptor type 2 (hCB2), was isolated by its homology
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to other G protein-coupled receptors, using a polymerase chain reaction (PCR) assay in 

HL60 promyelocytic leukaemic cells (Munro et a i ,  1993). Rat CBj receptor was cloned 

and characterised from a rat spleen cDNA library by Brown et a i ,  (2002). Despite hCB, 

and hCB2  sharing only 44% overall structural homology (68% homology within the 

transmembrane domains), both receptors demonstrate similar binding affinity for A®- 

THC (Munro et a i ,  1993; Adams and Martin, 1996). There are considerable differences 

in the size of both receptors; CB, has an apparent molecular weight of 64 kDa (after 

post translational modification in the rough endoplasmic reticulum and Golgi), whilst 

the molecular weight of CB2  is c. 40 kDa. This discrepancy is due to CB, possessing a 

large (166 amino acid) extracellular N-terminal domain. Furthermore, altering the N- 

terminal domain of the CB, receptor can lead to increased stability and targeting to the 

cell surface which could possibly be a site suitable for modulation which would 

consequently affect ligand availability and specificity (Andersson et a i ,  2003).

Two splice variants of the hCB, receptor with distinct ligand binding and 

activation properties have been identified, the first isolated from a human lung cDNA  

library deemed hCB,A and a second discovered during cloning of hCB,A (hCB,B; 

Shire et a i ,  1995; Ryberg et a i ,  2005). Single nucleotide polymorphism (SNP) and 

other genetic variations in the human cannabinoid receptor gene (hCNR,) and in other 

endocannabinoid system regulatory genes e.g., FAAH, have been reported to be 

associated with various human disorders (Zhang et al., 2004; Onaivi et a i ,  2002). 

Hoenicka et a i ,  2007, have shown that there is a relationship between the co-morbidity 

of alcoholism and antisocial behaviour with variations found in the 3’UTR of hCNR, 

and the C385A SNP found in FAAH. Russo et a i ,  2007 found that the A3813G SNP in 

hCNR, was significantly associated with increased anthropometric data in two 

independent groups of Caucasian European adult males. Four SNPs in the hCNR, were 

found to modulate striatal responses to facial stimuli, which could implicate that CNRl 

genotype, could affect conditions involving deficits in social reward processing such as 

autism (Chakrabarti et ai ,  2006). Interestingly, SNPs found in the hCNRj gene have 

been identified and are associated with osteoporosis and autoimmunity (Karsak et a i ,  

2005; Sipe et al., 2005).
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Several studies showing unusual pharmacological profiles of cannabinoid 

ligands and receptors have strengthened the hypothesis that there are more 

undiscovered cannabinoid receptors (Fride et a i,  2003, Begg et a i ,  2005, Breivogel et 

al., 2001). Early reports linking the orphan G protein-coupled receptor, GPR55 with 

cannabinoids came from patents and meeting abstracts, which are not subject to the 

peer review process. (Brown and Wise, 2001; Dromota et a i,  2004; Brown et a i,  2005; 

Sjogren et a i, 2005). Recently Ryberg et a i, (2007) have published (in a peer reviewed 

journal) the cloning and sequencing of human, mouse and rat GPR55. Ryberg and co

workers (2007) also reported that the receptor was activated (ECj,, values in the low nM 

concentrations) by several CBj/CBj receptor agonists e.g., A^-THC, HU-210, CP55940, 

ABA, 2-AG and also the CB, selective noladin ether. Future peer reviewed work 

originating from meeting abstracts will with no doubt lead the way to answering the 

unknown aspects of GPR55’s role in cannabinoid pharmacology (reviewed in Pertwee, 

2007).

The abnormal-cannabidiol receptor is another putative novel cannabinoid 

receptor, which has not been characterised molecularly. This G protein-coupled 

receptor is present in the endothelium of the rat mesenteric artery and its activation by 

ligands such as abnormal cannabidiol, anandamide and virodhamine has been shown to 

induce vasorelaxation and the activation of glial cell migration (reviewed in Pertwee, 

2005). The synthetic cannabinoid ligands, CP 55940 and cannabinoid receptor 

antagonists, SR141716A and LY320135 inhibit noradrenaline release in cardiovascular 

synaptic nerve endings via novel pre-synaptic imidazoline-like receptors (Gothert et al., 

1999; Molderings et al., 1999). The activation of peroxisome proliferator-activated 

receptors (PPARs), post-synaptic muscarinic receptors and the adenosine A, receptors 

by cannabinoid ligands and antagonists have also been reported, which may represent 

several new therapeutic avenues for a diverse set of conditions (Burstein, 2005; 

Christopoulos and Wilson, 2001; Savinainen et al., 2003). Furthermore, anandamide 

can act as a conditional activator of Transient receptor potential vanilloid type 1 

(TRPVi) during periods of inflammation where inflammatory mediators convert 

anandamide to a potent activator of TRPV,, which is not observed in the normal 

physiological state (Movsesyan et al., 2004; Singh-Tahim et a i, 2005). Cannabinoid
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receptor hom o- and hetero-dim erisation can also result in alternative cannabinoid  

signalling (W agner-M iller et  a i ,  2002;  M ackie, 2005). So far hetero-dim erisation o f the 

CBi receptor w ith Dj dopam ine, adenosine 5 -H T 2 receptors and the receptor 

tyrosine kinase TrkB have been demonstrated (K eam  et  al. ,  2004; Carriba et  a i ,  2007; 

C heer et  al. ,  1999; Berghuis et al., 2005). G enetic d iversity, such as sp lice variants, 

SN P s, hom o- and hetero-dim erisation o f cannabinoid receptors and the existence o f  

more cannabinoid receptor types and atypical cannabinoid receptor signalling represent 

an exciting area for the m odification o f  cannabinoid signalling.

1.5.2 Cannabinoid receptor distribution

Cannabinoid receptors are am ong the m ost abundant G protein-coupled  

receptors in the brain, with densities similar to levels o f  y-am ino butyric acid (G A B A ) 

receptors and glutam ate-gated ion channels (H ow lett e t  al. ,  2004). The distribution o f  

cannabinoid receptors within the C N S was first described by Herkenham et al., in a 

study using quantitative in vitro receptor autoradiography with tritium labelled CP 

5 5940  as an agonist (Herkenham e t  al. ,  1991, 1990). Figure 1.3 show s that the 

distribution o f  cannabinoid receptors is highly heterogeneous with the highest receptor 

densities (dark areas) present in the basal ganglia, the globus pallidus, the hippocam pus, 

particularly w ithin the dentate gyrus and the m olecular layer o f  the cerebellum . The 

paucity o f  CB, receptors in the brainstem, w hich m ediates respiratory and 

cardiovascular functions, may account for the lack o f  toxicity associated with A^-THC 

and other cannabinoid ligands (Herkenham et a i ,  1991, 1990).

Cannabinoid receptor distribution in the cerebral cortex can be best ascertained 

within the more elaborate human cerebral cortex. The highest densities are found in 

association with the lim bic cortices, with low er lev e ls  w ithin the primary sensory and 

m otor regions, suggesting an important role in m otivational (lim bic) and cognitive  

(association) inform ation processing (G lass e t  al . ,  1997; B iegon  and Kerman, 2001; 

H ow lett et  al. ,  2004). Thus, the effects o f  cannabinoids on m em ory and cognition are 

consistent with receptor localisation in the hippocam pus and cerebral cortex (Adam s 

and Martin, 1996). There is also evidence for the presence o f  cannabinoid receptors in 

regions associated with m ediating the brain reward system  e.g., nucleus accum bens.
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which suggests an association with dopaminergic neurones and the modulation of 

neurotransmission (Katona et al., 2001). Although it has been assumed in the past that 

CB, receptors occur exclusively in the brain, there is also evidence for peripheral 

localisation. Levels comparable with CBj are found in the spleen and tonsils and at very 

low levels in adrenal gland, heart, uterus, ovary, testis and pre-synaptically on 

sympathetic nerve terminals (Galiegue et al., 1995; Gerard et al., 1991; Ishac et al., 

1996). Biegon and Kerman (2001) have found that CB, receptor distribution varies 

during development with a relatively low and regionally selective expression rate in the 

human postnatal brain. Receptor densities in the globus pallidus pars medialis of foetal 

brains were comparable to those observed in adult brains. Lower densities were 

observed in the caudate and putamen. This discrepancy may explain the relatively mild 

and selective nature of postnatal deficits observed in infants exposed to cannabinoids in 

utero (Biegon and Kerman, 2001).

pcet

Figure 1.2: Cannabinoid receptor distribution in the rat brain.

Cb (cerebellum), GP (globus pallidus). Hi (hippocampus), Fr (frontal cortex). 

(Adapted from Herkenham et al., 1991).

Conversely CBj is found mainly in the periphery where it is predominantly 

expressed in the spleen, tonsils and immune cells (Munro et al., 1993; Schatz et al., 

1997; Galiegue et al., 1995). The localisation of CBj in immune tissues is believed to
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be responsible for the immunosuppressive properties o f cannabis (Ameri, 1998; 

Kaminski et al., 1994). CBj receptors are also expressed in the brainstem, which have 

shown to be functionally coupled to the inhibition o f emesis (van Sickle et al., 2005). 

The CBj receptor has also been identified in several areas o f the rat brain such as the 

cerebellum, striatum, amygdala, substatia nigra, cerebral cortex and the periaqueductal 

gray (Gong et al., 2006; Onaivi et al.,  2006). Furthermore, CBj expression has been 

found on neuronal and glial processes in the rat brain (Gong et a i ,  2006). This newly 

identified multifocal expression o f CB 2  suggests that this receptor may play an 

important role in endocannabinoid signalling in the CNS. The CBj receptor is mainly 

confined to glial cells and has been implicated in the control o f  neural survival and can 

mediate neuroprotection through their anti-inflammatory actions (Nunez et al., 2004; 

Femandez-Ruiz et a i ,  2007; Ehrhart et a l ,  2005). In the Alzheimer’s disease (AD) 

brain and in animal models o f AD-like pathology, CBj receptors are up regulated within 

the active microglia present in those brain regions where senile plaques are abundant 

(Benito et a i ,  2003; Ramirez et a i ,  2005). The up regulation o f CBj in such 

pathological situations may be an attempt to reduce neuroinflammation since CB 2  

receptor activation in vitro reduces the production o f pro-inflammatory molecules by 

microglia (Facchinetti et al., 2003). Furthermore, CB 2  receptor ligands are now subject 

to intense investigation due to their potential use as anti-inflammatory mediators in the 

CNS and may alleviate the symptoms o f neurodegenerative diseases (Ashton, 2007).

1.6 Endogenous cannabinoids

The precedent set by morphine and the enkephalines - i.e., that mammalian 

tissues produce endogenous ligands in addition to a specific set o f receptors through 

which they mediate their effects - led the path to the discovery o f cannabinoid receptors 

and their endogenous ligands, the endocannabinoids. Numerous bioactive lipids with 

cannabinoid receptor binding capabilities have been extracted from animal tissues and 

these include: N-arachidonoylethanolamine (anandamide; AEA), 2-

arachidonoylglycerol (2-AG), ether-linked 2-arachidonoylglycerol (noladin ether), and 

virodhamine (Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al., 1995; Hanus

15



et al., 2001; Porter et al, 2002). Additionally the following lipid signalling molecules 

have been identified as having cannabimimetic activities: N-arachidonoyl dopamine, N- 

arachidonoyl glycine, N-arachidonoyl serine, and others among the N-acyl 

ethanolamine and 2-acyl glycerol families (Bisogno et a l, 2000; Sheskin et al., 1997; 

Milman et a i, 2006; for review see Bradshaw, 2007). Both AEA and 2-AG are the so- 

called ‘true’ endogenous cannabinoids as they potently bind and functionally activate 

one or both cannabinoid receptor types (CB, and CBj; see section 1.6). Consequently, 

they are the most characterised endocannabinoids. The cannabinoid signalling system, 

which includes the endogenous ligands and the proteins for their synthesis and 

inactivation, has a role in many physiological systems (Rodriguez de Fonseca et a i, 

2005). Endocannabinoids are critical regulators of early developmental activity and are 

important in CNS circuit development and synaptogenesis (Bernard et al., 2005; 

Harkany et a i, 2007; Berghuis et at., 2007). Furthermore, the endocannabinoid system 

regulates the perception and modulation of pain, food-intake and energy metabolism, 

fear and anxiety, and has a critical role in learning and memory (Rice et a i, 2002; Finn 

et al., 2004; Fagotto and Pasquali, 2006; Balerio et a i, 2006; Chevaleyre et a i, 2006). 

The ability of endocannabinoids to act as retrograde messengers, enabling the 

modulation of neurotransmitter release from afferent pre-synaptic terminals, has been 

shown to play an important role in short-term and long term synaptic plasticity (Wilson 

and Nicoll, 2002). Depolarization-induced suppression of excitation/inhibition (DSE/I) 

brought about by the actions of endocannabinoids is believed to affect memory, 

cognition and pain (Diana and Marty, 2004).

o

....

Anandamide, AEA 2-Arachidonoylglycerol, 2-AG

Noladin ether Virodhamine

Figure 1.3: Chemical structures of the endocannabinoids

(Adapted from Bisogno et al., 2005).
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1.6.1 Anandamide

The name anandamide comes from the Sanskrit word for ‘internal bliss’ and 

amide the designation for the chemical bonding that distinguishes anandamide from the 

exogenous cannabinoid receptor agonists (Ameri, 1998). Anandamide (AEA) was 

isolated from porcine brain extracts by Devane et a l ,  in 1992 and was the first 

endocannabinoid to be discovered. AEA is the amide between arachidonic acid and 

ethanolamine and displays properties expected of an endogenous cannabinoid e.g., 

competes for cannabinoid receptor binding, suppresses the electrically induced twitch 

response of mouse vas deferens, and induces hypothermia, analgesia, and inhibits long 

term potentiation (Bisogno et al., 2005; Devane et al., 1992; Terranova et al., 1995). 

These effects occur rapidly but have a short duration of action due to the rapid 

enzymatic degradation and are 4 - 20 fold less potent than A®-THC in producing these 

pharmacological effects. AEA has shown to be widely distributed in the brain and the 

periphery with the highest levels correlating with areas of high cannabinoid receptor 

density e.g., cerebellum and spleen (Felder et al., 1996, 1993a). Small amounts are also 

found in the heart, thalamus and skin, with only trace levels detected in serum and 

cerebrospinal fluid. In the brain AEA levels are in the order of pmol/g tissue, which is 

comparable to other neurotransmitters such as dopamine and serotonin, but are 10-fold 

lower than those for GABA and glutamate (Sugiura et al., 2002; Ameri, 1998). AEA 

displays pharmacological and biochemical properties of a cannabinoid agonist for both 

cannabinoid receptor types however, the significant levels of AEA found in the heart 

and thalamus, known for their paucity of CB,/2 expression, may suggest that a novel 

cannabinoid receptor type could exist for AEA (Felder et al., 1993).

Biochemical assays show that AEA has definite cannabimimetic effects. The 

binding of AEA to cannabinoid receptors causes the inhibition of andenylyl cyclase 

(AC) in both neuroblastoma cells and Chinese hamster ovary (CHO) cells with a 

maximal inhibition of AC lower than that evoked by synthetic cannabinoid agonists, 

indicating a lower efficacy of AEA (Felder et a l ,  1995, 1993b; Vogel et al., 1993). 

Furthermore, AEA inhibits N-type calcium currents although with less efficacy than Â - 

THC or the synthetic cannabinoid WIN 55212-2. AEA also inhibits L-type Câ '̂  

channels as a result of its conversion to arachidonic acid (Mackie et al., 1993; Shimasue
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et al., 1996). The above studies suggest that AEA displays the properties of a partial 

CB, receptor agonist, the consequence of which is a lower magnitude of effect, even at 

saturating concentrations (Mackie et al., 1993). It has been shown that AEA produces 

effects which are not mediated by cannabinoid receptors e.g., the induction of neuronal 

apoptosis independent of cannabinoid, NMDA and TRPV1 receptors, NF-KB inhibition 

and the allosteric modulation of glycine receptors (Movsesyan et al., 2004; Sancho et 

al., 2003; Hejazi et al., 2006; for review see Maccarrone and Finazzi-Agro, 2003). 

Furthermore, AEA inhibits gap-junction conductance in striatal astrocytes, which may 

infer that AEA has a role in the control of intercellular communications by regulating 

gap-junction permeability (Venance et al., 1995).

Soon after the discovery of AEA, enzymatic pathways responsible for its 

biosynthesis and degradation were elucidated. The generation of AEA in response to a 

stimulant was first described by Di Marzo et al., (1994) in rat brain neurones stimulated 

with ionomycin. Stimulation of cells with various agents causes the generation of AEA 

such as, A’-THC-stimulated N18TG2 cells, lipopolysaccaride (LPS)-stimulated 

RAW264.7 mouse macrophages and in the simultaneous activation of the NMDA and 

acetylcholine receptor in rat cortical neurones (Burstein and Hunter, 1995; 

Pestonjamasp and Burstein, 1998; Stella and Piomelli, 2001). There are currently 2 

pathways, which have been proposed to be the major route for the synthesis of AEA. 

Firstly, synthesis from free arachidonic acid and ethanolamine by fatty acid amide 

hydrolase (FAAH) acting in reverse was first described by Deutsch and Chin, 1993. 

However, several factors question the involvement of this pathway in the physiological 

generation of AEA e.g., differences in the fatty acid profile of the N-acyl moiety of N- 

acylethanolamine compared to the free fatty acids in the same tissues and the amount of 

substrates which would be required are not observed in tissue (Sugiura, 2007). 

Secondly, synthesis from its pre-existing membrane precursor, N-arachidonoyl 

phosphatidylethanolamine (NAPE) by a (NAPE)-specific phospholipase D (NAPE- 

PLD) has also been reported by Schmid et al., in 1996. Another AEA synthetic pathway 

was observed in macrophages exposed to the bacterial endotoxin LPS by Liu and 

colleagues (2006). This pathway involves the synthesis of AEA from NAPE through 

the actions of phospholipase C and a tyrosine phosphatase, PTPN22. In addition, AEA
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can also be synthesised by the actions of alpha/beta-hydrolase-4 on NArPE, forming 

glycerol-phospho-AEA, which can then be converted to AEA by an as yet unknown 

phosphodiesterase (Simon and Cravatt, 2006). The existence of these alternative 

biosynthetic pathways may indicate that the specific route of AEA synthesis may 

depend on the type of cells and stimuli involved.

The cellular uptake and degradation of AEA is also a matter of controversy at 

present. Facilitated transport, FAAH gated passive diffusion and intracellular 

sequestration have all been proposed (Di Marzo et ai, 1994; Deutsch et ai, 2001; 

Hillard and Jarrahian, 2000). However, it is presently thought that in general AEA is 

inactivated through cellular reuptake and enzymatic degradation mechanisms, involving 

at least two enzymes, fatty acid amide hydrolase (FAAH) and the unidentified putative 

AEA protein transporter (AMT; Starowicz et ai, 2007). FAAH is a widely distributed 

membrane-bound serine hydrolase and was cloned from rat liver plasma membranes in 

1996 (Tsou et ai, 1998; Hillard et ai, 1995; Ueda et ai, 1995; Cravatt et ai, 1996). 

The post-synaptic location of FAAH indicates that degradation of AEA is mainly a 

post-synaptic process (Starowicz et ai, 2007). FAAH can also limit the ability of AEA 

to act on its intracellular target, TRPV,, this coupled with a strong colocalisation 

between the two, strongly supports the idea that AEA is a true endovanilloid (De 

Petrocellis et ai, 2001; Starowicz et ai, 2007; Cristino et ai, 2006). In contrast to 

FAAH, the existence of a putative protein transporter for AEA, the AMT, is still a 

matter of great controversy and debate. Although AEA can passively diffuse through 

lipid membranes, an accelerated diffusion has been observed in neurones and glia, 

indicating that there are additional unidentified facilitators for AEA transport across 

membranes (Di Marzo et ai, 1994; Beltramo et ai, 1997; Hillard et ai, 1997). It has 

been suggested that the most likely scenario for AEA transport occurs through multiple 

pathways involving passive diffusion aided by specific membrane proteins (Ehehalt et 

ai, 2006; Fowler and Thors, 2007).
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Figure 1.4: The key metabolic enzymes involved in anandamide synthesis and

degradation.

A fatty arachidonic acid chain is transferred by N-acyltyltransferase (NAT) from phospholipids 
such as, phosphoglycerides (PG) and phosphatidylethanolamine (PE) to form N- 
arachidonylethanolamine (N-ArPE; red arrows). This intermediate is then hydrolysed by 
phospholipase D (PLD) to yield anandamide (AEA) and phosphatidic acid (PA). In addition, 
alternative pathways for AEA formation from N-ArPE are shown. The energy-independent 
condensation of ethanolamine (EA) and arachidonic acid (AA) by the reverse action of fatty acid 
amide hydrolase (FAAH) has also been postulated (green arrow). Another alternative pathway 
which involves the conversion of NAPE into 2-lysol-NAPEs by the action of secretory 
phospholipase Aj (sPLAj) which is then converted to N-acyl-ethanolmides (including AEA) by a 
selective lyso-PLD (navy arrows). Recent studeies have suggested parallel pathways for AEA 
synthesis, where AEA is generated from NAPE in a two-step process involving various enzymes 
(purple and yellow arrows). Degradation pathways (pink arrows), AEA is rapidly cleaved by 
FA AH to yield A A and EA. Alternatively, lipoxygenases (LOXs) and cyclooxygenase-2 (COX-2) 
can metabolise AEA, generating hydroxyl derivatives of AEA (HAEAs) and prostaglandin- 
ethanolamides (PG-EAs), respectively.
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In 1995, 2 separate laboratories independently discovered the arachidonic acid 

derivative, 2-arachidonoylglycerol (2-AG; Mechoulam et al., 1995; Sugiura et al., 

1995). Bisogno et al., (1997) demonstrated the generation of 2-AG as an endogenous 

cannabinoid receptor ligand in N18TG2 cells stimulated with ionomycin. 2-AG 

generation was also shown to occur in both electrically stimulated rat hippocampal 

slices and in ionomycin-stimulated neurones (Stella et a i ,  1997). The presence of Câ "̂ , 

NMDA, ethanol, and LPS can stimulate the production of 2-AG (Kondo et al., 1998; 

Stella and Piomelli 2001; Basavarajappa et al., 2000; Di Marzo et al., 1999). Levels of 

2-AG in the rat brain are in the order of nmol/g tissue, which is significantly more than 

those observed for AEA (Sugiura et a i ,  1995). 2-AG induces cannabimimetic actions 

such as binding to cannabinoid receptors, inhibition of adenylyl cyclase and the twitch 

response in murine vas deferens, hypothermia and analgesia (Mechoulam et a i ,  1995). 

2-AG inhibits voltage gated Câ "̂  channels, depolarisation induced Câ '" influx and 

neurotransmitter release, and activates inwardly rectifying K'" channels (Oz et a i ,  2004; 

Sugiura et a i ,  1996; D ’Amico et al., 2004; Guo et a i ,  2004). Signalling proteins such 

as p42/p44 mitogen-activating protein (MAP) kinase, p38 MAP kinase and c-jun N- 

terminal kinase (JNK) are activated by 2-AG (Kobayashi et al., 2001; Derkinderen et 

a i,  2001a; Rueda et al., 2000).

Akin to the synthesis of AEA, there are also multiple pathways for the 

generation of 2-AG. Synthesis of 2-AG most commonly occurs as a result of the 

hydrolysis of phosphatidylinositol (PI) involving the enzymatic actions of 

phospholipase C (PLC) and diacylglycerol lipase (DAGL) or the actions of 

phospholipase A, (PLA,) and PLC (Sugiura et a i,  2006). However, other biosynthetic 

pathways have been postulated to occur in discrete areas of the brain e.g., Tsutsumi and 

colleagues (1994), have identified a distinct lyso Pl-specific phospholipase C (PLC*) 

which is only active in synaptosomes (also Oka et al., 2007). Nakane et a i ,  (2002) have 

shown that in rat brain homogenate 2-AG is synthesised from 2-arachidonoyl 

lysophosphaticdic acid (LPA) by the actions of a phosphatase and suggest that LPA 

may act as a substrate for the generation of 2-AG during certain conditions in the brain. 

Experiments performed by Sugiura and co-workers (2007) have suggested that the 

mechanism responsible for the generation of 2-AG in the brain differs from that
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occurring in inflamed tissues. They argue that it is unlikely that inositol phospholipids 

act as the sole source of 2-AG, and so, other phospholipids e.g., phosphatidic acid (PA) 

also act as precursors for the generation of 2-AG during periods of inflammation 

(Sugiura, 2007).

2-AG uptake is a saturable process, independent of Na^* and energy, which is 

sensitive to inhibition of FAAH with AM 404 (Beltramo and Piomelli, 2000). Bisogno 

et a i, (2001) demonstrated that 2-AG uptake was inhibited in rat C6 glioma cells by 

AM 404 and linvanil. Hajos et a i, have also described a temperature and AM 404 

sensitive mechanism for 2-AG uptake in rat hippocampal and primary cultured cortical 

neurones (Hajos et a i, 2004). Interestingly, Hajos and colleagues also demonstrated 

that AEA prevented the uptake of 2-AG. Some investigators have interpreted these 

attributes as evidence for the existence of a transporter for endocannabinoids, namely 

the putative AEA membrane transporter (AMT). However, such a transporter has not 

been definitively characterised and so more research is needed to identify the uptake 

mechanism of endocannabinoids. If such transporter(s) exist, they potentially represent 

a unique point of control, which can be targeted by drugs designed to augment 

endocannabinoid signalling.

Researchers have focussed on FAAH and Monoacylglycerol lipase (MGL) as 

enzymes, which rapidly hydrolyse 2-AG to yield arachidonic acid and glycerol in many 

cell types. Goparaju et a i, (1999) demonstrated that 2-AG was hydrolysed by MGL- 

like activity in the cytosol and particulate fractions of the porcine brain. Dinh et al., 

cloned MGL from a rat brain cDNA library, in 2002. In addition, FAAH can also 

hydrolyse 2-AG to arachidonic acid and glycerol (Di Marzo et a i, 1998a; Goparaju et 

ai, 1998). Increased levels of 2-AG in mice repeatedly treated with FAAH inhibitors 

have been reported, however, levels of 2-AG were unchanged in FAAH'’ mice 

compared to FAAH"'''" mice (de Lago et ai, 2005; Pacher et al., 2005). Gulyas et al., 

2004 have shown that FAAH and MGL have different loci in the hippocampus, 

cerebellum and amygdala. Interestingly MGL is expressed in pre-synaptic terminals and 

inhibiting its actions has been shown to enhance retrograde signalling from pyramidal 

neurones to GABAergic terminals in the rat hippocampus (Gulyas et al., 2004; Dinh et 

ai, 2002). This has prompted the suggestion that MGL activity is more prevalent than
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FAAH activity in the brain (Dinh et a i ,  2002; Jhaveri et al., 2006). 2-AG also acts as a 

substrate for COX-2 and lipoxygenases (LOXs) in vitro (Kozak and Marnett, 2002). 

The resultant oxygenated derivatives of 2-AG are metabolically stable with long tissue 

half-lives and have diverse biological activities such as, the mobilisation of Ca^ ,̂ 

PPAR-a activation and the ability to act as a pro-drug which can be transferred to a 

remote tissue where it is metabolised by a resident hydrolase to release bioactive 

eicosanoids (Kozak et al., 2002; Nirodi et al., 2004; Kozak et al., 2002; Kozak and 

Marnett, 2002).
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Figure 1.5: The key metabolic enzymes involved in 2-arachidonoylglyceroI

synthesis and degradation.

2-A G  can be form ed from  arachidonic acid (A A )-contain ing m em brane phospholipids trough the action 
o f phospholipase C  (PLC) and diacylglycerol lipase (D A G L) or through the actions o f phospholipase A , 
(PL A ,) and a lyso-specific phospholipase C  (PLC *; red arrow s). A nother synthetic and degradative 
pathw ay fo r 2-A G  involves the actions o f m onoacyl glycerol kinase (M A G K ) and of an as yet 
unidentified phosphatase on 2-arachidonoyl lysophosphatidic acid (L PA ; purple arrow s). Phosphatidic 
acid (PA ) and phosphatidylcholine (PC) can also be used to form  2-A G  indicating that several o ther types 
o f diacyl g lycerophospholipids other than inositol phospholipids serve as a precursor m olecules in the 
synthesis o f 2-AG. M onoacyl glycerol lipase (M A G L) is the m ost ubiquitous m echanism  fo r 2-A G  
degradation. In addition. FA A H  can also degrade 2-A G  generating AA and glycerol. T he enzym atic 
oxengenation of 2-A G  is an additional catabolic pathw ay fo r 2-A G  and results in the generation o f PG H j 
glycerol esters (PG -G ) and o ther oxygenated derivatives.
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1.7 Cannabinoid signal transduction mechanisms

Cannabinoid receptors couple to multiple signal transduction pathways 

including G protein-coupling, andenylyl cyclase (AC), mitogen-activated protein 

(MAP) kinase, ion channels, intracellular Câ '̂  concentration and other signalling 

systems. Most cannabinoid effects are sensitive to pertusis toxin (PTX) implicating 

cannabinoid receptor coupling to a protein (Demuth et al., 2006). The proximal 

intracellular C-terminal domain of the cannabinoid receptor is critical for G protein 

coupling and the distal C-terminal domain modulates the magnitude and kinetics of 

signal transduction (Nie and Lewis, 2001). There is also evidence that CB, receptors 

can couple to G„s leading to the stimulation rather than the inhibition of AC (Jarrahian 

et a i,  2004). The PTX-sensitive inhibition of AC by micromolar concentrations of A -̂ 

THC in neuroblastoma cells was the first characterised CB, receptor signal transduction 

response (Howlett and Fleming, 1984, Howlett et a i,  1986). The functional inhibition 

of AC leads to a reduction in cytosolic cAMP levels, which causes the inactivation of 

protein kinase A (PKA) phosphorylation pathway. Cannabinoid-mediated inhibition of 

cAMP has been demonstrated in slices of rat hippocampus, striatum, cerebral cortex 

and cerebellum (Bidaut-Russell et a i,  1990). Modulation of the intracellular cAMP 

concentration and PKA phosphorylation, can result in major changes in cellular activity 

such the expression of synaptic plasticity-related genes such as extracellular signal 

regulated kinase (ERK) and focal adhesion kinase (FAK; Derkinderen et ai,  2003, 

2001b, 1996). The MAP kinase pathway is a key signalling mechanism that regulates 

many cellular functions such as cell growth, transformation and apoptosis via the 

phosphorylation of various cytoplasmic and nuclear substrate proteins. CB, receptor 

activation by the synthetic cannabinoids, CP 55940 and HU-210 have been shown to 

link positively to p42/p44 MAP kinase and ERK, in CHO and human astrocytoma cells 

respectively (Bouaboula et al., 1995, Galve-Roperh et a i,  2002). In vivo acute 

administration of A^-THC induces a progressive and transient activation of MAP kinase 

and ERK in rat dorsal striatum and nucleus accumbens and also in murine 

hippocampus, and cerebellum (Valjent et a i,  2001; Derkinderen et a i,  2003a; Rubino 

et al., 2004). AEA and 2-AG have also been shown to stimulate p38 MAP kinase in rat 

and murine hippocampus (Derkinderen et a i,  2001). The exact mechanisms for the
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induction of MAP kinase by CB, receptors have not been fully elucidated, but 

cannabinoid receptors are not believed to act as tyrosine kinase-coupled receptors as the 

structure of CB, receptors and their sensitivity to PTX makes this unlikely (Demuth et 

a i,  2006). Increased glucose and phospholipid metabolism and glycogen synthesis 

through the activation of MAP kinase by A’-THC and HU-210 has been reported in 

primary rat astrocyte cultures (Sanchez et a i, 1998). This effect has been proposed to 

involve the activation of phosphoinositol 3 kinase (PI3K) or the release of ceramide. 

Bouaboula et al., have demonstrated that activation of the CB, and the CBj receptor 

induces the activation of MAP kinase which leads to a dose- and time-dependent 

increase in the expression of the immediate early gene krox-24 in the U373 human 

astrocytoma cell line and the HL60 human promyelocytic leukaemia cell line, and CHO 

cells (Bouaboula et a i,  1996; Bouaboula et a i,  1995). In mouse hippocampus, A^-THC 

induces the expression of krox-24, brain derived neurotrophin factor (BDNF) and c-Fos 

protein also in a MAP kinase dependant manner (Derkinderen et a i, 2003). BDNF and 

krox-24 are known to be important for synaptic plasticity suggesting that gene 

regulation by MAP kinase is an important physiological mechanism by which 

cannabinoids can modulate synaptic plasticity (Demuth et a i,  2006). AEA has been 

shown to increase c-Fos protein and down regulate Trk nerve growth factor receptors in 

the rat brain (Patel et a i,  1998; Melck et a i, 2000).

Cannabinoids modulate voltage-dependant ion channels (inhibition of primarily 

N- and P/Q-type Ca^”*̂ channels and the activation of inwardly-rectifying and A-type 

channels) mediated through the interaction of G protein Py subunits with ion channels 

(Mackie et a i,  1993, Hampson et al., 1998, Deadwyler et al., 1995). However, 

inhibition of K'", M and K currents has also been reported (Schweitzer, 2000; Hampson 

et a l,  2000). Furthermore, there is evidence that cannabinoids modulate ion-channel 

function directly e.g., on TASK-1 channels (Maingret et al., 2001). The modulation of 

voltage-dependent ion channels is thought to underlie the cannabinoid-induced 

depression of synaptic transmission in the brain and, in turn, reduce both excitatory and 

inhibitory neurotransmitter release (Nicholson et al., 2003). Ca^  ̂ concentration is 

increased by 2-AG and WIN 55212-2 in NO 108-15 cells in a PTX and SR 141716A- 

sensitive manner, a PLC inhibitor blocked this response suggesting an IPj-mediated
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release o f Câ '" from internal stores (Sugiura et al., 1996). Methanandamide, WIN  

55212-2 and H U-210 have all shown the ability to enhance Câ '" release from IP3- 

sensitive stores in response to depolarisation induced by high K"’ or NM DA receptor 

stimulation (Netzeband et a i ,  1999).

A number o f investigations have demonstrated that cannabinoids can modulate 

the activity o f other receptor types, which produces unorthodox cannabinoid signal 

transduction pathways. It is conceivable that some effects o f cannabinoids, which are 

insensitive to cannabinoid receptor antagonism, may occur via synergistic receptor 

interaction (Demuth et al., 2006). Pharmacological interactions between the 

cannabinoid and the opioid systems have been suggested, mainly concerning 

antinociception, hypothermia and hypotension (Bloom and D ewey, 1978; Lee et al., 

2006a). Smith et al., (1998) found that subcutaneous administration o f A^-THC 

enhanced the antinociceptive potency o f the opioid agonist morphine in the mouse tail- 

flick test. Maione et a i ,  (2006) found that FAAH inhibition and 2-AG induced TRPV,- 

mediated analgesia in a descending pain pathway in rodents. Other cannabinoid 

receptor-independent signal transduction pathways exist such as the inhibition of 

serotonin 5 -HT3 receptors, nACh receptors and the activation o f NM DA receptors 

(Godlewski et al., 2003; Oz et al., 2004; Hampson et al., 1998).

1.8 Apoptosis

The term apoptosis describes a process characterised by distinct morphological 

changes such as condensation and cleavage o f DNA into oligonucleosomal fragments, 

shrinkage o f cytoplasm, membrane blebbing and packaging o f cellular contents into 

membrane bound apoptotic bodies for deletion by phagocytic cells. Another feature o f  

the apoptotic process is the presentation o f epitopes such as the expression o f cell 

surface death receptors and the loss o f phosphatidylserine asymmetry in the plasma 

membrane which marks the cell as a phagocytic target. In contrast to necrosis, apoptosis 

is an ordered process that does not trigger a pronounced inflammatory response, due in 

part to the maintenance o f an intact plasma membrane (Blatt and Click, 2001). To bring 

about the destruction o f a cell apoptosis relies on the strict regulation o f biochemical
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events such as intracellular signal transduction, ordered enzyme cascades and gene 

transcription (Kerr, 2002; see Figure 1.6). Apoptosis is most commonly identified using 

methods that detect modulations in these key biochemical events. Apoptosis is the pre

eminent form of pathophysiological cell death, whilst necrosis is relevant only in 

circumstances of gross injury such as blunt trauma, toxin exposure or loss of blood 

supply (Raffray and Cohen, 1997; Blatt and Click, 2001). This theory can be expanded 

to regard apoptosis as an ordered gradual response to a specific message received from 

intracellular or extracellular signalling and necrosis as a non-specialised immediate 

response to a major non-specific injury (Wyllie et al., 1987; Raffray and Cohen, 1997).

1.8.1 Neuronal apoptosis
The death of unnecessary cells by apoptosis is a common feature of normal 

embryonic nervous system development and continues on into late adulthood. 

Disruption of this developmental apoptosis can lead to changes in neural stein cell 

proliferation rates and the balance between neurogenesis and gliogenesis, which can 

manifest as a multitude of neurocognitive and physical impairments (Boya and De Le 

Rosa, 2006). Approximately 50% of the total number of neurones formed die by 

apoptosis during normal foetal development in rats, mice and humans (Lo et al., 1995). 

There is evidence that surviving post-mitotic neurones hold the apoptotic death program 

at a relatively high state of readiness during post-developmental life due to their limited 

capacity for self-renewal and repair (Wyllie et al., 1987; Morrison et al., 2003). Neural 

progenitor cells rely on a supply of information from neurotrophins and a number of 

other intermediary mediators such as cell-cell contacts and intercellular communication 

to modulate anti-apoptotic and pro-apoptotic signals. Integration of these mediators 

allows the control of cell lineage, location and fate of neural progenitors. Neurotrophin 

interaction with receptor tyrosine kinases provides survival signals, as well as 

promoting differentiation and neurite extension e.g., nerve growth factor, brain derived 

neurotrophic factor (BDNF), and neurotrophins 3 and 4/5. Disturbance or modulation of 

this information supply can produce apoptosis by default and is observed in many 

pathological conditions (Raffray and Cohen, 1997). In several mouse model of 

Alzheim er’s disease neurogenesis is reduced and factors that enhance neurogenesis e.g.,
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up regulated BDNF can enhance neurogenesis and may improve animal performance in 

cognitive tasks (Dong et a i ,  2004; Lee et a i ,  2000). Therefore targeting neurogenesis is 

receiving interest as a means to mitigate the symptoms of AD. In this regard it is 

notable that the cannabinoid system also regulates neurogenesis and has been reported 

to govern TrkB receptor-dependent signalling pathways to modulate selective 

intemeuronal migration and specification during embryonic neurogenesis (Berghuis et 

a i, 2005; Galve-Roperh et a i,  2007). Furthermore, it is unlikely that apoptosis 

proceeds in a linear cascade of events in complex neuronal network systems. Rather it 

is more likely that neuronal cell death proceeds via multiple intricately connected 

pathways, which culminate in the physical destruction and deletion of cells with out 

negatively impacting on the surrounding cells.

1.8.2 Caspase signalling

Despite the diversity in pro-apoptotic signalling cascades, most cell death 

pathways ultimately converge with the activation of caspascs (Blatt and Click, 2001). 

Caspases are specialised proteases that are essential for the physical execution of 

apoptosis. The role of caspases in apoptosis first became evident when a cell death- 

related gene, ced-3, which is essential for apoptosis in Caenorhabditis elegans, was 

found to be homologous to the mammalian caspases (Yuan et a i, 1993). They are 

distinct from other proteases due to their requirement for a cysteine residue for catalysis 

and an aspartic acid residue for specificity. Caspases are synthesised as a single 

polypeptide chain, which must undergo cleavage and dimerisation for full enzymatic 

activity (Eamshaw et a i,  1999; Krammer, 1999). There are at least 14 different 

caspases identified in mammalian tissues (Nunez et al., 1998). Most caspases can be 

grouped into 3 different categories based on substrate specificity. Croup I, caspases 

involved in inflammatory processes (caspases 1, 4 and 5), group II, signalling caspases 

since they can activate other caspases initiating an activation cascade (caspases 6, 8, 9 

and 10), group III, effector caspases since activation of these lead to cell death 

(caspases 2, 3, and 7; Carcia-Calvo et a i, 1998; Casciola-Rosen et a i, 1996). Caspases 

are responsible for cleaving numerous cellular targets, including structural elements, 

nuclear proteins and signalling proteins e.g., actin, DNA repair enzymes and
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phospholipase A (Krammer, 1999). Apoptosis is usually accompanied by the activation 

of caspase-3, which is one of the most extensively studied caspase (Janicke et a l ,  

1998). In healthy cells, including neurones, caspase-3 exists as a pro-enzyme (32 kDa) 

and is processed upon cell stress by caspase-9 to an active heterodimeric form (17 kDa 

and 12 kDa; Slee et al., 1999). The most common mechanism of caspase-3 activation 

involves the release of cytochrome-c from the mitochondria into the cytosol (Reed, 

1997). In the cytosol, cytochrome-c can activate Apaf-1, which oligomerises to form a 

caspase activating complex known as the Apaf-1 apoptosome. The initiator protein 

caspase-9 is then recruited to the Apaf-1 apoptosome to form a holoenzyme complex, 

which then activates pro-caspase-3 (Cain, 2003; Figure 1.6). However, there are many 

more mechanisms, which activate caspase-3. The ligation of Fas-associated death 

domain (FADD) leads to the activation of caspase-8, which can cleave pro-caspase-3 to 

its active form (Schmitz et al., 2000). Additionally, the lysosomal proteases cathepsin-L 

and cathepsin-D and the serine protease granzyme B, can directly cleave caspase-3 to 

its heterodimeric active form (Ishisaka et al., 1999; Kagedal et al., 2001a; Heinrich et 

al., 2004; Lord et al., 2003). Once activated, caspase-3 is capable of autocatalysis as 

well as regulating other signalling proteins such as, PKC6, MEKK and the 

mitochondrial associated proteins Bclj and Bax (Datta et al., 1996; Shiah et al., 2001). 

Once activated, caspase-3 is directly involved in the sustained induction of DNA 

damage and the disruption of DNA repair mechanisms, such as the inactivation of poly 

(ADP-ribose) polymerase (PAR?), which culminate in the rapid and irreversible 

distruction of the cell (Janicke et al., 1998; Decker and Muller, 2002).

1.8.3 Involvement of lysosomal signalling in apoptosis

Death domains, caspases and mitochondria have been the major focus of 

apoptosis research. However, other cellular components have recently been implicated 

in apoptotic signalling, such as the lysosomes (Brunk et al., 2001). Lysosomes are small 

highly acidic membrane-bound organelles containing many proteolytic enzymes and are 

the main site for the intracellular degradation of long-lived proteins (Dunn, 1994). 

Lysosomes also function in digestion of cell waste, tissue remodelling, lysis of invaders 

and the autolytic replenishment of amino acids and glucose which are needed for de
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novo protein synthesis (Yamashima et al., 1998). Considering the many functions of 

lysosomes it is not surprising that more than 80 hydrolytic enzymes are found in 

lysosomes e.g., amylases, lipases and proteases (Ditaranto-Desimone, 2003; Adler et 

ai, 1989). The acidic pH of the lysosomes is maintained by the activity of a H-ATPase 

pump in the lysosomal membrane which pumps ions from the cytosol to the interior 

of the lysosome (Geisow, 1982). In addition to maintaining normal cytosolic pH, 

lysosomes also function as intracellular Ca"’ regulators (He et ai, 2002). Several other 

highly glycosylated proteins are present on the lysosomal membrane e.g., lysosomal 

associated membrane proteins (LAMPs), lysosomal integral membrane proteins 

(LIMPs) and lysosomal acid phosphatase (LAP). These proteins have multiple 

functions such as, retention of degradative enzymes, maintenance of the acidic 

environment and some yet to be identified functions.

De Duve (1970) was the first to link lysosomal membrane disruption and 

leakage of its degradative enzymes with cell death. Until recently lysosomes have been 

associated predominantly with necrotic cell death rather than with apoptosis. There are 

several reasons to link lysosomes directly to the initiation of apoptosis. Research using 

lysosomotropic detergents and other lysosomal damaging agents has reported apoptotic 

cell morphology and a number of other hallmarks of apoptosis (Wilson et a i, 1987; 

Zdolsek et a i, 1993a; Brunk et a i, 2001b). Indeed, Brunk et al., (2001a) suggest that 

lysosomal rupture, even partial lysosomal membrane destabilisation, might be an early 

event in apoptosis upstream from the loss of mitochondrial membrane potential. 

Lysosomal membrane destabilisation (LMD; Figure 1.6) can be induced by a multitude 

of initiating factors including the production of ROS, sphingosine, the action of 

phospholipase Aj, depletion of lysosomal associated heat shock protein-70 (HSP70), 

induction of p53 mediated apoptosis and the association of Bax with the lysosomal 

membrane (Zdolsek et a i, 1993b; Kagedal et al., 2001b; Zhao et al., 2001; Nylandsted 

et al., 2004; Yuan et a i, 2002; Kagedal et a i, 2005). LMD can cause the release of 

ROS and lysosomal proteases such as cathepsins into the cytosol (Chwieralski et a l, 

2006). Cathepsins are proteases, which under physiological conditions are localised 

intralysosomally. In response to certain signals, cathepsins can be released from the 

lysosomes into the cytosol where they have been shown to trigger apoptotic cell death
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via numerous pathways (Chwieralski et at., 2006). Cathepsins have an optimal activity 

at acidic pH, however, recent studies have demonstrated that cathepsins can function at 

neutral pH for up to several hours (Turk et al., 1993). Furthermore, Beaujouin and co

workers observed no differences in the ability of catalytically active or inactive 

cathepsin-D to induce apoptosis (Beaujouin et al., 2006). This indicates that the 

presence of cathepsin-D in the cytosol alone is enough to trigger apoptosis. Laurent- 

Matha et al., (2005) have shown that cathepsin-D is necessary for invasive fibroblast 

growth, a process that was independent of cathepsin-D proteolytic activity. Cathepsins, 

amongst other lysosomal enzymes, can act on the mitochondria, promoting release of 

cytochrome-c and ROS in addition to the activation of caspase-3 (Johansson et al., 

2003a; Zhao et al., 2003; Ishisaka et al., 1999; see Figure 1.6). Findings from Yuan et 

al., (2002) indicate that p53-induced apoptosis involves a lysosomal-mitochondrial 

pathway in which early lysosomal destabilisation plays an initiating role upstream of 

mitochondrial dysfunction. It appears that lysosomal signalling functions in apoptosis 

via multiple molecular pathways, which often integrate with traditional mediators of 

apoptosis e.g., mitochondrial membrane destabilisation and caspase activation.
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1.9 Spleen tyrosine kinase (SyK)
Spleen tyrosine kinase (SyK ) is a m em ber o f  an autonom ous fam ily o f  non

receptor tyrosine kinases, which contain tw o adjacent Src h om ology 2 (S H 2 ) dom ains 

and a kinase dom ain but unlike Src-fam ily kinases, SyK  lacks an SH 3  dom ain (Sada et  

al.,  2001). Other m embers include zeta activating protein (Z A P )-70, the Src fam ily and 

the T ec fam ily (Turner et  al.,  2000). A ctivation o f SyK  occurs through the binding o f  

tandem SHj dom ains to im m unoreceptor tyrosine-based activation m otifs (ITAM s). 

SyK  is sim ilar to JNK as it activates certain pathways by phosphorylation in addition to 

autophosphorylation. A ctivated SyK  is critical for the phosphorylation o f  tyrosine 

residues in m ultiple proteins involved in the regulation o f  important pathways leading 

from  a receptor, such as Câ '̂  m obilisation and M APK  cascades (Coopm an and M ueller, 

2006). SyK  w as first recognised as a 40  kDa proteolytic fragment derived from a p72 

tyrosine kinase present in spleen, thym us and lung (Z ioncheck et  al. ,  1988). The SyK  

gene was first cloned from porcine spleen and encodes a 72 kDa protein, which is 

highly susceptible to proteolysis (Taniguchi e t  al. ,  1991). Until recently SyK  has almost 

exclu sively  been studied in haem atopoietic cells such B and T lym phocytes, natural 

killer ce lls, mast ce lls, m acrophages and platelets (Coopm an and M ueller, 2006). SyK  

functions in the downstream  signalling o f  activated im m unoreceptors containing  

ITA M s e.g. ,  B cell receptors (BCR) and T cell receptors (TCR). O nce activated SyK  

can initiate the phosphorylation o f  specific  enzym e substrates and adapter proteins 

w hich play a role in co-ordinating a series o f  cellular responses such as, proliferation, 

differentiation and phagocytosis (Coopm an and M ueller, 2006; Yanagi et  al.,  2001). It 

is interesting to note that SyK  expression negatively  affects cell activities such as 3-D  

cell outgrowth, migration, tumour m etastasis and proliferation potential, and the 

secretion o f  m any chemoattractant factors (Coopm an et  al. ,  2000; M ahabeleshwar and 

Kundu, 2003; H oeller et  al.,  2005; Li et  al.,  2005). Furthermore, SyK  is recruited to the 

brain scaffold  protein, Tam alin, w hich form s a multi protein assem bly including  

m etabotropic glutam ate receptors and other post-synaptic proteins (H irose e t  al.,  2004). 

SyK  is also expressed in human primary Fc receptor activated m icroglia and has been  

im plicated in neurone-like differentiation, ERK activation and supernumerary neurite 

form ation in P 19 ce lls  (Song e t  al.,  2004; Tsujimura et  al.,  2001). Interestingly, SyK
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activation has been shown to be responsible for lysosomal changes in BCR-induced cell 

death involving fusion of BCR carrying endosomes to lysosomes (He et ai,  2005).

1.10 Tumour suppressor protein 53 (p53)

Tumour suppressor protein 53 (p53) is a transcription factor that has a critical 

role in preventing uncontrolled cell division. The p53 protein can activate stress- 

mediated C l cell-cycle arrest to facilitate DNA repair, or if this is impossible p53 

promotes cell death (Levine, 1997). This is dependent on the type of cell and the nature 

of the stimulus incurred by the cell (Evan and Littlewood, 1998). The p53 protein is 

short lived with a half-life of only 10 - 30 minutes and is constitutively expressed at low 

levels in most cell types including neurones (Culmsee and Mattson, 2005). However, 

upon activation by cell stress stimuli, p53 becomes activated which enables its 

accumulation and prolongs its half-life. Various stress stimuli can lead to the activation 

of p53 e.g., cytotoxic drugs, heat shock, ionising radiation, cellular Câ '̂  overload, 

hypoxia and oxidative stress (Blatt and Click, 2001). The pro-apoptotic actions of p53 

are largely mediated through the transactivation of specific target genes, blocking the 

expression of selected genes, interference with other transcription factors or through 

other transcription independent pathways (Culmsee and Mattson, 2005). p53 acts as a 

sequence-specific activator of ' protein, which blocks cell proliferation by

regulating cyclin-dependent kinases (Zbmig et a i,  2001). The pro-apoptotic Bax 

protein is transcriptionally induced by p53 after DNA damage and can mediate cell 

death by inserting itself into the outer mitochondrial membrane (OMM; Miyashita and 

Reed, 1995). The insertion of Bax causes the disruption of the OMM and release of 

mitochondrial contents such as cytochrome-c, Smac/Diablo, endonuclease C, Htr2/0mi 

and apoptosis-inducing factor (AIF), which leads to the activation of pro-apoptotic 

signalling cascades (Le Bras et a i,  2006; Saelens et a i,  2004). However, in Bax ' mice 

the pro-apoptotic p53 function is not affected, signifying that there are alternative 

scenarios for p53-mediated cell death (Moroy and Zomig, 1996). Indeed, p53 is known 

to activate the transcription of the Fas receptor (CD95), c-fos, BH3-only protein PUMA 

and Noxa, and p53-regulated apoptosis-inducing protein 1 (p53AIP,), all of which
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prime the cell for apoptosis (Bennett et al., 1998; Elkeles et a i ,  1999; Jeffers et a i ,  

2003; Oda et a i ,  2000; Wesierska-Gadek et a i ,  2005). In response to ROS production, 

p53 can block the Nrf2-induced activation of antioxidant genes such as those 

responsible for generation and metabolism of glutathione (Faraonio et al., 2006). 

Conversely, p53 can also induce apoptosis independent of transcriptional regulation 

e.g., by direct signalling at the mitochondria and lysosomes, direct protein-protein 

interactions and increased cell surface redistribution of cell death receptors (Marchenko 

et al., 2000; Yuan et a i ,  2002; Chipuk and Green, 2003; Bennett et a i ,  1998). The 

pleotropic nature of p53-mediated apoptosis signifies the importance of this protein in 

apoptotic signalling. The final route by which apoptosis is mediated by p53 most likely 

depends on the cell type and the nature of death stimulus received (Zomig et al., 2001).

1.10.1 Post translational modiflcation of p53

Due to the critical nature of the p53 protein in deciding cell fate, it is not 

surprising that p53 activity is a highly regulated protein. Regulation of p53 occurs at 

many levels e.g., control of mRNA levels (transcriptional), alterations in p53 protein 

half-life and functional activity, and post translational modifications. Regulation by 

post translational modification allows different cell types to rapidly activate a unique 

set of responses to diverse cell stress stimuli (for reviews see Lavin and Gueven, 2006; 

Giaccia and Kastan, 1998). Post translational modifications by phosphorylation, 

acetylation, methylation and ubiquitination are carried out mainly in the N- and C- 

termini by a number of proteins e.g., JNK has been shown to induce the activation of 

p53 by phosphorylation at serine 15 in the N-terminal as a result of treatment with 

glutamate, A’-THC and by blocking NF-KB activity (Chen et al., 2003; Downer et al., 

2007a; Zerbini et al., 2005). Furthermore, phosphorylation of p53 on serine 15 in 

response to genotoxic stress has been shown to reduce the ability of p53 to bind to its 

negative regulator Mdm2, thus leading to an accumulation of active p53 (Shieh et al., 

1997; Banin et a i ,  1998). In addition, serine residues 20, 33 and 46 are phosphorylated 

and serine residues 376 and 378 undergo dephosphorylation in response to cell stress 

(Lavin and Gueven, 2006). Once phosphorylated, the stability of the p53 protein is 

increased, allowing it to act as a transcription factor to up regulate many p53 responsive
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genes e.g., Mdm2 and the pro-apoptotic Bcl-2 family member, Bax. Transactivation of 

pro-apoptotic genes, such as Bax, leads to further down stream signalling which 

culminates in the activation of proteins responsible for initiating the physical 

destruction of the cell.

Alterations in proteins which bind post translationally to p53 can also have an 

effect not only on p53 activity but also its degradation, its cellular location, its homo- 

dimerisation potential and its sequence-specific DNA binding ability. Degradation of 

p53 is regulated by the interaction with the Murine double minute protein (Mdm2). 

Mdm2 functions both as an ubiquitin ligase, to label p53 for degradation at the 

proteosome and as a post translational modifier that blocks the p53 transactivation 

domain, thus making interaction with p53 target genes impossible (Ashcroft et al., 

2000; Oren, 1999; Momand et al., 2000). Apoptosis-inducing signals readily induce the 

stabilisation of the p53 protein, which results in an accumulation of the activated 

protein in stressed cells. Stabilisation is likely to reflect mechanisms that allow p53 to 

become resistant to M dm2-mediated degradation (Ashcroft et al., 2000). In vitro studies 

using DNA-damaging agents have shown that phosphorylation within the N-terminus 

of p53, particularly at serines 15, 20 and 37, causes a reduction in the interaction 

between p53 and Mdm2 (Shieh et al., 1997; Unger et al., 1999). However, the 

observation that a phosphorylation deficient p53 mutant can still be stabilised in 

response to DNA-damaging agents suggests that there are phosphorylation-independent 

pathways leading to the stabilisation of p53 (Blattner et al., 1999). In order to 

transactivate its target genes, p53 must be translocated to the nucleus. A number of 

protein modifiers can bind to p53 and affect its cellular location e.g., association with 

Mdm2 causes translocation from the nucleus to the cytosol and association with Bax 

induces translocation to the mitochondria (Roth et al., 1998; Chipuk et al., 2003). 

Association with the small ubiquitin-related modifier (SUMO) protein has also been 

shown to affect the transactivation potential of p53 (Gostissa et al., 1999; Rodriguez et 

al., 1999). Interestingly, the modulation of p53 by SUMO can decrease the strength of 

the interaction between p53 and Mdm2, thus promoting its nuclear export (Carter et al., 

2007).
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Figure 1.7: Post translational modiHcations to p53.
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1.10.2 Modiflcation of p53 with Small ubiquitin-related modifier 

(SUMO)

Small Ubiquitin-related MOdifier (SUMO) is a member of the ubiquitin-related 

protein family, which consists of NeddS and A pgl2  among others. These proteins are 

highly conserved, found in all eukaryotes, are essential for viability and are implicated 

in a large number of processes including nuclear transport, cell cycle control, DNA 

repair, signal transduction and regulation of ubiquitin-dependent degradation (Matunis 

et al., 1996; Johnson and Blobel, 1999; Hardeland et al., 2002; Rui et a i, 2002; 

Desterro et al., 1998). Mammalian cells contain at least 3 genes encoding 3 distinct and 

ubiquitously expressed SUMO proteins (SUMO-1, -2 -3) which share varying degrees 

of similarity with each other, SUMO-2 and -3 being the most similar sharing 87% 

sequence identity with each other compared to only 47% for SUMO-1 (Melchior, 

2000). Despite sharing only 18% sequence similarity, the folded structure of the C- 

terminal domain of SUMOs are virtually super imposable to ubiquitin except the 

presence of a N-terminal extension on SUMO (Bayer et al., 1998; Vijay-Kumar et al., 

1987). Ubiquitin is a low molecular weight protein, which is covalently attached to 

substrate proteins by a 3-step multi-enzyme pathway. Labelling a protein with ubiquitin 

targets the protein for degradation via the proteosome. The reversible covalent 

attachment of SUMO to a specific lysine residue (positioned in the consensus sequence 

ijjKXE) of the substrate protein is controlled by an enzyme pathway analogous to the 

ubiquitin pathway (Johnson, 2004). SUMOylation involves a SUMO E l activating 

enzyme (the heterodimer Aosl/Uba2), a SUMO E2 conjugating enzyme (Ubc9) and a 

SUMO E3 ligase, which binds to the substrate protein and Ubc9 and promotes the 

transfer of SUMO to the substrate protein. There are specific isopeptidases called 

SUMO/sentrin-specific proteases (SENPs), which remove SUMO from proteins, thus 

making the modification reversible whilst also providing a source of free unconjugated 

SUMO. SENPs also act as C-terminal hydrolases by processing the immature form of 

SUMO to its mature form, which exposes the di-glycine motif that is necessary for 

conjugation to the substrate protein (Melchior and Hengst, 2002; Matunis et a i ,  1996, 

Hoege et al., 2002). In contrast to ubiquitination, SUMOylation does not label proteins 

for degradation but rather effects the proteins molecular interactions (Melchior, 2000;
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Melchior and Hengst, 2002). SUMOylation of a protein appears to alter the proteins 

interactions with other macromolecules e.g., interactions with other proteins or DNA. 

SUMOylation often has a positive effect on protein-protein interactions and promotes 

the assembly of several multi-protein complexes that are involved in gene transcription 

(Johnson, 2004). In certain circumstances, the SUMOylation of proteins can also act as 

an antagonist of ubiquitin thus generating a protein that is resistant to degradation 

(Desterro et al., 1998). The post translational modification of a protein by SUMO 

provides a highly diverse set of subtle transient repercussions that seem to be target 

specific.

p53 was one of the first proteins for which SUMOylation was demonstrated, 

however, the physiological relevance of this post translational modification remains 

enigmatic (Melcoir and Hengst, 2002). SUMO-1 binds to the C-terminus of p53 at 

lysine 368, which lies within the SUMO conjugation motif present on p53 (Melcoir and 

Hengst, 2002). Post translational modification of p53 with SUMO-1 has been reported 

to increase the transactivation of p53 responsive genes (Gostissa et al., 1999; Rodriguez 

et al., 1999). These reports, showing a positive effect on p53 activity after 

SUMOylation, utilised reporter assays which relied on the over expression of SUMO-1 

and Ubc9. Since SUMO-1 has a large number of potential targets, over expression of 

SUMO-1 and Ubc9 could potentially influence many events of transcription including 

reporter constructs (Melchoir 2000). Indeed, it has also been shown that SUMOylation 

of p53 has no effect on its transcriptional activity and that the co-expression of p53 and 

SUMO with enzymes that catalyse SUMOylation can repress p53 activity (Kwek et al., 

2001; Schmidt and Muller, 2002). Furthermore, the levels of SUMOylated p53 are 

marginal even with over expression of SUMO-1 and/or Ubc9 (a SUMO E2 enzyme), 

which puts the physiological significance of this modification into question. However, 

the low steady state levels of SUMOylated p53 can be interpreted as the modification 

being a dynamic process necessary for transient interactions or processes, such as, p53 

import or export from the nucleus and the release from protein/protein or protein/DNA 

complexes (Melchoir 2000; Melchoir and Hengst 2002). In addition, Muller and co

workers (2000) found that inhibition of serine/threonine phosphatases dramatically 

reduced the ability of p53 to be SUMOylated suggesting that phosphorylation acts to
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antagonise SUMOylation. Indeed, Lin et a i,  (2004) have shown that the 

phosphorylation of serine 20 in p53 as a consequence of exposure to DNA damaging 

agents strongly reduced the SUMOylation of p53.

1.10.3 Modification of p53 with Murine double minute 2 (Mdm2)

The murine double minute 2 gene is one of three genes (Mdm 1, 2 and 3) 

located in extrachromosomal nuclear bodies called double minutes. The Mdm genes 

were originally found to be over expressed by amplification in the spontaneously 

transformed mouse BALB/c cell line, 3T3-DM (Cahilly-Snyder et a i,  1987; 

Fakharzadeh et a i,  1991). The transformation potential of Mdm2 is as a result of the 

ability of Mdm2 to inhibit p53-mediated transactivation (Momand et a i,  1992). Mdm2 

null mice are early embryonic lethal, dying before implantation, due to the loss of the 

ability to regulate p53 activity since it has been shown that the concomitant deletion of 

p53 reverses this lethality (Jones et a i,  1995; Montes de Oca Luna et a i,  1995). Mdm2 

functions as an ubiquitin ligase enzyme and is the enzyme responsible for the 

monomeric ubiquitination of p53 on multiple lysine residues in addition to self- 

ubiquitination (Lai et a i,  2001; Fang et a i,  2000; Honda and Yasuda, 2000). 

Monomeric ubiquitination is involved in receptor endocytosis, transcription, DNA 

repair and caspase recruitment, while poly ubiquitination is generally involved in 

protein degradation (Lee and Peter, 2003). It is now believed that Mdm2 functions as a 

critical titrator of p53 activity and loss of Mdm2 results in an active p53 (Iwakuma and 

Lozano, 2003). p53 acts as a transcription factor at the Mdm2 gene promoter, thus p53 

transcriptionally up regulates Mdm2 expression. Due to the ability of Mdm2 to inhibit 

p53 activity a negative feedback loop is formed which provides a tight regulatory 

mechanism for controlling the function of p53 in cell cycle progression and apoptosis. 

Several post translational modifications of both p53 and Mdm2 can effect this 

interaction. The phosphorylation of either p53 or Mdm2 by various kinases has been 

shown to weaken the interaction between the two proteins (Unger et a i,  1999; Shieh et 

ai,  1997; Zhang and Prives, 2001). Interestingly Carter et al., (2007) have shown that 

SUMOylation of p53 promotes the detachment of Mdm2 from p53 and that this 

increases its cytosolic degradation or for a cytosol based pro-apoptotic function.
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Furtherm ore, deSU M O ylation o f M dm 2 by the SUM O-specific protease SU SP4 

increased M dm 2 self-ubiquitination resulting in p53 stabilisation (Lee et al., 2006b).

1.10.4 p53 and neuronal apoptosis

D egeneration and death o f specific populations o f neurones has been im plicated 

in m ediating the sym ptom s associated with conditions such as, Parkinson’s disease 

(PD), A lzheim er’s disease (AD), ischaem ic stroke, traumatic brain injury and 

am yotrophic lateral sclerosis (ALS). Evidence for a pivotal function of p53 in neuronal 

death associated with neurodegenerative diseases, such as those above, is provided by 

data from  in vitro and in vivo  m odels which show increased p53 levels in dying 

neurones (M orrison et al., 2003). Due to their post-m itotic state most neurones have a 

lim ited repair and self-renewal capacity, hence p53 activation in neurones is associated 

with an apoptotic rather than a repair and recovery fate (Raffray and Cohen, 2001). In 

many types o f post-m itotic neurones, p53 may m ediate apoptosis induced by a range of 

insults including DNA dam age, hypoxia, withdrawal of trophic support, hypoglycaem ia 

and oxidative stress (M orrison et al., 2003; Johansson et al., 2003b). In vivo  studies 

have dem onstrated that treatm ent with NM DA, the NM DA agonist quinolinic acid, and 

kanic acid all induce p53-dependant excitotoxic neuronal death (Li et al., 2002; Qin et 

al., 1999; Nakai et al., 2000). In addition, we have shown that p53 is activated in 

neurones exposed to A p and A’-THC in vitro  (Fogarty et a i ,  2003; D ow ner et al., 

2007a). Furtherm ore, increased p53 im m unoreactivity is associated with m any in vivo 

animal m odels of epilepsy, AD and PD (Tan et al., 2002; De La M onte et al., 2007; 

Bretaud et al., 2007). In addition, the inhibition of p53 e.g., by pharm acological 

inhibition or down regulation by siRN A or antisense can protect neurones against the 

excitotoxic insults, w hich is a com m on feature of neurodegenerative disease (Culm see 

et a i ,  2001; Lakkaraju et al., 2001; X iang et a i ,  1996). Pifithrin-a, a pharm acological 

inhibitor o f p53 is neuroprotective in both progressive neuronal death and excitotoxic 

neuronal death associated with chronic neurodegenerative diseases and acute brain 

insults respectively (Duan et al., 2002; Leker et al., 2004). W ork carried out by 

Culm see (2003) and Zhu (2002) and their co-workers, have dem onstrated in m odels o f 

stroke and brain traum a, that p ifith rin -a  treatm ent preserves brain function in a
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clinically relevant therapeutic time window i.e., post insult. Additionally depletion of 

the p53 protein with siRNA prevents apoptosis induced by A®-THC in cultured cortical 

neurones (Downer et al., 2007a). Surprisingly, in addition to its role in neuronal 

apoptosis, p53 is also involved in neurite outgrowth and axonal regeneration, a process 

which involves the post translational acetylation of p53 at lysine 320 and 

transactivation of Coronin lb and Rab 13 genes which are proteins required for neurite 

outgrowth (Di Giovanni et al., 2006). Furthermore, p53 induced by MEKK-JNK 

signalling is essential for developmental neurone death (Aloyz et al., 1998). Overall, 

p53 is modulated in a number of neurodegenerative diseases and in relevant cell culture 

and animal models of neuronal death and neurodegeneration, thus the inhibition of p53 

represents a novel therapeutic strategy with substantial reasoning.

1.13 Cannabinoids and neural cell fate
The ability of cannabinoids to promote both cell death and cell survival in 

parallel is one of the most intriguing aspects of cannabinoid action (Same and Keren, 

2004). This ‘dualism of action’ makes cannabinoids ideal candidate drugs for the 

treatment of brain tumours and the treatment of neurodegenerative diseases. There is a 

large volume of evidence, which indicate that cannabinoids may protect neurones from 

toxic insults both in vitro and in vivo (Marsicano et al., 2002; luvone et al., 2004; 

Panikashvili et al., 2001; Van Der Stelt et a i, 2001). There is mounting in vitro and in 

vivo data to suggest that cannabinoids have neuroprotective effects following brain 

injury (Mechoulam et al., 2002). Indeed, the formation of endocannabinoids is 

enhanced after brain injury and there is evidence that these compounds reduce the 

secondary damage incurred after the initial injury (Hansen et a i ,  2001; Panikashvili et 

a i,  2001). However, cannabinoid-induced neurotoxicity, through the activation of pro- 

apoptotic signalling mechanisms, has been reported in primary neurones and in 

transformed neural cells (Chan et al., 1998; Campbell, 2001; Downer et al., 2007a, 

2003, 2001; Sanchez et al., 1998; Jacobsson et al., 2001; Maccarrone et a i,  2000; 

Sarker and Maruyama, 2003).
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1.13.1 Cannabinoids and neuroprotection

The majority of neurodegenerative diseases are associated with excessive 

glutamatergic transmission, oxidative stress and/or inflammatory changes that lead to 

activation of the apoptotic cascade and subsequent neuronal demise. Cannabinoids 

confer neuroprotection both in vivo and in vitro and in a number of paradigms of 

neurodegeneration (Guzman et a i, 2002). The molecular mechanisms underlying this 

neuroprotection involve both CB receptor-dependent and receptor-independent events. 

In addition, cannabinoids reduce excessive glutamatergic synaptic activity and induce 

anti-oxidant effects during neuronal stress. Endogenous cannabinoids can protect 

cultured cortical neurones from oxygen and glucose deprivation independently of CB[ 

and CBj receptor activation (Nagayama et a i, 1999; Sinor et a i, 2000). A’-THC and 

cannabidiol can both decrease glutamate toxicity in rat cortical neuronal cultures in a 

manner that is not blocked by CB, receptor antagonists (Hampson et a i, 1998b). 

Cannabidiol, as a result of its anti-oxidative and anti-apoptotic properties, also protects 

cultured rat PC I2 cells from toxic P-amyloid-induced neurotoxicity that is independent 

of the CB| receptor (luvone et a i, 2004). In contrast, several reports showing 

cannabinoids to exert their neuroprotective properties via the activation of the CBi 

receptor in mouse spinal neurones, cultured hippocampal neurones and primary 

cerebellar cell cultures (Abood et a i, 2001; Shen and Thayer, 1998; Marisicanno et a i, 

2002). Neuronal damage can increase the production of endocannabinoids and cells 

lacking CB, receptors are more vulnerable to damage (Stella et a i, 1997; Marsicano et 

ai, 2003). These studies indicate that neural cannabinoid tone influences neuronal 

survival and suggest that augmentation of the cannabinoid system may offer protection 

against the deleterious consequences of pathogenic molecules such as A|3, a-synuclein 

and other neurotoxic protein aggregates. The dysregulation of intracellular Câ "" 

homeostasis and excessive activation of the NMDA subtype of glutamate receptor, 

leading to excitotoxicity, are features of neurodegeneration (Smith et al., 2005; 

Sonkusare et al., 2005). Thus, strategies that reduce Câ '̂  influx and limit excitotoxicity 

may confer neuroprotection. The non-psychotrophic cannabinoid, HU-211 can act as a 

stereoselective inhibitor of the NMDA receptor and is reported to protect rat forebrain 

and cortical neuronal cultures from NMDA-induced neurotoxicity via its negative
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affects on the receptor (Nadler et a l,  1993; Eshhar et a i, 1993). Cannabinoids have 

also shown neuroprotective affects during in vivo experiments involving the induction 

of brain damage as a result of ischaemia, injection of ouabain, closed head injury and 

the focal administration of ceramide (Nagayama et a i, 1999; van der Stelt et al., 2001; 

Panikashvili et a i, 2001; Gomez del Pulgar et a i, 2002). A variety of mechanisms have 

been suggested to be responsible for the neuroprotective properties of cannabinoids 

e.g., scavenging of ROS species, inhibition of caspase-3 processing and inhibition of 

voltage sensitive Ca^* channels, which prevents câ "̂  overload in the cell (Hampson et 

a i,  1998b; Marisicanno et a i,  2002; luvone et al., 2004; Shen and Thayer, 1998). 

Taken together, these experimental findings suggest that cannabinoids may have 

potential therapeutic value to reverse cellular changes that contribute to 

neurodegeneration and also to promote brain repair. Cannabinoids are also capable of 

increasing BDNF to confer protection against excitotoxicity (Khaspekov et al., 2004). 

In non-neuronal cells the induction of nerve growth factor is also facilitated by 

cannabinoids, acting through the PI3K/PKB pathway and activation of the CB, receptor 

by the endocannabinoid, 2-AG, can also couple to an axonal growth response, whilst 

CB, receptor antagonists inhibit axonal growth (Sanchez et al., 2003a; Williams et al., 

2003).

Another exciting mechanism that could account for the ability of cannabinoids 

to confer neuroprotection may be related to their regulation of neurogenesis, which can 

take place in the dentate gyrus of the hippocampus and the sub ventricular zone (Grote 

and Hannan, 2007; Galve-Roperh et al., 2007). Adult neurogenesis is defective in mice 

lacking CB, receptors and the synthetic cannabinoid, WIN 55212-2, stimulates adult 

neurogenesis by opposing the anti-neurogenic effect of nitric oxide (NO; Jin et al., 

2004; Kim et al., 2006). Also the CB, agonist HU-210 has anxiolytic and antidepressant 

effects, which may be a functional consequence of enhanced neurogenesis (Jiang et a i, 

2005). CBj receptor activation also stimulates neural progenitor proliferation in vitro 

and in vivo and targeting neurogenesis via the CBj receptor would avoid undesired 

psychoactive side effects (Palazuelos et al., 2006). CBj receptors have been implicated 

in the control of neural survival and are up regulated in inflamed tissue e.g., on the 

active microglia present in those brain regions where senile plaques are present in AD
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brains (Femandez-Ruiz et al., 2007; Benito et al., 2003; Ramirez et a i ,  2005). The up 

regulation of CB2  in such pathological situations may be an attempt to reduce 

neuroinflammation since CBj receptor activation in vitro reduces the microglial 

production of pro-inflammatory molecules (Facchinetti et al., 2003). Such control in the 

production of inflammatory mediators may be due to a direct impact on activity of 

transcription factors, such as NF-KB (Panikashvili et al., 2005; Esposito et a i ,  2006). 

Thus, the neuroprotective mechanisms of cannabinoids are likely to include a down 

regulation in activity of the transcription factors that are pertinent to induction of the 

pro-inflammatory cytokines that serve as key players in neurodegenerative disease, 

whilst also stimulating the production of anti-inflammatory species such as IL-lra 

(Molina-Holgado et a i ,  2003). The manipulation of such inflammatory pathways may 

be exploited for the treatment of neurodegenerative disease such as AD. CB2  agonists 

do offer the advantage of being devoid of psychoactivity, however it is important to 

recognise that they may have other side effects such as immune suppression, which 

would be undesirable in an elderly population (Pertwee, 2005).

It is also worth considering how the aforementioned properties of cannabinoids 

may be beneficial in ameliorating the symptoms of other diseases in which 

neuroinflammation, oxidative stress and neurodegeneration are key features, such as 

MS and Parkinson’s disease. Benito et a i ,  (2007) have reported that components of the 

cannabinoid system are upregulated in MS plaques, suggesting that endocannabinoids 

either have a role in the pathogenesis of MS or may be up regulated as a consequence of 

the pathology. MS is associated with excitotoxicity and neuroinflammation and these 

represent features of the disease that cannabinoids may be able to circumvent (Pitt et 

a i ,  2000; Smith et a i ,  2000; Ziemssen, 2005). In encephalomyelitis virus-induced 

demyelinating disease, an animal model of MS, the mixed cannabinoid agonist HU-210 

reduces axonal damage and improves motor function as a consequence of a 

concomitant activation of the CB, receptor in neurones and CBjin astrocytes (Docagne 

et al., 2007). Other studies in animal models of MS have demonstrated a role for the 

CB2  receptor in enhancing T cell apoptosis and suppressing microglial activation, whilst 

the CB, receptor is associated with neuroprotection (Sanchez et al., 2006; Ehrhart et al., 

2005; Pryce et al, 2007; Mestre et al., 2006). Such neuroprotective and anti-oxidant
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properties of cannabinoids also underlie their ability to reverse the motor deficits in 

animal models of Parkinson’s disease and lend support of a potential role for 

cannabinoid-based therapies to mitigate the symptoms of a range of neurodegenerative 

conditions (Lastres-Becker et al., 2005; Garcia-Arencibia et a i ,  2007).

Thus, the neuroprotective effects of cannabinoids may involve short-term 

adaptation to neuronal stress, such as limiting excitotoxicity as well as longer-term 

adaptations, such as enhancing neurogenesis. W hether these effects will be beneficial in 

the treatment of neurodegeneration in the future is an exciting topic that undoubtedly 

warrants further investigation.

1.13.2 Cannabinoids and neurotoxicity

Although the bulk of experimental evidence indicates that cannabinoids may 

protect neurones from toxic insults, there is increasing evidence from in vitro and in 

vivo studies involving animals and humans that suggests cannabinoids can also have a 

more sinister affect. The following section describes experiments, which demonstrate 

the neurotoxic profile of cannabinoids and highlights the complexities associated with 

cannabinoids and the control of survival/death signals in brain cells.

A®-THC (1 piM) induces apoptosis independent of the CB, receptor in a C6.9 

subclone glioma cell line as determined by DNA fragmentation and loss of plasma 

membrane asymmetry (Sanchez et a i ,  1998). Galve-Roperh et a i ,  (2000) have shown 

this effect in Wistar rats with malignant gliomas, this effect involves sustained ceramide 

production and ERK activation. A^-THC ( 1 - 1 0  //M) induces apoptosis in primary 

hippocampal neurones in a dose dependant manner and involves increased intracellular 

Ca'", generation of free radicals and DNA fragmentation (Chan et al., 1998). 

Furthermore, A®-THC (5 //M) induces apoptosis in cortical neurones via CB, involving 

translocation of cytochrome-c to the cytosol and activation of caspase-3 as well as 

activation of JNK, and p53 stress activated proteins (Campbell, 2001; Downer et al., 

2007a, 2003, 2001). AEA (0.1 - 10 /<M) induces apoptotic body formation and DNA 

fragmentation in CHPlOO neuroblastoma cells via TRPV, (Maccarrone et al., 2000). 

Sarker and colleagues (2000) have also shown AEA (10 f iM)  to induce apoptosis in 

PC 12 cells via superoxide production and caspase-3 activity. Blazquez and co-workers
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(2004) have also shown cytostatic effects in gliomas, involving the SR 141716A- 

sensitive inhibition of pro-tumour angiogenesis vascular endothelial growth factor 

(VEGF) signalling, after in vivo and in vitro cannabinoid administration. AEA ( 1 0 - 5 0  

|xM) induced apoptosis in primary neuronal cultures via calpain activation, which was 

independent of CB,, CBj, TRPV, and NMDA receptors (Movsesyan et a i ,  2004). 

Unlike AEA, 2-AG does not seem to induce neuronal cell death (Maccarone and 

Finazzi-Agro, 2003). However, one exception has been reported in rat glioma C6 cells, 

where the antiproliferative effect of 2-AG was comparable to that of AEA (Jaccobsson 

et a i ,  2001). Kim et a i ,  (2005) have shown that there is functional cross talk between 

the TRPVi and CB, receptors, at the low micro molar range, in AEA and HU-210 

induced degeneration of mesencephalic dopaminergic neurones both in vivo and in 

vitro.

As mentioned earlier (section 1.1) cannabinoids cause alterations in cognitive 

processes, specifically in learning and memory. These memory effects are thought to be 

due to alterations in synaptic functioning. Indeed, exogenous and endogenous 

cannabinoids have been shown to influence long term potentiation (LTP) via 

depolarisation-induced suppression of inhibition (DSI) and depolarisation-induced 

suppression of excitation (DSE) which in turn effects the release of GABA and 

glutamate (Wilson and Nicoll, 2001 and Diana and Marty, 2004). However, cell death 

in the CNS is also known to cause significant cognitive dysfunction, it is therefore 

conceivable that the effects of cannabis on cognitive processes are attributable to 

cannabinoid-induced neurotoxicity (Raffray and Cohen, 1997; Morrison and Hof, 

2007). Indeed, chronic exposure to A’-THC produces morphological changes in brain 

structures that are indicative of toxicity, such as decreased mean neuronal volume and 

synaptic density in the hippocampal CA3 region, dendritic degradation in CAl of the 

hippocampus and retraction from pyramidal cells (Scallet et al., 1987, 1991; Lawston et 

a i ,  2000). Furthermore, some authors have suggested exposure to ultra-low levels of 

A^-THC (0.001 mg/Kg) produces cognitive impairment (Same and Keren, 2004). This 

hypothesis has recently been demonstrated in vivo and has been attributed to the 

opposing effects that low and high doses of A^-THC has on Ca '̂" entry to the cell; high 

doses inducing the inhibition of Ca^”" entry, therefore providing neuroprotection and low
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doses potentiating the entry of Ca^* into cells consequently leading to neurotoxicity 

(Tselnicker et al., 2007). Conversely, no histopathological alterations in the brain were 

found in rats treated orally with up to 50 mg/Kg/day A^-THC for 2 years and in rats 

treated with 1 mg/Kg/day A®-THC intracranially for 7 days (Chan et al., 1996; Galve- 

Roperh et al., 2000).

Recently, functional magnetic resonance imaging (fMRI) has demonstrated a 

reduction in white matter in the left parietal lobe and reduced grey matter in the 

parahippocampal gyrus in a group of heavy cannabis users (Matochik et al., 2005). 

Reductions in frontal white matter have also been reported in a group of poly-substance 

drug abusers (Schlaepfer et al., 2006). These studies did not identify any mechanisms 

responsible for the structural changes, however, neurotoxicity was alluded to e.g., 

inhibition of myelination. These studies were carried out on heavy cannabis and poly

substance abusers and so must be interpreted with caution since a fMRI study has 

shown that frequent users of cannabis can compensate for subtle cognitive deficits by 

using larger or additional brain areas which questions the physiological relevance of the 

changes in brain parameters observed in other studies (Jager et al., 2006; Kanayama et 

al., 2004). Furthermore, Tzilos and colleagues (2005) have found that cannabis does not 

cause any changes in hippocampal morphology in a group of long-term cannabis users.

Overall, the neurotoxic and neuroprotective effects of cannabinoids are likely to 

depend on a variety of influences such as the nature of the insult, the cell type, the stage 

of development and the particular type of cannabinoid under investigation amongst 

many other influences. Whilst the effect of chronic cannabis use on neuronal viability 

remains to be fully resolved, it is evident that both synthetic and endogenous 

cannabinoids have the proclivity to confer neuroprotection against a range of insults 

that are pertinent in excitoxicity, neuroinflammation, oxidative damage and other 

pathology associated with neurodegenerative diseases, such as Alzheim er’s, Parkinsons 

and Multiple sclerosis. Future therapeutic strategies to ameliorate the symptoms of 

neurodegenerative diseases may target the endocannabinoid system, hence the 

possibility of cannabinoids possessing neurotoxic properties requires an urgent review 

of these opposing properties.
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1.14 Aims
The main aims of this thesis were:

■ To delineate the biochemical pathways induced by A®-THC in cerebral cortical 

neurones which results in the demise of neurones.

■ To further examine the role of p53 and its interacting proteins in the A’-THC- 

signalling cascade in cultured cortical neurones.

■ To establish whether A’-THC impacts on the lysosomal system and if so to 

elucidate the underlying mechanisms by which lysosomes participate in the 

apoptotic pathway induced by A’-THC.

■ To investigate the proclivity of the endocannabinoids, anandamide and 2- 

arachidonoylglycerol to induce apoptosis in cultured cortical neurones.

■ To ascertain if the in vivo apoptotic actions of A^-THC on the rat cerebral cortex 

are reliant on age.
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Chapter 2

Materials and methods



2.1 Cell culture

2.1.1 Aseptic technique
Successful cell culture relies on the maintenance of a sterile work environment 

and the practice of good anti-microbial technique. These principles prevent microbial 

infection of areas that are in contact with the cell culture. The following aseptic 

procedures were strictly adhered to for all cell culture procedures.

2.1.2 Sterilisation of glassware, plastics and dissection instruments

All glassware, pipette tips, double de-ionised water (ddHjO) and microfuge 

tubes (Sarstedt, Leister, UK) were sealed with autoclave tape (Sigma-Aldrich, Dorset, 

UK), and autoclaved at for 30 minutes with 30 psi pressure (Systec 3850 MIV,

Unitech, Dublin, Ireland) before being doused in 70% alcohol and placed in a laminar 

flow hood (Astec-Microflow laminar flow workstation, Florida, USA). Prior to use, all 

dissection instruments were sonicated (VWR International) for 5 minutes, and oven 

baked (Sanyo-Gallenkamp Hotbox Oven, Model #OHG050, Loughborough, UK) at 

200°C overnight, to ensure sterility.

2.1.3 Sterility of work environment

All cell culture work was carried out in a laminar flow hood (Astec-Microflow 

laminar flow workstation, Florida, USA). The sterile environment in the flow hood is 

maintained by the downward flow of air filtered through HEPA (high efficiency 

particle air) filters at the top of the flow hood. This constant airflow creates a barrier in 

front of the open portion of the hood, thus preventing the entry of external airborne 

contaminants into the laminar flow hood. These filters were allowed to run for a 

minimum of 15 minutes prior to starting any cell manipulations. Before use, the laminar 

flow hood was doused in 70% ethanol, and accessible areas were wiped down. 

Disposable latex powder-free gloves (sprayed with 70% ethanol) were worn at all 

times, and changed at regular intervals to avoid contamination. Whilst cell 

manipulations were carried out in the laminar flow hood, movements were kept to a
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minimum in order to prevent fluctuations in the protective air barrier at the front of the 

hood. After each day the hood was exposed to ultraviolet (UV) light overnight. All 

bench areas were wiped down with 70% ethanol before and after any cell manipulations 

were performed. The entire culture room suite was thoroughly cleaned every week, and 

the whole room exposed to an overhead source of UV light, for a minimum of 24 hours.

2.1.4 Reagents and medium formulation
All supplements (Glutamax, Invitrogen, Paisley, UK) were sterile filtered into 

plain, unsupplemented media, using 0.2 nm  cellulose acetate syringe filters (Pall 

Corporation, Michigan, USA) attached to a sterile syringe (B.Braun Medical Ltd., 

Melsungen, Germany). Neurobasal medium (NBM; Invitrogen, Paisley, UK) 

supplemented with heat inactivated horse serum (10%), penicillin (100 U/ml), 

streptomycin (100 U/ml) and glutamine (2 mM) was only used in the laminar flow 

hood, to ensure sterility. Complete supplemented NBM was used to extinction or was 

disposed of after 2 weeks sterile storage at 4"C.

2.1.5 Waste disposal
All hazardous material (lab plastic, sharps, gloves and carcasses) was separated 

into appropriate UN-approved primary packaging, and sent to the hazardous material 

facility (Trinity College Dublin) where it was disposed of in accordance with Irish and 

EU legislative requirements.

2.2 Primary culture of cerebral cortical neurones

The culture of primary cortical neurones is an in vitro technique, which requires 

dissection of the brain, removal of the cerebral cortex and dissociation of the cortical 

tissue to obtain a population of cerebral cortical neurones. Primary neuronal cell 

cultures are regarded as superior to cell line models as they represent a non-transformed 

unaltered genotype and hence have a more faithful phenotype.
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2.2.1 Preparation of sterile coverslips
To ensure sterility, 13 mm diameter glass coverslips (VWR International, 

Leuven, Belgium) were soaked in 70% ethanol, with constant rotation at 4°C, for 24 

hours, followed by an overnight exposure to UV light in the laminar flow hood. On the 

day of neuronal preparation the sterilized coverslips were coated with poly-L-lysine (60 

liglmX in sterile ddHjO; Sigma-Aldrich, Dorset UK) in a final volume of 25 ml, for 1 

hour at 37“C to provide a suitable surface to which dissociated neurones would adhere. 

Coated coverslips were then air-dried in the laminar flow hood and placed in sterile 24- 

well plates (Sarstedt, Leister, UK) until required for use.

2.2.2 Animals
Postnatal 1-day old Wistar rats (specified-pathogen free) were bom at the 

BioResources Unit (Trinity College, Dublin 2, Ireland). Parent animals were maintained 

under a 12 hour light/dark cycle at an ambient temperature of 22 - 23“C. On day of 

parturition, pups were removed from the litter cage, and placed in a ventilated box 

containing suitable clean bedding. The animals were then taken to the Trinity College 

Institute of Neuroscience, and kept in the culture room suite until dissection.

2.2.3 Dissection

Primary cerebral cortical neurones were established from postnatal 1-day old 

Wistar rats. Dissection of one rat brain yielded a preparation of a single 24-well plate. 

Rats were decapitated using a large sterile scissors, and the skull exposed by cutting the 

skin in a straight line from the neck to the tip of the nose with a smaller sterile scissors. 

The skull was removed by cutting on either side of it with a small sterile scissors, 

ensuring that the inside point of the scissors remained against the skull at all times. A 

sterile forceps was used to lift back the skull and expose the brain. The cerebral cortices 

were removed with a curved forceps and placed in a sterile Petri dish (Sarstedt, Leister, 

UK) containing sterile Phosphate Buffered Saline (PBS; 100 mM NaCl, 80 mM 

Na2HP0 4 , 20 mM NaH2P0 4 , pH 7.4). Any meninges were carefully removed using a 

fine forceps, and cortices were chopped into 3 - 4 mm pieces with a sterile disposable 

scalpel (Schwann-Mann, Sheffield, UK).
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2.2.4 Dissociation procedure

Cortical tissue w as incubated with 2 ml sterile PBS containing trypsin (0.3%  

(w /v); Sigm a-A ldrich, Dorset, UK) in a hum idified chamber (5% COj; 95% air) for 25 

minutes at 3 T C .  Trypsin digestion o f  connective tissue was fo llow ed  by trituration (x5) 

o f  the d issociated neurones in sterile PBS containing soyabean trypsin inhibitor (0.1%  

(w /v); Sigm a-A ldrich, Dorset, UK ), D N A se (0 .2  m g/m l; Sigm a-A ldrich, Dorset, UK) 

and M gS 0 4  (0.1 M; Sigm a-A ldrich, Dorset, UK ). The cell suspension w as gently  

filtered through a sterile 40 fim nylon mesh filter (Becton D ickonson Labware Europe, 

France) to rem ove tissue clum ps, and centrifuged (M odel 2-16K , Sigm a-A ldrich, 

Dorset, UK ) at 2 000  x g for 3 m inutes at 20°C. The pellet w as resuspended in N B M  

(Invitrogen, Paisley, U K ), supplem ented with heat inactivated horse serum (10% ; G ibco  

BRL, Maryland, U S A ) penicillin (100  U/ml; G ibco BRL, Maryland, U SA ), 

streptom ycin (100 U /m l; G ibco BRL, Maryland, U SA ) and glutam ine (2 mM; 

Glutam ax, G ibco BRL, Maryland, U SA ). B27 (1% (v/v); G ibco BRL, Maryland, U SA ) 

w as also added to N B M  for its neuroprotective antioxidant properties (Huang et  a i ,  

2000).

2.2.5 Plating of resuspended neurones

Resuspended neurones in supplem ented NBM-I-B27 were placed on the centre o f  

each coverslip , at a density o f  0 .25 x 10^, and allow ed to adhere for 2 hours in a 

hum idified incubator containing 5% CO 2 ; 95% air at 37”C (Binder C O 2  incubator, series 

CB, Binder GmbH, Tuttlingen, Germany). C ells were then flooded  with 400  ;<1 o f  pre

warmed supplem ented N B M +B 27. C ells were incubated for 3 days in vitro.  M edia was 

replaced with supplem ented N B M  containing 5 ng/m l cytosine-arabino-furanoside  

(A R A -C ; Sigm a-A ldrich, Dorset, UK ) to prevent proliferation o f  non-neuronal cells  

and maintain the purity o f  the cortical neuronal culture. This ensured that m icroglia and 

astrocyte contam ination was less than 5% in culture preparations. M edia containing  

A R A -C  w as rem oved after 24 hours and replaced with supplem ented N B M  (400  

/^1/well). C ells were grown in culture for up to 5 days post A R A -C  treatment, with 

m edia replaced every 3 days depending on treatment conditions. Cultured neurones 

were monitored daily by light m icroscopy (Nikon TM S, N ikon Instech C o., Ltd.,
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Kanagawa, Japan) to ensure cultures looked healthy, and lacked bacterial or fungal 

infection. Sample images of cultured cortical neurones at the (i) initial stage of plating, 

(ii) 2 days in vitro and (iii) 4 days in vitro are depicted in Figure 2.1.

Figure 2.1 Time-dependent changes in cultured neuronal morphology.
(i) Neurones display rounded cell soma and an absence of neurites 
after initial plating. After 4 days in vitro (iii), cells have developed 
pear-shaped cell bodies and an extensive neurite network, 
representative of a mature neurone. Scale bar is 100 /<m.

2.2.6 Culturing cortical neurones for Acridine Orange uptake 

experiments
Cortical neurones were cultured as in section 2.2.2 - 2.2.5 with the following 

exceptions. Cells were plated at a cell density of 2.1 x 10̂  on sterile, poly-L-lysine 

coated glass-bottomed chambers (Nunc Lab Tek^", Biosciences, Erembodegem, 

Belgium).
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2.3 Cell treatments

2.3.1 A’-Tetrahydrocannabinol (A^-THC)

A®-THC was obtained from Sigma-Aldrich Company Ltd., (Dorset, UK) and 

held under licence (Misuse of drugs act 1977, 1984, Department of Health and Children 

Ireland, licence number 151229-1-2004) in the Trinity College Institute of 

Neuroscience. The drug dissolved in ethanol was stored securely at -20°C as an 80 mM 

stock solution. For culture use, the stock drug was diluted to the final concentration in 

pre-warmed supplemented NBM, and 0.006% ethanol (v/v) was used as a vehicle 

control.

2.3.2 Anandamide (AEA)

Arachidonic acid N-(hydroxyethyl)amide (anandamide; AEA) was obtained 

from Sigma-Aldrich Company Ltd., (Dorset, UK). The drug was dissolved in methanol 

and stored as a 10 mM stock solution at -20“C. For culture use, the stock drug was 

diluted to final concentration in pre-warmed NBM, and 0.02% methanol (v/v) was used 

as a vehicle control.

2.3.3 2-Arachidonoylglycerol (2-AG)

Arachidonoylglycerol (2-AG) was purchased from Sigma-Aldrich Company 

Ltd., (Dorset, UK). The drug was dissolved in acetonitrile solution and stored as a 20 

mM stock solution at -20°C. For culture use, the stock drug was diluted to final 

concentration in pre-warmed NBM, and 0.02% acetonitrile (v/v) was used as a vehicle 

control.

2.3.4 CBj cannabinoid receptor inhibitor

The selective CBj receptor antagonist, N-piperidin-l-yl)-5-(4-idophenyl)-l-(2,4 

dichlorophenyl)-4-methyl-l H-pyrazole-3-carboxamide (AM 251; Gately et a i ,  1996; 

Tocris Cookson Ltd., Bristol, UK) was stored as a 10 mM stock solution in 

dimethylsulfoxide (DMSO; Sigma-Aldrich, Dorset, UK), and diluted to a final
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concentration of 10 piM in warm culture media for addition-to cultures. Neurones were 

pre-incubated with AM 251 for 30 minutes before treating. AM 251 is a structural 

analogue of SR 141716A, a compound considered to be the prototypical CB, antagonist 

(Rinaldi-Carmona et a i,  1994). It is a selective, high-affinity inhibitor, and has a 306- 

fold selectivity for the CB, over the CBj receptor (Lan et a i,  1999).

2.3.5 p53 inhibitor

The p53 inhibitor, pifithrin-a (pif-a; Calbiochem International, Darmstadt, 

Germany) was made up as a stock solution of 1 mM in DMSO, and was used at a final 

concentration of 100 nM. Cells were exposed to the p53 inhibitor for 60 minutes prior 

to drug treatment. This inhibitor is a cell permeable, highly lipophillic molecule that 

efficiently inhibits the transactivation of p53-responsive genes and reversibly blocks 

p53-mediated apoptosis (Culmsee et ai,  2001).

2.3.6 Cathepsin-L inhibitor

Cathepsin-L inhibitor, 1-Z-FF-FMK (CLi; Calbiochem, Nottingham, UK) was 

made up as a stock solution of 20 mM stock solution in DMSO, and was diluted in pre

warmed NBM to a final concentration of 10 /<M. Cells were exposed to CLi for 30 

minutes prior to drug treatment. This inhibitor is a cell-permeable, potent and 

irreversible inhibitor of cathepsin-L (Ravanko et ai, 2004).

2.3.7 Cathepsin-D inhibitor

The cathepsin-D inhibitor octapeptide, H-Gly-Glu-Gly-Phe-Leu-Gly-D-Phe- 

Leu-OH (CDi; Bachem, Merseyside, UK) is a competitive inhibitor of cathepsin-D 

(Gubensek ai,  1976). CDi was stored at -20"C as a 5 mM stock solution in DMSO, and 

used at a final concentration of 10 |aM. Cells were pre-treated with CDi for 30 minutes 

before cannabinoid drug treatment.
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2.3.8 JNKl inhibitor

The JNKl inhibitor, D-JNK-1, (JNKi) was obtained from Alexis Biochemicals 

(Lausanne, Switzerland) as a 1 mM stock dissolved in sterile PBS and was stored at - 

20°C. The stock was diluted in pre-warmed NBM to a final concentration of 10 /<M. 

Cells were exposed to JNKi for 30 minutes prior to drug treatment. JNKi is a protease 

resistant peptide, which inhibits the interaction between JNKl, and its substrates 

resulting in a JNKl knock out phenotype. The D-stereoisomer is preferable over the L- 

stereoisomer in neuronal applications due to its high resistance to proteolytic 

degradation (Bonny et ai, 2001; Borsello et a i,  2003).

2.3.9 VRj vanilloid receptor antagonist

The VR, antagonist, Capsazepine (CZP; A^-[2-(4-Chlorophenyl)ethyl]-l,3,4,5- 

tetrahydro-7,8-dihydroxy-2/f-2-benzazepine-2-carbothioamide; Tocris Cookson Ltd., 

Bristol, UK) was made up as a stock solution of 10 mM in DMSO, and stored at -20°C. 

The stock was diluted in pre-warmed NBM to a final concentration of 10 /^M. Cells 

were exposed to CZP for 30 minutes prior to drug treatment. CZP is a selective 

vanilloid receptor antagonist (Dickenson and Dray, 1991).

2.3.10 SyK inhibitor

SyK inhibitor, Sulfonamide (SyKi; Calbiochem International, Darmstadt, 

Germany) was made up as a 5 /<M stock solution in DMSO and stored at -20°C. The 

stock was diluted in pre-warmed NBM to a final concentration of 50 nM. Cells were 

exposed to SyKi for 30 minutes prior to drug treatment. SyK is a potent cell-permeable 

inhibitor of SyK (Lai, etal., 2003).

2.3.11 In vitro model of excitoxicity - treatment with glutamate

Exposure to glutamate at micro molar concentrations has been shown to induce 

excitoxicity culminating in neuronal apoptosis (Bosel et a i,  2005; Almeida et ai, 

2005). Cultured cortical neurones were exposed to 50 |o,M L-glutamate (monosodium 

salt; dissolved in ddH20; Sigma-Aldrich, Dorset, UK) in supplemented NBM for 1 

hour. 2-AG (0.01 |o,M) was added either 1 hour before glutamate treatment (pre-).
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during glutamate treatment (co-) or after glutamate treatment (post-). Control cells were 

incubated with vehicle (0.02% acetonitrile) alone for 2 hours. Cell viability was 

assessed following treatment by TUNEL analysis.

2.3.12 In vivo drug administration

The following animal experiments were performed under a license granted by 

the Minister for Health and Children (Ireland) under the Cruelty to Animals Act 1876, 

incorporating the European Community Directive, 86/609/EC.

All animals (adolescents; 3 months-old, adults; 4 - 9  months-old) used were 

from an inbred strain of the male W istar rat obtained from the Bioresources unit, Trinity 

College Dublin. Animals were housed 4 to a cage under standard laboratory conditions 

in the Department of Physiology, Trinity College Dublin. An ambient temperature of 20 

- 23“C and a 12-hour light/dark cycle was maintained. All animals were assessed for 

health and well-being on a daily basis, and had free access to water and standard 

laboratory food (Red Mills, Kilkenny, Ireland). To reduce stress, animals were exposed 

to frequent non-experimental handling at least 3-days prior to experiments being 

performed. Neonatal animals ( 5 - 7  days-old) were brought from the Bioresources unit 

directly to Trinity College Institute of Neuroscience and experimental procedures were 

performed immediately.

Animal weights were measured and recorded. An intraperitoneal (i.p.) injection 

of urethane (1.5 g/Kg; 33% w/v) was used to anaesthetise animals; the absence of a 

pedal reflex was used to confirm deep anaesthesia. Animals were kept warm whilst 

awaiting procedures and during the length of the experiment. Anaesthetised rats were 

injected subcutaneously (s.c.) with 0.9% saline containing 5% ethanol and 5% 

Cremophor EL (vehicle control, vCon; Sigma-Aldrich, Dorset, UK) or 1 - 30 mg/Kg 

A^-THC dissolved in 0.9% saline containing 5% ethanol and 5% Cremophor (Sigma- 

Aldrich, Dorset, UK). To block the CB, receptor, an injection of AM 251 (10 mg/Kg 

i.p.) was given 1-hour prior to vehicle or A^-THC treatment. All animals were treated 

with A®-THC or vehicle for 2 - 3 hours before being sacrificed by decapitation. After 

decapitation, the brains were rapidly removed, and dissected on ice into their two 

hemispheres.
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For cryostat sectioning the left hem isphere was covered in OCT com pound  

(R .A . Lamb, Sussex, U K ), snap frozen in liquid nitrogen onto cork discs for sectioning  

and stored at -80°C. G lass slides w ere coated with subbing solution (0.5%  gelatine 

(w /v ), 0.05%  chrom e alum (w /v; Sigm a-A ldrich, Dorset, U K ) in dHjO for 10 seconds at 

60°C and allow ed to dry overnight at room temperature. This provided a suitable 

surface to w hich sections could adhere. On day o f  the experim ent the half brain was 

equilibrated to -20°C for 20 - 30 minutes. Saggital sections (10  ^.m) were cut, stained 

with m ethylene green for 2 m inutes and view ed by light m icroscopy (N ikon Labophot, 

Nikon Instech C o., Ltd., Kanagawa, Japan) for detection o f  the hippocam pus. For each  

anim al, 21 sections (10 [xm) were cut onto 7 subbed slides (3 sections per slide), 

allow ed to dry for 10 m inutes and stored at -20“C until required.

For preparation o f  slices for freezing the cerebral cortex and hippocam pus were 

dissected from the right hem isphere, and the tissue was chopped bidirectionally to a 

thickness o f  350 /<m using a M cllw ain  tissue chopper (M ickle Laboratory Engineering  

C o., Surrey, U K ), and placed in 4 m icrofuge tubes containing 1 ml K rebs-calcium  (136  

mM NaC l, 2 .54  mM KCl, 1.18 mM KH2PO4, 1.18 mM  M gS 0 4 .7 H 2 0 , 16 mM NaHCOj, 

10 mM glucose, 2 mM CaClj, pH 7.4). S lices were allow ed to settle and were rinsed 

tw ice with K rebs-calcium  containing 10% D M SO , and stored at -80°C until required for 

biochem ical analysis.

2.4 Protein quantification 

2.4.1 Bradford assay

Protein concentration from in vitro  cell culture sam ples w as assessed  according to 

the Bradford method (Bradford, 1976). Standards w ere prepared from a stock solution  

o f  1000 ixg/m\ bovine serum albumin (B SA ; Sigm a-A ldrich, D orset, UK ). This stock  

solution w as serially diluted with ddHjO to prepare a range o f  standards from 3.125  

//g /m l to 1000 A  blank o f  d d H ,0  was also included. Standards (10 ^1) and

sam ples (10 /vl) w ere plated in triplicate into a 9 6 -w ell plate (Sarstedt, W exford, 

Ireland). B io-Rad dye reagent concentrate (1:5 dilution in dH 2 0 , 200  /il; B io-Rad,
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Hertfordshire, UK) was added to standards and samples and incubated for 5 minutes at 

RT. The absorbance was assessed at 600 nm using a 96/98-well plate reader (EIA 

Multiwell reader, Sigma-Aldrich, Dorset, UK). The protein concentration of samples 

was calculated from a regression line plotted (Prism 4) from the absorbencies of the 

BSA standards.

2.4.2 Bicinchoninic Acid (BCA) assay

Protein concentration from in vivo tissue samples was assessed using the BCA™ 

protein assay kit (Pierce, Leiden, The Netherlands) which was used due to its 

compatibility with detergents in the lysis buffer used for tissue harvesting and for its 

broad working range (20 - 2000 /<g/ml). Standards were prepared from a stock solution 

of 2000 pig/m\ bovine serum albumin. This stock solution was serially diluted with 

ddHjO to prepare a range of standards from 25 /<g/ml to 2000 /^g/ml. A blank of ddHjO 

was also included. Standards (25 fi\) and samples (25 ^1) were plated into a 96-well 

plate (Sarstedt, Wexford, Ireland) in triplicate. The BCA assay relies on the detection of 

the cuprous cation (Cu^') released during the biuret reaction. The purpled-coloured 

reaction product is formed by the chelation of two molecules of BCA with one cuprous 

ion. The absorbance of the reaction product was measured at 570 nm using a 96/98-well 

plate reader (EIA Multiwell reader, Sigma-Aldrich, Dorset, UK). The protein 

concentration of samples was calculated from a regression line plotted (Prism 4) from 

the absorbencies of the BSA standards.

2.5 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) 

2.5.1 Preparation of cell culture protein

To analyse expression of protein, neuronal cultures were washed in PBS, and 

harvested by scraping coverslips in lysis buffer (25 mM HEPES, 5 mM MgClj, 5 mM 

dithiothreitol, 5 mM EDTA, 2 mM PMSF, 10 leupeptin, 6.25 }ig/m\ pepstatin, 10
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}ig lm \ aprotinin, pH 7 .4 ) on ice using the rubber insert o f  a 1 ml syringe (B.Braun  

M edical Ltd., M elsungen, Germany). Lysates w ere sonicated (2 seconds) in ice-cold  

lysis buffer (Soniprep 150, Sanyo Europe Ltd.). The total protein concentration o f  each  

sam ple was determ ined using the Bradford method (see section 2 .4 .1 ). Sam ples were 

standardised so that they contained 300 ;^g/ml total protein. 4X  SD S sam ple buffer (150  

mM  Tris-H Cl pH 7 .4 , 10% w /v  glycerol, 4% w /v  SD S, 5% v/v  p-m ercaptoethanol, 

0.002%  w /v brom ophenol blue) was added to each sample. Sam ples w ere boiled for 5 

m inutes using a heating block (Stuart SB H 1300, Carl Stuart, Dublin, Ireland) and were 

stored at -20°C until required.

2.5.2 Preparation of tissue section protein

T o analyse expression o f  protein, tissue sections w ere w ashed in K rebs-calcium  

before hom ogenizing in tissue ice-cold  lysis buffer (10 mM  Tris-H Cl pH 7.4 , 50 mM  

NaC l, 10 mM  Na4P2O7-10H2O, 50 mM NaF, 1% IGEPAL, 1 mM  N a3V 0 4 , 1 mM PM SF  

and protease inhibitor cocktail) using a polytron tissue disruptor (K inetatica A G , Littau, 

Sw itzerland). The total protein concentration o f  each sam ple w as determ ined using the 

BC A  assay (see section 2 .4 .2 ). Sam ples were standardised so that they contained 500  

;<g/ml total protein. 4X  SD S sam ple buffer (150 mM Tris-H Cl pH 7 .4 , 10% w /v  

glycerol, 4% w /v S D S , 5% v/v  (3-mercaptoethanol, 0.002%  w /v  brom ophenol blue) was 

added to each sam ple. Sam ples w ere boiled for 5 minutes using a heating block (Stuart 

SB H 1300 , Carl Stuart, Dublin, Ireland) and stored at -20°C until required.

2.5.3 Gel electrophoresis

Polyacrylam ide separating gels (1 m m  thick), with a m onom er concentration o f  

7.5% , 10% or 12% overlaid with a 4% stacking gel, were cast by setting them between  

tw o 10 cm  w ide glass plates (Sigm a-A ldrich, Dorset, U K ), w hich were mounted on an 

electrophoresis unit (S igm a T echw are, Dorset, U K ) using spring clam ps. The upper and 

low er reservoirs w ere flooded  with electrode-running buffer (25 mM Tris-base, 200  

mM glycine, 0.1%  SD S (w /v)). Sam ples were loaded into the w ells  and proteins were 

separated by the application o f  a 32 m A current to the gel apparatus. Pre-stained  

m olecular w eight standards (5 ^1; Bio-R ad, Hertfordshire, UK ) w ere used to confirm
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the molecular weight of protein bands. The migration of bromophenol blue (Sigma- 

Aldrich, Dorset, UK) was monitored, and the current was switched off when the dye 

band reached the bottom of the gel (20 - 30 minutes).

2.5.4 Semi-dry electrophoretic blotting of proteins

The gel was removed from the apparatus and placed on top of a sheet of 

nitrocellulose blotting paper (0.45 p i m  pore size; Sigma-Aldrich, Dorset, UK), which 

had been cut to the approximate size of the gel and soaked in ice-cold transfer buffer 

(25 mM Tris-base pH8.3, 192 mM glycine, 20% methanol (v/v), 0.05% SDS (w/v)). A 

sandwich was made by placing one piece of filter paper (Standard grade No. 3, 

Whatman, Kent, UK) on top of the gel and one piece beneath the nitrocellulose paper. 

This sandwich was soaked in transfer buffer and placed on the platinum-coated titanium 

electrode (anode) of a semi-dry blotter (Sigma-Aldrich, Dorset, UK). The lid of the 

blotter (stainless steal cathode) was moistened with transfer buffer, placed on top of the 

sandwich and sealed. The uncovered portion of the anode was shielded with a mylar 

cut-out (Sigma-Aldrich, Dorset, UK), ensuring that all applied current passed through 

the sandwich. A constant current of 225 mA was applied for 75 minutes.

2.6 Western immunoblotting

The following describes the general protocol used to identify proteins of 

interest, which was carried out directly following transfer of proteins to the 

nitrocellulose membrane. The specific details for every protein assessed by western 

immunoblot in this thesis are presented in table 2.1.

2.6.1 General protocol for western immunoblot

The nitrocellulose blotting paper was blocked for non-specific antibody binding 

and this was washed off (wash 1) with tris-buffered saline (TBS; 20 mM Tris-HCl pH 

7.8, 150 mM NaCl) containing 0.05% (v/v) Tween (TBS-T). The membrane was 

incubated with a primary antibody raised against the appropriate protein. The primary
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antibody was washed off (wash 2) with TBS-T and incubated with a secondary 

antibody conjugated to horseradish peroxidase (HRP; Sigma-Aldrich, Dorset, UK). The 

secondary antibody was washed off (wash 3) TBS-T and the membrane was incubated 

with a chemiluminescent detection solution (Supersignal (s/s) Ultra, Pierce, Leiden, The 

Netherlands). The membrane was then exposed to 5 x 7 inch photographic film 

(Hyperfilm®; Amersham, Buckinghamshire, UK) and developed using an Agfa film 

processor (Agfa-Gevart Group, Dublin, Ireland).

2.6.2 p actin expression

Following western immunoblotting, the membrane was stripped with antibody- 

stripping solution (1:10 dilution in dHjO; Reblot Plus Strong antibody stripping 

solution; Chemicon, California, USA) and re-probed for total p actin expression to 

confirm equal loading of protein. The protocol outlined in section 2.6 was followed 

using the specific parameters for the p actin protein that are outlined in table 2.1.

2.6.3 Densitometry

In all cases quantification of protein bands exposed on-to photographic film was 

achieved by densitometric analysis using the GelDoc-It imaging system and Lab works 

image acquisition and analysis software (UVP Bioimaging systems, Cambridge, UK). 

In all cases ratios of phosphorylated target protein/target protein or target protein/total p 

actin were quoted using arbitrary units.
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Protein Target 
(source)

Protein 
Band size 

(kDa)
Supplier Block % 

in TBS-T W ash details Antibody dilution 
% BSA/milk (w/v) in TBS-T

Developing
details

Total-p53 (gt) 53 Santa Cruz 
Biotech.

5%
o/n@4°C

1 )2 x 1 0  min
2) 3 X 20 min
3) 6 X 10 min

1“ 1:500 0.1 % BSA o/n@4“C 
2“ 1:8000.1% BSA lhr@RT

s/s 5 min 
exp. 1 min

Phosphorylated p53 
(ser rbt) 53 Cell signaling 

tech.
5%

o/n@4°C

1) 2 X 10 min
2) 3 X 15 min
3) 6 X 10 min

1® 1:400 0.2% BSAo/n@4°C 
2“ 1:1000 0.2% BSA lhr@RT

s/s 3 min 
exp. 3 sec

Total-SyK (rbt) 80 Santa Cruz 
Biotech.

5%
o/n@4°C

1 )2 x 1 0  min
2) 3 X 15 min
3) 4 X 15 min

1“ 1:200 0.1% BSA o/n@4“C 
2® 1:500 0.1% BSA lhr@RT

s/s 3 min 
exp. 30 sec

Phosphorylated SyK 
(tyr"^ ;rb t) 72 Cell signaling 

tech.
5%

o/n@4°C

1 )3 x 1 0  min
2) 4 X 15 min
3) 4 X 15 min

1“ 1:1000 0.1 % BSA o/n@4°C 
2® 1:1000 0.1% BSA lhr@RT

s/s 3 min 
exp. 3 sec

SUMO-1 (rbt) 17 Abeam 5%
o/n@4°C

1) 2 X 10 min
2) 4 X 15 min
3) 4 X 15 min

1“ 1:500 0.1% BSA o/n@4“C 
2“ 1:800 0.1% BSA lhr@RT

s/s 5 min 
exp. 30 sec

Mdm2 (rbt) 90 Abeam 5%
o/n@4°C

1) 2 X 10 min
2) 4 X 15 min
3) 4 X 15 min

1® 1:200 0.2% milk o/n@4°C 
2® 1:500 0.2% milk lhr@RT

s/s 3 min 
exp. 3 sec

Cathepsin-D (rbt) ~52 (pro) 
34 (active) Calbiochem 5%

o/n@4°C

1) 2 X 10 min
2) 4 X 15 min
3) 4 X 15 min

1® 1:500 0.5% milk o/n@4“C 
2® 1:1000 0.5% milk lhr@RT

s/s 5 min 
exp. 1 min

(3 actin (rbt) 46 Abeam 5%
o/n@4°C

1) 2 X 10 min
2) 4 X 15 min
3) 4 X 15 min

1® 1:5000 0.1% BSA o/n@4“C 
2® 1:1000 0.1% BSA lhr@RT

s/s 3 min 
exp. 5 sec

Table 2.1 W estern blot protocol details.
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2.7 Terminal deoxynucleotidyltransferase-mediated UTP nick end 

labelling (TUNEL)

To determ ine apoptotic cell death in neuronal cultures, D N A  fragmentation was 

m onitored using T U N E L  staining according to the manufacturer’s instructions 

(DeadEnd Colorim etric/Fluorom etric A poptosis D etection System ; Prom ega  

Corporation, W isconsin , U SA ). The use o f  fluorom etric T U N E L  w as used in som e  

cases where fluorom etric determination o f  D N A  fragmentation w as deem ed necessary. 

T U N E L  staining measures the fragmented D N A  o f  apoptotic ce lls  by catalytically  

incorporating biotin (for colorim etric) or fluorescein (for fluorom etric)-12-dU T P at 3 ’- 

OH D N A  ends using the Terminal D eoxynucleotidyl Transferase enzym e (TdT). Biotin  

chains w ere detected using horseradish-peroxidase-labeled streptavidin (HRP- 

Streptavidin) follow ed by detection using hydrogen peroxide and the stable chrom ogen, 

diam inobenzidine (D A B ). U sing this procedure, apoptotic nuclei are stained dark 

brown when view ed under light m icroscopy. Fluorescein chains w ere directly  

visualised  by fluorescence m icroscopy using appropriate excitation w avelength and 

filter sets (see Table 2.3).

2.7.1 Colorimetric TUNEL
F ollow in g treatment, cells were w ashed once in ice-co ld  PBS and fixed with 

paraform aldehyde (4%; w/v; S igm a Aldrich, Dorset, U K ) for 30 m inutes at RT. C ells  

w ere then w ashed tw ice with ice-cold  PBS and stored at 4°C until required. C ells were 

perm eabilised w ith Triton-XlOO (0.2% ; v/v) for 5 minutes at RT. The perm eabilisation  

solution was w ashed o ff  for 5 m inutes 2 tim es in PB S, ce lls  w ere then re-fixed in 4% 

paraform aldehyde (w /v) for 5 minutes. The cells were incubated in equilibration buffer 

(200  mM  K (C H 3 ) 2  A s Oj, 25 mM Tris-H C l, 0 .2  mM D TT, 0 .25  m g/m l B S A , 2.5 mM  

C 0 CI2 ) for 10 - 15 m inutes. A reaction buffer (biotinylated nucleotide m ix (10 mM  

Tris-H Cl pH 7 .6 , 1 mM E D T A ), Terminal deoxynucleotidyl Transferase (TdT) enzym e  

in equilibration buffer) w as applied for 60 minutes at 37°C to incorporate biotinylated  

nucleotides at the 3 '-0 H  ends o f  fragmented D N A . T o stop the reaction, cells were 

incubated with SCC (0 .15 M NaCl, 0 .17  M Na H (C 3 Hj 0 (C 0 0 )3 ) )  for 15 m inutes, cells  

w ere washed for 5 m inutes 3 tim es in PBS. Endogenous peroxidases w ere blocked
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using 0.3%  H 2 O 2 (v /v ) for 3 m inutes (Sigm a-A ldrich, Dorset UK ). Cells were washed  

for 5 m inutes 3 tim es in PBS. H R P-labelled streptavidin was bound to the biotinylated  

nucleotides (1:100 dilution in PB S) for 40 m inutes at RT. A poptotic cells (T U N E L  

positive) w ere detected using a D A B  solution. This solution stains the nuclei o f  TU N EL  

positive cells dark brown after 10 m inutes. The ce lls  were w ashed in several changes o f  

dH 20, counter-stained with m ethyl green for 5 m inutes, and finally dehydrated from  

alcohol to xylene. C overslips were then m ounted on-to glass slides using D P X  

permanent mountant (B D H  Laboratory Supplies, Dorset, U K ). The neurones were 

view ed under light m icroscopy (N ikon Labophot, N ikon Instech Co., Ltd., Kanagawa, 

Japan) at x40 m agnification. C ells displaying T U N E L  positive nuclei were counted and 

expressed as a percentage o f the total number o f cells exam ined (>500 cells/coverslip).

2.7.2 Fluorometric TUNEL

C ells or 10 frozen tissue sections were perm eabilised with Triton-XlOO  

(0.2% ; v/v) and proteinase K (1 //g /m l) for 5 minutes at RT. C ells/sections were washed  

for two 5 minute w ashes. C ells/sections were then refixed in 4% paraformaldehyde 

(w /v) for 5 m inutes at RT. The cells/sections were incubated in equilibration buffer 

(200  mM K (CH 3 ) 2  A s O^,, 25 mM Tris-HCl 0 .2  mM D TT, 0 .25  m g/m l B SA , 2.5 mM  

C 0 CI2 ) for 10 - 15 minutes. A  reaction buffer (fluorescein-12-dU T P (10 mM Tris-HCl 

pH 7.6 , 1 m M  E D T A ), Terminal deoxynucleotidyl Transferase (TdT) enzym e in 

equilibration buffer) w as applied for 60 m inutes at 37°C to incorporate fluorescein  

labelled nucleotides at the 3 '-0 H  ends o f  fragmented D N A . T o stop the reaction 

cells/sections were incubated with SC C  (0.15 M N aC l, 0 .17  M N a H (C 3 Hj 0 (C 0 0 )3 ) )  

for 15 m inutes and cells/section s were washed for 5 m inutes 3 tim es in PBS. C ells were 

m ounted on-to glass slides using vectashield containing the counter-stain propidium  

iodide (V ector Laboratories, Peterborough, UK) and coverslips were sealed using clear 

nail varnish. T issue sections w ere counter-stained with H oecsht dye and mounted on-to  

glass coverslips using fluorescent mounting m edium  (V ector Laboratories, 

Peterborough, U K ). Sam ples were stored in the dark at 4°C until needed for analysis. 

Incorporated fluorescein w as visualised  concom itantly with the counter-stain
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fluorophore with a confocai microscope (Zeiss, LSM-510-META, Karl Zeiss, UK) 

using appropriate excitation wavelengths and filter sets (see Table 2.3).

2.8 Fluorescence immunocytochemistry

The following describes the general protocol used to identify proteins of 

interest, which was carried out following in vitro cell treatments. The specific details 

for every protein assessed by fluorescent immunocytochemistry in this thesis are 

presented in table 2.2.

2.8.1 General protocol for fluorescence immunocytochemistry

Cells were fixed with 4% paraformaldehyde (30 min at RT), permeabilised with 

0.2% Triton-XlOO (5 min at RT), and non-reactive sites were blocked (2 hr at RT) in 

blocking buffer (PBS containing animal serum; Vector laboratories, Peterborough, 

UK). Cell manipulations were carried out in a light protected humidified environment 

from this point. The blocking buffer was washed off (wash 1) with PBS and cells were 

incubated with primary antibody raised against the protein of interest. The primary 

antibody was washed off (wash 2) with PBS and cells were incubated with an 

appropriate biotinylated secondary antibody (Vector Laboratories, Peterborough, UK). 

The secondary antibody was washed off (wash 3) and cells were incubated with Alexa 

488. The cells were then washed (wash 4) in PBS. In some cases (for p-SyK and 

Mdm2) nuclei were counterstained with Hoechst stain (Hoechst 33258, Invitrogen, 

Paisley, UK). The coverslips were mounted onto glass slides using Vectashield® 

fluorescent mounting media (Vector Laboratories, Peterborough, UK). The edge of 

each coverslip was sealed with clear nail varnish and slides were stored in the dark at 

4°C until needed for analysis. The incorporated fluorophores were examined with a 

confocai microscope (Zeiss, LSM-510-META, Karl Zeiss, UK) using appropriate 

excitation wavelengths and filter sets (see Table 2.3).
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2.8.2 Cathepsin-D

Pepstatin A (isovaleryl-L-valyl-4-amino-3-hydroxy-6-methylheptanoyl-L-alanyl- 

4-amino-3-hydroxy-6-methylheptanoic acid), a potent and selective inhibitor of 

cathepsin-D, covalently conjugated with the Boron dipyrromethene difluoride 

(BODIPY) fluorophore was used to label cathepsin-D in live cultured cortical neurones. 

Fluorescently tagged enzyme inhibitors, such as BODIPY FL-pepstatin A, are valuable 

tools in understanding the distribution, interactions and localisation of a protein (Chen 

et al., 2000). The BODIPY fluorophore is both photostable and pH-insensitive; both 

important qualities in a fluorophore. In live cells, BODIPY FL-pepstatin A is 

internalised and transported to the lysosomes were it selectively binds cathepsin-D at 

pH 4.5. These properties make BODIPY FL-pepstatin A an ideal tool for the study of 

the localisation, secretion and trafficking of cathepsin-D.

Prior to drug treatment cells were incubated with NBM containing BODIPY FL- 

pepstatin A (1 //M; Molecular Probes, Inc., Oregan, USA) for 1 hour at 37°C in order to 

label cathepsin-D. From this point on cells were manipulated in a light protected 

environment. Cells were treated as desired and were washed in pre-warmed PBS and 

fixed with 4% paraformaldehyde. Coverslips were mounted on-to glass slides using 

flourescent mounting medium (Vectashield®; Vector Laboratories, Peterborough, UK). 

The edge of each coverslip was sealed with nail varnish and slides were stored in the 

dark at 4°C until needed for analysis. The incorporated fluorophore was examined with 

a confocal microscope (Zeiss, LSM-510-META, Karl Zeiss, UK) using appropriate 

excitation wavelength and filter sets (see Table 2.3).

2.9 Colocalisation analysis 

2.9.1 Phospho-p53*"^V SUMO-1
Following treatment, cells were fixed with 4% paraformaldehyde, permeabilised 

with 0.2% Triton-XlOO, and non-reactive sites were blocked in blocking buffer (PBS 

containing 5% goat serum (v/v); Vector Laboratories, Peterborough, UK) for 2 hours at 

RT. Cell manipulations were carried out in a light protected humidified environment
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from this point. C overslips were washed for 5 m inutes before being incubated with the 

first primary antibody, rabbit anti-phospho (1:100 dilution in PBS containing

10% goat serum) overnight at 4°C.  C ells w ere washed for 5 m inutes 3 tim es in PBS. 

The first secondary antibody, goat anti-rabbit IgG conjugated to biotin (1:200 in PBS  

containing 10% goat serum; Sigm a-A ldrich, Dorset, UK) was incubated for 1 hour at 

RT. C ells w ere washed for 5 m inutes 3 tim es in PB S, and incubated with ExtrAvidin®- 

R-Phycoerythrin conjugate (1:50 dilution in dHjO; Sigm a-A ldrich, Dorset, UK ) for 40  

minutes at RT. The ce lls  were w ashed for 8 m inutes 5 tim es with dHjO. C ells were 

once more blocked in blocking buffer (PBS containing 5% goat serum (v/v); Vector 

Laboratories, Peterborough, U K ) for 2 hours at RT and w ashed for 5 m inutes 2 tim es in 

PB S. The second primary antibody, m ouse anti-SUM O -1 antibody w as incubated 

overnight at 4°C (1:100  dilution in PBS containing 10% goat serum (v/v); Santa Cruz 

B iotechnology Inc., California, U SA ). C overslips were washed for 5 m inutes 3 tim es in 

PBS. C ells were incubated with the second secondary antibody (goat anti-m ouse 

conjugated to biotin; 1:200 dilution in PBS containing 10% goat serum; Vector 

Laboratories, Peterborough, UK ) for 1 hour at RT. C ells were w ashed for 5 m inutes 3 

tim es in P B S, and incubated with ExtrAvidin® FITC (1:50 dilution in dH20; Sigm a- 

Aldrich, Dorset, UK ) for 40 m inutes at RT. C ells w ere washed for 5 m inutes 8 tim es in 

dH 2 0  before m ounting on-to glass slides using fluorescent m ounting medium  

(Vectashield®; Vector Laboratories, Peterborough, UK ). The edge o f  each coverslip  was 

sealed with nail varnish and slides were stored in the dark at 4°C until needed for 

analysis. The incorporated fluorophores w ere exam ined with a confocal m icroscope 

(Z eiss, L SM -510-M E T A , Karl Z eiss, UK ) using appropriate excitation w avelengths and 

filter sets (see Table 2 .3).

2.9.2 Phospho-p53®"̂ *®/ Lysotracker
Prior to drug treatment cells w ere incubated with N B M  containing Lyso  

Tracker™ (700 nM; Invitrogen, Paisley, U K ) for 25 m inutes at 37°C in order to label 

lysosom es. Cell manipulations were carried out in a light protected hum idified  

environm ent from this point. C ells were treated as desired, washed in pre-warmed PBS, 

fixed  with 4% paraform aldehyde, perm eabilised with 0.2%  Triton-XlOO, and non-
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reactive sites were blocked in blocking buffer (PBS containing 10% goat serum (v/v); 

Vector Laboratories, Peterborough, UK) for 2 hours at RT. Coverslips were washed for 

5 minutes before being incubated with primary antibody, rabbit anti-phospho 

(1:100 dilution in PBS containing 10% goat serum) overnight at 4°C. Cells were 

washed for 5 minutes 3 times in PBS. The secondary antibody goat anti-rabbit IgG 

conjugated to biotin (1:200 in PBS containing 10% goat serum; Sigma-Aldrich, Dorset, 

UK) was incubated for 1 hour at RT. Cells were washed for 5 minutes 3 times in PBS 

and then incubated with Alexa 488 (1:1000 dilution in dHjO; Invitrogen, Paisley, UK) 

in 10% goat serum (v/v) for 30 minutes at RT. The cells were washed for 5 minutes 12 

times with dHjO. Cells were mounted on-to glass slides using fluorescent mounting 

medium (Vectashield®; Vector Laboratories, Peterborough, UK). The edge of each 

coverslip was sealed with nail varnish and stored in the dark at 4°C until needed for 

analysis. The incorporated fluorophores were examined with a confocal microscope 

(Zeiss, LSM-510-META, Karl Zeiss, UK) using appropriate excitation wavelengths and 

filter sets (see Table 2.3).

2.9.3 Phospho-SyK‘̂ '̂ ^̂'’ / Lysotracker

Prior to drug treatment cells were incubated with NBM containing Lyso 

Tracker'^” (700 nM; Invitrogen, Paisley, UK) for 25 minutes at 37°C in order to label 

lysosomes. Cell manipulations were carried out in a light protected humidified 

environment from this point. Cells were treated as desired, washed in pre-warmed PBS, 

fixed with 4% paraformaldehyde, permeabilised with 0.2% Triton-XlOO, and non

reactive sites were blocked in blocking buffer (PBS containing 20% goat serum (v/v); 

Vector Laboratories, Peterborough, UK) for 2 hours at RT. Coverslips were washed for 

5 minutes before being incubated with primary antibody, rabbit anti-phospho SyK̂ "̂̂ ^̂  ̂

(1:500 dilution in PBS containing 10% goat serum) overnight at 4°C. Cells were 

washed for 5 minutes 3 times in PBS. The secondary antibody goat anti-rabbit IgG 

conjugated to biotin (1:200 in PBS containing 20% goat serum; Sigma-Aldrich, Dorset, 

UK) was incubated for 1 hour at RT. Cells were washed for 5 minutes 3 times in PBS 

and then incubated with Alexa 488 (1:1000 dilution in dHjO; Invitrogen, Paisley, UK) 

in 20% goat serum (v/v) for 30 minutes at RT. The cells were washed for 5 minutes 12
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times with dHjO. Cells were mounted on-to glass slides using fluorescent mounting 

medium (Vectashield®; Vector Laboratories, Peterborough, UK). The edge of each 

coverslip was sealed with nail varnish and slides were stored in the dark at 4°C until 

needed for analysis. The incorporated fluorophores were examined with a confocal 

microscope (Zeiss, LSM-510-META, Karl Zeiss, UK) using appropriate excitation 

wavelengths and filter sets (see Table 2.3).

2.9.4 Cathepsin-D/ Lysotracker
Prior to BODIPY FL-pepstatin A treatment, cells were incubated with NBM 

containing Lyso Tracker™ (700 nM; Invitrogen, Paisley, UK) for 25 minutes at 37°C in 

order to label lysosomes. Cell manipulations were carried out in a light protected 

humidified environment from this point. Cells were then incubated with NBM 

containing BODIPY FL-pepstatin A (1 ;<M; Molecular Probes, Inc., Oregan, USA) for 

1 hour at 37“C. Cells were washed in pre-warmed PBS and fixed with 4% 

paraformaldehyde. Coverslips were mounted on-to glass slides using fluorescent 

mounting medium (Vectashield®; Vector Laboratories, Peterborough, UK). The edge of 

each coverslip was sealed with nail varnish and slides were stored in the dark at 4“C 

until needed for analysis. The incorporated fluorophores were examined with a confocal 

microscope (Zeiss, LSM-510-META, Karl Zeiss, UK) using appropriate excitation 

wavelengths and filter sets (see Table 2.3).
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Fluorophore

Peak
excitation/emission

wavelength
(nm)

Beam splitters

Acridine orange 488/505 and 633 HFT 488 
Lambda scan 499 - 670

Alexa Fluor 488™ 488/520
HFT 488 
LP 505

Bodipy FL 504/513
HFT 488 

Lambda scan 499 - 553

Fluorescein (FITC) 488/520 HFT 488 
BP 505 - 530

Hoechst 33258 345/487 HFT UV/488/543/633 
LP 456 - 499

Lyso Tracker^'^ Red 577/590
HFT 488/543 

NFT 545 
LP 560

Phycoerytrin R (PE) 565/578
HFT 488/543 

NFT 545 
BP 560-615

Propidium iodide 535/615 HFT 488/543 
BP 560-615

Table 2.3 List of confocal microscope configurations.
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Protein Target 
(source) Supplier Block % in TBS-T W ash details Antibody dilution 

% Block (v/v) in PBS Alexa 488

SUMO-1 (mse) Santa Cruz 
Biotech.

20% goat serum 2 
hr@  RT

1 )2 x 5  min
2) 3 X 5 min
3) 3 X 5 min
4) 5 X 8 min

1® 1:50 10% Block o/n@4°C 
2® 1:100 10% Block lhr@RT

1:500 5% 
Block 30 min @ 

RT

Phosphorylated SyK 
(tyr rbt)

Cell signaling 
tech.

5% goat serum 
o/n@4°C

1 )2 x 5  min
2) 3 X 5 min
3 ) 3 x 5  min
4) 5 X 8 min

1® 1:500 20% Block o/n@4°C 
2® 1:200 20% Block lhr@RT

1:1000 20% 
Block 30 min @ 

RT

Total-p53 (gt) Santa Cruz 
Biotech. 10% 2 hr @ RT

1 )2 x 5  min
2) 3 X 5 min
3) 3 x 5 min
4) 5 X 8 min

1“ 1:100 10% Block o/n@4°C 
2® 1:200 10% Block lhr@RT

1:1000 30 min 
@ RT

Phoshorylated p53 
(ser'^; rbt)

Cell signaling 
tech.

5% goat serum 
o/n@4°C

1 )2 x 5  min
2) 3 X 5 min
3) 3 X 5 min
4) 5 X 8 min

1® 1:100 10% Block o/n@4°C 
2® 1:200 10% Block lhr@RT

1:1000 30 min 
@ RT

Caspase-3
(rbt) Promega 30% goat serum 

o/n@4“C

1 )2 x 5  min
2) 4 X  5 min
3) 4 X 5 min

4) 12 X  5 min

1® 1:1000 30% Block o/n@4°C 
2® 1:1500 30% Block lhr@RT

1:1000 30% 
Block 20 min @ 

RT

Table 2.2 Imm unocytochemistry protocol details.
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2.10 Immunoprecipitation

Immunoprecipitation is a procedure, which usually involves a protein 

interacting with an antibody, removal of the protein-antibody complex followed by 

examination of the protein for quantification or other characteristics such as molecular 

weight and isoelectric point.

2.10.1 Total-p53/SUMO-l

Following treatment cells were harvested into ice-cold lysis buffer (0.15 M Tris- 

HCl pH 6.7, 5% SDS, 30% glycerol; as detailed by Hilgarth and Sarge (2005), using the 

rubber insert of a 1 ml syringe (B.Braun Medical Ltd., Melsungen, Germany). Samples 

were diluted 1:3 with PBS containing 0.5% Nonidet P-40 and complete protease 

inhibitor cocktail (Roche, Penzberg, Germany) and centrifuged for 5 minutes at 10 000 

x g at 4°C. Total protein was determined using the BCA assay and samples were 

equalised to 600 ^g/ml. The samples were pre-cleared with 50 f \̂ of TrueBlot™ anti

goat IgG beads (eBiosciences, California, USA) for 30 minutes on ice. Samples were 

centrifuged for 5 minutes at 10 000 x g and the supernatant removed. The remainder of 

the supernatant was incubated with 5 /^g of a polyclonal goat anti-total p53 antibody 

(N19; Santa Cruz Biotechnology Inc., California, USA) and rotated at 4“C for 1 hour to 

allow protein-antibody interaction. Samples were centrifuged at 10 000 x g at 4°C for 1 

minute, and the supernatant was discarded. The anti-goat IgG beads were washed in 

lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40) 4 times collecting the 

beads and discarding the supernatant after each wash. After the last wash reducing 

sample buffer (25 mM Tris-Base pH 6.5, 50 mM DTT, 6% SDS, 10% glycerol, 0.05% 

bromophenol blue) was added to the bead pellet. Samples were vortexed, and heated to 

90°C for 10 minutes. Samples were centrifuged at 10 000 x g for 3 minutes at 4°C, and 

supernatant was stored in a separate tube at -20°C until needed. Samples were separated 

on a 12% SDS gel and proteins were transferred to a nitrocellulose membrane (see 

section 2.5.2 and 2.53). Following this, the membrane was blocked in 5% non-fat milk 

in buffer A (25 mM Tris-HCl pH 7.3, 0.15 M NaCl, 0.1% Tween-20) overnight at 4°C 

with gentle agitation. The membrane was rinsed briefly before incubating with goat 

anti-SUMO-1 (1:400 in 0.5% milk in buffer A; Abeam Ltd., Cambridge, UK) for 2
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hours at RT. The membrane was then washed for 15 minutes 4 times in TBS-T. The 

secondary antibody (goat anti-rabbit IgG-HRP, 1:400 dilution in TBS-T containing 

0.1% BSA (w/v); Sigma-Aldrich, Dorset, UK) was incubated for 1 hour at RT and the 

membrane washed for 15 minutes 4 times in TBS-T. Supersignal (Pierce, Leiden, The 

Netherlands) was added to the membrane, incubated for 3 minutes and the membrane 

exposed to photographic film for 3 seconds in the dark prior to being developed.

2.11 Enzyme activity analysis 

2.11.1 Measurement of caspase-3 activity
Cleavage of the caspase-3 substrate (Ac-DEVD-7-amino-4- 

trifluoromethylcoumarin peptide (AFC); Alexis Corporation, Nottingham, UK) to its 

fluorescent product was used to determine the activity of caspase-3. Following 

treatment cells were washed in ice-cold PBS and cells were harvested by scraping 

coverslips in lysis buffer (25 mM HEPES, 5 mM MgClj, 5 mM dithiothreitol, 5 mM 

EDTA, 2 mM PMSF, 10 ><g/ml leupeptin, 6.25 nglva\ pepstatin, 10 /<g/ml aprotinin, pH 

7.4) on ice using the rubber insert of a 1 ml syringe (B.Braun Medical Ltd., Melsungen, 

Germany). Lysates were sonicated for 2 seconds (Soniprep 150, Sanyo Europe Ltd.). 

Samples (50 ^1) were incubated with the DEVD peptide (10 //M; 4 pi\) and incubation 

buffer (46 ^1; 50 mM HEPES, 10 mM dithiothreitol, 20% glycerol (v/v), pH7.4) or as 

an internal control incubation buffer alone for 1 hour at 37“C. Fluorescence was 

assessed (excitation, 400 nm; emission, 505 nm) using a spectrofluorimeter (Fluroscan 

Ascent FL plate reader; Labsystems, Vantaa, Finland).

2.11.2 Measurement of cathepsin-L activity
Cleavage of the cathepsin-L substrate (Z-Phe-Arg- amino-4- 

trifluoromethylcoumarin peptide (AFC); Alexis Biochemicals, Nottingham, UK) to its 

fluorescent product was used to determine the activity of cathepsin-L. The peptide is a 

substrate for both cathepsin-L and cathepsin-B so to ensure cathepsin-L specificity of 

the assay the pH of the incubation buffer was set at pH 5 (Kamboj et al., 1993).
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Following treatment cells were washed in ice-cold PBS. Cells were harvested by 

scraping coverslips in urea buffer (20 mM NaOAc, 4 mM EDTA, 8 mM DTT, 4 M 

Urea; pH 5) on ice using the rubber insert of a 1 ml syringe (B.Braun Medical Ltd., 

Melsungen, Germany). Lysates were sonicated for 2 seconds (Soniprep 150, Sanyo 

Europe Ltd.). Samples (90 ji\) were incubated with the Z-Phe-Arg-AFC peptide (150 

piM; 10 fi\), or for internal control samples, urea buffer (100 /<1) for 1 hour at 37“C. 

Fluorescence was assessed (excitation, 400 nm; emission, 505 nm) using a 

spectrofluorimeter (Fluroscan Ascent FL plate reader; Labsystems, Vantaa, Finland).

2.11.3 Measurement of cathepsin-D activity

An InnoZyme™ Cathepsin D Immunocapture activity kit (Calbiochem 

International, Darmstadt, Germany) was used following the manufacturer’s protocol to 

perform this assay. 96-well plates were pre-coated with a monoclonal anti-cathepsin-D 

to capture cathepsin-D from standards and samples. Captured cathepsin-D from the 

cytosolic fraction of samples was detected using an internally quenched fluorescent 

cathepsin-D substrate peptide, Mca-Gly-Lys-Pro-Ile-Leu-Phe-Arg-Leu-Lys-(Dnp)-D- 

Arg-NHj. Release of the fluorescent product, Mca-Gly-Lys-Pro-Ile-Leu-Phe was 

determined fluorometrically at excitation 328 nm and emission 393 nm using a 

spectrofluorimeter (Spectramax Gemini and Softmax Pro 4.8 software. Molecular 

Devices, California, USA). Sample cathepsin-D activity was read from a standard curve 

of cathepsin-D activity using affinity purified cathepsin-D enzyme; standards ranged 

from 3.125 ng/ml to 50 ng/ml. Cathepsin-D activity was expressed as units per mg 

protein per minute.

2.12 Lysosomal integrity assay -  acridine orange relocation

Acridine orange (AO; Molecular Probes, Leiden, The Netherlands) was used to 

investigate the membrane integrity of lysosomes. The degree of AO release from 

lysosomes to the cytosol was monitored by confocal microscopy. AO is a fluorogenic 

organic weak base, which freely diffuses into cells and across the membranes of 

cellular organelles. In acidic membrane-bound compartments such as lysosomes AO
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becomes protonated, which traps the AO within the compartment, hence AO 

concentration increases in these discrete compartments. This accumulation produces a 

change in the fluorescence emission of the dye, from a peak emission of 525 nm to 633 

nm due to the concentration-dependent stacking of the dye molecules. Figure 2.2 shows 

the characteristic staining profile of AO; one can observe a green diffuse staining (525 

nm; cytosol, nucleus and other non-acidic cellular components) and punctate staining 

(633 nm; lysosomes and late endosomes). This metachromatic characteristic can be 

utilised to determine the stability of acidic membrane-bound organelles. In the event of 

lysosomal destabilisation the punctate orange staining (633 nm emission) dissipates in 

rapid discrete events, the AO returning to the incubation medium. To label lysosomes 

cultured cortical neurones were incubated with AO (5 |xg/ml) for 10 minutes at 37°C, 

neurones were then exposed to the desired drug treatments. After treatment the drug 

containing media was replaced with supplemented NBM. Neurones were analysed with 

a laser scanning confocal microscope using the Lambda mode (LSM 510 META, Zeiss, 

Heidelberg, Germany). Following imaging linear un-mixing of the emission spectra 

from a population of cells was performed using LSM Image Examiner Software 4. 

Emission at 633 nm was used as an indicator of lysosomal membrane integrity. High 

633 nm emission indicated intact lysosomal membranes and low 633 nm emission 

indicated unstable lysosomal membranes.

(!)

(iv)

Figure 2.2 Metachromatic characteristics of Acridine orange and linear 
un-mixing of emission spectra.
The two distinct emissions of AO (i and ii) and an overlay image (iii). 
Emission spectra graphs showing the intensity of the fluorescence at 525 nm 
(iv) and 633 nm (v).
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2.13 Gene knock out using small interfering RNA (siRNA)
Small interfering RNA (siRNAs) are the functional intermediates in the RNA 

interference pathway (RNAi; Figure 2.3). The RNAi pathway is a mechanism that is 

important in the defence against viral invasion, transposon expansion and post 

transcriptional regulation. The RNAi pathway is extremely potent and is conserved 

through evolution. This novel defence pathway was first described in 1990 whilst 

investigating plant and fungal genetics (Jorgensen, 1990). Since that time major 

progress has ensued which culminated in 2006 when a Nobel Prize was awarded to 

Craig Mello and Andrew Fire for their work involving specific mRNA degradation 

triggered by long double-stranded RNAs (dsRNAs) in Caenorhabditis elegans (Fire et 

a i,  1998). The founders of this new methodology observed that exposure to only a few 

molecules of dsRNA induced sequence specific reduction of the target mRNA.

The RNAi pathway is initiated when a cell encounters a long dsRNA 

transcribed from an invading virus or from an endogenous aetiology such as a 

mobilised transposon, an inappropriately transcribed sequence or a non-coding 

microRNA (miRNA). The cytoplasmic, RNase Ill-like protein. Dicer, cleaves the 

dsRNA molecules into small RNA duplexes (19 - 25 bp), which have classic 3 ’ 

dinucleotide overhangs. These small interferring RNA duplexes (siRNAs) are 

incorporated into a protein complex called RNA-induced Silencing Complex (RISC). 

The two strands are unwound by an ATP-dependent helicase activity, thus enabling the 

‘guide’ RNA strand to independently target complimentary mRNA. Once target 

recognition occurs RISC mediates either the site-specific cleavage of mRNA in the 

region of the siRNA-mRNA duplex or through a miRNA-like mechanism of 

translational repression. The final mechanism carried out is dependent on the degree of 

complementarity between guide and target mRNA. The resultant gene silencing is more 

potent in the site-specific cleavage mechanism, since RISC uncouples when the mRNA 

is cleaved, thus allowing the siRNA programmed RISC to re-survey the pool of mRNA 

for more complimentary sequences. It is this aspect of the RNAi pathway, which makes 

the gene silencing results so potent and long lasting.
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Figure 2.3 The RNA interference pathway.
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The induction of the RNAi pathway relies on the use of long dsRNA strands to 

activate Dicer, which generates siRNA. However, exposure of mammalian cells to long 

dsRNA causes the induction of the interferon response, which can lead to inhibition of 

general protein synthesis and cell death (Baglioni et al., 1979). It is for this reason that 

short, synthetic duplexes, which mimic the naturally occurring 19-25 bp siRNA must be 

used to achieve gene silencing via the RNAi pathway in mammalian cells (boxed region 

in Figure 2.3; Elbashir et al., 2001; Caplen et al., 2001). The use of pools of multiple 

numbers of unique siRNAs (all targeting the same gene) increases both specificity (by 

reducing off-target silencing) and potency (by increasing target recognition).

2.13.1 Depletion of p53 protein using siRNA in vitro

Custom ON-TARGET Plus Smart pool small interfering RNA (siRNA) 

containing a mixture of 4 SMART selection designed siRNAs targeting rat p53 (Gen 

Bank^*^ accession number NM_030989; p53 siRNA) was purchased from Dharmacon 

(Lafayette, Colorado, USA). Primary cortical neurones were transfected with p53 

siRNA (100 nM) using Dharmacon transfection lipid number 3. A control siRNA 

duplex containing at least 4 mismatches to any rat gene (ON-TARGET Plus siControl 

Non-Targeting siRNA; Con siRNA) was used in parallel experiments. Optimal 

transfection efficiency and conditions were determined by using FAM labelled non

specific siRNA (SiGlo green; Dharmacon, Lafayette, Colorado, USA) Effective p53 

knockdown was analysed using immunohistochemistry and western immunoblot.

2.14 Statistical analysis

All statistical analysis was carried out using Prism 4 (GraphPad Prism, 

California, USA). Data were expressed as means ± standard error of the mean (SEM). 

Statistical analysis was performed by use of a one or two ANOVA. If significant 

changes were observed, the data was further analysed using a Newmann-Keuls post hoc 

test. A p value of less than 0.05 was considered statistically significant. The exact p 

values were quoted where possible, to allow a wider interpretation of the experiment. 

When making comparisons between two groups a suitable t test was carried out. When
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using standard curves a minimum r squared value of >0.98 was set to ensure the 

accuracy of each standard curve.
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Chapter 3

An investigation o f the early signalling events in A^-THC- 
induced neuronal apoptosis



3.1 Introduction

The tumour suppressor protein p53 has been called the ‘guardian of the genome’ 

since it has a central role in causing cell cycle arrest or apoptosis in response to a 

variety of cell stressors (lane, 1992; Levine, 1997). In unstressed cells, p53 is present in 

a latent state and is maintained at low levels through targeted degradation mainly by the 

association with its negative regulator Mdm2 (Appella and Anderson, 2001). However, 

during periods of cell stress such as calcium overload, oxidative stress, nutrient 

deprivation etc., p53 becomes activated which causes levels to rise due to resistance to 

Mdm2 mediated degradation. This activation occurs largely through post translational 

alterations rather than changes in p53 gene expression levels (Oren, 1999). This is 

particularly relevant in post mitotic cells such as neurones where the activation of p53 

following cell stress needs to occur quickly and to result in the induction of apoptosis 

rather than a slow process involving cell cycle arrest and DNA repair which could 

cause a delayed and ineffective response to neuronal stress. A role for p53 has been 

demonstrated for neuronal apoptosis induced by A(3, excitotoxicity and oxidative stress 

(Fogarty et a i,  2003; Culmsee et a i, 2001; Shibata et al., 2006).

Human p53 is post translationally modified with different modifiers on at least 

18 sites, which is responsible for titrating the biological activity of p53 (Appella and 

Anderson, 2000). Despite the pleotrophic nature of these modifiers, it has been shown 

that phosphorylation plays an important role in the regulation of p53 induced growth 

arrest and apoptosis (Herr and Debatin, 2001). Several kinases that detect various cell 

stress signals can initiate a unique set of signalling pathways, which culminate in the 

activation of p53 by phosphorylation (Appella and Anderson, 2000). For example JNK 

has been shown to induce the phosphorylation of p53 at serine 15 and threonine 81 after 

exposure to A®-THC and UV irradiation respectively (Downer et a i, 2007a; Buschmann 

et a i, 2001). Furthermore, phosphorylation of p53 on serine 15 in response to genotoxic 

stress has been shown to reduce the ability of p53 to bind to its negative regulator, 

Mdm2, thus leading to an accumulation of active p53 (Shieh et al., 1997; Banin et al., 

1998). In addition, serine residues 20, 33 and 46 are phosphorylated, whilst serine 

residues 376 and 378 undergo dephosphorylaion in response to cell stress (Lavin and 

Gueven, 2006). Once phosphorylated or dephoshorylated, the stability of the p53
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protein is increased, allowing it to act as a transcription factor to up regulate many p53 

responsive genes e.g., Mdm2 and the pro-apoptotic Bcl-2 family member, Bax. 

Transactivation of pro-apoptotic genes such as Bax leads to further down stream 

signalling which culminates in the activation of proteins responsible for the initiation of 

the physical destruction of the cell.

Stabilisation of p53 can be achieved by other forms of post translational 

modification e.g., acetylation, ubiquitination and modification of p53 with p53 

interacting proteins such as SUMO and Mdm2. The pattern of proteins that are 

SUMOylated or labelled (by Mdm2) with an ubiquitin degradation tag can change in 

response to certain changes in the cell cycle or in growth conditions. Post translational 

modification of p53 with SUMO-1 has been reported to increase the transactivation of 

p53 responsive genes (Gostissa et a i ,  1999; Rodriguez et a i ,  1999). However, it has 

also been shown that SUMOylation of p53 has no effect on its transcriptional activity 

and that the co-expression of p53 and SUMO-1 with enzymes responsible for 

SUMOylating proteins repress p53 activity (Kwek et al., 2001; Schmidt and Muller, 

2002). As p53 is a transcription factor for the Mdm2 gene the Mdm2 protein is up 

regulated when p53 is expressed. Therefore cell stress causes a paradoxical activation 

of p53 while simultaneously increasing Mdm2 expression, which subsequently 

increases the degradation of p53 by Mdm2 mediated ubiquitination. Therefore, a 

challenge has been to explain how the abundant Mdm2 is prevented from inhibiting 

p53, thus ensuring that p53 can execute an appropriate stress response (Stommel and 

Wahl, 2005). This question is resolved by the existence of two p53 response elements 

in the Mdm2 gene, which are responsible for producing two different length Mdm2 

proteins, with different p53 binding abilities. The longer length Mdm2 protein 

(p90Mdm2) contains the entire p53-binding site and inhibits p53 function. However, 

the shorter Mdm2 protein (p76Mdm2) has lost half of the p53 binding site and cannot 

bind p53 (Perry, 2004). The p76Mdm2 protein acts as a dominant-negative inhibitor of 

p90Mdm2, which causes the stabilisation of p53 (Perry et al., 2000). Although Mdm2 

can inhibit p53 by directly interfering with the ability of p53 to induce gene expression 

the main function of Mdm2 is to act as an ubiquitin ligase for p53. Labelling p53 with 

an ubiquitin tag causes the degradation of p53 by 26 S proteosome. In addition,
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ubiquitination of p53 by Mdm2 promotes the translocation of p53 from the nucleus to 

the cytoplasm (Carter et a i,  2007). Furthermore, Mdm2 has the ability to ubiquitinate 

itself and can also be modified by SUMO. Interaction of Mdm2 with SUMO or 

deSUMOylating isopeptidases causes p53 activation due to decreased levels of Mdm2 

caused by the up regulation of its self-ubiquitination. Therefore, the association of 

Mdm2 with SUMO induces a shift away from p53 ubiquitination and degradation to 

p53 activation (Chen and Chen, 2003; Lee et a i,  2006b). SUMOylation of a protein 

adds approximately 20 kDa to the molecular weight of the substrate protein, which can 

be easily detected by immunoprecipitation followed by western immunoblot analysis 

(Johnson, 2004). Regulation of p53 stability and activity involving interactions with and 

between SUMO and Mdm2 and their modifying proteins is a complex issue, which has 

not yet been definitively characterised. It is likely that different cell stressors activate a 

unique affect on p53 modifying proteins and that there are multiple proteins that control 

p53 activity.

The role of the protein tyrosine kinase, SyK, in cannabinoid-mediated 

neurotoxicity was also a focus for investigation. SyK mediates a diverse set of cellular 

responses such as cell proliferation, differentiation and phagocytosis (Yanagi et a i,  

2001). SyK has a widespread expression pattern in cells such as haematopoietic cells, 

fibroblasts, epithelial cells, hepatocytes and neurones (Yanagi et al., 2001). The 

involvement of SyK in the fusion of B cell receptor-carrying endosomes to lysosomes 

in the immature B cell line DT40 is of particular interest to our investigation into the 

effects of cannabinoids on the lysosomal system (He et a i,  2005; see thesis chapter 4). 

In addition, the finding that SyK is required for the LPS-induced c-Jun N-terminal 

kinase activation is of interest since previous work from our laboratory has shown that 

A^-THC modulates the expression of JNK (Yamada et ai,  2001; Downer et ai, 2003).

The experimental work carried out in this chapter aimed to establish a role for 

JNKl in the A’-THC-induced increase in p53 phosphorylated at serine 15. The rationale 

behind this is based on our previous results showing that A^-THC induces pro-apoptotic 

signalling molecules involving JNK signalling, and that p53, which we have also shown 

to be involved in the A^-THC-induced apoptotic cascade, is a substrate for regulation by 

JNK. To investigate this, p53 expression was examined in cells treated with A®-THC in
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the presence or absence of a JNK l inhibitor. In addition, to investigate the events, 

which occur, downstream of p53 in A®-THC-treated neurones, p53 specific siRNA was 

used to deplete p53 protein expression and the role of p53 in A®-THC-mediated 

induction of DNA fragmentation was assessed in these cells. Furthermore, the effect of 

A®-THC on the p53 interacting proteins, SUMO-1 and Mdm2 was assessed by western 

immunoblot, immunocytochemistry and immunoprecipitation. Since A®-THC activates 

a plethora of signalling kinases, the proclivity of A^-THC to induce the activation of a 

novel kinase, SyK was examined in this chapter. The role of p53 in A^-THC-induced 

phospho-SyK'''’'̂ ^̂  expression and DNA fragmentation was also assessed.
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3.2.1 A’-THC induces DNA fragmentation in cultured cortical neurones.

We have previously demonstrated that A^-THC-induces DNA fragmentation in 

cultured cortical neurones (Campbell 2001, Downer et a i ,  2001). In order to 

corroborate this observation, another independent assessment of A^-THC neurotoxicity 

was undertaken. Cultured cortical neurones were exposed to A^-THC (5 ^M ) for 15 

minutes and 2 hours, cells were fixed and the level of DNA fragmentation was assessed 

using TUNEL (Figure 3.1). In vehicle (0.006% ethanol) treated neurones, no significant 

incidence of DNA fragmentation was observed (20 ± 6% TUNEL positive cells) and 

treatment with A^-THC (5 ^,M) for 15 minutes also had no significant effect on DNA 

fragmentation (16 ± 2% TUNEL positive cells; Figure 3.1 A). However, cells exposed 

to A^-THC (5 i^M) for 2 hours displayed a significant increase in the number of cells 

displaying fragmented DNA (55 ± 8% TUNEL positive cells; p<0.001, vs. vehicle, and 

A^-THC (15 minutes). Student Newman Keuls, n=6). This finding endorses the 

previous findings of our laboratory.



Figure 3.1: A’-THC induces DNA fragmentation in cultured cortical 

neurones

Neurones were treated with vehicle or A®-THC (5 ^M) for 15 min and 2 hr, fixed 

and DNA fragmentation was assessed by TUNEL staining.

A: A’-THC induced a significant increase in DNA fragmentation after exposure 

to A^-THC (5 |j,M) for 2 hr. Results are means ± SEM, ***p<0.001, vs., vehicle, 

+++p<0.001, vs., THC (15 min; 5 |xM), Student Newman Keuls, n=6.

B: Representative images of TUNEL stained neurones treated with (i) vehicle 

and (ii) A’-THC for 2 hr. Arrows indicate TUNEL positive cells.
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3.2.2 A’-THC-induced increase in phospho-p53*' '̂® protein expression is dependent 

on JNKl

The tumour suppressor protein p53 is an important signaUing molecule in the 

regulation of G1 cell cycle arrest or alternatively to induce apoptosis (Levine, 1997). 

We have found previously found that A^-THC induces a rapid phosphorylation, and 

thus activation, of p53 (p-p53“"' ;̂ Downer et a i ,  2007a). The stress activated protein 

kinase, c-jun N-terminal kinase (JNK) is known to phosphorylate p53 at various sites 

including serine 15 (ser 15; Blatt and Click, 2001). Previous results from this laboratory 

have indicated that JNK signalling is pertinent in A‘'-THC-induced apoptosis (Downer 

et al., 2003). To assess the role of JNKl in coupling A®-THC to p53 activation, cortical 

neurones were pre-treated with the selective JNK l inhibitor JNKi (10 |o,M) for 30 

minutes prior to A^-THC (5 |J.M) exposure for 5 minutes. Pre-treatment with JNKi 

prevented the A®-THC-induced increase in p53 phosphorylation at serine residue 15 

after 5 minutes A'^-THC exposure (p^O.OOOl, ANOVA, n=6; Figure 3.2). In cortical 

neurones treated with ethanol vehicle for 5 minutes p53 phosphorylation at serine 

residue 15:total-p53 (p-p53'*"‘̂ :t-p53) expression was 3.42 ± 0.44 arbitrary units (mean 

± SEM) and this was significandy increased following A’-THC treatment to 7.64 ± 0.71 

(p<0.001. Student Newman Keuls, n=6). While pre-treatment with JNKi alone had no 

effect on the level of p-p53“"‘̂ :t-p53 expression (3.70 ± 0.48), it prevented the A^-THC- 

induced increase in p-p53*''''^t-p53 expression (2.94 ± 0.37) indicating that the 

phosphorylation of p53 induced by A®-THC is dependent on JNKl (Figure 3.2A). 

Sample confocal images demonstrating the JNKl-dependent increase in p-p53“"'̂  

expression following A^-THC treatment are shown in Figure 3.2B.
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Figure 3.2: The A’-THC-induced increase in phospho-p53“'̂ '® protein 

expression is dependent on JN K l

Cultured cortical neurones were pre-incubated with JNKl inhibitor, JNKi (10 

//M) for 30 minutes prior to A^-THC (5 /^M) treatment for 5 minutes. Cell 

protein was harvested and analysed for phospho-p53*"''^ (p-p53*‘""'̂ ) and total-p53 

(t-p53) expression using western immunoblot (panel A). In addition some cells 

were fixed after treatment and phospho-p53*^''^ was labelled using 

immunocytochemistry (panel B).

A: A’-THC (5 (xM, 5 min) evoked a significant increase in p-p53“"‘̂ :t-p53 

expression. Pre-incubation with JNKi prior to A’-THC exposure abolished the 

A’-THC-induced p-p53“'̂ ‘̂ :t-p53 expression observed at 5 min. Results are 

expressed as means ± SEM, ***p,<0.001, vs., vehicle. Student Neman Keuls, 

n=6.

B: Representative images of fluorescently labelled p-p53"® '̂  ̂ in vehicle (i), A®- 

THC (ii), (iii) JNKi alone and (iv) A®-THC -t- JNKi-treated cultures.
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3.2.3 A’-THC induces an increase in SUMO-1 expression in a time dependent 

manner

The Small Ubiquitin-like M odifier protein-1 (SUMO-1) has been shown to be a 

post translational modifier of p53 (Johnson, 2004). The addition of SUMO-1, or 

SUMOylation of p53 affects its stability and transactivation potential (Carter et a i ,  

2007; Gostissa et al., 1998). Since A^-THC-induced a post translational modification of 

p53, by phosphorylation of serine 15, it was determined if SUMO-1 was regulated by 

A^-THC. SUMO-1 expression was assessed following treatment with A®-THC (5 |xM) 

for 5 - 3 0  minutes (Figure 3.3A). Following A®-THC treatment for 5 minutes, SUMO-1 

expression was 104.90 ± 17.07 arbitrary units (mean ± SEM), comparable to that found 

in cells treated with vehicle (81.27 ± 12.39). However, SUMO-1 expression was 

significantly increased to 134.70 ± 17.49 when neurones were treated with 5 jaM A®- 

THC for 15 minutes (p<0.05 vs. vehicle. Student’s t-test, n=4 independent 

observations). This effect was maintained after 30 minutes treatment with A’-THC 

(126.20 ± 11.17; p<0.05 vs. vehicle. Student’s t-test, n=4). A sample western 

immunoblot demonstrating the A^-THC-induced increase in SUMO-1 expression 

following A’-THC treatment is shown in Figure 3.3B. Sample confocal images 

demonstrating the time dependent increase in SUMO-1 expression following A’-THC 

treatment are shown in Figure 3.3C.

94



Figure 3.3: A ’-THC induces an increase in SUMO-1 expression in a time 

dependent manner

Cultured cortical neurones were treated with A^-THC (5 /iM  ) for 5 - 30 minutes, 

cell protein was harvested and analysed for the expression levels of SUMO-1 

using western immunoblot and immunocytochemistry.

A: A®-THC significantly increased SUMO-1 expression at 15 and 30 min but not 

at 5 min. Results are expressed as mean ± SEM for 4 independent observations, 

*p<0.05 vs., vehicle, Student’s t-test, n=4.

B: A sample western immunoblot demonstrating the increase in SUMO-1 

protein expression at 15 (lane 3) and 30 min (lane 4) of A’-THC treatment 

compared to vehicle-treated (lane 1) and 5 min (lane 2) A’-THC-treatment. p 

actin expression was monitored to ensure equal protein loading.

C: Representative confocal images of SUMO-1 expression in cultured cortical 

neurones treated with vehicle (i), and A’-THC (5 [xM) for 5 min (ii), 15 min (iii) 

and 30 min (iv).
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3.2.4 The effect of A’-THC on p53-SUMO-l colocalisation

The majority of SUMO-1 exists in a protein bound form, changes in the extra- 

and intra-cellular environment e.g., oxidative and osmotic stress etc., can lead to 

alterations in the levels of certain SUMO-1 conjugated protein and can cause an 

increase in ‘free’ unconjugated SUMO-1 (Melchior, 2000; Everett et al., 1999). Thus, 

colocalisation analysis by immunoprecipitation and immunocytochemistry was carried 

out to determine if the increase in SUMO-1 expression was associated with a A^-THC- 

induced alteration of the SUMOylation status of p53. In this study, the SUMOylation 

status of p53 was determined by immunoprecipitation of p53 from cell cultures treated 

with A®-THC (5 ^iM) for 15 minutes in the presence or absence of the CB, receptor 

antagonist, AM 251 (10 fxM; 30 minute pre-treatment). Figure 3.4A depicts the A’- 

THC-induced decrease in SUMOylated p53 level via the CB, receptor (p=0.0032, 

ANOVA, n=6). A®-THC treatment for 15 minutes induced a significant decrease in 

SUMOylated p53 levels from 2551.40 ± 311.62 arbitrary units (mean ± SEM) in 

vehicle-treated neurones, to 1291.70 ± 144.72 following a 15 minute exposure to A®- 

THC (p<0.05 vs., vehicle. Student Newman Keuls, n=6). AM 251 treatment alone had 

no effect on SUMOylated p53 levels (2901.70 ± 294.67), however it prevented the A’- 

THC-induced decrease in SUMOylated p53 expression (2307.30 ± 305.83, p<0.05 vs., 

A®-THC, Student Newman Keuls, n=6). This indicates that A®-THC induces a decrease 

in SUMOylated p53 levels via the CB, receptor. Figure 3.4B depicts a sample 

immunoblot demonstrating the CB,-dependent decrease in SUMOylated p53 levels 

induced by A’-THC. The effect of A^-THC on SUMOylated p53 levels was also 

assessed by immunocytochemistry in fixed cell cultures (Figure 3.4C). SUMO-1 and 

phospho-p53 were labelled with RPE and fluorescein fluorophores respectively. Cells 

were viewed by confocal microscopy and colocalisation was determined by the overlap 

of the two fluorophores. In vehicle-treated neurones, the majority of p53 was present in 

a SUMOylated form (i). However, in cultures treated with A’-THC for 15 minutes (ii) 

displayed a decrease in the amount of SUMOylated p53 (Figure 3.4C).
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Figure 3.4: The effect of A’-THC on p53-SUMO-l colocalisation

Cultured cortical neurones were exposed to A’-THC (5 /iM) or vehicle for 15 

min in the presence or absence of AM 251 (10 /^M 30 min pre-treatment). 

Following treatment, total p53 was immunoprecipitated from cell lysates and the 

level of SUMO-1 expression in the precipitated p53 was analysed by western 

immunoblot using an anti-SUMO-1 antibody. SUMO-l-p53 colocalisation was 

also assessed in fixed neurones treated with either vehicle or A’-THC (5 ^M, 15 

min) by immunocytochemistry.

A: Pre-incubation of cortical neurones with AM 251 prior to A’-THC exposure 

abolished the A^-THC-induced decrease in SUMOylated p53 expression 

observed at 15 min. Results are expressed as means ± SEM, *p<0.05 Student 

Newman Keuls, n=6).

B: A sample western immunoblot demonstrating the decrease in SUMOylated 

p53 expression after 15 min of A^-THC-treatment (lane 2) compared to 

SUMOylated p53 expression in control neurones (lane 1). While AM 251 had no 

effect on SUMOylated p53 expression (lane 3), it abolished the ability of A®- 

THC to decrease the SUMOylated p53 expression (lane 4).

C: Overlay confocal images of p53 and SUMO-1 stained neurones treated with 

vehicle (i) or A'^-THC 5 jj,M for 15 min (ii). Colocalised pixels are represented in 

white.
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3.2.5 The effect of A’-THC on Mdm2 expression

The activation of p53 induces the transcription of the Mdm2 gene. Since Mdm2 

is a negative regulator of p53 an auto-regulatory feedback loop is formed which is 

responsible for the tight control of p53. There are two p53 response elements in the 

Mdm2 gene, which upon p53 activation generates either; a full-length p90Mdm2 

protein or a p76Mdm2 protein depending on which promoter transcription is initiated at 

(Iwakuma and Lozano, 2003). The p90Mdm2 protein contains the entire p53 binding 

site and inhibits p53 function whilst the p76Mdm2 protein has lost half of the p53 

interaction site and cannot bind p53 (Perry, 2004). Mdm2 can also be cleaved by 

caspase-like enzyme activity during apoptosis and in non-apoptotic cells generating a 

60 kD fragment (p60Mdm2; Pochampally et al., 1999, 1998). To further establish the 

role of A^-THC in post translational modification of p53, the effect of A®-THC on 

Mdm2 was assessed using western immunoblot. Cultured cortical neurones were 

exposed to A®-THC (5 |xM) for various time points (5 - 120 minutes) and expression 

levels of Mdm2, induced by p53 activation, were assessed. Figure 3.5 depicts the A®- 

THC-induced expression of the Mdm2 protein (p<0.0001, ANOVA, n=6). Following 

A®-THC treatment for 5 minutes, Mdm2 expression was 0.56 ± 0.06 arbitrary units 

(mean ± SEM) which was significantly higher to that found in cells treated with vehicle 

(0.33 ± 0.03; p<0.001 vs., vehicle, Student Newman Keuls, n=6). However, the 

induction of Mdm2 protein was not maintained at subsequent time points (15 - 120 

minutes; Figure 3.5B lanes 2 - 6). This result provides additional corroborating 

evidence that A^-THC regulates the p53 protein. A sample immunoblot demonstrating 

the induction of the Mdm2 protein after 5 minutes of A^-THC treatment is shown in 

Figure 3.5B. (3 actin expression was monitored to ensure equal protein loading. Sample 

confocal images demonstrating the transient increase in Mdm2 expression following 

A®-THC treatment are shown in Figure 3.5C.
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Figure 3.5: The effect of A’-THC on Mdm2 expression

A: A significant increase in the Mdm2 protein was found following treatment 

with A’-THC for 5 min. Treatment with A’-THC at other time points (15 - 120 

min) did not induce the expression of this form of Mdm2. Results are expressed 

as mean ± SEM for 6 observations, ***p<0.001 vs., vehicle, Student Newman 

Keuls, n=6.

B: A sample western immunoblot demonstrating the induction of the Mdm2 

(arrow = 72 kDa) protein expression at 5 min o f A^-THC treatment (lane 2). 

Lane 1 represents vehicle-treated neurones, neurones treated with A’-THC for 

15 min (lane 3), 30 min (lane 4), 60 min (lane 5) and neurones treated with A'̂ - 

THC for 120 min (lane 6). The p60Mdm2 cleavage product and C terminal 

fragment are also visable on blot.

C: Representitive images of fluorescently labelled Mdm2 in neurones treated 

with vehicle (i), and neurones exposed to A’-THC for 5 (ii), 15 (iii) and 30 min 

(iv). Nuclei are stained with Hoechst dye (blue).
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3.2.6 Transfection efficiency optimisation

In these experiments siRNA mediated knock down of p53 in cultured cortical 

neurones was used to investigate the role of the tumour suppressor in A’-THC-induced 

neuronal apoptosis. siRNA induces a naturally occurring defence pathway which 

culminates in the degradation of a specific protein’s mRNA. RNA interference (RNAi) 

has become an invaluable tool for the application of both transient and stable gene 

repression during in vitro studies. RNAi is also advantageous since it negates the need 

for the time-consuming production of knockout animals. Custom ON-TARGET Plus 

Smart pool of small interfering RNA (siRNA), designed by Dharmacon to contain a 

mixture of 4 siRNAs targeting rat p53 (Gen Bank™ accession number NM_030989; 

p53 siRNA), was used to downregulate p53 gene expression. A control siRNA duplex 

containing at least 4 mismatches to any rat gene (ON-TARGET Plus siControl Non- 

Targeting siRNA; Con siRNA) was used in parallel experiments. To identify the 

optimum transfection lipid and monitor the uptake pattern of siRNA, neurones were 

incubated in fluorescein-labelled control siRNA (100 nM) for 24 and 48 hours using 4 

different transfection lipids (Dharmacon transfection lipid 1, 2, 3 or 4). It was found 

that a 24 hour treatment was sufficient to deliver siGlo to the perinuclear area (Figure 

3.6A). After 48 hours incubation (Figure 3.6B) increased uptake of siGlo was observed 

partitioning into both cytoplasmic and nuclear compartments. Transfection lipid 

number 3 provided the most intense fluorescent signal at both 24 and 48 hours, 

signifying that it was the optimal transfection reagent for our cultured neuronal 

preparations (Figure 3.6A and B (iii)). To determine the effectiveness of the p53 

siRNA, p53 expression was assessed by immunocytochemistry and western 

immunoblot. In cortical neurones transfected with transfection lipid 3 and p53 siRNA 

for 48 hours, no increase in the level of p53 was detected after exposure to A^-THC (5 

|xM) for 5 minutes (p<0.05 vs., con siRNA and A’-THC (5 |xM; 5 min). Student’s t-test, 

n=3 observations; Figure 3.7A). Western immunoblot analysis corroborated the 

downregulation of the p53 gene (Figure 3.7B).
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Figure 3.6: Transfection efficiency optimisation

C ultured cortical neurones were pre-incubated with transfection lipid 1, 2, 3 or 4 

in the presence o f fluorescein-labelled non coding siRNA (siGlo; 100 nM ) for 24 

and 48 hours at 37“C. Treated cells were fixed and incorporated siGlo was 

assessed using confocal microscopy.

A: Incubation o f cortical neurones with transfection lipid num ber 1 (i), num ber 2 

(ii), num ber 3 (iii) and num ber 4 (iv) for 24 hours. Efficent siG lo uptake was 

observed in neurones transfected with lipid 3 for 24 hours.

B: Incubation o f cortical neurones with transfection lipid num ber 1 (i), num ber 2 

(ii), num ber 3 (iii) and num ber 4 (iv) for 48 hours. A fter 48 hours transfection 

nuclear localisation o f siG lo was observed. Arrows indicate intense nuclear 

uptake.
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Figure 3.7: The successful depletion of p53 protein with siRNA

Cultured cortical neurones were pre-incubated with transfection lipid 3 in the 

presence of con siRNA or p53 siRNA (100 nM) for 48 hours at 37“C. Neurones 

were then exposed to A^-THC (5 for 5 min, fixed and total-p53 expression 

was determined using immunocytochemistry (panel A). Total-p53 expression 

was assessed by western immunoblot (panel B).

A: A’-THC induced p53 protein expression in neurones transfected with con 

siRNA (i) but not in neurones transfected with p53-siRNA (ii). Results are 

expressed as means ± SEM, *p<0.05, vs., con siRNA and A’-THC, Student’s t 

test, n=3 observations. Arrows indicate cells showing an increase in p53 

expression.

B: A sample immunoblot demonstrating that p53 siRNA treatment for 48 hr 

(lane 2) reduced p53 protein expression as compared to con siRNA-treated 

neurones (lane 1).
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3.2.7 p53 down-regulation by p53 specific siRNA prevents A’-THC-induced DNA 

fragmentation

Fragmentation of nuclear material into oligonucleosomal moieties is a hallmark 

of apoptosis and can be assessed by a variety of techniques. A’-THC-induced apoptosis 

reaches maximal levels after 2 - 3  hours post-treatment (Campbell, 2001; Downer et al., 

2001) therefore this time point was used to determine the role of p53 in A’-THC- 

induced DNA fragmentation. In this study, the TUNEL (see methods section 2.7) 

technique was used to assess the levels of fragmented DNA in cultured cortical 

neurones following siRNA-mediated depletion of p53. Figure 3.8 demonstrates that p53 

siRNA significantly reduces A®-THC-induced DNA fragmentation (p=0.0001, 

ANOVA, n=6). In vehicle-treated cells, 8.70 ± 0.58% (mean ± SEM) of cells displayed 

fragmented DNA (TUNEL positive) and this was significantly increased to 34.11 ± 

1.55% in cells treated with A^-THC (5 |o.M) for 2 hours (p<0.001, Student Newman 

Keuls, n=6). Exposure of cells to p53 siRNA (100 nM) for 48 hours prior to A®-THC (5 

|iM ) treatment prevented the A*-THC-induced increase in TUNEL staining (9.49 ± 

1.37% TUNEL positive cells). In cells pre-treated with con siRNA (100 nM) the A^- 

THC-induced increase in DNA fragmentation was retained (39.52 ± 4.09% TUNEL 

positive cells, p<0.001 vs., vehicle in the presence of Con siRNA Student Newman 

Keuls, n=6). These results demonstrate that depletion of p53 by siRNA prevents A^- 

THC-induced DNA fragmentation. These data are also consistent with our previous 

studies using a pharmacological inhibitor of p53, pifithrin-a (100 nM), to block A^- 

THC-induced apoptosis (Downer et al., 2007a).
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Figure 3.8: p53 down-regulation by p53 specific siRNA prevents A ’-THC- 

induced DNA fragmentation

Cultured cortical neurones were pre-incubated with transfection lipid 3 in the 

presence of con siRNA or p53 siRNA (100 nM) for 48 hours at 37°C. Neurones 

were treated with vCon or A^-THC (5 ^M) for 2 hours, fixed and DNA 

fragmentation assessed by TUNEL. Fluorescein (apoptotic cells) and propidium 

iodide (all cells) overlay images are shown.

A: Pre-incubation of neurones with p53 siRNA prior to A®-THC exposure 

abolished the A^-THC-induced increase in DNA fragmentation. Results are 

expressed as mean ± SEM, ***p<0.001 vs., vehicle, &&& vs. vehicle in the 

presence of Con siRNA, +++p<0.001 vs., A^-THC in the presence of Con 

siRNA, Student Newman Keuls, n==6.

B: Representative images of neurones treated with (i) vehicle and (ii) A^-THC in 

the presence of con siRNA, and neurones treated with (iii) vehicle and (iv) A^- 

THC in the presence of p53 siRNA. Arrows indicate cells displaying fragmented 

DNA.
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3.2.8 A’-THC induces an increase in phospho-SyK* '̂'^^  ̂expression through the CB, 

receptor

The role of the non-receptor protein tyrosine kinase, SyK in cannabinoid- 

mediated neurotoxicity was examined in this study. SyK has a widespread expression 

pattern in cells such as, haematopoietic cells, fibroblasts, epithelial cells, hepatocytes 

and neuronal cells (Yanagi et a i ,  2001). Previous results from our laboratory have 

found that cultured cortical neurones do express SyK at early time points of apoptosis 

induced by A(3,_42. SyK mediates a diverse set of cellular responses such as, cell 

proliferation, differentiation and phagocytosis (Coopman and Mueller, 2006; Yanagi et 

al., 2001). The involvement of SyK in the fusion of B cell receptor-carrying endosomes 

to lysosomes in the immature B cell line DT40 (He et a i,  2005) is of particular interest 

to our investigation into the effects of cannabinoids on the lysosomal system (see 

chapter 4). In addition, the finding that SyK is required for the LPS-induced c-Jun N- 

terminal kinase activation is of interest since previous work from our laboratory has 

shown A’-THC modulates the expression of JNK (Arndt et al., 2004; Downer et al., 

2003).

To investigate the effect of A’-THC on phospho-SyK'^'^^^ expression, cultured 

cortical neurones were exposed to A®-THC (5 ^iM) for 15 minutes and phospho- 

SyK>yf323 expression assessed by western immunoblot (Figure 3.9A). In

vehicle-treated neurones, p-SyK'*^^^  ̂ expression was 105.00 ± 14.84 arbitrary units 

which was significantly increased to 357.00 ± 133.10 (p<0.05, vs., vehicle, Mann- 

Whitney t test, n=8-13). While treatment with AM 251 (10 ^M) alone had no effect on 

p-SyK' '̂'^”  expression (113.30 ± 16.90) the A^-THC-induced increase in p-SyK'''"^^  ̂was 

abolished when cells were pre-treated with AM 251 prior to A’-THC exposure (86.83 ± 

26.42; p<0.05 vs., A®-THC, Mann-Whitney t test, n=8-13). p-SyK'*'"̂ ^̂

immunoreactivity was also detected by immunocytochemistry and followed the same 

expression pattern (Figure 3.9B).
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Figure 3.9: A’-THC induces an increase in phospho-SyK*̂ "̂ ^̂  ̂ expression 

through the CB, receptor

Cultured cortical neurones were pre-incubated with AM 251 (10 //M) for 30 

minutes prior to A^-THC (5 /<M) treatment for 15 minutes. Cell protein was 

harvested and analysed for phospho-SyK‘̂ "̂ “  (p-SyK‘''"“ )̂ expression using 

western immunoblot (panel A). In addition some cells were fixed after treatment 

and p-SyK'*'"̂ ^̂  was labelled using immunocytochemistry (panel B).

A: Pre-incubation of neurones with AM 251 prior to A®-THC exposure 

abolished the A’-THC-induced increase in p-SyK'̂ '̂ ^̂  ̂ expression observed at 15 

min. Inset: a sample western immunoblot showing that A^-THC treatment for 5 

minutes increases p-SyK'̂ ''̂ ^̂  ̂ expression (lane 2) as compared to control 

neurones (lane 1). Exposure of cells to AM 251 alone had no effect on p- 

Syj<̂ tyr323 g^pression (lane 3). The increase in p-SyK'''"^^  ̂ expression was 

prevented by AM 251 pre-treatment (lane 4). Results are expressed as mean ± 

SEM, *p<0.05 vs., vehicle, -t-p<0.05 vs., A^-THC, Mann Whitney test, n=8-13.

B: Sample immunofluorescent images of p-SyK' '̂^^  ̂ immunoreactivity in (i) 

vehicle, (ii) A^-THC, (iii) AM 251 and (iv) AM 251 and A’-THC-treated 

neurones.
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3.2.8 A’-THC induces an increase in phospho-SyK'̂ '̂ ^̂  ̂expression through the CBj 

receptor

The role o f  the non-receptor protein tyrosine kinase, SyK  in cannabinoid- 

m ediated neurotoxicity w as exam ined in this study. SyK  has a w idespread expression  

pattern in cells such as, haem atopoietic ce lls , fibroblasts, epithelial ce lls, hepatocytes 

and neuronal cells (Yanagi et  al. ,  2001). Previous results from our laboratory have 

found that cultured cortical neurones do express SyK  at early tim e points o f  apoptosis 

induced by APi.4 2 . SyK  m ediates a diverse set o f  cellular responses such as, cell 

proliferation, differentiation and phagocytosis (Coopm an and M ueller, 2006; Yanagi et  

al.,  2001). The involvem ent o f  SyK  in the fusion o f  B cell receptor-carrying endosom es 

to lysosom es in the immature B ce ll line D T 40 (H e et  al., 2005) is o f  particular interest 

to our investigation into the effects o f  cannabinoids on the lysosom al system  (see  

chapter 4). In addition, the finding that SyK  is required for the L PS-induced c-Jun N- 

terminal kinase activation is o f  interest since previous work from  our laboratory has 

show n A ’-THC m odulates the expression o f  JNK (Arndt et  al., 2004; D ow ner et al., 

2003).

T o investigate the effect o f  A ’-THC on phospho-SyK'*'"^^^ expression, cultured 

cortical neurones w ere exposed to A®-THC (5 ^M ) for 15 m inutes and phospho- 

SyK ‘y323 expression assessed  by western im m unoblot (Figure 3 .9A ). In

vehicle-treated neurones, p-SyK'̂ "̂ ^̂  ̂ expression w as 105.00 ±  14.84 arbitrary units 

w hich was significantly increased to 357 .00  ±  133.10 (p < 0.05 , vs., veh icle, Mann- 

W hitney t test, n=8-13). W hile treatment with A M  251 (10 piM) alone had no effect on  

p-SyK'^'^“  expression (113 .30  ±  16.90) the A ’-TH C-induced increase in p-SyK' '̂^^  ̂ was 

abolished when cells  were pre-treated with A M  251 prior to A®-THC exposure (86 .83  ±  

26.42; p<0.05 vs., A ’-TH C, M ann-W hitney t test, n= 8-13). p -SyK ‘''"̂ ^̂

im m unoreactivity w as also detected by im m unocytochem istry and fo llow ed  the sam e 

expression pattern (Figure 3.9B ).
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Figure 3.9: A’-THC induces an increase in phospho-SyK' '̂^^^  ̂ expression 

through the CB, receptor

Cultured cortical neurones were pre-incubated with AM 251 (10 //M) for 30 

minutes prior to A^-THC (5 /<M) treatment for 15 minutes. Cell protein was 

harvested and analysed for phospho-SyK'''"^^^ (p-SyK'^"^^^) expression using 

western immunoblot (panel A). In addition some cells were fixed after treatment 

and p-SyK'^’’̂ ^̂  was labelled using immunocytochemistry (panel B).

A: Pre-incubation of neurones with AM 251 prior to A®-THC exposure 

abolished the A^-THC-induced increase in p-SyK''''^^^  ̂ expression observed at 15 

min. Inset: a sample western immunoblot showing that A^-THC treatment for 5 

minutes increases p-SyK'̂ "̂ ^̂  ̂ expression (lane 2) as compared to control 

neurones (lane 1). Exposure of cells to AM 251 alone had no effect on p- 

SyK''"^^^ expression (lane 3). The increase in p-SyK'''"^^^ expression was 

prevented by AM 251 pre-treatment (lane 4). Results are expressed as mean ± 

SEM, *p<0.05 vs., vehicle, +p<0.05 vs., A^-THC, Mann Whitney test, n=8-13.

B: Sample immunofluorescent images of p-SyK'̂ ''̂ ^̂  ̂ immunoreactivity in (i) 

vehicle, (ii) A’-THC, (iii) AM 251 and (iv) AM 251 and A’-THC-treated 

neurones.
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3.2.10 A’-THC-induced DNA fragmentation is dependent on SyK activity

Since SyK activity was increased by A^-THC via p53 it was decided that an 

investigation into whether SyK activity was required for the induction of DNA 

fragmentation, which is an end stage marker of A®-THC-induced apoptosis. In this 

study, the TUNEL (see methods section 2.7) technique was used to assess levels of 

DNA fragmentation in cultured cortical neurones following the pharmacological 

inhibition of SyK. Figure 3.11 shows the SyK dependent nature of A^-THC-induced 

DNA fragmentation (p=0.0022, ANOVA, n=6 observations). In vehicle-treated cells, 

20 ± 6% (mean ± SEM) of cells displayed fragmented DNA (TUNEL positive) and this 

was significantly increased to 55 ± 8% in cells treated with A^-THC (5 ^iM) for 2 hours 

(p<0.01. Student Newman Keuls, n==6 observations). While treatment with SyKi (50 

nM) had no effect on neuronal viability (34 ± 15% TUNEL positive), it prevented the 

A^-THC-induced increase in TUNEL staining (15 ± 7% TUNEL positive cells). These 

results demonstrate that A®-THC-induced DNA fragmentation is dependent on SyK 

activity. Sample images of TUNEL stained neurones are shown in Figure 3.1 IB.
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Figure 3.11: A’-THC-induced DNA fragmentation is dependent on SyK 

activity

Neurones were treated with SyKi (50 nM) for 60 minutes prior to exposure to 

A®-THC (5 jiM) for 2 hours, fixed and fragmented DNA was assessed using the 

TUNEL technique.

A: Pre-incubation of neurones with SyKi prior to A^-THC exposure abolished 

the A^-THC-induced increase in DNA fragmentation observed at 2 hours. 

Results are expressed as means ± SEM, **p<0.01, n=6 observations.

B: Representative images of TUNEL stained neurones demonstrating A^-THC- 

induced DNA fragmentation in (i) vehicle, (ii) A^-THC, (iii) SyKi alone and (iv) 

neurones treated with A’-THC in the presence of SyKi. Arrows indicate cells 

displaying fragmented DNA. Scale bar is 10 |o.m.
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3.3 Discussion

The aim of this study was to corroborate the neurotoxic effects of A®-THC in 

vitro and to further characterise the role of specific signal transduction moieties that are 

involved in the neurotoxic pathway which we have previously shown to be induced by 

A^-THC (Campbell, 2001; Downer et al., 2003, 2001). In vitro A^-THC neurotoxicity 

was examined using primary cerebral cortical neurones to characterise signal 

transduction mechanisms contributing to toxicity. In accordance to our previous 

findings, A’-THC induced DNA fragmentation in the nucleus of cultured neurones, 

reflecting an apoptotic response to A’-THC. The A^-THC-induced DNA fragmentation 

reached a significant level after 2 hours A^-THC exposure, however, no significant 

changes were observed after 15 minutes exposure. A’-THC was found to induce the 

phosphorylation of the tumour suppressor protein, p53 at serine 15 (Downer et al., 

2007a). The ability of A®-THC to induce the activation of p53 was blocked by a specific 

inhibitor of JN K l, D-JNK-1 (JNKi), indicating that this stress-activated protein kinase 

is essential for both the activation of p53 and the induction of A^-THC-induced 

neurotoxicity. Furthermore, A’-THC significantly increased the level of unconjugated 

SUMO-1 protein in the cytosol in a time-dependent manner with a maximal response 

observed after 15 minutes A’-THC treatment. Following additional colocalisation 

experiments, A^-THC induced the removal of SUMO from p53. The CB, receptor 

antagonist, AM 251, abated the effect of A^-THC on the SUMOylation status of p53 as 

shown by p53 immunoprecipitation. A’-THC induced an increase in the expression of 

the p53-responsive protein, Mdm2, after 5 minutes exposure to A^-THC, which 

coincides with the increase in p-p53•'*''^ A siRNA approach was used to further 

delineate the contribution of p53 in A^-THC-induced neuronal death. To enhance the 

cellular uptake, siRNA complexes were pre-incubated with 4 different transfection 

lipids. In order to assess which transfection lipid delivered the most siRNA to neurones, 

FAM-labelled siRNA were pre-incubated with each transfection lipid and fluorescence 

in the nucleus was used to measure transfection efficiency. Dharmacon lipid number 3 

displayed the most uptake of fluorescently labelled siRNAs to the nucleus and so it was 

the transfection lipid used in all further experiments. Treatment of neurones with 

specific siRNAs targeted towards rat p53 mRNA effectively reduced the expression of
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the p53 protein as assessed by immunocytochemistry and western immunoblot. The 

siRNA-mediated reduction of p53 protein expression prevented A’-THC-induced DNA 

fragmentation. This corroborates our previous findings that showed the 

pharmacological inhibition of p53, using pifithrin-a prevented A^-THC-induced DNA 

fragmentation (Downer et al., 2007a). In addition to these findings, a new signalling 

kinase, SyK, was regulated by A’-THC via the CB, receptor. Treatment of neurones 

with pifithrin-a, a pharmacological inhibitor of p53 activity blocked the activation of 

SyK and an inhibitor of SyK activity, sulfonamide, prevented A®-THC-induced DNA 

fragmentation. The use of these inhibitors indicate that the activity of both p53 and SyK 

is required for the downstream signalling of A®-THC neurotoxicity. Data herein suggest 

that CB| receptor activation by A^-THC induces a series of signalling cascades where 

p53 and SyK play a central role, hence they may be pertinent in mediating the 

neurotoxic properties of A®-THC.

Apoptosis, or programmed cell death, is a normal physiological process, which 

a cell actively takes part in its own destruction without triggering an inflammatory 

response (Kerr et a i,  1972). This process is characterised by distinct morphological and 

biochemical changes to the cell, including the fragmentation of DNA and the activation 

of pro-apoptotic proteins. The proclivity of A^-THC to induce DNA fragmentation was 

assessed by the fluorometric TUNEL technique. This technique provides a quantitative 

assessment of cell death in cultured cells and tissue sections. In addition, the TUNEL 

technique also allows the examination of cells for the morphological signs of apoptosis 

such as, membrane blebbing, cell shrinkage and the formation of nuclear bodies. The 

induction of DNA fragmentation was observed following treatment with A®-THC for 2 

hours, which is in line with our previous observations and coincides with the time frame 

of the induction of cannabis’ psychoactive effects (Downer et a i,  2001; Chiang and 

Barnett, 1984). These observations corroborate our previous conclusion that the 

duration of cannabinoid exposure determines the level and appearance of neurotoxicity. 

This rapid initiation of A^-THC-induced neurotoxicity is comparable to that observed in 

primary hippocampal cultures and dendritic cells derived from murine bone marrow 

(Chan et a i ,  1998; Do et al., 2004). However, Sanchez et al., (1998) have shown that
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treatment with A^-THC for 4 - 5 days induced apoptosis in transformed C6.9 glioma 

cell line, however they failed to see this in primary cells.

We have previously shown that A’-THC regulates both JNK and p53 in cultured 

cortical neurones (Downer et a i ,  2003, 2007a). Several kinases have the ability to 

phosphorylate and stabilise p53 e.g., casein kinases, and members of the MAP kinase 

family, such as, p38 MAPK, ERK, and JNK (Blatt and Click, 2001). Furthermore, 

several papers indicate that JNK acts upstream of p53 and induces the phosphorylation 

on multiple separate amino acid residues in response to a diverse set of cell stress 

stimuli (for review see Wu, 2004). There is evidence that p53 becomes phosphorylated 

on serine 15 following cellular stress and that this disrupts the interaction of p53 with 

its negative regulatory protein, Mdm2 (Shieh et al., 1997). The A^-THC-induced 

increase in p53 phosphorylation was blocked with JNKi, this coupled with our previous 

findings regarding the early activation of JNKI by A^-THC, lead us to propose that the 

upstream activation of the JNKI signalling pathway couples A^-THC to the activation 

of p53 in this in vitro system.

The mechanism of p53-induced apoptosis has been extensively studied and 

involves many different proteins including SUMO and Mdm2. The modification with 

SUMO or SUMOylation has been linked to pathways associated with a diverse set of 

cellular functions e.g., intracellular trafficking, cell cycle control, DNA repair and 

replication, RNA metabolism and cell signalling (Hay, 2005). Although nuclear 

proteins were the first proteins that were found to be SUMOylated, both cytoplasmic 

and plasma membrane associated proteins are modified by SUMO (Boddy et a i ,  1996; 

Desterro et a i ,  1998; Okura et a i ,  1996). p53 can be post translationally modified by at 

least two ubiquitin like (UBL) proteins, SUMO-1 and NEDD8 (Watson and Irwin, 

2006). The first report that p53 was a target of SUMO-1 conjugation came from a 

report that human Ubc9, the SUMO E2 transferring enzyme, associates with p53 in 

yeast (Shen et al., 1996). The association of p53 with SUMO-1 has been linked to the 

regulation of the transcriptional activity, intracellular location and the apoptotic 

potential of p53 (Gostissa et al., 1999; Rodriguez et al., 1999; Carter et al., 2007; 

Muller et al., 2000). However, since these initial reports there have been conflicting 

reports as to the functional effects of this p53 modification, hence no consensus as
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regards p53 SUMOylation has been reached (for reviews see Melchior and Hengst, 

2002; Watson and Irwin, 2006). In addition, some authors have questioned the 

physiological relevance of SUMOylation since most SUMO targets, including p53, are 

modified at very low steady state levels and that there is a limited pool of ‘free’ 

unconjugated SUMO-1 available for use (Bossis and Melchior, 2006; Johnson, 2004). 

However, the role of p53 SUMOylation is perhaps a more subtle modification that may 

be acting in conjunction to other post translational modifications e.g., phosphorylation, 

acetylation and even the interaction between p53 interacting proteins such as, Mdm2. 

The phosphorylation of a protein can act as a positive or negative signal for the 

SUMOylation of a protein e.g., the phosphorylation of PML nuclear body, a protein 

involved in the repression of gene expression and apoptotic pathways, induces the 

deconjugation of SUMO-1 at the beginning of mitosis (Everett et al., 1999). 

Interestingly, the phosphorylation of both c-Jun and p53 induces a deSUMOylation of 

the respective protein (Muller et al., 2000; Lin et al., 2004). The findings of Lin et al., 

are of particular interest, due to their observations that phosphorylation on serine 20 

induced by checkpoint kinase 2 (cdk2) in response to DNA damage was responsible for 

the deSUMOylation of the p53 protein. These results, coupled with our observations on 

the effect of A^-THC on the SUMOylation status of p53, indicate that the 

phosphorylation of certain proteins during periods of cell stress can cause the protein to 

become deSUMOylated. Whether phosphorylation inhibits the access of SUMO 

conjugating enzymes or recruits SUMO deconjugating enzymes remains unknown. 

However, loss of these enzymes causes Gj/M cell cycle block in yeast and early 

embryonic death in mice, which indicate that they are fundamental proteins required for 

life, a similarity shared with many kinases and phosphatases (Bossis and Melchior, 

2006; Li and Hochstrasser, 1999; Nacerddine et al., 2005). These observations have 

prompted some authors to go as far as comparing SUMOylation with phosphorylation, 

at least in regards to the frequency of occurrence and the large number of potential 

substrates (Marx, 2005; Bossis and Melchior, 2007). Interestingly, the SUMO 

regulatory system is modified by stresses, with different cell stressors such as high 

oxidative stress, heat and osmotic shock, resulting in specific alterations of SUMO 

regulatory enzymes (Manza et a l ,  2004; Zhou et al., 2004). Furthermore, these
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stressors increase the conjugation of SUMO-2/3 but not SUMO-1 to substrate proteins, 

however this could be simply due to the large pool of free SUMO-2 and -3 compared to 

the small pool of free SUMO-1 that is present under normal physiological conditions 

(Saitoh and Hinchey, 2000). Manza et a i,  (2004) have shown that stress induces a near 

complete shift of SUMO-1, -2 and -3 to a different set of protein targets, including 

proteins that function as chaperones and components of cellular stress responses. Taken 

together, these findings indicate that the SUMOylation status of a protein and the 

activity of the SUMOylation regulatory enzymes are important in the control of cell fate 

and proliferation. This makes our results concerning the effect of A^-THC on the free 

SUMO protein pool and the SUMOylation status of p53 all the more interesting and 

relevant in the endeavour to establish the neurotoxic signalling pathway of A^-THC in 

cultured cortical neurones.

p53 acts as a transcription factor for Mdm2, thus when activated, p53 

transcriptionally up regulates Mdm2 protein expression. Due to the ability of Mdm2 to 

inhibit p53 activity, a negative feedback loop is formed which provides a tight 

regulatory mechanism, which controls the function of p53 in cell cycle progression and 

apoptosis. Mdm2 functions as a critical titrator of p53 activity and loss of Mdm2 results 

in an active p53 that is resistant to degradation (Iwakuma and Lozano, 2003). A®-THC 

induced an increase in the expression of the Mdm2 protein after 5 minutes exposure. 

This occurred at the same time that A’-THC-induces the activation of p53, which may 

indicate that p53 may be responsible for the up regulation of Mdm2. The Mdm2 gene 

has two separate p53 response elements, which generate 2 different length Mdm2 

proteins, the p90Mdm2 which is capable of binding and labelling p53 for degradation 

and the p76Mdm2 which has lost its p53 binding site and so cannot act as a p53 

repressor (Perry, 2004). The expression of p90Mdm2 is thought to facilitate the return 

of p53 to normal levels and Perry et a i,  (2000) have suggested that p76Mdm2 

interferes with the ability of p90Mdm2 to stimulate the degradation of p53. The 

calculated molecular weight of the unknown full length Mdm2 band induced by A®- 

THC treatment for 5 minutes was 72 kDa. Therefore, given that there are small 

differences in molecular weights of proteins between different species, we propose that 

A’-THC induces this p53 inhibiting form of Mdm2. The 60 kDa band observed is most
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likely a p60Mdm2 protein produced by the action of a caspase-like enzyme(s), which is 

normally expressed at high levels during normal culture conditions (Pochampally et al., 

1999). The 30 kDa band represents the C terminal degradative fragment (Pochampally 

e ta l ,  1999, 1998).

The ability of A^-THC to induce changes in both SUMO and Mdm2 provides 

additional evidence that p53 signalling is pertinent in the A^-THC-induced apoptotic 

pathway in our culture system. To corroborate our previous finding that the 

pharmacological inhibition of p53 prevented A’-THC-induced DNA fragmentation, we 

used siRNA to deplete the p53 protein in neuronal cultures and then assessed the 

proclivity of A^-THC to induce DNA fragmentation. Treatment with p53 specific 

siRNA successfully inhibited A®-THC-induced apoptosis as assessed by the TUNEL 

technique (Downer et al., 2007a). This signifies the importance of p53 as a signalling 

molecule in A^-THC-induced neurotoxicity. This is the first report that has linked p53 

activity to the neurotoxicity of A^-THC in cultured cortical neurones. Cannabinoids 

have been shown to evoke apoptosis in a variety of cell types including gliomas, 

leukaemic cells and colorectal carcinomas and manipulation of this apoptotic cascade 

may have therapeutic value in the treatment of cancers (Velasco et al., 2004; Powles et 

al., 2005; Patsos et al., 2005). However, the cannabinoid-mediated apoptosis of 

leukaemic cells is p53-independent the role of p53 in the anti-tumoural effect of 

cannabinoids requires further investigation. Cannabinoid-induced neuronal death may 

contribute to the role of cannabinoids in brain development, hence the p53-dependent 

apoptotic pathway reported here may provide a molecular mechanism for 

endocannabinoid-mediated physiological cell death that is necessary for appropriate 

development of the brain (Femandez-Ruiz et al., 2004).

The activation of tyrosine kinases, both receptor and non-receptor types, is an 

initiating step involved in the regulation of many cell signalling cascades which 

regulate proliferation, differentiation and inflammatory processes. The non-receptor 

protein tyrosine kinase, SyK can act downstream of Src kinases and serves as a signal 

amplifier and as a mediator in the assembly of multiprotein signalling complexes (Chan 

et al., 1994). SyK has been almost exclusively studied in haematopoietic cells where it 

is involved in the proximal downstream signalling of activated immunoreceptors e.g.,
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BCR and TCR (Sada et al., 2001). The phosphorylation of SyK induces its activation, 

which leads to the binding or phosphorylation of adaptor proteins, which can then 

partake in various cell-signalling processes (Ding et al., 2000). In this study, exposure 

of neurones to A®-THC for 15 minutes provoked an increase of SyK phosphorylated on 

tyrosine 323 (p-SyK' '̂'^^^ )̂ as shown by western immunoblot and immunocytochemistry. 

This was abrogated by the CB, receptor antagonist AM 251 indicating that this 

signalling kinase is regulated through the CB, receptor. This is the first report, that we 

know of regarding the activation of SyK through the ligation of the cannabinnoid 

receptor by A®-THC. The activation of SyK was also blocked by the pharmacological 

inhibition of p53 activity. This indicates that p53 maybe one of the molecular signalling 

proteins involved in the SyK signalling pathway. It has been reported that cellular 

stressors e.g., Ap, ionising radiation, UV irradiation, HjOj, LPS and genotoxic agents 

activate the SyK family (Combs et al., 1999; Kharbanda et al., 1994; Hardwick and 

Sefton, 1995; Brumell et al., 1996; Arndt et al., 2004; Zou et al., 2004). The activation 

of SyK leads to the initiation of a number of diverse signalling cascades depending on 

the cell type and stimulus involved. Phosphorylation of SyK has been linked to the 

activation of caspase-3 in immune cells but the exact molecular mechanisms involved 

were not investigated (Zhou et al., 2006). We have found that blocking the activity of 

SyK with sulfonamide (SyKi), a pharmacological inhibitor of SyK, effectively 

prevented A®-THC-induced DNA fragmentation, indicating that the activity of this 

protein tyrosine kinase is indispensable in the A^-THC-induced apoptotic signalling 

cascade, which we have described previously (Downer et al., 2001). The aetiology for 

the activation of SyK remains to be fully elucidated, however the activation of SyK in 

non-immune cells such as neurones, has been reported to be dependent on 

immunoreceptor tyrosine activation motif (ITAM)-like signalling and the direct 

association with phosphotyrosine phosphatases or protein kinases (Kitano et al., 2002; 

Hecht and Zick, 1992; Sidorenko et al., 1995). It is interesting to note that the 

metabotropic glutamate receptor-associated scaffolding protein, Tamalin, recruits SyK 

which can then activate downstream protein tyrosine kinases which in turn activate 

phospholipase C-y (Hirose et al., 2004). Ligation of cannabinoid receptors leads to the 

recruitment and activation of a diverse set of adaptor proteins including Src kinases
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which can activate the transcription of protein scaffolding proteins (He et a l ,  2005). 

Indeed, He and co-workers (2005) suggest that the activity of small GTPases and 

protein kinases such as Src and JNK regulate Stat3, a transcriptional regulator, to 

mediate CB, receptor-Gj/o-induced neurite outgrowth in Neuro-2A cells. There are 

many other reports that link Src activity to cannabinoid receptor activation and so it is 

conceivable that SyK maybe activated downstream of cannabinoid receptor ligation 

(Derkinderen et al., 2001b; Lee et al., 2003b). The role of SyK in inducing apoptosis is 

not yet clear with both pro- and anti-apoptotic functions being reported in the literature 

(Combs et al., 2001; Qin et al., 1997). These functions may be of relevance to our 

observations that A®-THC regulates SyK signalling and that SyK activity is required for 

the induction of A®-THC-induced neurotoxicity and A®-THC may modulate neuronal 

differentiation and survival via SyK signalling.

In conclusion, the results presented here demonstrate the diverse signalling 

cascades that are involved in A^-THC-induced neuronal apoptosis. They show that Â - 

THC induces DNA fragmentation and the phosphorylation of the pro-apoptotic protein, 

p53 via the protein kinase JN K l. A®-THC also regulated other post translational 

modifiers of p53 i.e., SUMO-1 and Mdm2 in a time-dependent manner. The regulation 

of these modifying proteins could facilitate p53-inudced apoptosis by increasing p53 

stability and possibly by effecting its cellular location. The siRNA-mediated depletion 

of p53 abrogated the proclivity of A’-THC to induce DNA fragmentation, thus 

definitively showing the role of p53 in the apoptotic-signalling cascade induced by A’- 

THC. The results also show the involvement of a new signalling molecule, SyK in Â - 

THC-induced neuronal death. The identification of these novel signalling pathways 

may represent control points, which can be targeted by drugs to harness the influence 

that cannabinoids have on cell fate.
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Chapter 4

The role o f the lysosomal system in A^-THC-induced 
neuronal apoptosis



4.1 Introduction
Apoptosis is an active form of cell death that plays an essential role in brain 

development and ensures the survival of the correct numbers of neuronal and glial 

populations (Kerr et a i, 1972; Boya and de la Rosa, 2006). However, excessive or the 

inappropriate activation of this cell death pathway can lead to neurodegenerative 

disease and has been implicated in eliciting behavioural deficits (Mattson, 2000; 

Nijhawan et al., 2000; Harris et al., 2003). The intrinsic apoptotic pathway involves the 

translocation of mitochondrial proteins e.g., cytochrome c, into the cytosol followed by 

the activation of caspase cascades that culminates in the physical degradation of the 

cell. Indeed, we have previously shown that exposure of cultured cortical neurones to 

A’-THC causes cytochrome release and caspase-3 activation followed by the demise of 

the cell (Campbell, 2000; Downer et a i, 2001). Modulation of intracellular organelles 

is a common phenomenon during apoptosis. However, whilst most studies focus on the 

mitochondrial regulation of apoptosis, several reports have indicated that the lysosomes 

play a role in early apoptotic events (Turk et a i, 2002; Kagedal et a i, 2005). For many 

years lysosomes and their degradative proteases were thought to be involved in necrotic 

and autophagic cell death or in non-specific intracellular protein degradation 

respectively. However, today these concepts are outdated and the term ‘the lysosomal 

pathway of apoptosis’ is now accepted terminology (Guicciardi et a i,  2004). The 

lysosomal pathway of apoptosis describes the induction of lysosomal membrane 

destabilisation with subsequent release of proteolytic enzymes into the cytosol, and 

their active contribution to the cell death signalling pathways (Guicciardi et al., 2004). 

One of the key factors in determining the type of cell death (apoptosis or necrosis) 

evoked by lysosomal membrane destabilisation is the magnitude of membrane 

destabilisation and the amount of proteolytic enzymes released into the cytosol (Li et 

a i, 2000). Necrotic cell death is associated with the total destruction of the organelle 

coupled with the uncontrolled release of high concentrations of lysosomal enzymes, 

whilst the partial degradation of the lysosomal membrane coupled with the controlled 

release of selective proteases triggers apoptotic cell death (Bursch, 2001; Turk et ai, 

2002). In both instances the amount of degradative enzymes released into the cytosol is 

sufficient to overcome the native inhibitors present normally in the cell e.g., the
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cystatins, which are present to protect the cell against the spontaneous leakage of 

lysosomal contents, which is a normal cellular process (Berg et al., 1995; Claus et al., 

1998). Once released into the cytosol lysosomal enzymes can contribute directly to the 

cell death cascade by the direct cleavage of key cellular substrates e.g., caspase-3, or by 

acting in consort with caspases in the death pathway (Leist and Jaattela, 2001).

The lysosomal proteolytic enzymes, also called cathepsins, represent the largest 

group of degradative enzymes in lysosomes. There are at least 13 cathepsins, which 

have been identified in mammals (Chwieralski et al., 2006). Lysosomal enzymes 

including cathepsins B, L, and cathepsin-D (the only aspartic proteases in the cathepsin 

family) can be translocated from the lysosomal lumen to the cytosol in response to a 

variety of signals e.g., TNF receptor ligation, p53 activation, oxidative stress and 

exposure to the second messenger sphingosine (Guicciardi et al., 2000; Yuan et al., 

2002; Nilsson et al., 1997; Kagedal et al., 2001). Furthermore, cathepsin D has been 

shown to induce the insertion of the pro-apoptotic BCI2 family member, Bax into the 

lysosomal membrane, causing membrane destabilisation and leakage of cathepsin-D 

into the cytosol (Kagedal et al., 2005). The work carried out by Kagedal and colleagues 

has also identified that cathepsin-D activated p53 and caspase-3 which is remarkably 

similar to the mechanism of action we propose for the induction of A®-THC-induced 

neurotoxicity in vitro and in vivo (Kagedal et al., 2001; Downer et al., 2007a and b). In 

addition, a further report showing p53 induces apoptosis via a lysosomal-mitochondrial 

pathway that is initiated by lysosomal destabilisation is of particular interest given the 

central role that we have shown p53 to have in our in vitro A’-THC-induced neurotoxic 

system (Yuan et al., 2002).

The engagement of several receptors, including G protein-coupled receptors, 

leads to receptor endocytosis, which culminates in the receptor being either recycled to 

the cell membrane or trafficked to the lysosomes for degradation (Grampp et al., 2007). 

This internalisation process involves the phosphorylation by a G protein-receptor kinase 

(GRK) and recruitment of an arrestin protein (Gainetdinov et al., 2004). It has been 

recently established that SyK is an important protein involved in immunoreceptor 

internalisation followed by lysosomal targeting and degradation, and is required for the 

propagation of downstream signalling (He et al., 2005a; Bonnerot et al., 1998). These

131



findings are of interest to our investigations considering we have shown that A®-THC 

regulates SyK via the CB, receptor (chapter 3). Indeed, the CB, receptor can be targeted 

to the lysosomes after agonist-induced internalisation and has also been shown to 

recruit Src protein tyrosine kinases, which are up stream regulators of SyK (Samataro et 

al., 2005; He et a i ,  2005b).

The aim of this study was to firstly investigate whether A^-THC impacts on the 

stability of the lysosomal membrane, which was assessed by the relocation of acridine 

orange, and the level of cathepsin enzyme activity in cytosolic fractions. Given that 

there is evidence for a role of p53 and SyK in the functioning of lysosomes, it was 

determined if these proteins, which we have previously shown to be regulated by A’- 

THC, are involved in lysosomal signalling in our in vitro A^-THC-induced apoptotic 

pathway. The association of phospho-p53“ '''̂  and phospho-SyK'*''^^^ with the lysosomal 

membrane was investigated by immunocytochemistry using phospho-specific 

antibodies and the specific lysosomal marker, LysoTracker Red™. In addition, the role 

of cathepsins in the propagation of further downstream A^-THC-induced apoptotic 

markers e.g., caspase-3 activity and DNA fragmentation, was also assessed.
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4.2.1 A’-THC induces lysosomal destabilisation in a time-dependent manner

Lysosomal membrane destabilisation can occur as a result of many cell stressors 

and has a role in early apoptotic signalling (Brunk et a l ,  2001; Turk et a i ,  2002). 

Acridine Orange (AO) relocation (Methods 2.12) is a method used to investigate the 

integrity of the lysosomal membrane. AO can diffuse through cellular membranes 

including subcellular membrane enclosed compartments such as, lysosomes, 

mitochondria and nuclei. However, in acidic membrane-bound compartments e.g., 

lysosomes, AO becomes protonated. In a protonated state, AO cannot pass back 

through membranes and so accumulates in these acidic membrane-bound 

compartments. Due to its metachromatic propeties, AO also differentially labels cellular 

compartments. Highly concentrated AO has a peak emission of 633 nm (pink, punctate 

acidic compartment staining) whereas a lower concentration of AO displays a peak 

emission of 525 nm (green, diffuse cytoplasmic staining).

Relocation of AO from lysosomes was assessed using confocal microscopy 

using the 488 nm Argon laser to excite AO and the META analysis function to 

collected emissions over the wavelength range of 499.7 - 670.7 nm. Figure 4.1 depicts 

the time course of A’-THC-induced lysosomal instability (p=0.0067, ANOVA, n=4). 

Cortical neurones were treated with AO (5 M-g/ml) for 10 minutes prior to incubation 

with A’-THC (5 jxM) for 15 - 120 minutes. Following A’-THC treatment for 15 

minutes, AO emission at 633 nm was 45 ± 6 fluorescent intensity units (mean ± SEM, 

Figure 4.1 A) which was significantly lower to that found in cells treated with vehicle 

(203 ± 43; p<0.01, vs., vehicle. Student Newman Keuls, n=4). This indicates that the 

lysosomal membrane was no longer able to retain AO at high concentrations which 

results in a decrease in 633 nm emission. The induction of lysosomal instability was 

maintained at 30, 60 and 120 minutes (58 ±10, 109 ± 45 and 54 ± 2, respectively; 

p<0.05 and p<0.01, vs., vehicle, Student Newman Keuls, n=4). Representative images 

of AO stained cortical neurones demonstrating the induction of lysosomal membrane 

instability are shown in Figure 4 .IB.
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Figure 4.1: A’-THC induces lysosomal destabilisation in a time-dependent 

manner

Cortical neurones were exposed to AO (5 [Ag/ml) for 10 min prior to incubation 

with A^-THC (5 ^xM) for 15 - 120 min. Relocation of AO from the lysosomes to 

the cytosol was assessed. Highly concentrated AO displayed a pink fluorescence 

and was localised in discrete punctate compartments within the cell. Lower 

concentrations of AO displayed a green fluorescence and had a diffuse staining 

pattern.

A: Highly concentrated AO found in intact lysosomes emits at 633 nm. By 

measuring the mean fluorescent intensity at this wavelength we can monitor the 

integrity of the lysosomal membrane. A®-THC (5 ^iM) significantly reduces the 

mean fluorescence intensity at 633 nm at 15, 30, 60 and 120 min. Results are 

means ± SEM, *p<0.05, **p<0.01, vs., vehicle, Student Newman Keuls, n - 4 .

B: Confocal images of AO staining of (i) vehicle-treated neurones, and neurones 

treated with A^-THC (5 fxM) for 15 (ii), 30 (iii), 60 (iv), and 120 min (v).
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4.2.2 A’-THC induces lysosomal destabilisation in a dose-dependent manner

In this study cortical neurones were treated with AO (5 M'g/ml) for 10 minutes 

prior to incubation with A^-THC (0.05 - 50 |xM) for 15 minutes. Relocation of AO from 

lysosomes was assessed using confocal microscopy using the 488 nm Argon laser to 

excite AO and the META analysis function to collected emissions over the wavelength 

range of 499.7 - 670.7 nm. Figure 4.2 depicts the dose response of A®-THC-induced 

lysosomal instability (p=0.0018, ANOVA, n=4). Following exposure to 0.05 jaM A^- 

THC for 15 minutes, AO emission at 633 nm was 141 ± 11 fluorescence intensity units 

(mean ± SEM, Figure 4.2A) which was comparable to that found in cells treated with 

vehicle (188 ± 47). A significant reduction in fluorescence intensity at 633 nm, 

indicative of lysosomal rupture, was observed after exposure to 0.5, 5 and 50 |xM A®- 

THC (83 ± 15, 45 ± 6 and 45 ± 9 respectively; p<0.05 and p<0.01 vs., vehicle. Student 

Newman Keuls, n=4). In addition, exposure to 5 and 50 ^iM A®-THC significantly 

decreased 633 nm emission compared to 0.05 |a.M A9-THC (p<0.05, vs., 0.05 (xM A®- 

THC, Student Newman Keuls, n=4). Representative images of AO stained cortical 

neurones after 15 minutes exposure to 0.05 - 50 ^.M A^-THC (ii) - (v) compared to cells 

treated with vehicle alone (i) are shown in Figure 4.2B.
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Figure 4.2: A ’-THC induces lysosomal destabilisation in a dose-dependent 

manner

Cortical neurones were exposed to AO (5 ^ig/ml) for 10 min prior to incubation 

with 0.05 - 50 |xM A®-THC for 15 min. Relocation of AO from the lysosomes to 

the cytosol was assessed and mean fluorescence intensity at 633 nm was used to 

monitor lysosomal membrane stability.

A: The mean fluorescence intensity at 633 nm is significantly reduced following 

exposure to 0.5, 5 and 50 jxM A^-THC for 15 min. Results are expressed as 

means ± SEM, *p<0.05, **p<0.01 vs., vehicle, +p<0.05 vs., 0.05 jxM A’-THC, 

Student Newman Keuls, n=4).

B: Confocal images of AO staining of (i) vehicle-treated neurones, and neurones 

treated with 0.05 (ii), 0.5 (iii), 5 (iv), and 50 ^xM (v) A’-THC for 15 min.
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4.2.3 A’-THC-induced lysosomal destabilisation is dependent on the CB, receptor

Cortical neurones were treated with AO (5 |Ag/ml) for 10 minutes prior to 

incubation with A^-THC (5 |o.M) for 15 minutes in the presence or absence of the CB, 

receptor antagonist AM 251 (30 minute pre-treatment). Relocation of AO from 

lysosomes was assessed using confocal microscopy using the 488 nm Argon laser to 

excite AO and the META analysis function to collected emissions over the wavelength 

range of 499.7 - 670.7 nm. Figure 4.3 demonstrates that A®-THC-induced lysosomal 

membrane instability is CB, dependent (p=0.0040, ANOVA, n=4). Following A’-THC 

treatment for 15 minutes, AO emission at 633 nm was 39.84 ± 2.96 fluorescence 

intensity units (mean ± SEM, Figure 4.3A) which was significantly lower to that found 

in cells treated with vehicle (121.6 ± 19.71; p<0.01, vs., vehicle. Student Newman 

Keuls, n:=4). While incubation with AM 251 alone had no effect on lysosomal 

membrane stability (131.00 ± 15.67), A’-THC failed to induce lysosomal instability in 

the presence of AM 251 (107.90 ± 15.68; p<0.01, vs., A’-THC, Student Newman 

Keuls, n=4). Figure 4.3B shows representative images of AO stained cortical neurones 

demonstrating the CB,-dependent induction of lysosomal membrane instability.
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Figure 4.3: A’-THC-induced lysosomal destabilisation is dependent on the 

CB, receptor

Cortical neurones were exposed to AO (5 |xg/ml) for 10 min prior to incubation 

with A’-THC (5 [xM) for 15 min in the presence or absence of AM 251 (30 min 

pre-treatment). Relocation of AO from the lysosomes to the cytosol was 

assessed and the mean fluorescence intensity at 633 nm was monitored as an 

indicator of lysosomal membrane stability.

A: A^-THC (5 fxM) reduces the mean fluorescence intensity at 633 nm at 15 

min, pre-treatment with AM 251 (10 (o,M) abolished the A’-THC-induced 

reduction in 633 nm emission. Results shown are means ± SEM, **p<0.01, 

Student Newman Keuls, n=4.

B: Confocal images of AO staining of neurones treated with vehicle (i), A^-THC 

for 15 min (ii), AM 251 alone (iii), AM 251 and A®-THC (5 ^xM) for 15 min (iv). 

Arrows indicate cells containing destabilised lysosomes.
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4.2.4 A’-THC induces p53 to colocalise with the lysosomes

It has been shown that phosphorylated p53 (at serine 15) can colocalise with the 

lysosomal membrane causing alterations in lysosomal morphology and ultimately to the 

demise of the cell via a lysosomal-mediated cell-death pathway (Yuan et a i ,  2002). In 

this study, the effect of A®-THC on the cellular distribution of phospho-p53‘*"'̂  was 

assessed in relation to its association with the specific lysosomal marker, 

LysoTracker™ Red. Cultured cortical neurones were incubated with LysoTracker^*^ 

Red (700 nM) prior to incubation with A®-THC (5 ^.M) for 15 minutes. Phospho-p53*"^'^ 

expression was detected by immunocytochemistry using a polyclonal antibody that only 

labels p53 when phosphorylated on serine 15. Following staining, cells were visualised 

by confocal microscopy. Exposure to A’-THC induced an increase in phospho-p53“"’̂  

(Alexa 488) expression in the nucleus, which is indicative of a pro-apoptotic response 

where activated p53 translocates to the nucleus in order to transactivate p53 responsive 

genes. In addition to increased p53 in the nucleus, A^-THC-induced a significant 

proportion of activated p53 to colocalise with the lysosomes (LysoTracker™ Red; 

Figure 4.3A). In cells treated with A’-THC (5 ^iM) for 15 minutes the intensity of 

colocalised pixels was 348 ± 37 mean fluorescence intensity units which was 

significantly greater than that observed in cells exposed to vehicle (139 ± 31; p=0.0159, 

vs., vehicle, Mann Whitney test, n=4 observations). Figure 4.3B shows representative 

confocal images of cells treated with vehicle (i) and A^-THC (ii). Colocalised pixels are 

represented in purple and blue. Figure 4.3C shows a representative line analysis 

depicting the green and red channel fluorescent emission that occurred along the arrow 

in image (i). The line analysis graph (Figure 4.3C (ii)) accurately shows the 

colocalisation (blue highlighted peaks) between phospho-p53“"'̂  (Alexa 488; green 

line) and the lysosomes (LysoTracker™ Red; red line).
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Figure 4.4: A®-THC induces p53 to colocalise with the lysosoines

Confocal microscopy was used to visualise the distribution of phospsho-p53*"^'^ 

within cortical neurones following treatment with A^-THC (5 |j,M; 15 min). 

Cells were double labelled with the lysosomal specific marker LysoTracker^*^ 

Red, and an Alexa 488-labelled phospho-pSS*®"'^ antibody.

A: Confocal analysis shows that A^-THC (5 [iM; 15 min) exposure increases the 

colocalisation of phospho-p53*'^'’ with LysoTracker™ Red (*p=0.0159, Mann 

Whitney test, n=4 observations).

B: Confocal images of neurones treated with (i) vehicle and (ii) A’-THC (5 fiM; 

15 min). Phospho-p53*'"^'^ (green channel), Lysosomes (red channel) and overlay 

images are presented. Inset: close up of a lysosome (zoom 6 (a) and 9 (b).

C: A line analysis graph (ii) confirming the colocalisation between phospho- 

p53seri5 line) with and lysosomes (red line) which occurs following A’-

THC treatment.
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4.2.5 A’-THC-induced lysosomal instability is dependent on p53 activity

Since A’-THC causes the colocalisation of phospho-pSS^''^ with lysosomes, the 

role of p53 in A^-THC-induced lysosomal membrane instability was assessed in this 

study. Two distinct techniques were used to assess the role of p53 in A’-THC-induced 

lysosomal membrane instability, they were: (i) the pharmacological inhibition of p53 

activation and transactivation and (ii) the depletion of p53 protein by siRNA. Cortical 

neurones were treated with AO (5 ng/ml) for 10 minutes prior to incubation with A®- 

THC (5 i-iM) for 15 minutes in the presence or absence of pifithrin-a (P if-a; 100 nM, 1 

hour pre-treatment; Figure 4.5A), or siRNA specifically targeting p53 (p53 siRNA; 100 

nM, 48 hour pre-treatment; Figure 4.5B). Relocation of AO from lysosomes was 

assessed using confocal microscopy using the META analysis function (excitation 488 

nm, emission range 499.7 - 670.7 nm).

Figure 4.5A shows the A®-THC-induced lysosomal membrane instability is 

abolished by the pharmacological inhibition of p53 activation and transactivation with 

pifithrin-a (p=0.0056, ANOVA, n=4). Following A^-THC treatment for 15 minutes, 

AO emission at 633 nm was 39.41 ± 2.56 fluorescence intensity units (mean ± SEM, 

Figure 4.5A) which was significantly lower to that found in cells treated with vehicle 

(118.40 ± 20.82; p<0.01, vs., vehicle. Student Newman Keuls, n=4). While incubation 

with pifithrin-a alone had no effect on lysosomal membrane stability (130.00 ± 21.34), 

A’-THC failed to induce lysosomal instability in the presence of pifithrin-a (93.81 ± 

5.38; p<0.05, vs., A’-THC, Student Newman Keuls, n=4). Figure 4.5B shows the A’- 

THC-induced lysosomal membrane instability is abolished by the depletion of p53 

protein with p53 specific siRNA (p=0.0001, ANOVA, n=4). Following A^-THC 

treatment for 15 minutes, AO emission at 633 nm was 59.60 ± 5.64 fluorescence 

intensity units (mean ± SEM, Figure 4.5B) which was significantly lower to that found 

in cells treated with vehicle (104.70 ± 3.44; p<0.001, vs., vehicle. Student Newman 

Keuls, n=6). Incubation with either control non-targeting (Con siRNA) or p53-targeting 

siRNA (p53 siRNA) alone did not affect lysosomal membrane stability (118.70 ± 6.27 

and 111.50 ± 6.93 respectively). However, in the presence of p53 siRNA, A^-THC 

failed to induce lysosomal membrane instability (104.30 ± 5.86; p<0.001, vs., Con 

siRNA - I -  A®-THC, Student Newman Keuls, n=6).
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Figure 4.5: A ’-THC-induced lysosomal instability is dependent on p53 

activity

Cortical neurones were exposed to AO (5 |xg/ml) for 10 min prior to incubation 

with p if-a  (100 nM, 1 hr pre-treatment; panel A) or with siRNA (100 nM, 48 hr 

pre-treatment; panel B). Neurones were then treated with A^-THC (5 ^M) for 15 

min and the emission at 633 nm was assessed.

A: A®-THC induced lysosomal destabilisation as indicated by a significant 

reduction in fluorescence intensity at 633 nm and is abolished by pre-treatment 

with pif-a (100 nM). Results are means ± SEM, *p<0.05, **p<0.01, Student 

Newman Keuls, n=4. Inset: Confocal images of neurones treated with (i) 

vehicle, (ii) A®-THC, (iii) pif-a alone and (iv) pif-a and A’-THC.

B: A®-THC-induced lysosomal destabilisation as indicated by a significant 

reduction in fluorescence intensity at 633 nm, is also abolished by pre-treatment 

with p53 siRNA (100 nM). Results are means ± SEM, ***p<0.001. Student 

Newman Keuls, n=6. Inset: Confocal images of neurones treated with (i) Con 

siRNA and vehicle, (ii) Con siRNA and A^-THC, (iii) p53 siRNA and vehicle, 

(iv) p53 siRNA and A®-THC.
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4.2.6 The effect of A’-THC on SyK colocalisation with the lysosomes

Since A^-THC regulates the expression of SyK, a protein important for the 

normal function of lysosomes, its role in A^-THC-induced destabilisation of the 

lysosomal membrane was investigated. In this study, the effect of A^-THC on the 

cellular distribution of phospho-SyK'^^^^^ was assessed in regards to its association with 

the specific lysosomal marker, LysoTracker™ Red. Cultured cortical neurones were 

incubated with LysoTracker™ Red (700 nM) prior to incubation with A®-THC (5 ^.M) 

for 15 minutes. Phospho-SyK'^"^“  expression was detected by immunocytochemistry 

using a polyclonal antibody that only labels SyK when phosphorylated on tyrosine 323. 

Following labelling, cells were visualised by confocal microscopy. Exposure to A®- 

THC did not promote the association of p-SyK with lysosomes. Thus, in cells treated 

with A®-THC (5 |xM) for 15 minutes the intensity of colocalised LysoTracker^*^ and 

Alexa 488 (p-SyK) pixels was 1239 ± 169 mean fluorescence intensity units which was 

not significantly greater than that observed in cells exposed to vehicle (979 ± 166; 

p=0.3150, vs., vehicle, Student’s t test, n=4 observations). Figure 4.6B shows 

representative confocal images of cells treated with vehicle (i) and A^-THC (ii). 

Colocalised pixels are represented in purple and blue.
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Figure 4.6: The effect of A’-THC on SyK colocalisation with the lysosomes

Confocal microscopy was used to visualise the distribution of phospho-SyK‘̂ ''̂ “  

within cortical neurones following treatment with A^-THC (5 ^M ; 15 min). 

Cells were double labelled with the lysosomal specific marker LysoTracker™ 

Red, and an Alexa 488-labelled phospho-SyK'''"^^^ antibody.

A: Confocal analysis shows A^-THC (5 p,M; 15 min) exposure has no significant 

effect on the colocalisation of phospho-SyK‘̂ "̂ ^̂  with LysoTracker™ Red 

(p=0.3150, vs., vehicle. Student’s t test, n=4 observations).

B: Confocal images of neurones treated with (i) vehicle and (ii) A^-THC (5 ^M; 

15 min). Phospho-SyK'''"^^^ (green channel), Lysosomes (red channel) and 

overlay images are presented. Inset: close up of lysosomes (zoom 6).
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4.2.7 A’-THC-induced lysosomal destabilisation is dependent on SyK activity

Cortical neurones were treated with AO (5 |xg/ml) for 10 minutes prior to 

incubation with A^-THC (5 |j.M) for 15 minutes in the presence or absence of the SyK 

inhibitor, SyKi (50 nM; 60 minute pre-treatment). Relocation of AO from lysosomes 

was assessed using confocal microscopy using the 488 nm Argon laser to excite AO 

and the META analysis function to collected emissions over the wavelength range of

499.7 - 670.7 nm. Figure 4.7 demonstrates that A^-THC-induced lysosomal 

destabilisation is dependent on SyK activity (p=0.0008, ANOVA, n=4). Following A®- 

THC treatment for 15 minutes, AO emission at 633 nm was 39.46 ± 2.61 fluorescence 

intensity units (mean ± SEM, Figure 4.7A) which was significantly lower to that found 

in cells treated with vehicle (117.80 ± 20.97; p<0.01, vs., vehicle, Student Newman 

Keuls, n=4). While incubation with SyKi alone had no effect on lysosomal membrane 

stability (117.10 ± 6.41), A’-THC failed to induce lysosomal instability in the presence 

of SyKi (119.40 ± 7.13; p<0.01, vs., A^-THC, Student Newman Keuls, n=4). Figure 

4.7B shows representative images of AO stained cortical neurones demonstrating the 

SyK-dependent induction of lysosomal membrane instability.
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Figure 4.7: A ’-THC-induced lysosomal destabilisation is dependent on SyK 

activity

Cortical neurones were exposed to AO (5 ^g/ml) for 10 min prior to incubation 

with SyKi (50 nM, 1 hr pre-treatment), neurones were treated with A^-THC (5 

^.M) for 15 min and the emission at 633 nm was assessed.

A: A^-THC-induced lysosomal destabilisation is abolished by pre-treatment with 

SyKi (50 nM). Results are means ± SEM, **p<0.01, Student Newman Keuls, 

n=4.

B: Confocal images of AO stained neurones treated with (i) vehicle, (ii) A^- 

THC, (iii) SyKi alone and (iv) SyKi and A’-THC.
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4.2.8 The effect of A’-THC on cathepsin-L activity

The disruption of the lysosomal membrane can result in the release of 

cathepsins which are known to induce apoptosis (Turk et al., 2002). We investigated 

whether cathepsin-L was translocated to the cytosol after treatment with A’-THC (5 

|j,M) for 1 hour. Cathepsin-L activity was assessed in cytosolic fractions collected from 

cultured cortical neurones treated with A®-THC by the cleavage of a fluorogenic 

cathepsin-L substrate. Figure 4.8 demonstrates that following exposure to A®-THC (5 

|o,M) for 1 hour there was no appreciable effect on cathepsin-L activity. In cells treated 

with A^-THC (5 ^xM) for 1 hour cathepsin-L activity was 821.9 ± 82.4 pmoles AFC 

produced per mg protein per minute which was comparable to cells treated with vehicle 

(905.4 ± 51.9; p=0.4079, Student’s t test, n=7). This result shows that cathepsin-L 

activity is not up regulated in the cytosol by A^-THC within the time periods studied.
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Figure 4.8: The effect of A’-THC on cathepsin-L activity

Cultured cortical neurones were treated with A®-THC (5 i^M) for 1 hr. 

Cathepsin-L activity was assayed in cytosolic fractions by the cleavage of a 

fluorogenic cathepsin-L substrate. A®-THC had no significant effect on 

cathepsin-L activity. Results are expressed as pmoles AFC produced per mg 

protein per min and are means ± SEM, p=0.4079, vs., vehicle, Student’s t test, 

n=7.
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4.2.9 A’-THC-induced DNA fragmentation is dependent on cathepsin-L activity

DNA fragmentation was assessed by TUNEL staining in cultured cortical 

neurones following exposure to A®-THC (5 fxM) for 2 hours in the presence or absence 

of a cell permeable inhibitor of cathepsin-L (CLi; 30 minute pre-treatment). Figure 4.9 

depicts the cathepsin-L-dependent nature of A’-THC-induced DNA fragmentation 

(p<0.0001, ANOVA, n=6-9 observations). In vehicle-treated cells, 9.4 ± 0.7% (mean ± 

SEM) of cells displayed fragmented DNA in the nucleus (TUNEL positive). This was 

significantly increased to 21.0 ± 1.3% in cells treated with A^-THC for 2 hours 

(p<0.001, vs., vehicle. Student Newman Keuls, n=6-9 observations; Figure 4.9A). 

While treatment of cells with CLi alone for 30 minutes had no effect on neuronal 

viability (11.9 ± 0.7% neurones with fragmented DNA), it prevented the A^-THC- 

induced increase in DNA fragmentation (10.7 ± 1.0%; p<0.001, vs., A’-THC, Student 

Newman Keuls, n=6-9 observations). This finding suggests that cathepsin-L is involved 

in A’-THC-induced DNA fragmentation. Representative images of TUNEL stained 

neurones are shown in Figure 4.9B.
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Figure 4.9: A ’-THC-induced DNA fragmentation is dependent on 

cathepsin-L activity

Cortical neurones were treated with CLi (10 [xM) for 30 minutes prior to 

exposure to A^-THC (5 /iM) for 2 hours. Cell viability was assessed using the 

TUNEL technique.

A: A’-THC significantly increased the percentage of TUNEL positive cells. CLi 

abolished the A^-THC-induced increase in DNA fragmentation. Results are 

displayed as mean ± SEM, ***p<0.001, Student Newman Keuls, n=6-9 

observations.

B: Sample images of TUNEL stained neurones treated with (i) vehicle, (ii) A’- 

THC, (iii) CLi alone and (iv) A’-THC in the presence of CLi. Arrows indicate 

TUNEL positive neurones. Scale bar is 10 ^m.
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4.2.10 A’-THC causes the release of cathepsin-D into the cytosol

It has been widely documented that cell stress can cause the selective partial 

release of small amounts of lysosomal proteolytic enzymes into the cytosol (Gicciardi 

et a i ,  2004). Furthermore, A®-THC has been shown to induce the release of cathepsin- 

D in macrophages (Matveyeva et al., 2000). For this reason the effect of A^-THC on 

cathepsin-D location was assessed in cultured cortical neurones. Cathepsin-D activity 

was assessed in cytosolic fractions collected from cultured cortical neurones treated 

with A®-THC (5 ^.M) for 1 hour in the presence or absence of the CB, antagonist, AM 

251 (10 piM, 30 minute pre-treatment) by an immunocapture-based assay. Figure 4.8 

demonstrates that following exposure to A’-THC (5 |j,M) for 1 hour there was a 

significant increase in the level of cathepsin-D in cytosolic fractions from cells treated 

with A‘'-THC (p=0.0119, ANOVA, n=6). In cells treated with A^-THC (5 ^iM) for 1 

hour cathepsin-D activity was 15.16 ± 4.28 nmoles MCA produced per mg protein per 

minute which was significantly higher than that observed in cells treated with vehicle 

(3.31 ± 1.60; p<0.05, vs., vehicle. Student Newman Keuls, n=6). While treatment with 

AM 251 alone had no effect on cathepsin-D activity (7.95 ± 1.49), A’-THC failed to 

induce an increase in cathepsin-D activity in the presence of AM 251 (4.49 ± 0.34; 

p<0.05, vs., A’-THC, Student Newman Keuls, n=6).

In addition, cathepsin-D distribution in neuronal cultures was assessed by 

confocal microscopy using fluorescently tagged pepstatin A (BODIPY FL-pepstatin A). 

Neurones were incubated with BODIPY FL-pepstatin A (1 |xM) for 1 hour at 37“C to 

allow the labelling of cathepsin-D prior to exposure to A^-THC or vehicle for 1 hour. 

BODIPY FL-pepstatin A displayed a punctate staining pattern in cells treated with 

vehicle (Figure 4.10B, (i)) indicating that cathepsin-D was located in lysosomes. 

However, in neurones exposed to A®-THC (Figure 4 .lOB, (ii)), a more diffuse staining 

pattern was observed indicating that cathepsin-D was not restricted to the lysosomes. 

These results suggest that cathepsin-D is specifically released from lysosomes into the 

cytosol in cultured cortical neurones following A®-THC exposure. Figure 4 .IOC shows 

that BODIPY FL-pepstatin A colocalises with lysosomes.
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Figure 4.10: A’-THC causes the release of cathepsin-D into the cytosol

A: Cultured cortical neurones were treated with A^-THC (5 /iM) for 1 hr. 

Cathepsin-D activity was assayed in cytosolic fractions by an immunocapture- 

based assay. A®-THC significantly increased cathepsin-D activity which was 

abolished by pre-treatment with the CB, receptor antagonist AM 251. Results 

are expressed as nmoles MCA produced per mg protein per min and are means ± 

SEM, *p<0.05, Student Newman Keuls, n=7.

B: Cortical neurones were pre-treated with BODIPY FL-pepstatin A (1 ^iM; 1 hr 

pre-treatment) and exposed to vehicle (i) or 5 fxM A®-THC (ii) for 1 hr. 

Distribution of BODIPY FL-pepstatin A was assessed using confocal 

microscopy. A diffuse staining pattern was observed in A®-THC-treated 

neurones compared to vehicle-treated neurones.

C; Confocal images of neurones treated with BODIPY FL-pepstatin A (1 [xM; 1 

hr pre-treatment) and incubated with LysoTracker™(700 nM) for 25 min at 

37“C. BODIPY FL-pepstatin A (green channel), Lysosomes (red channel) and 

overlay images are presented. BODIPY FL-pepstatin A colocalises with the 

lysosomes (yellow).
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4.2.11 A’-THC-induced cathepsin-D release is dependent on p53 activity

In this study cathepsin-D activity was assessed in cytosolic fractions collected 

from cultured cortical neurones treated with A^-THC (5 piM) for 1 hour in the presence 

or absence of the p53 inhibitor, pifithrin-a (100 nM, 60 minute pre-treatment) using an 

immunocapture-based assay. Figure 4.11 demonstrates that following exposure to A^- 

THC (5 |xM) for 1 hour there was a significant increase in the level of cathepsin-D in 

cytosolic fractions from cells treated with A’-THC, which was abrogated by pifithrin-a 

(p=0.0008, ANOVA, n=6). In cells treated with A^-THC (5 |o,M) for 1 hour cathepsin-D 

activity was 8.31 ± 2.28 nmoles MCA produced per mg protein per minute which was 

significantly more than cells treated with vehicle (1.96 ± 0.72; p<0.01, vs., vehicle. 

Student Newman Keuls, n=6). While treatment with pifithrin-a alone had no effect on 

cathepsin-D activity (1.20 ± 0.23) it prevented the A^-THC-induced increase in 

cathepsin-D activity (0.98 ± 0.23; p<0.01, vs., A^-THC, Student Newman Keuls, n=6). 

This result indicates that p53 is involved in the A®-THC-induced relocation of 

cathepsin-D in cortical neurones.
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Figure 4.11: A’-THC-induced cathepsin-D release is dependent on p53 

activity

Cultured cortical neurones were treated with A’-THC (5 /<M) for 1 hr. 

Cathepsin-D activity was assayed in cytosolic fractions using an 

immunocapture-based assay. A’-THC significantly increased cathepsin-D 

activity and this was abolished by pifithrin-a. Results are expressed as nmoles 

MCA produced per mg protein per min and are means ± SEM, **p=0.01, 

Student Newman Keuls, n=6.
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4.2.12 A’-THC-induced caspase-3 activity is dependent on cathepsin-D activity

It has been previously shown that cathepsin-D can cause caspase-3 activation 

(Heinrich et a i, 2004). Therefore we investigated the role of cathepsin-D in the A®- 

THC-induced increase in caspase-3 activity. Caspase-3 activity was assessed in 

cytosolic fractions collected from cultured cortical neurones treated with A’-THC (5 

^M) for 2 hours in the presence or absence of a cathepsin-D inhibitor (CDi; 10 |xM, 30 

minute pre-treatment) by cleavage of a fluorogenic substrate. Figure 4.12A 

demonstrates that following exposure to A®-THC (5 |xM) for 2 hours there was a 

significant increase in caspase-3 activity in the cytosolic fraction of cells treated with 

A®-THC which was abolished by inhibition of cathepsin-D activity (p<0.0001, 

ANOVA, n=6-7). In cells treated with A®-THC (5 |aM) for 1 hour caspase-3 activity 

was 128 ± 27% greater than in cells treated with vehicle (p<0.001, vs., vehicle. Student 

Newman Keuls, n-6-1). Treatment with CDi in the presence of A’-THC significantly 

decreased the level of caspase-3 activity (10 ± 19% greater than control values; 

p<0.001, vs., A’-THC, Student Newman Keuls, n-6-1). These results indicate that 

cathepsin-D activity is necessary for the A’-THC-induced increase in caspase-3 

activity. Fluorescent images of the CDi-dependent increase in active caspase-3 

immunoreactivity in neurones treated with A’-THC are shown in Figure 4.12B.
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Figure 4.12: A ’-THC-induced caspase-3 activity is dependent on cathepsin- 

D activity

A: Cultured cortical neurones were treated with A^-THC (5 //M) for 2 hr and 

total protein was harvested. Caspase-3 activity was assayed by the cleavage of 

the fluorogenic caspase-3 substrate (DEVD-AFC). The A’-THC-induced 

increase in caspase-3 activity was abolished by the inhibition of cathepsin-D 

(CDi; 10 ^M ). Results are shown as % of control, means ± SEM, ***p<0.001, 

Student Newman Keuls, n=6.

B: Cultured cortical neurones were treated with A®-THC (5 /iM) for 2 hr, fixed 

and caspase-3 expression was assessed by immunocytochemistry using an 

antibody that specifically recognises the active form of caspase-3. Sample 

confocal images of neurones treated with vehicle (i), A^-THC (ii), CDi alone (iii) 

and CDi and A^-THC (iv). DIC images are also represented. Arrows indicate 

cells expressing active caspase-3.
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4.2.13 A’-THC-induced DNA fragmentation is dependent on cathepsin-D activity

DNA fragmentation was assessed by TUNEL staining in cultured cortical 

neurones following exposure to A^-THC (5 fxM) for 2 hours in the presence or absence 

of a cell permeable inhibitor of cathepsin-D (CDi; 30 minute pre-treatment). Figure

4.13 demonstrates that A^-THC-induced DNA fragmentation is dependent on cathepsin- 

D activity (p<0.0001, ANOVA, n=6 observations). In vehicle-treated cells, 16.15 ± 

2.24% (mean ± SEM) of cells displayed fragmented DNA in the nucleus (TUNEL 

positive). This was significantly increased to 58.79 ± 3.18% in cells treated with A®- 

THC for 2 hours (p<0.001, vs., vehicle. Students Newman Keuls, n=6 observations). 

Pre-treatment of cells with CDi prevented the A’-THC-induced increase in DNA 

fragmentation (25.31 ± 3.26%; p<0.001, vs., A^-THC, Student Newman Keuls, n=6 

observations). This finding suggests that cathepsin-D is involved in A^-THC-induced 

DNA fragmentation. Representative images of TUNEL stained neurones are shown in 

Figure 4.13B.
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Figure 4.13: A’-THC-induced DNA fragmentation is dependent on 

cathepsin-D activity

Cortical neurones were treated with CDi (10 |xM) for 30 minutes prior to 

exposure to A®-THC (5 //M) for 2 hours. Cell viability was assessed using the 

TUNEL technique.

A: A^-THC significantly increased the percentage of TUNEL positive cells. CDi 

abolished the A’-THC-induced increase in DNA fragmentation. Results are 

displayed as mean ± SEM, ***p<0.001, Students Newman Keuls, n=6 

observations.

B: Sample images TUNEL stained neurones treated with (i) vehicle, (ii) A^- 

THC, (iii) CDi alone and (iv) A^-THC in the presence of CDi. Arrows indicate 

TUNEL positive neurones.
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4.3 Discussion

Experimental work in this chapter investigated the role of lysosomal signalling 

in A®-THC-induced neuronal apoptosis. The data provides evidence for A^-THC 

promoting lysosomal membrane destabilisation in a time- and dose-dependent manner 

mediated through the CB, receptor. The results also suggest that A^-THC causes the 

translocation of phospho-p53*®''^ to the lysosomes indicating that this pro-apoptotic 

signalling protein is involved in the lysosomal-mediated initiation of apoptosis. 

Furthermore, the proclivity of A^-THC to promote the induction of lysosomal instability 

was dependent on p53 activity since both pharmacological inhibition of p53 activity 

and siRNA mediated p53 protein depletion prevented A^-THC-induced lysosomal 

membrane instability. Inhibiting the activity of SyK also prevented the ability of A®- 

THC to induce the disruption of the lysosomal membrane, however, a significant 

colocalisation of SyK with lysosomes was not observed. This may indicate that SyK 

signals to other, as yet unidentified, signalling proteins to evoke A^-THC-induced 

lysosomal membrane instability. In addition, the release of cathepsins from lysosomes 

was assessed as another marker for destabilised lysosomal membranes. A^-THC- 

induced a significant release of cathepsin-D but not cathepsin-L. This selective release 

of cathepsin-D, coupled with the fact that no obvious morphological signs of cell death 

were observed at the time of maximal lysosomal membrane destabilisation (15 

minutes), indicates that the effect of A^-THC on the lysosome is a specific process 

subject to rigorous control through the activation of at least two signalling proteins. The 

role of cathepsins in the activation of downstream apoptotic signalling events was also 

subject to investigation in this study. Inhibition of cathepsin catalytic activity, using 

small peptide inhibitors, prevented A^-THC-induced caspase-3 activation and DNA 

fragmentation. Overall, these data provide evidence for a lysosomal branch of the 

apoptotic program in neuronal cell death caused by exposure to A^-THC.

Lysosomes, originally thought to be stable organelles, are now emerging as 

early pro-apoptotic signalling organelles. The leakage of the proteolytic contents of 

lysosomes, as a result of a destabilisation of the lysosomal membrane, can activate cell 

death signalling cascades both directly and indirectly. It is for this reason that the role 

of lysosomes in the apoptotic cascade is compared to the leakage of mitochondrial
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proteins from the mitochondria, which is a well-estabhshed feature of apoptosis. The 

integrity of the lysosomal membrane and the maintenance of a lysosomal-cytosolic pH 

gradient were assessed using the acridine orange (AO) relocation technique. In this 

approach cells are incubated with a fluorogenic organic weak base, which diffuses 

through the cell membrane and accumulates in the lysosomes due to the acidic 

environment in the lysosomes. The accumulation of AO in the lysosomes creates a shift 

in the fluorescent emission profile of AO. In concentrated form i.e., concentrations 

found in the lysosomes, AO emission peak is 633 nm, however lower concentrations of 

AO (concentrations found in the nucleus and cytosol) display an emission peak at 520 

nm. Thus, measuring the emission at 633 nm can assess the integrity of the lysosomal 

membrane and/or change in lysosomal pH; decreased 633 nm implicates that the 

lysosomal membrane has been compromised. Several groups have reported that the 

leakage of AO from lysosomes to the cytosol is an accurate representation of decreased 

lysosomal membrane integrity (Yuan et al., 2002; Li et al., 2002).

The results of the study indicate that in vehicle-treated cells AO fluorescence 

exhibited a punctate distribution with a high level of fluorescence at 633 nm emission, 

reflective of intact lysosomes. However, cells exposed to A’-THC displayed a 

significant decrease in 633 nm emission indicating that the lysosomal membrane was 

compromised and was no longer able to retain high levels of AO. The lysosomal 

membrane destabilisation induced by A^-THC was rapidly induced within 15 minutes of 

drug treatment. This indicates that lysosomal destabilisation occurs early in the time 

line of our apoptotic cascade, which culminates after 2 - 3  hours of drug treatment. This 

observation is in accordance with several reports, which suggest that lysosomal 

membrane instability occurs shortly after exposure to an insult and acts as an initiator of 

the mitochondrial pathway of apoptosis (Antunes et al., 2001; Yuan et al., 2002; Bidere 

et a i ,  2003; Cirman et al., 2004). Indeed, Terman et al., (2006) have put forward a 

hypothesis for the presence of a ‘lysosomal-mitochondrial axis’, which proposes that 

crosstalk between the lysosome and mitochondria exists in long lived post mitotic cells, 

such as neurones and cardiac myocytes, and is important for mediating apoptosis in 

these cells. Furthermore, additional lysosomal rupture as a consequence of transient 

oxidative stress originating from the mitochondria caused by the negative action of
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lysosomal enzymes on the mitochondrial membrane creates an amplifying loop system, 

which accelerates the apoptotic process. In neuronal cells, which are particularly 

sensitive to cell stressors, lysosomal membrane destabilisation is induced by exposure 

to hypoxia, A(3 and 6-Hydroxydopamine (Islekel et al., 1999; Li et al., 2003; Boland et 

a l ,  2004; Lee et al., 2007). Post mitotic cells like neurones have extremely 

concentrated levels of proteolytic enzymes present in their lysosomes (up to ImM for 

cathepsins alone), which is due to lack of cell division which normally dilutes the 

concentration of the contents of lysosomes (Mason, 1996). It is believed that this is the 

reason why leakage of proteolytic enzymes as a consequence of lysosomal membrane 

destabilisation activates an apoptotic response in many post mitotic cells. Interestingly, 

early reports in the literature describing the lytic effect of A®-THC on isolated liver 

lysosomes and subsequent release of acid hydrolases would indicate that A®-THC, 

which is highly lipophillic, may directly influence lysosomal permeability in some cell 

types (Raz et al., 1973; Britton and Mellors, 1974; Irvin and Mellors, 1975).

The mechanism of p53-induced apoptosis has been extensively studied and 

involves the activation of the mitochondrial/caspase pathway of apoptosis and regulates 

the transcription of pro-apoptotic genes. Since A^-THC induced an early activation of 

the p53 protein, it was pertinent to investigate the role of p53 in A^-THC-induced 

lysosomal membrane instability. The p53 protein was largely associated with the 

nucleus where it is likely to participate in the transcription of apoptotic genes (Green 

and Chipuk, 2006). However, a substantial proportion of p53 immunoreactivity 

colocalised with the lysosomal marker LysoTracker Red™, indicating the association of 

p53 with the lysosomal compartment early in the cell death cascade. To assess whether 

p53 regulates lysosomal integrity we used the reversible p53 inhibitor, pifithrin-a, 

which prevents p53 transactivation and phosphorylation, as well as siRNA-mediated 

depletion of p53. Using both experimental approaches the A’-THC-induced 

permeabilisation of lysosomes was prevented, providing evidence for a role of p53 in 

controlling lysosomal permeability. However, the exact molecular mechanism for p53- 

dependent A^-THC-induced lysosomal membrane destabilisation have yet to be 

elucidated, but interaction with Bax followed by insertion into the lysosomal membrane 

is one possibility that has been demonstrated (Kagedal et al., 2001a). This is interesting.
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as a previous result from our laboratory has shown that A’-THC increases the 

upregulation of Bax in the cytosol (Downer et a i,  2001). Another potential signalling 

molecule pertinent in the regulation of lysosomal dynamics is intracellular 

sphinogosine, which is also regulated by cannabinoids and is necessary for the 

induction of apoptosis in glioma cells (Kagedal et a i, 2001b; Galve-Roperh et al., 

2000). We have recently demonstrated that in vivo administration of A^-THC increases 

the cytosolic expression and activity of cathepsin-D and the results presented herein 

demonstrate that p53-mediated regulation of lysosomal integrity may be a key factor in 

this event (Downer et al., 2007b).

Since A^-THC-induced apoptosis was regulated by the tyrosine kinase SyK, it 

was decided to investigate the role of this protein in mediating A®-THC-induced 

lysosomal membrane destabilisation. Inhibiting the activity of SyK prevented A®-THC- 

induced lysosomal membrane destabilisation, however, no significant colocalisation 

between SyK and the lysosomes was observed. These results indicate that SyK has an 

important role in A^-THC-induced lysosomal permeabilisation, which is likely to 

involve signalling upstream of the lysosomes and not through direct activity at the 

lysosomal membrane. A recent study by He and colleagues (2005) showed that after 

BCR-cross linking lysosomal membrane permeability and the concomitant release of 

lysosomal enzymes was absent in SyK deficient cells and that BCR-induced apoptosis 

was as a result of SyK activity. In that study SyK was found to associate with the BCR- 

carrying endosomes, which may explain why no significant colocalisation with the 

lysosomes was found in our experiments. Whilst our results do not point to a direct 

association between SyK and the lysosomes the inhibition of A’-THC-induced 

lysosomal membrane destabilisation by using an SyK inhibitor is an interesting finding 

which should be investigated further.

The release of degradative lysosomal enzymes e.g., cathepsins, is a natural 

consequence of lysosomal membrane destabilisation. Cathepsins are thought to play a 

significant role in apoptosis and their release from the lysosomal compartment is 

induced by a number of cell stressors e.g., oxidative stress, p53 activation, exposure to 

A(5 (Roberg and Ollinger, 1998; Yuan et a i, 2002; Boland et al., 2004). There may also 

be a direct activation of caspases by lysosomal cathepsins (Vancompemolle et al..
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1998). Furthermore, cathepsin-D, both in its mature or inactive form, can impact on an 

as yet unidentified substrate(s) to induce apoptosis (Schestkowa et al., 2007). Hence we 

investigated the role of cathepsins in A®-THC-induced apoptosis in cultured cortical 

neurones. A^-THC-induced the specific release of cathepsin-D as cathepsin-L release 

was not observed. However, inhibition of cathepsin-L did prevent A^-THC-induced 

DNA fragmentation, which would indicate that cathepsin-L might have a role in the 

apoptotic response induced by A^-THC. Interestingly, cathepsin-L activity has been 

linked with activating cathepsin-D and it is common to observe an increase in 

cathepsin-D in parallel to a decrease in cathepsin-L activity. This observation is 

believed to be as a result of the main role of cathepsin-L being the regulation of 

intralysosomal homeostasis of protease content and has prompted some researchers to 

suggest that cathepsin-L plays a crucial role in the activation of cathepsin-D activity 

(Wille et a l ,  2004). These observations may explain why cathepsin-L inhibition 

prevented A^-THC-induced apoptosis in the absence of its relocation in our 

experiments. The ability of A^-THC to regulate cathepsin-D was examined using an 

immunocapture-based assay for cathepsin-D activity and immunocytochemistry using a 

cathepsin-D specific fluorescent probe, BODIPY FL-pepstatin A (methods section 

2.8.6). A®-THC-induced an increase in cathepsin-D activity after 1 hour drug treatment 

which was mediated through the CB, receptor. Matveyeva et al., (2000) have 

demonstrated that A’-THC increases cathepsin-D activity via the CBj receptor which 

may contribute to deficits in antigen-dependent processing. The subcellular distribution 

of cathepsin-D was also altered by A’-THC treatment. After A®-THC treatment the 

distribution of fluorescently labelled cathepsin-D was extremely diffuse in appearance 

compared to the punctate appearance observed in vehicle-treated cells, indicating that 

cathepsin-D was no longer confined in the lysosomes. Colocalisation analysis using the 

lysosomal specific marker, LysoTracker Red™, confirmed the lysosomal localisation of 

fluorescent labelled cathepsin-D. The redistribution of cathepsin-D to the cytosol 

correlated with an increase in cathepsin-D activity. The alteration in the subcellular 

distribution of cathepsin-D was also observed in a mesencephalic dopaminergic 

neuronal cell line, N27 cells, treated with methamphetamine (Kanthasamy et al., 2006). 

Kanthasamy and co-workers (2006) observed that untreated cells displayed a granular
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cathepsin-D staining pattern, whilst cells treated with methamphetamine showed an 

increased level of cathepsin-D staining and displayed a globular pattern. The 

observations of Kanthasamy et al., (2006) are indicative of a disruption of the 

lysosomal membrane followed by the release of cathepsin-D which has been shown to 

activate the apoptotic pathway.

Since we have shown that p53 is involved in regulating A^-THC-induced 

lysosomal membrane destabilisation, the role of p53 in the release of cathepsin-D from 

the lysosomal lumen was investigated. Pharmacological inhibition of p53 with pifithrin- 

a  abrogated the A^-THC-induced release of cathepsin-D into the cytosol indicating that 

p53 activity is required for the release of lysosomal proteases upon A^-THC-induced 

membrane instability. Therefore, it is interesting to note that p53 acts as a 

transcriptional up regulator of cathepsin-D. Furthermore, experiments carried out by 

Kagedal et al., (2001a) showed that the induction of oxidative stress caused an increase 

in the p53 protein, which caused an increase in cathepsin-D activity and translocation of 

cathepsin-D to the nucleus, all of which preceded the activation of caspase-3. This 

report is extremely relevant since further studies carried out in our laboratory show that 

cathepsin-D activity is necessary for A^-THC-induced increase in caspase-3 activity and 

the induction of apoptosis. A link between cathepsin-D and caspase-3 has been reported 

to occur during apoptosis via a Bid- and Bax-signalling pathway (Johansson et al., 

2003; Kagedal et al., 2005). Our recent in vivo studies have demonstrated that 

administration of A^-THC increases the cytosolic expression and activity of cathepsin-D 

in the cerebral cortex as part of the apoptotic cascade and the results presented herein 

would indicate that p53-mediated regulation of lysosomal integrity is a key factor in 

this neurotoxic event (Downer et al., 2007b). In this regard it is notable that cathepsin- 

D gene expression outlines the regions of physiological cell death during embryonic 

development and the aberrant engagement of this apoptotic pathway by exogenous 

phytocannabinoids during in utero cannabis exposure may cause the disruption of the 

finely tuned endocannabinoid-mediated brain developmental processes (Zuzarte-Luis et 

al., 2007; Harkany et al., 2007).

Overall, these data indicate a novel role for pro-apoptotic lysosomal signalling 

in A’-THC-induced neuronal apoptosis involving the tumour suppressor protein, p53.

177



Given the interest in the ability o f  cannabinoids to  regulate cell fate, this pathway may 

be important fo r  the anti-tumoural properties o f  cannabinoids, as well as being involved 

in the control of neural cell viability.
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Chapter 5

An investigation into the effect o f endocannabinoids on 

neuronal viability



5.1 Introduction

Many investigations have shown anandamide (AEA) to be cytotoxic in vivo and 

in vitro in cells such as human breast carcinomas, primary neuronal cultures, CHPlOO 

neuroblastoma, PC 12 cells, C6 gliomas, epithelial tumours, uterine cervix cancer cells, 

keratinocytes, and osteosarcoma cells (De Petrocellis et al., 1998; Movsesyan et al., 

2004; Maccarrone et al., 2000; Sarker et al., 2000; Jacobsson et al., 2001; Bifulco et al., 

2001; Contassot et al., 2004; Telek et al., 2007; Hsu et al., 2007). Furthermore, there is 

evidence that the immunosuppressive effects of AEA are associated with the inhibition 

of proliferation and the induction of apoptosis in lymphocytes (Schwarz et al., 2000). 

Given this, and since we have shown that A®-THC induces a neurotoxic effect in 

cultured cortical neurones, the effect of the main endogenous cannabinoid ligands, AEA 

and 2-AG, on the viability of cultured cortical neurones was investigated in this chapter.

The pro-apoptotic activity of AEA in different cells is mediated through the 

activation of different receptors, which in turn trigger a variety of signalling 

mechanisms downstream of the ligated receptors. The transient receptor potential 

vanilloid subtype 1 (TRPVl or VR,) is a non-selective cation channel activated by 

vanilloids such as capsaicin (Caterina and Julius, 2001). In addition, anandamide, 

arachidonoyl-dopamine and products of lipoxygenases can also activate VR, (Di Marzo 

et al., 2001; Huang et al., 2002; Hwang et al., 2000). Activation of VR, excites sensory 

neurones, causes pain and the accumulation of intracellular Ca '̂" which can lead to 

mitochondrial disruption and oxidative cell damage (Shin et al., 2003). Indeed, 

activation of VR, by AEA has been shown to induce increases in Ca '̂" which led to the 

release of cytochrome c and caspase-3 activation in dopaminergic neurones (Kim et al., 

2005). Maccarrone and co-workers (2000) have demonstrated that AEA-induced 

apoptotic body formation and DNA fragmentation in neuronal CHPlOO neuroblastoma 

cells through a pathway involving activation of VR,, rises in intracellular calcium, 

mitochondrial uncoupling and cytochrome c release. Caspase-3 activation in addition to 

the condensation and fragmentation of DNA has been shown to be a result of AEA- 

induced superoxide anion formation in PC 12 cells, however, a receptor was not 

identified for mediating these pro-apoptotic signals (Sarker et al., 2000). The in vivo 

pro-apoptotic effect of AEA via VR, has been confirmed in neonatal rats treated with
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AEA (1 mg/Kg s.c. for up to 20 weeks post partum), which resulted in the selective 

mitochondrial damage of VR, expressing B-type sensory neurones of the rat trigeminal 

ganglion. These mitochondrial effects were of a permanent and progressive manner and 

first observed after 1 week of treatment (Szoke et al., 2002). Conversely, AEA has been 

shown to induce neurotoxicity independently of VR,, CB,, CBj and the NMDA 

receptor in primary cortical neurones and cerebellar granule cells (Movesesyan et al., 

2004). Key pro-apoptotic determinates were found to be activated in that study, such as, 

intracellular Câ "", mitochondrial damage and activation of caspase-3. However, due to 

an observed concomitant activation of calpain and the selective inhibition of 

neurotoxicity by calpain inhibitors, Movesesyan et al., concluded that calpain activation 

acting upstream of caspase pathways play a role in AEA-induced neuronal death. These 

findings are consistent with other reports showing the lack of effects of CB,, CBj or 

VR, antagonists on AEA-induced cell death in cell lines (Sarker and Maruyama, 2003). 

One possible explanation for the unresolved mechanism of action for AEA-induced 

toxicity may be the differing binding site location, intracellular for VR, and 

extracellular for CB, and CBj. Indeed, the oxidative metabolites generated during the 

catabolism of AEA may be critical in controlling its pro-apoptotic potential since these 

metabolites can modulate the effect of AEA on VR, receptors (Maccarrone et al., 2003; 

De Petrocellis et al., 2001). Therefore further studies hold the answer regarding the 

relative contribution that AEA synthesis, degradation and alternative receptor binding 

patterns has on the decision between cell survival and death (Maccarrone and Finazzi- 

Agro, 2003).

Concentrations of 2-AG are the highest amongst the endocannabinoids and 2- 

AG invokes different responses such as proliferation, growth arrest, decreased cell 

contractility, cell death and anti-inflammatory pathways in various cell types (Rueda et 

al., 2000; Sarker et al., 2003; Berdyshev, et al., 2001; Derkinderen et al., 2003). It has 

been recently demonstrated that 2-AG induces apoptosis in activated hepatic fibrogenic 

stellate cells, but not in hepatocytes. This suggests that 2-AG through its pro-apoptotic 

effects has an anti-fibrogenic role in the liver, which could be of therapeutic use in the 

treatment of liver fibrosis (Siegmund and Brenner, 2005; Siegmund et al., 2007). In 

addition, the anti-proliferative potency of 2-AG in rat glioma C6 cells is similar to that
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of AEA (Jacobsson et al., 2001). Recent work by Sang and colleagues (2007) have also 

demonstrated that 2-AG metabolites generated by COX-2, potentiated excitatory 

glutamatergic synaptic transmission and produced neurotoxicity in a CB, independent 

manner which was mediated via ERK, p38 MAPK, IP3 and NF-KB signal transduction 

pathways. However, 2-AG is unable to modulate survival in CHPlOO or human 

lymphoma U937 cells (Maccarrone et a i ,  2000).

Cannabinoids differ with respect to their neuroprotective capacity and it has 

been suggested that 2-AG, AEA and A^-THC use different mechanisms to exert 

neuroprotection on different cell types in the CNS and/or invading monocytes and 

activated T-cells after cerebral injury (Kreutz et a i ,  2007). A number o f studies have 

demonstrated that AEA and 2-AG, in addition to classical and synthetic cannabinoids 

can suppress the excitation o f neuronal cells in vitro (Suguira et al., 2006). However, 

the results o f Hansen and colleagues (2001) show that AEA and not 2-AG is produced 

by strong neurodegenerative stimuli e.g., NM DA excitoxicity and traumatic brain 

injury. Stimulation o f the CB, receptor dampens the destructive impact o f brain insults 

by lowering the release o f glutamate, therefore, cannabinoids exhibit neuroprotective 

actions in cultured neuronal cells exposed to stress (Shen et al., 1998; Sinor et a i ,  2000; 

Nagayama et al., 1999). However, reports showing cannabinoid-induced 

neuroprotection is not prevented by CB, blockade and that cannabinoids, AEA in 

particular, possess alternative receptor binding capabilities, which indicates that the 

mechanism o f neuroprotection provided by AEA and 2-AG is not clear cut (Sinor et a i ,  

2000; Nagayama et al., 1999; McAllister and Glass, 2002).

Given that there is an apparent dualism in the effects o f endocannabinoids on 

cell survival and that previous findings from our laboratory show a neurotoxic profile 

for A^-THC in cultured cortical neurones, this chapter aimed to assess the effect o f two 

endocannabinoids, AEA and 2-AG, on the viability o f  cultured cortical neurones. In 

addition, the potential role o f each endocannabinoid in the signal transduction pathways 

that we have shown to be regulated by A’-THC was analysed. The presence o f apoptotic 

markers such as, DNA fragmentation, caspase-3 activation and p53 phosphorylation 

were analysed in cultured cortical neurones exposed to AEA or 2-AG, as assessed by 

TUNEL staining, biochemical assay, immunocytochemistry and western immunoblot.
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Furthermore, the potential neuroprotective influence of 2-AG was investigated by 

assessing the proclivity o f 2-AG to prevent glutamate-induced DNA damage in cultured 

cortical neurones.
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5.2.1 AEA-induced DNA fragmentation is independent of CB] and VRj

To determine whether the endogenous cannabinoid, anandamide (AEA), is 

neurotoxic we assessed its abihty to induce DNA fragmentation in cultured rat cortical 

neurones. DNA fragmentation was assessed by TUNEL staining following exposure to 

AEA (0.1 - 200 |xM) for 2 hours (Figure 5.1 A). AEA induced DNA fragmentation in a 

dose-dependent manner (p<0.0001, ANOVA, n=4-7 observations). In vehicle-treated 

cells, 6.99 ± 0.67% (mean ± SEM) of cells displayed fragmented DNA in the nucleus 

(TUNEL positive). This was comparable to cells treated with 0.1 and 5 AEA for 2 

hours (10.26 ± 0.68% and 13.95 ± 1.85%, respectively). However, treatment of cells 

with 20, 100 and 200 AEA induced a significant increase in DNA fragmentation 

(21.06 ± 2.20%, 23.78 ± 3.37% and 36.53 ± 4.14%, respectively; p<0.001, vs., vehicle. 

Student Newman Keuls, n=4-7 observations). This finding demonstrates that AEA 

induces apoptosis in cultured cortical neurones in a dose-dependent manner.

To investigate the receptor involved in mediating AEA-induced DNA 

fragmentation cultured cortical neurones were TUNEL stained following exposure to 

AEA (0.1 - 200 i^M) for 2 hours in the presence of the CB, receptor antagonist, AM 

251 (10 âM, 30 minute pre-treatment; Figure 5 .IB). AEA induced DNA fragmentation 

in a CB, receptor independent manner (p<0.0001, ANOVA, n=4-7 observations). In 

cells treated with vehicle in the presence of AM 251, 8.13 ± 0.56% (mean ± SEM) were 

TUNEL positive, which was comparable to cells treated with 0.1 |aM AEA for 2 hours 

in the presence of AM 251 (9.06 ± 0.99%). The number of cells displaying fragmented 

DNA was significantly increased in neurones treated with 5 |xM AEA in the presence of 

AM 251 for 2 hours (16.47 ± 1.12%, p<0.05, vs., AM 251 and vehicle. Student 

Newman Keuls, n=4-7 observations). This response was also maintained in neurones 

treated with 20, 100, and 200 |o,M AEA in the presence of AM 251 for 2 hours (26.05 ± 

2.28%, 34.60 ± 4.91% and 31.23 ± 2.49%, respectively, p<0.001, vs., AM 251 and 

vehicle. Student Newman Keuls, n=4-7 observations; Figure 5 .IB). This finding 

suggests that AEA induced DNA fragmentation is not mediated through the CB, 

receptor. Representative images of TUNEL stained neurones are shown in Figure 5. IE.
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To determine if AEA-induced DNA fragmentation was mediated via the VR, 

receptor cultured cortical neurones were TUNEL stained following exposure to AEA 

(0.1 - 200 jxM) for 2 hours in the presence of the VR, receptor antagonist, capsazepine 

(CZP; 10 piM, 30 minute pre-treatment). Figure 5.1C demonstrates that the AEA 

induced DNA fragmentation occurs in a VR, receptor independent manner (p<0.0001, 

ANOVA, n=4 observations). In cells treated with vehicle in the presence of CZP, 7.07 

± 0.67% (mean ± SEM) were TUNEL positive, which was comparable to cells treated 

with 0.1 ^.M AEA in the presence of CZP for 2 hours (11.22 ± 2.39%). The number of 

cells displaying fragmented DNA was significantly increased in neurones treated with 5 

|o,M AEA in the presence of CZP for 2 hours (14.42 ± 0.65%, p<0.05, vs., vehicle. 

Student Newman Keuls, n=4 observations). This was also maintained in neurones 

treated with 20, 100, and 200 |xM AEA in the presence of CZP for 2 hours (23.19 ± 

1.23%, 34.05 ± 4.70% and 41.80 ± 5.57% respectively, p<0.001, vs., vehicle. Student 

Newman Keuls, n=4 observations; Figure 5.1C). This finding suggests that AEA- 

induced DNA fragmentation is not mediated through the VR, receptor.

When data were collated significant differences were found between the 

inhibitor groups which indicated that the neurotoxic profile of AEA depended on the 

type of available receptor present at the time of exposure to drug (Figure 5. ID). Figure 

5. IE displays TUNEL stained neurones treated with various concentrations of AEA.
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Figure 5.1: AEA-induced DNA fragmentation is independent of CB, and VRj

A: Primary cortical neurones were treated with AEA (0.1 - 200 ;<M) for 2 hours, cells 

were fixed and analysed for DNA fragmentation using TUNEL. A significant increase 

in DNA fragmentation (TUNEL +ve neurones) was found following treatment with 

AEA at concentrations of 20, 100 and 200 ;<M. Results are expressed as mean ± SEM, 

***p<0.001, vs., vehicle, Student Newman Keuls, n-A-1  observations.

B: Cell viability was assessed by the TUNEL assay in cultured cortical neurones treated 

with AEA (0.1 - 200 /iM; 2 hr) in the presence of the CB, receptor antagonist AM 251 

(10 }iM\ 30 min pre-treatment). AEA-induced DNA fragmentation was not prevented by 

AM 251. Results are expressed as means ± SEM, *p<0.05, ***p<0.001, vs., vehicle. 

Student Newman Keuls, n=4-7.

C: Cell viability was assessed by the TUNEL assay in cultured cortical neurones treated 

with AEA (0.1 - 200 //M; 2 hr) in the presence of the VR, receptor antagonist, CZP (10 

/<M; 30 min pre-treatment). AEA-induced DNA fragmentation was not prevented by 

CZP. Results are expressed as mean ± SEM, *p<0.05, ***p<0.001, vs., vehicle. Student 

Newman Keuls, n=4 observations.

D: Significant differences were observed between AEA (200 //M) in the presence of 

AM 251 compared to between AEA (200 //M) in the presence of CZP (*p<0.05, Student 

Newman Keuls, n=4-7 observations). In addition there was a significant difference 

between AEA (100 /iM) compared to AEA (100 >/M) in the presence of both AM 251 

and CZP (-1- and &, respectively, p<0.05, Student Newman Keuls, n=4-7).

E: Light microscopy images of TUNEL stained neurones treated with (i) vehicle, (ii) 

AEA (100 jiM), (iii) AM 251 alone and (iv) AEA (100 ;<M) in the presence of AM 251. 

Arrows indicate TUNEL-positive cells. Scale bar is 10 pim.
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5.2.2 The effect of AEA on caspase-3 activity

Furthermore, we investigated the neurotoxicity of AEA by assessing the effect 

of AEA on caspase-3 activity. Cytosolic fractions were collected from cultured cortical 

neurones treated with AEA (20 [xM) for 2 hours in the presence or absence of the CBi 

receptor antagonist (AM 251; 10 |xM, 30 minute pre-treatment) and caspase-3 activity 

was determined by the cleavage of a fluorogenic substrate. Figure 5.2 demonstrates that 

following exposure to AEA (20 ^M ) for 2 hours there was a significant increase in 

caspase-3 activity in cytosolic fractions from cells treated with AEA, which was not 

abolished by inhibition of the CB, receptor (p=0.0049, ANOVA, n=8-9). In cells treated 

with AEA (20 |j,M) for 2 hours caspase-3 activity was 4.00 ± 1,10 nmoles AFC 

produced per mg protein per minute which was significantly more than cells treated 

with vehicle (0.86 ± 0.65; p<0.05, vs., vehicle, Student Newman Keuls, n=8-9). While 

treatment with AM 251 alone had no effect on caspase-3 activity (0.45 ± 0.33) it did not 

prevent the AEA-induced increase in caspase-3 activity (3.60 ± 1.00; p<0.05, vs., AM 

251, Student Newman Keuls, n=8-9). This result indicates that caspase-3 is involved in 

the AEA-induced increase in caspase-3 activity in cortical neurones.
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Figure 5.2: The effect of AEA on caspase-3 activity

Cultured cortical neurones were treated with AEA (20 ;/M) for 2 hr and total 

protein was harvested. Caspase-3 activity was assayed by cleavage of the 

fluorogenic caspase-3 substrate (DEVD-AFC). The AEA-induced increase in 

caspase-3 activity was not abolished by AM 251. Results shown are means ± 

SEM, *p<0.05, Student Newman Keuls, n=6.
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5,2.3 AEA-induced DNA fragmentation is dependent on p53 activity

DNA fragmentation was assessed by TUNEL staining cultured cortical neurones 

following exposure to AEA (20 ^M ) for 2 hours in the presence or absence of pifithrin- 

a  (Pif-a; 100 nM, 60 minute pre-treatment). Figure 5.5 demonstrates that the AEA- 

induced DNA fragmentation occurs in a p53-dependent manner (p<0.0001, ANOVA, 

n=6 observations). AEA exposure significantly increased the percentage of cells 

displaying fragmented DNA in the nucleus (TUNEL positive) from 12.88 ± 1.01% 

(mean ± SEM) in vehicle-treated neurones to 48.34 ± 4.18% (p<0.001, vs., vehicle, 

Student Newman Keuls, n=6 observations). While treatment with pifithrin-a alone had 

no effect on neuronal viability (13.27 ± 0.70%), it prevented the AEA-induced increase 

in DNA fragmentation (13.09 ± 1.45% TUNEL positive cells; p<0.001, vs., THC, 

Student Newman Keuls, n=6 observations. Figure 5.3A). This finding suggests that 

AEA-induced DNA fragmentation is mediated by p53 signalling. Representative 

images of TUNEL stained neurones are shown in Figure 5.3B.
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Figure 5.3: AEA induced DNA fragmentation is dependent on p53 activity

A: Assessment of DNA fragmentation was performed after treatment of 

neurones with AEA (20 jaM )  in the presence or absence of the p53 inhibitor, 

pifithrin-a (P if-a; 100 nM, 60 min pre-treatment). AEA significantly increased 

the percentage of neurones displaying fragmented DNA. Pifithrin-a abolished 

the AEA-induced increase in DNA fragmentation. Results are expressed as 

mean ± SEM, ***p<0.001, Student Newman Keuls, n=6 observations.

B: Sample images of cells treated with (i) vehicle, (ii) AEA (20 ;/M), (iii) 

pifithrin-a and (iv) AEA (20 ;/M) in the presence of pifithrin-a. Arrows indicate 

TUNEL positive cells.
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5.2.4 The effect of AEA on phospho-pSS®"̂ '̂  expression

Since AEA-induced DNA fragmentation is dependent upon p53 activity, we 

assessed the effect of AEA on phospho-p53*"'^ (p—p53"'"’’) and total p53 (t-p53) 

expression levels. Cultured cortical neurones were exposed to AEA (0.02 and 20 |.iM) 

for 5 minutes. Expression levels of t-p53 and p-p53*” '  ̂ were measured by western 

immunoblot and bandwidths were quantified using densitometry. Figure 5.4A shows 

the effect of AEA on p-p53*''‘̂ t-p53 expression (p=0.2020, ANOVA, n=4). In cells 

exposed to vehicle for 5 minutes, p-p53‘‘®‘̂ '^:t-p53 expression was 2.16 ± 0.25 (mean 

arbitrary units ± SEM) which was not significantly affected by treatment with 0.02 and 

20 |o,M AEA for 5 minutes (3.71 ± 0.93 and 2.82 ± 0.15; p=0.1579 and p= 0.0657 

respectively). This finding suggests that there is a trend towards an AEA-induced 

increase in p-p53*'^’^t-p53 expression. Representative western immunoblots 

demonstrating p-p53**'"' ,̂ t-p53 and p actin expression in neurones treated with vehicle 

(lane 1), 0.02 and 20 |j,M AEA (lane 3 and 4, respectively) are shown in Figure 5.4B.
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F ig u re  5.4: T h e  effect of A EA  on phospho-p53“ '̂ '® expression

A: C ultured cortical neurones were treated with 0.02 and 20 f i M  AEA  for 5 min. 

Cells were harvested and p-p53"'"‘^;t-p53 expression was assessed by western 

im m unoblot and im m unocytochem istry. There was a trend tow ards an increase 

in p-p53*"‘̂ :t-p53 expression, how ever this was non-significant (n=4). Inset: 

sam ple confocal images showing p-p53*"‘̂  expression in cells treated with 

vehicle (i), 0.02 and 20 //M  A EA  for 5 min, (ii) and (iii), respectively.

B: R epresentative im m unoblots o f p-p53*'"'^, t-p53 and p actin. Lane 1 vehicle 

treated neurones, and neurones exposed to 0.02 AEA (lane 2) and 20 

AEA (lane 3).
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5.2.5 AEA induces lysosomal destabilisation in a dose-dependent manner

Since A®-THC-induced neuronal apoptosis involved the disruption of the 

lysosomal membrane it was decided to determine if AEA affected the stability of the 

lysosome. In this study cortical neurones were treated with AO (5 jig/ml) for 10 

minutes prior to incubation with AEA (0.02 - 40 ^M ) for 15 minutes. Relocation of AO 

from lysosomes was assessed using confocal microscopy using the 488 nm Argon laser 

to excite AO and the META analysis function to collected emissions over the 

wavelength range of 499.7 - 670.7 nm. Figure 5.5 demonstrates that AEA-induces a 

significant decrease in 633 nm emission in a dose-dependent manner (p=0.0112, 

ANOVA, n=4), which is indicative of lysosomal membrane instability. Following 

exposure to 0.02 fxM AEA for 15 minutes, AO emission at 633 nm was 140 ± 5 

fluorescence intensity units (mean ± SEM, Figure 5.5A) which was comparable to that 

found in cells treated with vehicle (185 ± 49). A significant reduction in fluorescence 

intensity at 633 nm was observed after exposure to 0.2, 20 and 40 ^.M AEA (78 ±31 ,  

50 ± 15 and 54 ± 5, respectively; p<0.05, vs., vehicle. Student Newman Keuls, n=4), 

reflective of leakage of AO from the lysosomes as a consequence of lysosomal rupture. 

Representative images of AO stained cortical neurones are shown in Figure 5.5B.

197



Figure 5.5: AEA induces lysosomal destabilisation in a dose-dependent 

manner

Cortical neurones were exposed to AO (5 ^g/ml) for 10 min prior to incubation 

with 0.02 - 40 AEA for 15 min. Relocation of AO from the lysosomes to the 

cytosol was assessed and mean fluorescence intensity at 633 nm was monitored. 

A: The mean fluorescence intensity at 633 nm is significantly reduced following 

exposure to 0.2, 20 and 40 |j.M AEA for 15 min. Results shown are means ± 

SEM, *p<0.05, vs., vehicle, Student Newman Keuls, n=4.

B: Confocal images of AO staining of (i) vehicle-treated neurones, and neurones 

treated with 0.02 (ii), 0.2 (iii), 20 (iv), and (v) 40 pM AEA for 15 minutes.
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5.2.6 AEA induces lysosomal destabilisation in a time-dependent manner

Cortical neurones were treated with AO (5 M-g/ml) for 10 minutes prior to 

incubation with AEA (20 |xM) for 15 - 120 minutes. Relocation of AO from lysosomes 

was assessed using confocal microscopy using the META analysis function (excitation 

488 nm, emission wavelength range 499.7 - 670.7 nm). Figure 5.6 demonstrates that 

AEA-induces a significant decrease in 633 nm emission in a time-dependent manner 

(p=0.0044, ANOVA, n=4). Following AEA treatment for 15 minutes, AO emission at 

633 nm was 49 ± 16 fluorescence intensity units (mean ± SEM, Figure 5.6A) which 

was significantly lower to that found in cells treated with vehicle (207 ± 40; p<0.01, 

Student Newman Keuls, n=4). This indicates that the lysosomal membrane was no 

longer able to retain AO at high concentrations which results in a decrease in 633 nm 

emission. The induction of lysosomal instability was maintained at 30 and 120 minutes 

(45 ± 4 and 39 ± 4, respectively; p<0.01, Student Newman Keuls, n=4) but not after 60 

minutes (118 ± 50) of AEA treatment. Representative images of AO stained cortical 

neurones demonstrating the induction of lysosomal membrane instability are shown in 

Figure 5.6B.
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Figure 5.6: AEA induces lysosomal destabilisation in a time-dependent 

manner

Cortical neurones were exposed to AO (5 M-g/ml) for 10 inin prior to incubation 

with AEA (20 ^iM) for 15 - 120 min. Relocation of AO from the lysosomes to 

the cytosol was assessed by monitoring 633 nm fluorescence intensity.

A: AEA (20 |o,M) significantly reduced the mean fluorescence intensity at 633 

nm at 15, 30 and 120 min, **p<0.01. Student Newman Keuls, vs., vehicle, n=4. 

B: Confocal images of AO staining of (i) vehicle-treated neurones, and neurones 

treated with AEA (20 fi,M) for 15 (ii), 30 (iii), 60 (iv), and 120 min (v).
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5.2.7 AEA-induced lysosomal destabilisation is independent of the CB, receptor

Cortical neurones were treated with AO (5 ^.g/ml) for 10 minutes prior to 

incubation with AEA (20 ^.M) for 15 minutes in the presence or absence of the CB, 

receptor antagonist, AM 251 (10 ^iM, 30 minute pre-treatment). Relocation of AO from 

lysosomes was assessed using confocal microscopy using the META analysis function 

(excitation 488 nm, emission wavelength range 499.7 - 670.7 nm). Figure 5.7 

demonstrates the CB, dependent decrease in lysosomal membrane stability (p<0.0001, 

ANOVA, n=4). Following AEA treatment for 15 minutes, AO emission at 633 nm was 

34 ± 3 fluorescence intensity units (mean ± SEM) which was significantly lower to that 

found in cells treated with vehicle (95 ± 4; p<0.001, vs., vehicle, Student Newman 

Keuls, n=4), reflective of leakage of AO from the lysosomes as a consequence of 

lysosomal rupture. While incubation with AM 251 alone had no effect on the 

fluorescence intensity at 633 nm (106 ± 3) it failed to abolish the AEA-induced 

decrease in 633 nm fluorescence intensity (49 ± 5; p<0.001, vs., AM 251, Student 

Newman Keuls. n=4; Figure 5.7A). Figure 5.7B shows representative images of AO 

stained cortical neurones demonstrating the CB, dependent induction of AEA-induced 

lysosomal membrane instability.
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Figure 5.7: AEA-induced lysosomal destabilisation is independent of the 

CB, receptor

Cortical neurones were exposed to AO (5 for 10 prior to incubation

with AEA (20 (xM) for 15 min in the presence or absence of AM 251 (10 ^.M, 30 

min pre-treatment). Relocation of AO from lysosomes to the cytosol was 

assessed and the mean fluorescence intensity at 633 nm was monitored as an 

indicator of lysosomal membrane stability.

A: AEA (20 ^iM) reduces the mean fluorescence intensity at 633 nm at 15 min, 

pre-treatment with AM 251 (10 |xM) did not prevent the AEA-induced reduction 

in 633 nm emission. Results shown are means ± SEM, ***p<0.001, Student 

Newman Keuls, n -A .

B: Confocal images of AO staining of neurones treated with vehicle (i), AEA 

(20 piM) for 15 min (ii), AM 251 alone (iii), AM 251 and AEA (20 ^iM) for 15 

min (iv).
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5.2.8 AEA-induced lysosomal destabilisation is dependent on p53 activity

The role of phospho-pSS'®"'^ in AEA-induced lysosomal membrane instability 

was assessed in this study. Cortical neurones were treated with AO (5 ^ig/ml) for 10 

minutes prior to incubation with AEA (20 |iM) for 15 minutes in the presence or 

absence of the pharmacological inhibitor of p53, pifithrin-a (P if-a; 100 nM, 1 hr pre

treatment). Relocation of AO from lysosomes was assessed using confocal microscopy 

using the 488 nm Argon laser to excite AO and the META analysis function to 

collected emissions over the wavelength range of 499.7 - 670.7 nm. Figure 5.7A shows 

that the AEA induced a decrease in fluorescence intensity at 633 nm, which was 

abolished by the phaimacological inhibition of p53 activity (p=0.0014, ANOVA, n=4). 

Following AEA treatment for 15 minutes, AO emission at 633 nm was 33 ± 2 

fluorescent intensity units (mean ± SEM) which was significantly lower to that found in 

cells treated with vehicle (98 ± 5; p<0.01, vs., vehicle. Student Newman Keuls, n=4), 

indicative of an instability in the lysosomal membrane. W hile incubation with pifithrin- 

a  alone had no effect on 633 nm fluorescence intensity (117 ± 22), it prevented AEA- 

induced decrease in 633 nm fluorescence intensity (91 ± 5; p<0.01, vs., AEA, Student 

Newman Keuls, n=4; Figure 5.10A). This indicates that p53 is required for AEA- 

induced lysosomal membrane destabilisation. Figure 5.7B shows AO stained neurones 

demonstrating the p53-dependent nature of AEA-induced lysosomal membrane 

instability.
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Figure 5.7: AEA-induced lysosomal destabilisation is dependent on p53 

activity

Cortical neurones were exposed to AO (5 M,g/ml) for 10 min prior to incubation 

with P if-a (100 nM, 1 hr pre-treatment). Neurones were then treated with AEA 

(20 |xM) for 15 min and the fluorescence emission at 633 nm was assessed.

A: The AEA induced lysosomal destabilisation, as indicated by a significant 

reduction in fluorescence intensity at 633 nm, is abolished by pre-treatment with 

P if-a  (100 nM). Results shown are means ± SEM, **p<0.01. Student Newman 

Keuls, n=4.

B: Confocal images of AO stained neurones treated with (i) vehicle, (ii) AEA 

(20 ^M ) for 15 min, (iii) P if-a alone and (iv) P if-a  and AEA (20 ^iM) for 15 

min.
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5.2.9 AEA-induced lysosomal destabilisation is dependent on SyK activity

Cortical neurones were treated with AO (5 ^g/ml) for 10 minutes prior to 

incubation with AEA (20 ^.M) for 15 minutes in the presence or absence of a SyK 

inhibitor (SyKi; 50 nM, 60 minute pre-treatment). Relocation of AO from lysosomes 

was assessed using confocal microscopy using the 488 nm Argon laser to excite AO 

and the META analysis function to collected emissions over the wavelength range of 

499.7 - 670.7 nm. Figure 5.9 demonstrated the SyK-dependent nature of AEA-induced 

lysosomal destabilisation (p=0.0004, ANOVA, n=4). Following AEA treatment for 15 

minutes, AO emission at 633 nm was 34 ± 2 fluorescent intensity units (mean ± SEM) 

which was significantly lower to that found in cells treated with vehicle (80 ± 17; 

p<0.01, vs., vehicle. Student Newman Keuls, n=4; Figure 5.9A). While incubation with 

SyKi alone had no effect on 633 nm fluorescence intensity (114 ± 8), AEA failed to 

induce a decrease in 633 nm fluorescence intensity in the presence of SyKi (106 ± 6; 

p<0.001, vs., AEA, Student Newman Keuls, n=4) indicating that SyK activity is 

required for AEA-induced destabilisation of the lysosomal membrane. Figure 5.9B 

shows the SyK-dependent nature of AEA-induced lysosomal membrane instability as 

indicated by a significant reduction in fluorescence intensity at 633 nm.

209



Figure 5.9: AEA-induced lysosomal destabilisation is dependent on SyK  

activity

Cortical neurones were exposed to AO (5 [xg/ml) for 10 min prior to incubation 

with SyKi (50 nM, 1 hr pre-treatment), neurones were then treated with AEA 

(20 ^xM) for 15 min and the emission at 633 nm was assessed.

A: AEA-induced lysosomal destabilisation, as indicated by a significant 

reduction in fluorescence intensity at 633 nm, is abolished by pre-treatment with 

SyKi (50 nM). Results shown are means ± SEM, **p<0.01, ***p<0.001, 

Student Newman Keuls, n -4 .

B: Confocal images of AO staining of neurones treated with vehicle (i), AEA 

(20 piM) for 15 min (ii), SyKi alone (iii), SyKi and AEA (20 jxM) for 15 min 

(iv).
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5.2.10 AEA-induced caspase-3 activity is dependent on cathepsin-D activity

The disruption of the lysosomal membrane can result in the release of 

cathepsins which are known to induce apoptosis (Turk et al., 2002). Since we observed 

that A®-THC-induced an increase in caspase-3 activity, which was dependent on 

cathepsin-D activity, the role of cathepsin-D in AEA-induced caspase-3 activity was 

assessed. Cytosolic fractions were collected from cultured cortical neurones treated 

with AEA (20 |xM) for 2 hours in the presence or absence of a cathepsin-D inhibitor 

(CDi; 10 |xM, 30 minute pre-treatment). Caspase-3 activity was determined by cleavage 

of a fluorogenic caspase-3 substrate (DEVD-AFC). Figure 5.10 demonstrates that 

exposure to AEA (20 fxM) for 2 hours evoked a significant increase in caspase-3 

activity which was abolished by inhibition of cathepsin-D activity (p=0.0078, ANOVA, 

n=6). In cells treated with AEA (20 ^M) for 2 hours caspase-3 activity was 105 ± 49% 

greater than in cells treated with vehicle (p<0.05, vs., vehicle, Student Newman Keuls, 

n=6). Treatment with AEA in the presence of CDi significantly decreased the level of 

caspase-3 activity (30 ± 15% less than cells treated with CDi alone; p<0.01, vs., AEA, 

Student Newman Keuls, n=6). These results indicate that cathepsin-D activity is 

necessary for the AEA-induced increase in caspase-3 activity.
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Figure 5.10: AEA-induced caspase-3 activity is dependent on cathepsin-D 

activity

Cultured cortical neurones were treated with AEA (20 /<M) for 2 hr and total 

protein was harvested. Caspase-3 activity was assayed by cleavage of the 

fluorogenic caspase-3 substrate (DEVD-AFC). The AEA-induced increase in 

caspase-3 activity was abolished by the inhibition of cathepsin-D. Results shown 

are means ± SEM, *p<0.05, **p<0.01, Student Newman Keuls, n=6.
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5.2.11 AEA-induced DNA fragmentation is dependent on cathepsin-D activity

DNA fragmentation was assessed by TUNEL staining in cultured cortical 

neurones following exposure to ABA (20 [xM) for 2 hours in the presence or absence of 

a cell permeable inhibitor of cathepsin-D (CDi; 30 minute pre-treatment). Figure 5.11 

demonstrates that AEA-induced DNA fragmentation is dependent on cathepsin-D 

activity (p<0.0001, ANOVA, n=6 observations). In vehicle-treated cells, 15.82 ± 2.10% 

(mean ± SEM) of cells displayed fragmented DNA in the nucleus (TUNEL positive). 

This was significantly increased to 52.59 ± 3.18% in cells treated with AEA for 2 hours 

(p<0.001, vs., vehicle, Student Newman Keuls, n=6 observations; Figure 5.1 lA). 

Treatment of cells with CDi prevented the AEA-induced increase in DNA 

fragmentation (28.40 ± 1.51%; p<0.001, vs., AEA, Student Newman Keuls, n=6 

observations). This finding suggests that cathepsin-D is involved in AEA-induced DNA 

fragmentation. Representative images of TUNEL stained neurones are shown in Figure 

5.11B.
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Figure 5.11: AEA-induced DNA fragmentation is dependent on cathepsin-D  

activity

Cortical neurones were treated with AEA (20 ^.M) for 2 hr in the presence or 

absence of a cathepsin-D inhibitor (CDi; 10 jxM, 30 min pre-treatment). Cell 

viability was assessed using the TUNEL technique.

A: AEA significantly increased the percentage of TUNEL positive cells. CDi 

abolished the AEA-induced increase in DNA fragmentation. Results are 

displayed as means ± SEM, ***p<0.001, Student Newman Keuls, n=6 

observations.

B: Sample images of (i) vehicle-treated cells, and cells treated with (ii) AEA (20 

^.M) for 2 hr, (iii) CDi alone and (iv) AEA (20 [iM) for 2 hr in the presence of 

CDi. Arrows indicate TUNEL positive neurones.
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5.2.12 2-AG induces DNA fragmentation in a dose dependent manner

To determine whether the endogenous cannabinoid 2-arachidonoylglycerol (2- 

AG) is neurotoxic to neurones we assessed its ability to induce DNA fragmentation in 

cultured rat cortical neurones. DNA fragmentation was assessed by TUNEL staining 

following exposure to 2-AG (0.02 - 20 piM) for 2 hours. Figure 5.12 shows tht 2-AG 

induces DNA fragmentation only at a high concentration (p=0.0403, ANOVA, n=6 

observations). In vehicle-treated cells, 10 ± 2% (mean ± SEM) of cells displayed 

fragmented DNA in the nucleus (TUNEL positive). This was comparable to cells 

treated with 0.02, 0.2 and 2 |o,M 2-AG for 2 hours (19 ± 11%, 28 ± 5%, and 20 ± 4%, 

respectively). However, treatment of cells with 20 îM 2-AG induced a significant 

increase in DNA fragmentation (41 ± 8%; p<0.05, vs., vehicle, Student Newman Keuls, 

n=6 observations). This finding demonstrates that 2-AG induces apoptosis in cultured 

cortical neurones only at high concentrations. Figure 5.12B depicts sample images of 

TUNEL stained neurones treated with 2-AG.
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Figure 5.12: 2-AG induces DNA fragmentation in a dose dependent manner

A: Assessment of the number of TUNEL positive cells was made after treatment 

of neurones with 2-AG (0.02 - 20 /<M) for 2 hr. 2-AG significantly increased the 

percentage of TUNEL positive cells following exposure to 20 ptM 2-AG for 2 

hr. Results are displayed as means ± SEM, *p<0.05, Student Newman Keuls, 

n=6 observations.

B: Sample images of TUNEL stained neurones treated with 0.02 //M (i), 0.2 /iM 

(ii), 2 //M (iii) and 20 2-AG (iv) for 2 hr. Arrows indicate TUNEL positive 

neurones. Scale bar is 10 |xm.
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5.2.13 The effect of CB, receptor inhibition on 2-AG-induced DNA fragmentation

DNA fragmentation was assessed by TUNEL staining in cultured cortical 

neurones following exposure to 2-AG (20 |j,M) for 2 hours in the presence of the CB, 

receptor antagonist, AM 251 (10 |j,M, 30 minute pre-treatment). Figure 5.13 

demonstrates the CB, receptor-dependent nature of 2-AG-induced DNA fragmentation 

(p<0.0001, ANOVA, n=6 observations). In cells treated with 2-AG (20 jxM) for 2 

hours, 41 ± 8% (mean ± SEM) of cells displayed fragmented DNA in the nucleus 

(TUNEL positive) which was significantly higher than cells treated with vehicle (10 ± 

5%; p<0.001, vs., vehicle. Student Newman Keuls, n=6 observations). While treatment 

with AM 251 alone did not affect the level of DNA fragmentation (8 ± 5%) it prevented 

the 2-AG-induced DNA fragmentation (3 ± 0.1%; p<0.001, vs., 2-AG, Student 

Newman Keuls, n=6 observations; Figure 5.15). This finding suggests that 2-AG- 

induced DNA fragmentation is mediated through the CB, receptor.
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Figure 5.13: The effect of CB, receptor inhibition on 2-AG-induced DNA 

fragmentation

Cell viability was assessed by the TUNEL assay in cultured cortical neurones 

treated with 2-AG (20 ;/M; 2 hr) in the presence or absence of the CB, receptor 

antagonist, AM 251 (10 //M, 30 min pre-treatment). 2-AG-induced DNA 

fragmentation was prevented by AM 251. Results are expressed as means ± 

SEM, ***p<0.001, Student Newman Keuls, n=6 observations.
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5.2.14 The effect of 2-AG on caspase-3 activity

To determine the effect of 2-AG on caspase-3 activity, cytosolic fractions were 

collected from cultured cortical neurones treated with 2-AG (20 |j,M) for 2 hours. The 

activity of caspase-3 was determined by the cleavage of a fluorogenic caspase-3 

substrate (DEVD-AFC). Figure 5.14 demonstrates that following exposure to 2-AG (20 

^M ) for 2 hours there was no increase in caspase-3 activity (p=0.1905, student’s t test, 

n=4). In cells treated with 2-AG (20 fiM) for 2 hours caspase-3 activity was 239 ± 9 

pmoles AFC produced per mg protein per minute which was comparable to cells treated 

with vehicle (253 ± 3). These results indicate that 2-AG does not increase caspase-3 

activity.
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Figure 5.14: The effect of 2-AG on caspase-3 activity

Treatment of primary cortical neurones with 2-AG (20 ;/M) for 2 hours had no 

effect on caspase-3 activity as assessed by the cleavage of the fluorogenic 

caspase-3 substrate (DEVD-AFC). Results are expressed as mean ± SEM for 4 

independent observations.
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5.2.15 The effect of 2-AG on phospho-p53“'̂ '* expression

In this study we assessed the effect of 2-AG on phospho-p53*'"‘̂  

expression levels. Cultured cortical neurones were exposed to 2-AG (0.02 and 20 ^.M) 

for 5 minutes. Expression levels of total cellular p53 (t-p53) and p-pSS'*''^ were 

measured by western immunoblot and bandwidths were quantified using densitometry 

(Figure 5.15A). 2-AG-induced a non-significant increase in p-p53*®''^;t-p53 expression 

(p=0.1909, ANOVA, n=4). In cells exposed to vehicle for 5 minutes, p-p53‘*'''^:t-p53 

expression was 2.74 ± 0.48 arbitrary units which was not significantly increased 

following treatment with 0.02 and 20 2-AG for 5 minutes (3.78 ± 0.48 and 4.52 ± 

0.86; p-0.1756 and p=0.1204 respectively vs., vehicle. Student’s t test, n=4). This 

finding suggests that there is a trend towards a 2-AG-induced increase in p-p53*“ ‘̂ :t- 

p53 expression. Representative western immunoblots demonstrating t-p53, p-p53*"'’ 

and p actin expression are shown in Figure 5.15B.
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Figure 5.15: The effect of 2-AG on phospho-p53*'‘̂‘* expression

A: Cultured cortical neurones were treated with 0.02 and 20 2-AG for 5 

min. Cells were harvested and phospho-p53'“'''^ (p-p53“ ' ‘̂ ), total-p53 (t-p53) 

expression was assessed by western immunoblot. There was a trend towards an 

increase in p-p53“"‘̂ :t-p53 expression, however, this was non-significant.

B: Representative immunoblots of p-p53'*"'^, t-p53 and (3 actin. Lane 1 vehicle 

treated neurones, and neurones exposed to 0.02 piM. 2-AG (lane 2), 20 2-AG 

(lane 3) for 5 min.
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5.2.16 2-AG (0.01 jaM) prevents glutamate-induced DNA fragmentation

Since low concentrations of 2-AG did not induce signs of neurotoxicity we 

investigated whether 2-AG could be neuroprotective at low concentrations. To 

determine whether 2-AG provides neuroprotection against neurotoxic insults, cortical 

neurones were exposed to a pre-, post- and co-treatment of 2-AG (0.01 fxM) with a 

neurotoxic glutamate insult (50 |u,M, 1 hour treatment), neurotoxicity was then assessed 

using the TUNEL technique. Figure 5.16A demonstrates that glutamate-induced 

neurotoxicity is prevented by a low dose of 2-AG (p=0.0011, ANOVA, n=6 

observations). In control cells the % of cells with fragmented DNA was 8 ± 5% which 

was significantly increased to 25 ± 6% after treatment with glutamate (50 [xM) for 1 

hour (p<0.01, vs., vehicle. Student Newman Keuls, n=6 observations). However, in 

cells pre-treated with 2-AG for 1 hour before the addition of glutamate, a significant 

decrease in DNA fragmentation was observed (5 ± 2%; p<0.01, vs., glutamate, Student 

Newman Keuls, n=6 observations). A significant decrease was also observed in cells 

treated with 2-AG (0.01 ^iM) post glutamate treatment (7 ± 1%; p<0.01, vs., glutamate, 

Student Newman Keuls, n=6 observations). Furthermore, the treatment of 2-AG and 

glutamate together (co-treatment) for 1 hour produced a significant decrease in DNA 

fragmentation (2 ± 0.6%, p<0.01, vs., glutamate. Student Newman Keuls, n=6 

observations). These results suggest that a low dose of 2-AG provides neuroprotection 

against glutamate-induced neurotoxicity. Figure 5.16B shows sample images of 

TUNEL stained neurones, arrows indicate TUNEL positive cells.
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Figure 5.16: 2-AG (0.01 ^M ) prevents glutamate-induced DNA

fragmentation

A: Assessment of DNA fragmentation was performed after treatment of 

neurones with glutamate (50 ;^M; 1 hr) alone, and a pre-, post- or co-treatment 

of 2-AG (0.01 fxM). Glutamate significantly increased the percentage of 

neurones displaying fragmented DNA. 2-AG abolished the glutamate-induced 

increase in DNA fragmentation. Results are expressed as means ± SEM, 

**p<0.01, vs. vehicle, ++p<0.01, vs., glutamate. Student Newman Keuls, n=5 

observations.

B: Representative images of cells treated with (i) vehicle, (ii) glutamate (50 f iM\  

1 hr), (iii) 0.01 [o,M 2-AG pre-glutamate treament, (iv) 0.01 ^.M 2-AG post

glutamate treatment and (v) co-treatment. Arrows indicate TUNEL positive 

cells. Scale bar is 10 ^m.
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5.3 Discussion
The aim of this aspect of the study was to determine whether the 

endocannabinoids, AEA and 2-AG, exerted a neurotoxic response in cultured cortical 

neurones and to identify which apoptotic signalling pathways were regulated by these 

endocannabinoids. Since we have previously shown that A^-THC regulates pro- 

apoptotic markers, such as activation of the p53 protein, induction of lysosomal 

instability, caspase-3 activation and DNA fragmentation, these apoptotic markers were 

assessed in cultured cortical neurones exposed to exogenously applied 

endocannabinoids AEA and 2-AG. The results indicate that both AEA and 2-AG at 

high concentrations induce hallmarks of apoptosis e.g., caspase-3 activation (AEA 

only) and DNA fragmentation (AEA and 2-AG). The ability of AEA to induce DNA 

fragmentation was not blocked by AM 251 or by the VR, antagonist, capsazepine 

(CZP), indicating that AEA-induced neurotoxicity is not mediated through the CB, or 

VR, receptors in cortical neurones. In addition, AEA was found to induce an increase in 

caspase-3 activity in a CB, independent manner. Furthermore, AEA also had a negative 

impact on the stability of lysosomes and induced a destabilisation of the lysosomal 

membrane in a dose- and time-dependent manner, akin to the observations with A®- 

THC which are discussed in chapter 4. The proclivity of AEA to impact on the 

lysosomal system was not abated by CB, antagonism with AM 251, however, the 

negative impact of AEA on lysosomal stability was blocked by the pharmacological 

inhibition of p53 and SyK, indicating that AEA regulates similar signalling pathways to 

A^-THC albeit via an as yet unidentified receptor system. However, AEA did not cause 

a significant increase in active p53 (phospho-p53*"^'^). The AEA-induced caspase-3 

activity and DNA fragmentation was prevented by cathepsin-D inhibition, indicating 

that lysosomal disruption caused the release of cathepsin-D, which then enabled its 

involvement in the apoptotic pathway. 2-AG also caused the CB,-dependent induction 

of DNA fragmentation at high concentrations, however, a concomitant increase in 

caspase-3 activity was not observed. Furthermore, 2-AG did not cause the activation of 

the tumour suppressor protein, p53 and capase-3. Given the difference in the proclivity 

of 2-AG to induce capsase-3 activity (compared to AEA), the ability of a low 

concentration of 2-AG to provide protection to neurones exposed to an excitotoxic
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glutamate treatment was also assessed using the TUNEL technique. Glutamate 

excitotoxicity was prevented by a pre-, post- and co-treatment with 0.01 2-AG,

indicating that a low concentration of 2-AG provides neuroprotection against 

glutamate-induced excitoxicity.

AEA induced a dose dependent increase in fragmented DNA in cultured cortical 

neurones, however the concentrations used are higher than that required for receptor 

activation. Since AEA levels have been reported to be up regulated during brain injury, 

our in vitro model can only be considered to represent levels of AEA that occur during 

pathophysiological situations, such as intracerebral NMDA injection, mild concussive 

head trauma and NMDA receptor blockade (Hansen et a i,  2001). The proclivity of 

AEA to induce DNA fragmentation in cultured cortical neurones was not prevented by 

blocking the CB, or VR, receptors. This finding is in agreement with Movsesyan et a i, 

(2004), who also found that the inhibition of CB,, CBj VR, or NMDA receptors also 

failed to prevent AEA-induced apoptosis in primary neuronal cultures. Sarker and 

Maruyama (2003) also found similar results in PC12 cells exposed to 10 |xM AEA. 

Interestingly, Sarker and Maruyama showed that plasma membrane cholesterol 

depletion prevented AEA-induced apoptosis. Plasma membrane cholesterol depletion 

causes changes in the lipid raft domains that are present in plasma membranes and 

contain a sub set of cellular proteins including receptors (Simons and Ikonen, 1997). 

Altering the content of lipid rafts with cholesterol depleting agents has been shown to 

affect signal transduction from cell surface receptors and also with the ability to induce 

apoptosis (Moran and Miceli, 1998; Gajate and Mollinedo, 2001). These observations 

may provide a mechanism of action for AEA-induced apoptosis observed in our culture 

system. In our experiments, in addition to inducing DNA fragmentation, AEA also 

caused the activation of caspase-3, another apoptotic hallmark, this was independent of 

the CB, receptor, which is also in agreement with the studies carried out by Sarker and 

Maruyama (2003) and Movsesyan and co-workers (2004).

There was a difference in the proclivity of AEA to induce DNA fragmentation 

between the two types of receptor antagonism utilised. The CB, antagonist prevented 

AEA-induced DNA fragmentation up to 5 //M AEA, however blockade of VR, 

abrogated AEA-induced DNA damage up to 20 piM which is 4 times more than that the
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threshold concentration observed for AM 251. This indicated that signalling through the 

CB,, which possibly occurs when VR, is blocked with CZP, couples strongly to the 

apoptotic pathway. These differences may be associated with the receptor coupling 

efficiency or alternatively as a result of the intracellular activation of VR, by various 

endocannabinoid metabolites. Overall, inhibition of the CB, receptor potentiated, 

instead of reducing the induction of DNA fragmentation (as seen when VR, was 

blocked). However, considering the failure of both receptor antagonists to prevent 

AEA-induced apoptosis, it must be concluded that a different binding site or regulatory 

processes must be involved e.g., GPR 55, the non CBj/CBj receptor or the involvement 

of lipid rafts in the regulation of cannabinoid receptors.

Although a receptor was not identified as the mediator for AEA-induced 

apoptosis, the activation of similar pro-apoptotic signalling molecules to those observed 

to be induced by A^-THC were up regulated as a result of AEA treatment e.g., 

destabilisation of the lysosomal membrane resulting in the release of proteases that had 

the ability to potentiate the apoptotic cascade. The negative impact that AEA had on the 

lysosomal membrane was abrogated by inhibition of p53, however, only a trend 

towards an increase in active p53 expression was observed following AEA treatment 

for 5 minutes. Furthermore, the inhibition of p53 activity successfully abrogated AEA- 

induced DNA fragmentation, which implies that p53 signalling is a central factor in 

AEA-induced neuronal death. To our knowledge, this is the first time that AEA has 

been linked to p53 activity. In addition, the inhibition of SyK signalling also prevented 

AEA-induced destabilisation of the lysosomal membrane. These results, although 

highly speculative, may suggest that AEA-induced apoptosis follows a similar 

signalling pathway to A^-THC-induced apoptosis, albeit mediated through a different, 

as yet unidentified receptor mechanism.

In comparison to AEA, 2-AG produced a less potent increase in fragmented 

DNA. Interestingly, CB, antagonism did prevent the 2-AG (20 ^iM)-induced DNA 

fragmentation, indicating that the CB, receptor mediates 2-AG-induced neuronal 

apoptosis. However, 2-AG at the same concentration failed to induce a significant 

increase in caspase-3 activity, which highlights the weak nature of 2-AG-induced 

apoptosis. Alternatively it may indicate the activation of a caspase-independent form of
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cell death e.g., calpain-dependent cell death. 2-AG failed to induce an activation of the 

tumour suppressor p53 as only a trend towards an increase was observed.

Considering the failure of 2-AG to induce a consistent, robust pro-apoptotic 

response in cultured cortical neurones, it was decided to assess the ability of a very low 

concentration of 2-AG (0.01 ^M) to prevent glutamate-induced excitotoxicity. The 

application of exogenous glutamate resulted in a robust apoptotic response in our 

culture system, which was prevented by 2-AG irrespective of the timing of application 

(pre-, post- or co-treatment with glutamate). These results indicate that 2-AG at a low 

concentration strongly inhibits glutamatergic excitoxicity. Excitotoxicity underlies 

many neurodegenerative diseases and drugs that attenuate glutamatergic synaptic 

transmission show promise as palliative agents for neurodegeneration (Boast et al., 

1988; Park et al., 1988). Neuronal damage results in the up regulation of 

endocannabinoid production and an up regulation of components within the 

endocannabinoid system is a common feature in neurodegenerative diseased brains 

(Stella et al., 1997; Micale et al., 2007). Cannabinoids, 2-AG in particular, have been 

shown to reduce glutamatergic activity and the modulation of the endocannabinoid 

system has been shown to provide neuroprotection (Gilbert et al., 2007; Panikashvili et 

al., 2001). 2-AG is increased during A(3-induced hippocampal degeneration, gliosis and 

cognitive decline; this may reflect an attempt of the endocannabinoid system to provide 

neuroprotection from A|3-induced damage (van der Stelt et al., 2006). Furthermore, in 

that study when endocannabinoid uptake was inhibited by VDM-11, the A^-induced 

neurotoxicity and memory impairment was reversed, although this was dependent upon 

early administration of the reuptake inhibitor. Those findings suggest that robust and 

early pharmacological enhancement of brain endocannabinoid levels may protect 

against the deleterious consequences of Ap. Other endocannabinoids, such as AEA and 

noladin ether, have been found to reduce A|3 neurotoxicity in vitro via activation of the 

CB, receptor and engagement with the extracellular-regulated kinase pathway (Milton, 

2002). Thus, endocannabinoids can reverse the negative consequences of exposure to 

A(3 and such findings suggest that drugs designed to augment endocannabinoid tone, 

including inhibitors of endocannabinoid uptake and metabolism, may have potential in 

the treatment of AD. However, the study by van der Stelt et a i ,  (2003) advices caution
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regarding the tim ing of endocannabinoid  up regulation by pharm acological intervention 

in relation  to the tim e-course o f developm ent o f the disease pathology, since 

adm inistration o f  V D M -II later in the pathological cascade actually  induced a negative 

effect on the m em ory retention ability  o f rodents. T hese results coupled  w ith our initial 

find ings will provide a p latform  upon w hich our continuing research into the role o f 

endocannabinoids in neuroprotection  and aging will continue.
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Chapter 6

The effect o f developtnent on A^-THC-induced apoptosis in 

the cerebral rat cortex - An in vivo study



6.1 Introduction

The CB| receptor is expressed in the foetal and early postnatal brain, however, 

its expression pattern varies during development (Femandez-Ruiz et al., 2000; 

Berrendero et a i, 1999; Rodriguez de Fonseca et al., 1993). These findings, coupled 

with the involvement of the endocannabinoid system in virtually all stages of 

reproduction, are consistent with a role for the cannabinoid system in controlling events 

pertinent in neural development (Harkany et al., 2007). Indeed, endocannabinoids are 

important in the proliferation and fate specification of neural progenitors, and in the 

migration, lineage segregation, differentiation and survival of neurones in the 

developing foetal brain (Galve-Roperh et al., 2006; Berghuis et al., 2005, 2007; 

Harkany et a i,  2007). A’-THC crosses the placenta during pregnancy and it has been 

reported that foetal A’-THC plasma concentrations are approximately 10% of those 

found in the dams that received treatment with A’-THC administered via gastric 

intubation (Hutchings et a i, 1989). In addition, the administration of cannabinoids to 

pregnant dams, before or during organogenesis, produces abnormalities in the 

dopaminergic neurotransmitter system that is indicative of neurotoxicity (Fernandez- 

Ruiz et a i,  1996, 1994, 1992). Furthermore, the in utero exposure to A®-THC has a 

negative effect on foetal growth and causes impaired developmental plasticity (Hurd et 

al., 2005; Bernard et a i, 2005). Longitudinal studies have demonstrated that the 

prenatal exposure to cannabis in humans is associated with deficits in executive 

function and visuospatial working memory that persist into adulthood (Huizink and 

Mulder, 2006; Smith et a i, 2006; Fried et a i, 2003; Fried and Smith, 2001; Faden and 

Graubard 2000). A®-THC exposure causes the down-regulation and desensitisation of 

the CB, receptor in a region specific manner which may be responsible for the rather 

subtle cognitive impairments seen in children exposed prenatally to cannabis (Zhuang 

et a i, 1998; Sim et a i, 1996).

The ability of cannabinoids to modulate other neurotransmitter signalling 

pathways has been reported in many animal studies, specifically glutamatergic 

signalling. Mereu et al., (2003), have found that glutamatergic signalling is reduced as a 

result of the exposure to CB, receptor agonists during gestation. Furthermore, prenatal 

cannabis treatment modulates the glutamatergic system by decreasing the expression of
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AMPA glutamate receptor subunits and glutamate transporters (Suarez et al., 2004a, 

2004b). Suarez and co-workers (2002) also found that cannabis prevented the 

production of glutamine, the precursor of glutamate, in glia. Thus, whilst a 

neurodevelopmental role for endocannabinoids is becoming clear, the aberrant 

activation of such pathways by exogenous phytocannabinoids or prescribed 

endocannabinoid system altering drugs may have undesired consequences on the 

developing brain which must be investigated further.

As detailed in the previous chapter the potential of cannabinoids to elicit 

neurotoxicity is controversial (Same and Mechoulam, 2005). However, morphological 

differences, indicative of neurotoxicity, were found in human subjects who chronically 

used cannabis (Schlaepfer et al., 2006; Matochick et al., 2005). Some of the deleterious 

effects of cannabis may be related to alterations in pathways involved in the control of 

neurogenesis, synaptogenesis and neuronal wiring, impaired myelination or possibly by 

aberrant neuronal death (Harkany et al., 2007; Schlaepfer et al., 2006). Previous 

findings obtained by this group also suggest that the neonatal brain is more susceptible 

to the neurotoxic effects of A^-THC (Downer et al., 2007a).

Given the dualism in the literature of neuroprotective versus neurotoxic effects 

of A’-THC, the aim of this study was to examine the proclivity of A®-THC to couple to 

the biochemical hallmarks of apoptosis in the neonatal, adolescent and adult rat cerebral 

cortex. The present study also aimed to identify if A’-THC had a negative impact on the 

lysosomal system, akin to our in vitro findings. Specifically, neonatal, adolescent and 

adult animals received subcutaneous injections of A’-THC ( 1 - 3 0  mg/Kg, s.c.) and 

were maintained for 3 hours, a time point at which A^-THC induces a significant level 

of apoptosis in cultured cortical neurones. Rats were then sacrificed and the proclivity 

of A®-THC to induce caspase-3 activation and DNA fragmentation was assessed. In 

addition, the expression of phospho-p53“''^ was determined by western immunoblot. 

Finally, the contribution of the lysosomal branch of apoptosis was determined by 

assessing cathepsin-D expression levels and activity in cytosolic fractions obtained 

from cerebral cortical tissue taken from rats treated with a subcutaneous dose of A -̂ 

TH C(1 -3 0  mg/Kg).
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6.2.1 A’-THC induces DNA fragmentation in neonatal but not adult cerebral 

cortex

We have previously shown that A®-THC-induces neurotoxicity in the neonatal, 

but not in the adult, cerebral cortex after an acute subcutaneous injection (s.c.) of Â - 

THC ( 1 - 3 0  mg/Kg; Downer et a i ,  2007b). In this study we examined the ability of A®- 

THC to induce DNA fragmentation in the rat cerebral cortex at 2 stages of 

development: neonatal ( 5 - 7  days old) and adults (> 4 months old). Animals received 

subcutaneous injections of 1 mg/Kg A’-THC in vehicle (5% absolute alcohol, 5% 

Cemophor EL and 90% sterile saline) for 3 hours. A control group of animals received 

injections of vehicle alone for 3 hours. Following treatment, cryostat sections were 

prepared and the level of DNA fragmentation was determined using the TUNEL 

technique (Figure 6.1). Neonatal rats treated with A^-THC for 3 hours showed a higher 

level of DNA fragmentation (n=4; Figure 6.1 A). There was a moderate increase in the 

level of DNA fragmentation in adults exposed to A®-THC for 3 hours (Figure 6 .IB). 

This suggests that the apoptotic actions of A’-THC in the cerebral cortex are dependent 

on neuronal maturity, with the neonatal cortex being more susceptible to the neurotoxic 

effects of A^-THC. This also corroborates our in vitro observations concerning the 

neurotoxic profile of A^-THC. Representative images of cryostat sections of the cerebral 

cortex stained for DNA fragmentation using the TUNEL technique are shown in Figure 

6 . 1.
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Figure 6.1: A’-THC induces DNA fragmentation in neonatal but not adult 

cerebral cortex

Neonatal (5 - 7-days old) and adult (> 4 months old) rats received subcutaneous 

injections of 1 mg/Kg A^-THC in vehicle or vehicle alone for 3 hr and cryostat 

sections were prepared. The level of DNA fragmentation was determined in the 

cerebral cortex using the TUNEL technique. Cells with fragmented DNA stained 

green and the Hoechst stain labelled nuclei blue.

A: Exposure of neonatal animals to A^-THC (ii) increased the number of cells in 

the cerebral cortex displaying fragmented DNA (TUNEL-positive) relative to 

vehicle-treated animals (i). Fragmented DNA (green), Hoechst (blue) and 

overlay images are presented. Scale bar is 50 ^im.

B: Vehicle-treated (i) and A’-THC-treated (ii) adult rats displayed only moderate 

levels of DNA fragmentation in the cerebral cortex. Fragmented DNA (green), 

Hoechst (blue) and overlay images are presented. Scale bar is 50 jxm.
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6.2.2 The effect of A’-THC exposure on caspase-3 activity at different stages of 

development

To determine if A®-THC regulates caspase-3 in vivo and to assess the 

contribution of brain development to A®-THC-induced caspase-3 activation, neonatal (5 

- 7-days old), adolescent (3 months old) and adult ( 8 - 9  months old) rats received 

subcutaneous injections of A^-THC (1 mg/Kg) in vehicle (5% absolute alcohol, 5% 

Cremophore EL and 90% sterile saline) or vehicle alone for 3 hours. Following 

treatment, cortical slices were prepared, homogenised in lysis buffer and caspase-3 

activity determined by monitoring the cleavage of the fluorogenic caspase-3 substrate, 

DEVD-AFC (Figure 6.2).

Figure 6.2A demonstrates that in vehicle-treated neonatal rats, caspase-3 activity 

was 4.67 ± 0.98 pmoles AFC produced per mg protein per minute (mean ± SEM), this 

was significantly increased to 22.98 ± 8.47 pmoles AFC produced per mg protein per 

minute in neonatal rats exposed to A®-THC (1 mg/Kg) for 3 hours (p=0.0260, Mann 

Whitney test, n=6). Figure 6.2B demonstrates that in vehicle-treated adolescent rats, 

caspase-3 activity was 0.28 ± 0.05 pmoles AFC produced per mg protein per minute 

(mean ± SEM). However, an increase in caspase-3 activity was not observed in 

adolescent rats exposed to A’-THC (1 mg/Kg) for 3 hours (0.37 ± 0.046 pmoles AFC 

produced per mg protein per minute; p=0.4452, vs., vehicle treated adolescents, Mann 

Whitney test, n=6). Figure 6.2C demonstrates that in vehicle-treated adult rats, caspase- 

3 activity was 0.11 ± 0.02 pmoles AFC produced per mg protein per minute (mean ± 

SEM) which was not significantly different to the levels observed in adult rats exposed 

to A^-THC (1 mg/Kg) for 3 hours (0.14 ± 0.04 pmoles AFC produced per mg protein 

per minute; p=0.8182, Mann Whitney test, n=:6). These findings indicate that A®-THC 

induces caspase-3 activation in the neonatal cerebral cortex in vivo and not at later 

stages of development.
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Figure 6.2: The effect of A’-THC exposure on caspase-3 activity at different 

stages of development

Neonatal (5 - 7-days old), adolescent (3 months old) and adult ( 8 - 9  months old) 

Wistar rats were exposed to A®-THC (1 mg/Kg s.c.) for 3 hr. Cerebral cortices 

were removed and homogenised on ice. Caspase-3 activity in tissue cytosolic 

fractions was determined by monitoring the cleavage of the fluorgenic caspase-3 

substrate (DEVD-AFC).

A: Treatment of neonatal rats with A^-THC significantly increased caspase-3 

activity. Results are expressed as the means ± SEM, *p<0.05, vs., vehicle, Mann 

Whitney test, n=6). Inset: western immunoblot demonstrating the increase in 

active caspase-3 in neonates treated with vehicle (lane 1) and A^-THC (lane 2).

B; Treatment of adolescent rats with A®-THC had no effect on caspase-3 

activity. Results are expressed as the means ± SEM, p=0.4452, Mann Whitney 

test, n=6).

C: Treatment of adult rats with A’-THC had no effect on caspase-3 activity. 

Results are expressed as the means ± SEM, p=0.8182, Mann Whitney test, n=6).
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6.2.3 The effect of A’-THC on phospho-p53*'^'* expression in the developing rat 

cerebral cortex

The A^-THC-induced apoptosis of cultured cortical neurones involves an 

increase in the activation of the tumour suppressor protein, p53 (Downer et al., 2007a). 

To determine if A®-THC regulates p53 activation in vivo, neonatal (5 - 7-days old), 

adolescent (3 months old) and adult ( 8 - 9  months old) rats received subcutaneous 

injections of A^-THC (1 mg/Kg s.c.) in vehicle (5% absolute alcohol, 5% Cremophore 

EL and 90% sterile saline) or vehicle alone for 3 hours. Following treatment, cortical 

slices were prepared, homogenised in lysis buffer and phospho-p53“ '̂̂  (p-p53*'^‘̂ ) 

expression determined by western immunoblot using an antibody that recognises p53 

only when phosphorylated on serine 15. There was a trend towards an increase in p- 

p53 '" ‘̂  expression in the neonatal cerebral cortex, but not significantly so. Figure 6.3A 

demonstrates that p-p53“ '̂ '̂  expression in the cerebral cortex of vehicle-treated neonatal 

rats was 0.10 ± 0.04 (arbitrary units; mean ± SEM) and A^-THC treatment did not 

significantly affect p-p53“"‘̂  expression (0.17 ± 0.04; vs., vehicle, p=0.2154. Student’s t 

test, n=6). In adolescents treated with vehicle, p-p53“ '̂ ‘̂  expression was 0.40 ± 0.18 

(mean ± SEM) and A®-THC treatment did not significantly affect p-p53“"'̂  expression 

(0.26 ± 0.12;p=0.5258, vs., vehicle, student’s t test, n=6). In adults treated with vehicle 

p-p53“''‘̂  expression was 0.04 ± 0.02 (mean ± SEM), A^-THC treatment did not 

significantly affect p-p53“ '̂ '̂  expression (0.06 ± 0 .02 ; p=0.4727, vs., vehicle, student’s t 

test, n=6). Sample immunoblots demonstrating the effect of A^-THC on p-p53“"'̂  

expression in neonatal, adolescent and adult cerebral cortices in vivo are shown in 

Figure 6.3B.

247



Figure 6.3: The effect of A’-THC on phospho-pSS®" *̂  ̂ expression in the 

developing rat cerebral cortex

Neonatal (5 - 7-days old), adolescent (3 months old) and adult ( 8 - 9  months old) 

Wistar rats were exposed to A^-THC (1 mg/Kg s.c.) for 3 hr. Cerebral cortices 

were removed and homogenised on ice. Phospho-p53“''^ (p-p53“'"‘̂ ) expression 

was assessed by western immunoblot.

A: A^-THC (1 mg/Kg) induced no significant increase in p-p53*'"'^ expression in 

the neonatal, adolescent or adult cerebral cortex. Results are expressed as mean 

± SEM, n=6.

B: Representative western immunoblot showing the developmental p-p53“'̂ '̂  

expression pattern. |3 actin confirms equal loading of protein.
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6.2.4 a ’ THC-induces an increase in cathepsin-D activity in neonatal but not adult 

cerebral cortex

Since we observed that A^-THC had a negative impact on the lysosome in vitro, 

this study aimed to determine if A®-THC affects the lysosomal system in vivo, and if 

this was affected by age. Neonatal (5 - 7-days old) and adult (> 4 months old) rats 

received a subcutaneous injection of A^-THC (1 and 30 mg/Kg s.c.) in vehicle (5% 

absolute alcohol, 5% Cremophore EL and 90% sterile saline) or vehicle alone for 3 

hours. Following treatment, cortical slices were prepared, homogenised in lysis buffer 

and cathepsin-D activity determined by an immunocapture-based assay. Figure 6.4 

demonstrates that cathepsin-D activity is significantly increased by A^-THC in the 

cerebral cortex of neonatal but not adult rats (AgCeffec, p<0.0001, 2-way ANOVA, n=4 - 

6). In figure 6.4A, cathepsin-D activity in the cerebral cortex of vehicle-treated neonatal 

rats was 0.31 ± 0.06 nmoles MCA produced per mg protein per minute (mean ± SEM), 

treatment with A^-THC (1 mg/Kg) significantly increased cathepsin-D activity in the 

neonatal cerebral cortex (0.78 ± 0 .16 ; p<0.05, vs., vehicle, Student Newman Keuls, n=4 

- 6). Cathepsin-D activity was further increased to 1.45 ± 0.22 nmoles MCA produced 

per mg protein per minute following administration of the higher dose of A^-THC (30 

mg/Kg) for 3 hours (p<0.001, vs., vehicle, p<0.01, vs., 1 mg/Kg, Students Newman 

Keuls, n=4 - 6). In figure 6.4B, cathepsin-D activity in the cerebral cortex of vehicle- 

treated adult rats was 0.35 ± 0.05 (nmoles MCA produced per mg protein per minute; 

mean ± SEM) and treatment with A’-THC (1 mg/Kg) significantly decreased cathepsin- 

D activity in the adult cerebral cortex (0.18 ± 0.02; p<0.05, vs., vehicle, Student 

Newman Keuls, n=4 - 6). Cathepsin-D activity was further significantly decreased to 

0.19 ± 0.03 nmoles MCA produced per mg protein per minute (p<0.05, vs., vehicle, 

Student Newman Keuls, n=4 - 6) when rats were administered the higher A®-THC dose 

of 30 mg/Kg.
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Figure 6.4: A’-THC induces an increase in cathepsin-D activity in neonatal 

but not adult cerebral cortex

Neonatal (5 - 7-days old) and adult (> 4 months old) Wistar rats were exposed to 

A^-THC (1 and 30 mg/Kg s.c.) for 3 hr. Cerebral cortices were then removed and 

homogenised on ice. Cathepsin-D activity in tissue cytosolic fractions was 

determined using an immunocapture-based assay.

A: A®-THC (1 and 30 mg/Kg, s.c.) induced a significant increase in cathepsin-D 

activity in the neonatal cerebral cortex. Results are expressed as means ± SEM, 

* p<0.05, *** p<0.001, vs., vehicle, +-i-p<0.01, vs., 1 mg/Kg A^-THC, Student 

Newman Keuls, n=4 - 6.

B: A^-THC (1 and 30 mg/Kg s.c.) induced a significant decrease in cathepsin-D 

activity in the adult cerebral cortex. Results are expressed as mean ± SEM, * 

p<0.05, vs., vehicle. Student Newman Keuls, n=4 - 6.

2-way ANOVA: Agê ff;̂ , F (l, 23)=34.25; p<0.0001, Drug treatmenteffK, F(2, 23)=7.86; p=0.0025, 

Interactiorijffcc, F(2, 23)=I3.23; p=0.0001.
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6.2.5 A’-THC-induces the release of the active form of cathepsin-D from the 

lysosomes in neonatal but not adult cerebral cortex

To determine if A®-THC causes the release of the active form of cathepsin-D (34 

kDa) in vivo, neonatal (5 - 7-days old), and adult (> 4 months old) rats received a 

subcutaneous injection of A®-THC (10 mg/Kg, s.c.) in vehicle (5% absolute alcohol, 5% 

Cremophore EL and 90% sterile saline) or vehicle alone for 3 hours. Following 

treatment, cortical slices were prepared, homogenised in lysis buffer and cathepsin-D 

expression determined by western immunoblot. A significant increase in expression of 

the active and pro-form of cathepsin-D (34 and 52 kDa, respectively) was observed in 

cerebral cortices isolated from neonates but not adults treated with A^-THC (10 mg/Kg, 

s.c.) for 3 hours (Agegffj.;., p<0.0001, 2-way ANOVA; Figure 6.5). Figure 6.5A 

demonstrates that the expression level of the active form of cathepsin-D (34 kDa) in the 

cerebral cortex of vehicle-treated neonatal rats was 0.10 ± 0.03 arbitrary units (mean ± 

SEM) and A^-THC treatment significantly increased cathepsin-D (34 kDa) expression 

(0.60 ± 0.19; p<0.05, vs., vehicle, Student Newman Keuls, n=6). In adults treated with 

vehicle, cathepsin-D (34 kDa) expression was 0.17 ± 0.03 arbitrary units (mean ± 

SEM), which was not changed after treatment with A^-THC (0.14 ± 0.05).

Figure 6.5B demonstrates that the expression level of the pro-form of cathepsin- 

D (52 kDa) in the cerebral cortex of vehicle-treated neonatal rats was 0.38 ±0 . 11  

arbitrary units (mean ± SEM) and A‘'-THC treatment significantly increased cathepsin- 

D (52 kDa) expression (1.68 ± 0.35; p<0.01, vs., vehicle, Student Newman Keuls, n=6). 

In adults treated with vehicle, cathepsin-D (52 kDa) expression was 0.98 ± 0.29 (mean 

± SEM), which was not changed after treatment with A^-THC (0.43 ± 0.08). Sample 

immunoblots demonstrating the effect of A^-THC on cathepsin-D expression in 

neonatal and adult cerebral cortices in vivo are shown in Figure 6.5C.
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Figure 6.5: A’-THC-induces the release of cathepsin-D from the lysosomes 

in neonatal but not adult cerebral cortex

Neonatal (5 - 7-days old) and adult (> 4 months old) Wistar rats were exposed to 

A^-THC (10 mg/Kg, s.c.) for 3 hr. cerebral cortices were then removed and 

homogenised on ice. Cathepsin-D expression was assessed by western 

immunoblot.

A: A^-THC (10 mg/Kg, s.c.) induced a significant increase in the expression of 

the active form of cathepsin-D (34 kDa) in neonatal, but not in adult cerebral 

cortex. Results are expressed as means ± SEM, * p<0.05. Student Newman 

Keuls, n=6.

B: A^-THC (10 mg/Kg, s.c.) induced a significant increase in the expression of 

the pro-form of cathepsin-D (52 kDa) in neonatal, but not in adult cerebral 

cortex. Results are expressed as means ± SEM, ** p<0.01, Student Newman 

Keuls, n -6 .

C: Representative western immunoblot showing the A^-THC-induced release of 

cathepsin-D from the lysosomes in neonates but not in adults. Neonates treated 

with vehicle (lane 1) and A^-THC (lane 2), and adults treated with vehicle (lane 

3) and A®-THC (lane 4). Arrow indicates the active form of cathepsin-D. (3 actin 

confirms equal loading of protein.
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6.3 Discussion
The aim of this study was to examine the relationship between the stage of brain 

development and the potential for A’-THC to couple to the activation of an apoptotic 

response, namely the activation of p53, caspase-3, and the cleavage of DNA; hallmarks 

of apoptosis that have been previously been found to be involved in mediating the pro- 

apoptotic effect of A®-THC in cultured cortical neurones (Campbell, 2001; Downer et 

al., 2007a, 2003, 2001). In this in vivo study, A®-THC induced the activation of caspase- 

3 activity in cerebral cortices isolated from neonatal rats. However, this apoptotic 

response was not observed in adolescent or adult rats exposed to A®-THC. These results 

indicate that neonatal rat cerebral cortices are more vulnerable to the neurotoxic effects 

of A’-THC than the cerebral cortices of adolescent or adult rats. A similar profile was 

observed in the other pro-apoptotic parameters investigated i.e., cathepsin-D activity 

and DNA fragmentation. Despite the increase in CB, receptor expression in the adult 

cerebral cortex compared to the neonatal cerebral cortex (Downer et al., 2007b), the 

activation of the apoptotic pathway by A’-THC is less robust in the adult rat cerebral 

cortex. Unfortunately, results obtained from the adolescent group and from the study on 

the effect of A’-THC exposure on p53 expression at different developmental stages 

were not clear-cut and so no definitive findings could be reached regarding the 

susceptibility of the adolescent cerebral cortex to the neurotoxic effect of A’-THC. This 

could possibly have occurred due to the fact that age comparisons between rats and 

humans are notoriously difficult and are not directly comparable (Quinn, 2005). 

Therefore, only a more in-depth investigation using more developmental time points 

could accurately identify differences in pro-apoptotic hallmarks during the development 

of the rat cerebral cortex. In addition to age, the exposure time of 3 hours may have 

been inappropriate to assess differences in apoptotic markers, given that we have 

previously observed a distinct time-line for the activation of specific apoptotic 

signalling molecules in vitro e.g., p53 is activated after 5 minutes A^-THC exposure, 

whilst caspase-3 activity is first increased after 1 hour A^-THC exposure (Campbell, 

2001; Downer et al., 2007a, 2001). Therefore, to observe these dynamic changes, future 

experiments should incorporate multiple exposure time-points and possibly the 

inclusion of a chronic treatment group. Despite this, we did observe a neurotoxic
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response in the neonatal cerebral cortex following A’-THC exposure. If one considers 

that the rat neonatal brain is a model of the developing human brain during the third 

trimester of pregnancy, and the fact that a proportion of ingested A®-THC can cross the 

placenta, our data suggests that the immature cerebral cortex in utero may be more 

vulnerable to A^-THC-induced neurotoxicity at this critical phase in brain development. 

Despite this, it must also be noted that deleterious effects, as a result of cannabis 

exposure, has been observed in adults (Matochick et a i, 2005). However, since 

neurogenesis is known to continue into adulthood e.g., in the hippocampus, and that 

cannabinoids have the ability to effect neuronal progenitors in a number of different 

ways, these results may indicate that exogenous phytocannabinoids may prevent or 

disturb de novo neurogenesis or effect other mechanisms occurring in the adult brain 

(Mackowiak et a i, 2004; Harkany et a i, 2007).

In this study we have also identified that the peripheral administration of Â - 

THC increases the cytosolic expression and activity of the lysosomal protease, 

cathepsin-D in the neonatal rat cerebral cortex. As detailed in chapter 4 of this thesis, 

lysosomal permeabilisation is an upstream event in apoptosis and leads to the release of 

lysosomal cathepsin enzymes into the cytosol, which in turn can participate in the 

apoptotic cascade (Kagedal et a i, 2005; Schestkowa et a i, 2007). This pathway is 

implicated in the physiological cell death that occurs during embryonic development 

(Zuarte-Luis et a i, 2007). It is interesting to speculate that when the immature brain is 

exposed to A^-THC following maternal use of cannabis, aberrant activation of the 

cathepsin pathway may evoke excessive neuronal apoptosis that may contribute, in part, 

to the cognitive deficits observed later on in early adulthood. Additionally, if the in 

utero exposure to A^-THC causes an alteration in the cannabinoid signalling system, 

this may result in the aberrant activation of apoptosis due to a lack of survival signals 

from neurotrophins etc., to immature neurones or neural progenitors. Conversely, we 

found that adults treated with A^-THC displayed a significant decrease in cathepsin-D 

compared to control animals, indicating that perhaps in adult animals A®-THC may have 

neuroprotective properties. This observation is extremely interesting since Sato et a i, 

(2006), have shown that cathepsin-D was selectively and linearly increased during 

aging in the cerebral cortex and hippocampus. Increased cathepsin-D activity has been
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found in a number of laboratories, however cathepsin-D deficiency results in 

neurodegeneration (Nakamura et al., 1989; Kenessey et al., 1989; Nakanishi et a i ,  

1994; Koike et a l ,  2000). Furthermore, cathepsin-D is known to breakdown 

neurofilaments and tau which are cytoskeleton components of neurones (Nixon and 

Marotte, 1984; Bednarski and Lynch, 1996). Therefore cathepsin-D may slowly digest 

cytoskeleton components in neurones, which may be responsible for morphological 

changes and functional loss of neurones in the immature and aged brain (Jung et a i ,  

1999). However, if cathepsin-D disrupts neurofibrillary tau tangles which are hallmarks 

of neurodegeneration, our observations showing A’-THC induces a decrease in 

cathepsin-D in the adult cerebral cortex may suggest that cannabinoids may be useful 

therapeutic tools which may be able to modulate this feature of neurodegeneration and 

could be of relevance for the treatment of Alzheimer’s disease.

The affect of A^-THC on the lysosomes was first observed in studies carried out 

in the 1970s. Raz et al., (1973) observed that both A®-THC and cannabidiol caused an 

increase in acid phosphatase in lysosomal fractions taken from rat livers which was 

indicative of a disruption of the lysosomal membrane. Similarly, Britton and Mellors 

(1974) also observed the lytic effect of A’-THC on rat liver lysosomes during their in 

vitro investigations. In 1975 the lysosomal-uptake kinetics of A^-THC were reported, 

A’-THC was rapidly taken up (within minutes) into liver lysosomes akin to the rapid 

appearance of cannabinoids in the CNS (Irvin and Mellors, 1975). Davies and co

workers (1979) observed increases in the volume densities of mitochondria, lysosomes, 

lipid inclusions and decreases in cytoplasmic volume in alveolar macrophages isolated 

from rats exposed to the smoke from tobacco containing cigarettes. These observations 

are indicative of an apoptotic response, however, in an additional animal group exposed 

to cigarettes containing cannabis, changes in lipid inclusions and a reduction in the 

volume of the cytoplasm were the only altered parameters. At that time the stabilisation 

and rupture of organelle membranes by other fat soluble compounds e.g., vitamins D, E 

and K, and steroids, were well documented and this alteration was believed to be as a 

result of the unspecific membrane-modifying properties of these compounds. However, 

the molecular complexities involved in CB receptor-mediated signalling to lysosomes 

were not known at this stage and so the negative impact which A’-THC has on
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lysosomes was interpreted as an unspecific affect caused by the membrane-modifying 

properties that A®-THC possesses and not a co-ordinated event.

In recent years, it has been shown that the CBi receptor associates with 

lysosom es and that cannabinoids can regulate the lysosomal system through the CB2 

receptor. Matveyeva et a i ,  (2000) have reported that A^-THC increases cathepsin-D  

activity, but not other thiol cathepsins, via the CBj receptor in cultured macrophage 

hybridomas and this was linked to an antigen-dependent processing defect in A^-THC- 

exposed macrophages. Samataro and colleagues (2005) observed that a substantial 

proportion of the CB, receptor is present in lysosomes in a human breast cancer cell line 

which was dependent on the presence o f cholesterol in plasma membrane lipid rafts. 

The compartmentalisation o f several receptors and their ligands has been reported to be 

responsible for regulating cellular responses to effectors and so it is necessary to 

elucidate cannabinoid receptor trafficking mechanisms in order to fully understand the 

physiological response to cannabinoids. Therefore, perhaps our observations 

concerning the age-dependent effect o f A^-THC on the lysosomal system in vivo may 

represent a difference in subcellular cannabinoid receptor trafficking, possibly as a 

result o f  differences in membrane fluidity between neonates and adult animals. 

Interestingly, Samataro et a i ,  (2005) found that when lipid rafts were perturbed by 

cholesterol depletion, CBj receptor resided in the cytoplasm suggesting that the 

intracellular localisation pathway followed by the CB, receptor is dependent on the 

integrity o f lipid rafts. Furthermore, the association o f aging with increased levels of  

plasma membrane lipid peroxidation which results in increased plasma membrane 

rigidity, could be a mechanism which anchors cannabinoid receptors to the cell surface, 

leaving the lysosomal system and the level of hydrolytic enzymes present in the cytosol 

unchanged.

A number o f in vitro and in vivo experiments have described differential effects 

of cannabinoids on cell viability (Chan et a i ,  1998; Galve-Roperh et al., 2000; Sinor et 

a i ,  2000; van der Stelt et a i ,  2001; Downer et a i ,  2007a,b). This study has 

demonstrated that the proclivity o f A’-THC to couple to the apoptotic pathway is more 

robust in the neonatal rat cerebral cortex, compared to the adult cerebral cortex. The 

finding that the immature rat brain is more vulnerable to the toxicity o f A’-THC may
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underlie the cognitive deficits that occur following gestational exposure to cannabis in 

humans and the data informs the growing debate regarding the teratogenic potential of 

cannabis (Smith et a i ,  2006; Fried and Smith, 2001).
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Chapter 7

Final discussion



7.1 General discussion

The binding of cannabinoids such as A’-THC, endocannabinoids, and synthetic 

agonists and antagonists to specific G protein-coupled cannabinoid receptors, is 

accepted to exert a broad spectrum of effects on the CNS as well as on peripheral sites 

(Di Marzo et al., 1998; Porter and Felder. 2001). In recent years, scientific research into 

the plethora of cannabinoid-mediated effects have yielded vast amounts of information 

which has filled the gaps in our knowledge of the cannabinoid system, whilst also 

creating new avenues of research through the revelation that the cannabinoid system is 

involved in many physiological and pathological processes. However, to evaluate the 

pharmacological and toxicological profile of cannabis, which contains many chemically 

active compounds, the scientific community has focussed on the effect of A^-THC to 

evaluate the molecular mechanisms activated as a consequence of exposure to cannabis. 

Recently, there has been a growing interest in the role of cannabinoids in the control of 

the neuronal survival/death decision, which has particularly focussed on finding new 

therapeutic options for cancer and neurodegenerative diseases e.g., cannabidiol. 

However, in addition to these areas, the role of cannabinoids in the maturation of 

complex neuronal networks and the sculpting of the immature CNS has been the focus 

of several investigations. Some lines of investigation have aimed to identify the effects 

that in utero exposure to cannabinoids (phytocannabinoids or prescribed medication 

containing cannabimimetic moieties) has on the cannabinoid-regulated CNS 

developmental processes. The overall aim of this thesis was to try and identify 

signalling mechanisms that mediate A®-THC-induced neurotoxicity in vitro, whilst also 

attempting to establish if these signalling mechanisms occur in vivo. We also sought to 

examine the effects of brain development on the A®-THC-induced appearance of 

neurotoxicity.

7.1.1 Summary of thesis flndings

Since our laboratory has previously identified some of the molecular targets 

modulated by A^-THC, namely, p53, JNK, Bax, cytochrome-c and caspase-3 

(Campbell, 2001; Downer et al., 2007b, 2003, 2001), the current study aimed to
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identify, (i) the signalling mechanism responsible for p53 activation, (ii) the signalling 

consequences of p53 activation, and (iii) novel molecular signalling pathways regulated 

by A®-THC. The next aspect of this study was to determine if the endocannabinoids, 

AEA and 2-AG, elicited a neurotoxic response, similar to that of A^-THC in our in vitro 

culture system. Finally, this thesis aimed to determine whether A^-THC invokes a 

neurotoxic response in an age-dependent manner by examining the ability of A®-THC to 

induce apoptotic markers in the neonatal, adolescent and adult cerebral cortex.

Briefly, this thesis found that p53 was activated by the kinase activity of JN K l. 

A^-THC also induced the transcription of the p53 responsive gene Mdm2, which was an 

additional indicator of p53 activation. The p53 post translational modifier protein, 

SUMO-1 was also positively regulated by A’-THC and this coincided with the 

activation and deSUMOylation of p53 which may indicate that the SUMOylation status 

of p53 may have consequences for p53 function. A^-THC induced an activation of SyK 

via p53 and SyK activity is required for the induction of A®-THC-induced DNA 

fragmentation. This is the first time that A’-THC has been reported to regulate SyK and 

identifies a novel aspect of cannabinoid signalling in the brain. The lysosomal system 

was also found to be pertinent in mediating A’-THC-induced apoptosis and involved 

the destabilisation of the lysosomal membrane followed by the cathepsin-dependent 

activation of caspase-3 and DNA fragmentation. Despite the early findings that A^-THC 

has a negative impact on lysosomal integrity in peripheral tissues and cells, this is the 

first time that A^-THC -induced lysosomal membrane destabilisation has been observed 

in the CNS. Interestingly, data from the investigation of the neurotoxic potential of 

endocannabinoids, AEA and 2-AG, showed that both endocannabinoids evoked an 

apoptotic response in cultured cortical neurones which involved caspase-3 activity (not 

observed in the case of 2-AG) and DNA fragmentation. In addition, AEA induced a 

dose- and time-dependent destabilisation of the lysosomal membrane, which was 

dependent on p53 and SyK activity, akin to A®-THC negative effect on lysosomal 

membrane stability. In contrast to the CBj-mediated lysosomal membrane 

destabilisation induced b y  A^-THC, CB, receptor antagonism did not prevent AEA-
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induced lysosomal membrane destabilisation. Furthermore, a low concentration of 2- 

AG (0.01 j^M) displayed a less robust activation of the apoptotic cascade and provided 

significant neuroprotection against glutamate excitoxicity. The investigation of the 

effects of development response to A^-THC yielded interesting results. The results 

indicated that the immature brain was more vulnerable to the neurotoxic effects of A^- 

THC, as assessed by measuring caspase-3 activity and the amount of fragmented DNA 

in the cerebral cortex of neonatal rats exposed to A^-THC. Developmental differences 

in the response of neonatal and adult animals to A^-THC at the level of the lysosomal 

system were also observed, such as, the release and activation of cathepsin-D. Overall, 

the data presented in this thesis indicates that cannabinoids have the proclivity to induce 

apoptosis in cultured cortical neurones. In vivo, A^-THC specifically induces apoptotic 

markers in the immature rat cerebral cortex, which provides evidence for an inter

relationship between neuronal maturity and A^-THC apoptotic signal transduction.

7.1.2 p53/SUMO/Mdm2

Cells undergoing terminal differentiation express very low levels of p53 

compared to neuronal precursors and the activation of p53 in these post-mitotic cells 

has been proposed to activate an apoptotic, rather than a rest and repair response (Rogel 

et a i ,  1985; Raffray and Cohen, 2001). It has also been shown that p53 can regulate 

neural cell differentiation, which is of interest to our laboratory given our findings that 

the developing cerebral cortex is more prone to the toxic effects of A^-THC in vivo. Our 

findings support an essential role for p53 in A’-THC-induced neuronal apoptosis in 

vitro. If one views our in vitro neuronal cultures as a representation of cells present 

during the developing embryonic human neocortex, then our findings may provide a 

molecular rationale for the reported cannabis-related developmental impairments. 

Eizenberg and co-workers (1996) observed a change in the cellular distribution of p53 

between differentiated and undifferentiated neurones. These studies found that early in 

the differentiation process, p53 accumulates in the nucleus, where it may activate genes 

involved in cell differentiation. However, once the differentiation process begins, p53 

levels rise before being exported to the cytoplasm when it is no longer needed for
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transactivation of target genes. Interestingly, it has also been observed that p53 

contributes to oligodendrocyte differentiation (Tokumoto et al., 2001; Billon et al., 

2004). Considering the important role that the cannabinoid system has both on neural 

progenitor proliferation and specification, the studies mentioned above, in conjunction 

with our findings, highlight the need for further study into the regulation of p53 by 

cannabinoids and its consequences for CNS development. Conversely it has been 

reported that proteins normally involved in cell cycle and cell death can take on another 

function as promoters of neurite regeneration and, axon outgrowth and regeneration 

which occurs during CNS or peripheral nerve injury (Benowitz and Routtenberg, 1997; 

Hughes et al., 1999; Emery et al., 2003). Indeed, both c-jun and p53 have been 

implicated in axonal regeneration and neurite out growth (Raivch et al., 2004; Di 

Giovanni et al., 2006). Overall, these studies suggest that the p53 protein has 

pleiotropic functions in the CNS, modulation of which could be exploited as a 

neuroprotective therapeutic strategy in both the developing and mature/aging CNS 

given the potential of cannabinoids to control these opposing p53 functions.

In addition to the activation of p53, we also observed that several other 

signalling proteins were regulated by A®-THC, namely, the p53 responsive protein 

Mdm2, the post translational modifier protein SUMO-1 and SyK. These observations as 

far as we can determine are newly identified cannabinoid-regulated signalling 

mechanisms. Our findings regarding the induction of the Mdm2 protein provides 

corroborating evidence that A’-THC regulates p53 signalling. In addition, the 

observation that only the shorter Mdm2 protein, which is incapable of degrading p53, 

was transcribed provides additional evidence that exposure of neurones to A’-THC 

increases p53 stabilisation, which has a pro-apoptotic effect function (Downer et al., 

2007a). Since the post translational modification status of Mdm2 has a bearing on its 

subcellular location and its ability to act as a p53 ubiquitin ligase, it would be 

interesting to investigate whether A®-THC induces changes in the SUMOylation and 

phosphorylation status of the Mdm2 protein and to assess if any of these modifications 

are linked to disturbing or hindering the ability of Mdm2 to regulate p53. Although 

cannabis has been traditionally associated with the relief of pain and nausea that cancer 

patients experience, the diverse pharmacological activities of cannabimimetic
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compounds as modulators of tumour growth, angiogenesis and metastasis have 

prompted investigation into the therapeutic use of cannabinoids as cancer therapies. 

Therefore, the proclivity for A®-THC to regulate cell cycle regulatory proteins such has 

p53 and Mdm2 could indicate that cannabinoid compounds may provide a novel 

therapeutic strategy for the treatment of tumours that are resistant to standard 

chemotherapeutic strategies (Michiue et ai, 2005; Dudkina and Lindsley, 2007).

The observation that A^-THC alters the process of SUMOylation is exciting 

considering that a recent report has suggested that in neurones, SUMOylation permits a 

rapid and reversible modification of receptor membrane localisation and synaptic 

function (Martin et a i,  2007). Additionally, SUMOylation has been implicated in the 

pathogenesis of several neurodegenerative diseases, such as Parkinson’s disease, 

Alzheimer’s disease, amyotrophic lateral sclerosis, neuronal intranuclear inclusion 

disease, multiple system atrophy, Huntington’s disease and other related polyglutamine 

disorders by impacting on pathways such as oxidative stress, protein aggregation and 

proteasome-mediated degradation (Hattori and Mizuno, 2004; Dorval et al., 2007; Gibb 

et a i,  2007; Takahashi-Fujigasaki et ai,  2006; Lieberman, 2004; Dorval and Fraser, 

2007). Current studies have yet to give conclusive evidence as to the precise 

involvement of the SUMO pathway in the pathogenesis of neurodegenerative diseases 

and so represents a novel area for future studies (Lieberman, 2004). It would be 

interesting to investigate the ability of the endocannabinoid system to regulate SUMO 

regulatory processes in the normal and degenerating brain since global shifts in protein 

SUMOylation in response to oxidative stress have been reported (Manza et a i,  2004). 

Our findings related to the proclivity of A^-THC to increase the levels of unconjugated 

SUMO-1 and to induce the deSUMOylation of p53 are novel, however, further 

experiments should be carried out in order to gain a deeper understanding of the cellular 

consequences of A^-THC-induced changes on SUMO and to determine the role of 

SUMOylation status in the neurotoxic response to cannabinoids. It may be particularly 

interesting to investigate the role of the cannabinoid system in regulating the levels of 

unconjugated SUMO-1, in addition to investigating if the SUMOylation status of other 

A^-THC-regulated proteins e.g., JNK and Mdm2. Given that SUMO-2 and -3 are 

associated with cell stress it may be pertinent to investigate if cannabinoids offer
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neuroprotection by affecting the conjugation of proteins with these stress-activated 

forms of SUMO (Saitoh and Hinchey, 2000). Gibb et al., (2007) have found that the 

SUMOylation of a C-terminal fragment of the astroglial glutamate transporter EAAT2, 

causes the redirection of the transporter to the nucleus which may be responsible for the 

transcriptional regulation of genes affecting astrocyte physiology. Taking the findings 

of Gibb et al., (2007) and further reports that receptor SUMOylation can modulate 

synaptic function (Coussen and Choquet, 2007; Martin et al., 2007) an investigation 

into the potential for CB receptors to undergo SUMOylation would be both challenging 

and interesting considering that the availability and targeting of CB receptors is an 

important mechanism for controlling the functions of endocannabinoids within the 

CNS. Since SUMO is involved in many processes and is essential for normal growth 

and development (Hay, 2007; Johnson, 2004), it may be pertinent for us to examine if 

there are any developmental changes in the SUMO regulatory system and if these may 

be modulated by cannabinoids.

7.1.3 Lysosomes

Lysosomal destabilisation and the subsequent release of hydrolytic enzymes has 

been linked with apoptotic cell death and developmental programmed cell death 

(Terman et al., 2006; Zuarte-Luis et al., 2007). In addition the fact that tumour invasion 

and metastasis are associated with altered lysosomal trafficking and increased 

expression of specific cathepsins implies that cancer cells are already sensitised to death 

pathways involving lysosomal membrane permeabilisation and release of proteolytic 

enzymes. Thus, lysomotrophic agents are seen as potential targets for cancer therapy 

which exploits this “Achilles heel” (Fehrenbacher and JaM ela, 2005; Tardy et al., 

2006; Gocheva and Joyce, 2007). The results o f our experiments investigating the 

effects of A®-THC on the lysosomal system may be of interest to the wider disciplines 

of cannabinoid research such as, the anti-tumour potential of cannabinoids, cannabinoid 

receptor cycling and cannabinoid system functions in the developing CNS.

Additionally, there is growing evidence that rapid and local pH transients as a 

result of the activation/inhibition of NaVH'" exchangers (NHEs) may alter neuronal 

excitability and a wide variety of neuronal signalling events are pH-dependent e.g.,
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voltage- and ligand-gated ion channels, transmitter uptake through transporters, 

intracellular signal transduction, and intracellular com m unication via  gap junctions (D i 

Marzo et a i ,  1998). Interestingly, G protein-coupled receptors, including C B ,, have  

been show n to activate N H Es and leading to changes in cytosolic pH, cell volum e and 

cell spreading capabilities (N oel and Pouyssegur, 1995; G am ovskaya et al., 1991 \ 

Bouaboula et al., 1999). Indeed, CP 55940 activates a plasm a membrane localised  

NaVH^ exchanger, N H E -1, causing the alkalisation o f  the cytosol in CB, receptor over  

expressing CHO cells  and in the U 373M G  astrocytom a cell line w hich endogenously  

expresses the C B, receptor (Bouaboula et al., 1999). To date five N H E isoform s have 

been identified and possess different subcellular locations and tissue distribution 

patterns. It is tem pting to speculate that the NH E exchangers located on lysosom es may 

be responsible for the effects o f  A®-THC on lysosom es observed in our in vivo  and in 

vitro  studies. Furthermore, M cG uiness and colleagues (2006) have show n that the 

disruption o f  lysosom es in the axons o f  hippocampal pyramidal ce lls  provides an 

intracellular store o f  Câ '", which results in the frequency o f  spontaneous 

neurotransmitter release. Cannabinoids have been shown to cause intracellular Câ "̂  

increases via  the activation o f  Câ '̂  pumps in the endoplasm ic reticulum  and the 

activation o f  IP3 sensitive intracellular Câ '̂  stores (Lauckner et a i ,  2005; Netzeband et 

a i ,  1999). Thus, it w ould be interesting to find out if  cannabinoids induce a 

destabilisation o f  the lysosom al membrane, akin to the observations o f  M cG uiness et  

al., (2006), in order to access additional Câ '" stores needed for neurotransm ission and if  

this was the m echanism  w hich explains our in vitro  and in vivo  findings show ing A®- 

THC induces the destabilisation o f  the lysosom al membrane. To assess the effect o f  A®- 

THC on lysosom al Ca^”" stores, the com bination o f  labelling lysosom es with 

LysoTracker™  and m onitoring fluctuations in calcium  by real-tim e fluorom etric 

calcium  im aging could be perform ed on neuronal cultures or synaptosom es. The 

dysregulation o f  intracellular Câ '̂  hom eostasis and activation o f  the N M D A  subtype o f  

glutamate receptor, leading to excitox icity , are features o f  neurodegenerative d iseases  

such as A lzheim er’s d isease (Sm ith e t  al., 2005; Sonkusare et al., 2005). Thus strategies 

that reduce Câ '" influx and lim it excitoxicity  may confer neuroprotection. 

Endocannabinoid up regulation is observed in a number o f  neurotoxic paradigms that
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are associated with elevated intracellular Câ '  ̂ concentration and are believed to be an 

attempt of the cell to provide feedback inhibition of excitotoxicity (Hasen et al., 2001; 

Di Marzo et al., 1994; Stella et a i ,  1997). Indeed, cannabidiol, the principle non

psychoactive component found in cannabis has potent antioxidant properties that offer 

neuroprotection against glutamate toxicity and has been proposed to be of therapeutic 

use for neurodegenerative diseases (Hampson et al., 1998b; Russo and Guy, 2006; 

Campbell and Gowran, 2007).

7.1.4 Development

The endocannabinoid system is active from pre-conception through to birth and 

continues to play specific roles in many of processes which occur throughout life e.g., 

fertility, conception, embryo implantation, pregnancy maintenance, foetal growth, 

foetal CNS development, labour, feeding, developmental changes during puberty and 

protection from neurodegenerative diseases during old age (Schuel et a i, 2002; Wang 

et a i, 2006; Maccarrone et a i, 2002; Davitian et al., 2006; Harkany et al., 2007; 

Dennedy et al., 2004; Fride et a i,  2005; Field and Tyrey, 1990; Campbell and Gowran, 

2007). Cannabis use during pregnancy results in the transfer of A^-THC through the 

placenta to the developing foetus and causes many negative effects to the growing 

foetus (Hutchings et al., 1987, 1989). At present, the effects of prenatal exposure on the 

developing foetal nervous system is growing at a fast pace and many potential 

hypothesis have been proposed to be responsible for the long lasting cognitive, motor 

and social deficits observed in children who are prenatally exposed to cannabis (Fried et 

al., 2003; Huizink and Mulder, 2006; Richardson et al., 1995). Given the importance of 

the endocannabinoid system in development, our findings regarding the vulnerability of 

the neonatal cerebral cortex to the neurotoxic effects of cannabis provides a highly 

valuable and relevant molecular mechanism for the induction of the neuronal deficits 

seen in offspring exposed to cannabis during pregnancy.

Chronic users of cannabis display signs of cognitive impairment, however, there 

are studies that provided evidence for and against this theory (Bolla et a i, 2005; Fried 

et al., 2005). A possible explanation for these contradictory findings may be that the 

age at which drug use began effects the likelihood of cognitive impairment (Murray et
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al., 2007). The fact that the first two decades of brain development have the most 

influence on the functioning of the mature CNS and is the most vulnerable period of 

CNS development highlights the negative potential which cannabis use has during 

adolescence (Toga et al., 2006). Several studies have observed that exposure to A’-THC 

during adolescence elicits cognitive deficits in both humans and rats. Ehrenreich et al., 

(1999) have reported that adults who used cannabis before, but not after, the age of 16 

performed poorly in a task that required focused attention. Pope and co-workers (2003) 

corroborated this when they found that long-term heavy cannabis users who stopped 

using cannabis at 17 years of age scored lower verbal IQ scores compared to cannabis 

users who started after 17 years of age. A number of animal studies, using animals aged 

between 28 to 32 days old, have shown similar negative cognitive effects following 

adolescent exposure to CB, receptor agonists e.g., decreased spatial and non-spatial 

learning ability, deficits in working memory and increased anxiety (Cha et al., 2006; 

Schneider and Kooch, 2003; O ’Shea et al., 2004). Although our results showed a 

heightened sensitivity of the neonatal cerebral cortex to the neurotoxic effects of A’- 

THC, which correlates with the cognitive deficits seen in offspring prenatally exposed 

to cannabis, our results regarding the response of an adolescent group to an acute dose 

of A^-THC failed to yield conclusive findings to support a neurotoxic mechanism 

responsible for the deficits observed in the behavioural studies mentioned above. The 

reason for the failure to draw a casual conclusion regarding the neurotoxic potential of 

A^-THC in adolescents pertains to the fact that the animals used in this study were too 

old ( 3 - 4  months old) and were more representative of a middle-aged rat rather than an 

adolescent. Hence, further experimentation using a broader age range of rat is more 

likely to cover the critical pre-pubescent period. Furthermore, we did not observe any 

signs of toxicity in adult rats ( 4 - 9  months old) exposed to A^-THC. This may be of 

importance considering that cannabinoids are currently being investigated as potential 

neuroprotective agents for age-related conditions such as Alzheimer’s Disease. Finally, 

with the current reintroduction of cannabinoid-based medicine for the treatment and 

management of a number of diseases, the fact that most of the pre-clinical trials for 

these therapeutic agents were carried out in adult animals raises the urgent need for a
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full investigation of the pharmacology and neurotoxicity of these new therapeutic 

agents in a wide range of developmental time points.

7.1.5 Final comments

Since its discovery more than 4,000 years ago, cannabis use has the proclivity to 

polarise opinions, ranging from idolisation to demonisation. It falls to the scientific 

community involved in cannabinoid research to try and bridge the gap between the 

protagonists who idolise ‘cannabis culture’ and the prohibitionists who demonise 

cannabis (Murray et al., 2007). Scientists aim to do this by drawing the attention of 

both groups to the realities of our current knowledge concerning cannabis - i.e., the 

exploitation of the beneficial properties of cannabinoids represents a realistic and 

powerful therapeutic tool for the treatment of many diseases, whilst also acknowledging 

the negative effects of cannabis misuse such as cognitive deficits, the increased risk of 

psychotic illnesses and the focus of this study, neurotoxicity.

7.2 Recommendations for future work

■ The experiments utilising siRNA to deplete p53 in cultured neurones should be 

assessed in vivo.

■ The post translational status of other proteins that we have previously shown to 

be regulated by A’-THC should be assessed e.g., SUMOylation/Phosphorylation 

of Mdm2 and JN K l. Although we have demonstrated that A^-THC impacts on 

the SUMO-1 regulatory system, it would be interesting to find out if A^-THC 

effects the levels or substrates of SUMO-2 or -3, since they are associated with 

stress situations. Additionally inhibitors of deSUMOylating enzymes, which are 

now available, should be used to establish if the A®-THC-induced

deSUMOylation is a mandatory event in n e u ro n a l a p o p to s is  in d u c e d  b y  A®- 

THC.
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■ The role of CB, receptor internalisation and subcellular trafficking could be

investigated, possibly focusing on the lysosomal compartment and the

association with A®-THC-regulated signalling proteins such as, p53, SyK and 

SUMO-1.

■ Real-time monitoring of A^-THC-induced lysosomal membrane destabilisation 

would give important data regarding the exact timing of the A’-THC-mediated 

lysosomal events. Changes in cytosolic pH following A^-THC treatment would 

provide further evidence that a destabilisation of the lysosomal membrane 

occurred.

■ We have clearly demonstrated that AEA is neurotoxic to neuronal cultures, yet

the receptor signalling responsible (if any) was not identified. Future

experiments could utilise MCD which blocks the action of lipid rafts to assess if 

these are responsible for our observations. Alternatively we could assess the 

effect of using a FAAH inhibitor to determine if the AMT or AEA metabolites 

acting on the intracellular side of TRPVl could be responsible for the 

neurotoxic profile of AEA.

■ 2-AG showed neuroprotective potential against glutamate-induced toxicity 

therefore we could assess the proclivity to provide neuroprotection against Ap 

and other neuronal stressors such as hypoxia.

■ A neurotoxic profile was observed following the acute administration of A^- 

THC in the neonatal, but not in the adult, cerebral cortex, however these in vivo 

experiments could be expanded by doing the following:

■ Use a wider range of developmental ages and doses of A^-THC.

■ Establish if these effects are mediated by the CB, receptor.

■ Identify if SUMO-1, Mdm2 or SyK are regulated by A^-THC in

vivo.

■ Perform a chronic treatment study including animals exposed to 

cannabinoids in utero.
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Link the biochemical markers of neurotoxicity with structural 

alterations in the brain by using MRI.

Assess the effect of A^-THC in other areas of the rat brain.

Use of p53 siRNA or p53 knockout animals to assess the role of 

p53 in vivo.
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VIII Appendix I - solutions

Cell culture solutions

70% EtOH (1 litre)

700 ml EtOH 

300 ml d H p

IXPBS (1 litre)

100 ml Dulbecco’s modified phosphate buffered saline 

900 ml ddH^O

Trypsin inhibitor solution

Soyabean trypsin inhibitor (0.03 mg/ml)

DNase (0.02 mg/ml)

MgS04 (0.1 M)

10 ml IXPBS

Supplemented neurobasal solution (day of neuronal prep; 500 ml final volume)

Heat inactivated horse serum (50 ml)

Penicillin/streptomycin (100 U/ml)

Glutamax (2 mM)

B27 (1%)

Neurobasal medium (440 ml)

Supplemented neurobasal solution (day 3-antimitotic)

Heat inactivated horse serum (50 ml)

Penicillin/streptomycin (100 U/ml)

Glutamax (2 mM)

ARA-C (5 ng/ml)

Neurobasal medium (440 ml)
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Cell harvesting solutions

Lysis buffer, pH 7.4 (harvesting total protein)

HEPES (25 mM)

MgCl^ (5 mM)

Dithiothreitol (5 mM)

EDTA (5 mM)

PMSF (2 mM)

Leupeptin (10 /<g/ml)

Pepstatin (6.25 /<g/ml)

Aprotinin (10 //g/ml)

Immunoprecipitation harvesting buffer pH 6.7

Tris-HCl (0.15 M)

SDS (5%)

Glycerol (30%)

Nonidet P-40 (0.5%)

Complete protease inhibitor cocktail

Immunoprecipitation wash buffer pH 8.0

Tris-HCl (50 mM)

N aC l(150 mM)

NP-40 (1%)

SDS-PAGE solutions

Tris buffered saline-Tween (TBS-Tween), pH 7.4

Tris-HCl (20 mM)

NaCl (150 mM)

Tween 20 (0.1%)
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Sample Buffer, pH 6.8

Tris-HCl 

Glycerol 

SDS (10%)

(5-Mercaptoethnanol 

Bromophenol blue

Immunoprecipitation reducing buffer pH 6.5

Tris-Base (25 mM)

DTT (50 mM)

SDS (6%)

Glycerol (10%)

Bromophenol blue (0.05%)

Stacking gel (4% pH 6.8)

Acrylamide/bis-acrylamide (30% stock, 13% (v/v)) 

dH^O 60%

Tris-NaCl (0.5 mM)

SDS (2% (w/v))

APS (0.5% (w/v))

TEMED (0.5% (v/v))

Separating gel (10% pH 8.8)

Acrylamide/bis-acrylamide (30% stock, 13% (v/v)) 

dHzO 40%

Tris-NaCl (0.5 mM)

SDS (2% (w/v))

APS (0.5% (w/v))

TEMED (0.5% (v/v))
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Stacking gei (12% pH 8.8)

Acrylamide/bis-acrylamide (30% stock, 13% (v/v)) 

dHjO 33%

Tris-NaCl (0.5 mM)

SDS (2% (w/v))

APS (0.5% (w/v))

TEMED (0.5% (v/v))

Electrode running buffer

Tris-Base (25 mM)

Glycine (200 mM)

SDS (0.1 %)

Transfer buffer

Tris-Base (25 mM)

Glycine (192 mM)

SDS (0.05%)

MeOH (20%)

Immunoprecipitation nitrocellulose membrane wash buffer pH 7.3

Tris-HCl (25 mM)

NaCl (0.15M)

Tween-20 (0.1%)

Fluorogenic assay solution

Lysis buffer (cathepsin-L assay, pH 5) 

NaOAc (20 mM)

EDTA (4 mM)

DTT (8 mM)
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Urea (4 M)

Incubation buffer (cathepsin-L assay, pH 5) 

HEPES (100 mM)

DTT (5 mM)

Lysis buffer (caspase-3 assay, pH 7.4) 

HEPES (25 mM)

MgClz (5 mM)

Dithiothreitol (5 mM)

EDTA (5 mM)

PMSF (2 mM)

Leupeptin (10 liglmX)

Pepstatin (6.25 /ig/ml)

Aprotinin (10 ;/g/ml)

Incubation buffer (caspase-3 assay, pH 7.4) 

HEPES (50 mM)

Dithiothreitol (10 mM)

Glycerol (20% (v/v))
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A role for  p53  in the  regulat ion o f  lysosomal permeabi l i ty  by 
A^- te t rahy drocannab ino l  in rat  cort ical  neurones :  impl icat ions  
for  neurodegenera t ion

A oife Gowran and Veronica A. Campbell

D epartm ent o f  Physiology and  Trinity College Institute o f  Neuroscience, Trinity College, Dublin, Ireland

Abstract
The psychoactive ingredient of marijuana, A®-tetrahydrocan- 
nabinol (A®-THC), can evol<e apoptosis in cultured cortical 
neurones. Whilst the intracellular m echanism s responsible for 
this apoptotic pathway remain to be fully elucidated, we have 
recently identified a role for the CB, type of cannabinoid (CB) 
receptor and the tumour suppressor protein, p53. In the cur
rent study, we demonstrate the A®-THC promotes a significant 
increase in lysosomal permeability in a  dose- and time- 
dependent manner. The increase In lysosomal permeability 
was blocked by the CB, receptor antagonist, AM251. A®-THC 
increased the localization of phospho-p53Ser15 at the lyso- 
som e and stimulated the release of the lysosomal cathepsin 
enzyme, cathepsin-D, into the cytosol. The p53 inhibitor,

A**-Tetrahydrocannabinol (A^-THC) is the psychoactive 
ingredient o f  the cannabis p lant, C annabis sativa  (m ari
juana). A“̂ -THC exerts its effect on the C N S by activating the 
G protein-coupled  cannabinoid  (C B |)  receptor, w hich  is 
w idely  d istnbu ted  in the brain (H erkenham  el al. 1991), and 
is linked to activation o f  a num ber o f  signal transduction 
pathw ays including ex tracellu lar-regulated  protein kinase 
(D erk inderen  el al. 2003), stress-activated  protein kinases 
(D ow ner et al. 2003) and sphingom yelinase (B lazquez el al. 
2003). C B , receptor activation  is involved in the physio log
ical contro l o f  synaptic activ ity  (C arlson el al. 2002), m otor 
function (K ishim oto and K ano 2006), as well as feeding, 
appetite and pain perception (Fride 2005).

M arijuana is a com m only  used  drug o f  abuse that induces 
euphoria  (A m eri 1999), a lthough the detrim ental effects o f  
the d rug  include m em ory im pairm ents (R anganathan and De 
Souza 2006) and an increased risk o f  psychosis (M oore et al. 
2007). A lthough the potential neurotoxicity  o f  m arijuana is 
poorly  defined, chronic recreational use has been linked with 
m orphologica l changes in brain structures that are indicative 
o f  toxicity  (Scallet 1991; Law ston et al. 2000). Functional 
m agnetic resonance im aging stud ies have show n a reduction

pifithrin-a and small interfering RNA-mediated knockdown of 
p53 prevented the A®-THC-mediated increase in lysosomal 
permeability. Furthennore, the A®-THC -mediated induction of 
apoptosis was abrogated by a cell-penneable cathepsin-D 
inhibitor (10 nM). Thus, the study dem onstrates that A®-THC 
impacts on the lysosomal system, via p53, to evoke lysosomal 
instability a s  an early event in the apoptotic cascade. This 
provides evidence for a novel link between the CB, receptor 
and the lysosomal branch of the apoptotic pathway which is 
crucial in regulating neuronal viability following exposure to 
A®-THC.
Keywords: A®-tetrahydrocannabinol, lysosomes, neuron, 
p53, apoptosis.
J. Neurochem. (2008) 105, 1513-1524.

in frontal w hite-m atter volum e in cannab is abusers 
(Sch laepfer e/ al. 2006) and heavy m arijuana  users are found 
to have reduced grey m atter in the parah ippocam pal gyrus 
and reduced w hite m atter in the left parietal lobe (M atochik  
et al. 2005). Som e o f  the deleterious effects o f  m arijuana 
m ay be related to alterations in p athw ays associated  w ith 
neurogenesis, synap togenesis and w iring  (H arkany et al. 
2007), im paired m yelination  (Sch laepfer et al. 2006) o r 
possib ly  aberrant neuronal death. T he im pact o f  C B s on 
neuronal viability  is controversial w ith  both  neuroprotec tive 
and neurotoxic  effects hav ing  been reported . T hus, in cultured
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neurones (Chan el al. 1998; Campbell 2001; Downer et al. 
2003) and glioma cells (Galve-Roperh et al. 2000), A’ -THC 
evokes apoptosis via activation o f  c-jun N terminal kinase 
and formation o f ceramide respectively. However, a ’ -THC 
also protects neurones against excitotoxicity both in vitro 
(G ilbert et al. 2007) and in vivo (Raman et al. 2004) and has 
antioxidant (Hampson et al. 1998) and anti-inflammatory 
(Lyman et a l  1989) actions in the brain which may mediate 
neuroprotection (Campbell and Gowran 2007). The impact 
o f  CBs on neuronal fate is possibly determined by the stage 
o f  neuronal development as the neonatal brain is more 
vulnerable than the adult brain to the neurotoxic actions o f 
A’ -TH C  (Downer et al. 2007a) and such toxicity may 
contribute to the deficits in neuronal function that are 
observed fo llow ing prenatal exposure to cannabis (Fried and 
Smith 2001).

Apoptosis is a programmed form o f cel! death which is 
essential for brain development, although excessive apopto
sis is a feature o f  neurodegenerative disease (Blomgren et al. 
2007). The apoptotic pathway involves the translocation o f 
m itochondrial cytochrome c into the cytosol w ith  a 
subsequent activation o f a caspase protease cascade (Slee 
et al. 1999). Indeed, we have previously shown that 
exposure o f  cultured cortical neurones to A*-THC causes 
cytochrome c release and caspase 3 activation w ith a 
subsequent demise o f  the cell (Campbell 2001). Modulation 
o f  intracellular organelles is a common phenomenum during 
apoptosis but, whilst most studies focus on the mitochondrial 
regulation o f  apoptosis, several reports have indicated a role 
for lysosomes in early apoptotic events (Kagedal el al. 2001; 
Mathiasen and Jaattela 2002; Stoka et al. 2007). Destabili
zation o f  the lysosomal membrane and translocation o f 
lysosomal cathepsin enzymes from the lysosomal compart
ment to the cytosol have been reported as upstream apoptotic 
events induced by various stimuli such as synthetic retinoids 
(Zang et al. 2001), oxidative stress (Roberg and O llinger 
1998; Antunes et al. 2001), staurosporine (Kagedal et al. 
2001), and over-expression o f  the tumour suppressor protein, 
p53 (Yuan et al. 2002). The mechanisms that control 
lysosomal permeability during apoptosis are ill-defined but 
over-expression o f Bcl-2 can inhibit lysosomal-dependent 
apoptosis by stabilizing the lysosome (Zhao et al. 2001) and 
the pro-apoptotic member o f the Bel-fam ily protein member, 
Bax, can insert into the lysosomal membrane to promote the 
release o f  lysosomal enzymes during staurosporine-induced 
apoptosis (Kagedal et al. 2001). Thus, members o f  the Bcl- 
fam ily o f  proteins, classically associated w ith  regulating the 
mitochondrial branch o f  apoptosis, also appear to influence 
lysosomal events associated w ith apoptosis. The reports that 
p53 induces lysosomal destabilization (Yuan et al. 2002) is 
o f  particular interest given that we have recently reported that 
p53 is instrumental in inducing A^-THC-mediated apoptosis 
in cultured neurones (Downer et al. 2007b). In the current 
study, we examined the influence o f  A ’ -THC on lysosomal

membrane permeability and the association o f  p53 with 
; lysosomes, as well as the role o f  lysosomal cathepsin 

proteases in mediating A*-THC-induced apoptosis. The 
findings demonstrate that the neuronal lysosomal system is 
a novel target for modulation by CBs and that this interaction 
is pertinent in the CB-mediated induction o f  neuronal 
apoptosis.

Materials and methods

Culture of cortical neurones
Primary cortical neurones were established as we have previously 

described (MacManus el al. 2000). Rats were decapitated in 

accordance with Institutional and National Ethical Guidelines and 

cerebral cortices were removed. The dissected cortices were 

incubated in phosphate-buffered saline (PBS) containing trypsin 

(0.3% ) for 25 min at 37°C. The tissue was then triturated (5x ) in 

PBS containing soyabean trypsin inhibitor (0.1% ) and Dnase 

(0.2 m g/mL) and gently filtered through a sterile mesh filter. 
Following centrifugation, 2000 g  for 3 min at 20°C, the pellet was 

resuspended in neurobasal medium, supplemented with heat- 
inactivated horse serum (10% ), penicillin (100 U /m L), streptomycin 
(100 U /m L) and glutamax (2 m M ). Suspended cells were plated out 
at a density o f 0.25 x  10^ cells on circular 10 mm diameter 

coverslips, coated with poly-L-lysine (60 ng/m L) and incubated in a 
humidified atmosphere containing 5%  C O 2 : 95%  air at 37°C. After 
48  h, 5 ng/mL cytosine-arabino-furanoside was included In the 

culture medium to prevent proliferation o f non-neuronal cells. 
Culture media were exchanged every 3 days and cells were grown 

in culture for 7 days prior to A'*-THC treatment.

Drug treatment
A’ -Tetrahydrocannabinol was obtained under license from Sigma- 
Aldrich Company Ltd. (St. Louis, M O , U S A ) and diluted to the 

required concentration with warmed culture media. Absolute alcohol 
was used as vehicle control. In some experiments, cells were 

incubated with the CB| receptor antagonist, A M 2 5 I ( l-(2 ,4 -  

dichlorophenyI)-5-(4-iodophenyI]])-4-methyI-W-(I-piperidyl)pyraz- 
ole-3-carboxamide; 10 pM ) for 30 min prior to A’ -TH C  treatment 
as previously described (Downer el al. 2003). The p53 inhibitor, 
pifithrin-a (Calbiochem, Darmstadt, Germany) was made up as a 

1 m M  stock in dimethylsulphoxide and diluted to a final concen
tration o f 100 nM  in culture medium. Cells were exposed to 

pifithrin-a for 60 min prior to A^-THC treatment. Pifithrin-a is a cell 
permeable highly lipophilic molecule that efficiently inhibits p53 

phosphorylation (Chua et al. 2006) and p53-dependent transactiva- 
rion o f  p53-responsive genes (Culmsee el al. 2001). The cell- 
permeable cathepsin-D inhibitor octapeptide, H-GIy-GIu-Gly-Phe- 
Leu-GIy-D-Phe-Leu-OH (Bachem, St. Helens, U K ) was stored at 
-2 0 °C  as a 5 m M  stock solution in dimethylsulphoxide, and was 
used at a final concentration o f 10 pM . Cells were pre-treated with 

the cathepsin-D inhibitor for 30 min before exposure to A’ -THC.

RNA interference
Custom O N -TA R G E T plus smart pool small interfering R NA  

(s iRNA) containing a mixture o f four SM A R T selection designed 
siRNAs targefing rat p53 (GenBank™ accession number

©  2008 The Authors
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NM 030989; p53 siRNA) was purchased from Dharmacon 
(Chicago, IL, USA). Primary cortical neurones were transfected 
with p53 siRNA (100 nM) using Dharmacon transfection lip id 
number 3. Af\er 48 h o f transfection, cells were treated with THC 
(5 |iM ) or vehicle (0.006% ethanol). A control siRNA duplex 
containing at least four mismatches to any rat gene (ON-TARGET 
Plus siControl Non-Targeting siRNA; Con siRNA) was used in 
parallel experiments. Optimal transfection efficiency and conditions 
were determined by using carboxyfluorescein-labelled non-specific 
siRNA (SiGlo green; Dharmacon). Effective p53 knockdown was 
analysed using immunocytochemistry and western immunoblot as 
we have previously described (Downer et al. 2007b).

Lyiosotnal locdlualion of pho.vpho-t353
The fluorescent probe, LysoTracker Red (Molecular Probes, Leiden, 
The Netherlands) was used to visualize lysosomes in intact cells. 
Cells were exposed to pre-warmed neurobasal medium containing 
LysoTracker Red (700 nM ) for 25 min prior to exposure to A^-THC. 
Cells were then fixed with p-formaldehyde (4%) for 30 min at 37°C, 
permeabilized with Triton X-100 (0.2%) and re-fixed with 4% p- 
fomialdehyde for 10 min. Cells were incubated overnight at 4“ C 
with a rabbit polyclonal antibody which recognizes p53 phosphor- 
ylated on serine 15 (p-p53Serl5; Cell Signalling Technologies, 
Beverly, M A, USA). Immunoreactivity was detected using a 
biotinylated goat anti-rabbil IgG. Cells were then incubated with 
Alcxa Fluor 488 avidin-conjugate (1 : 600 dilution in 2.5% serum; 
Molecular Probes) and viewed under 63x magnification using a 
confocal micro.scope (Zeiss LSM 510 META; Carl Zeiss Jena 
GmgH, Jena, Germany). The multitrack FITC/Rhodamine channel 
configuration was selected, emission spectra for Alexa 488 
(excitation 488 nm and emission 520 nm) and for LysoTracker 
probe (excitation 543 nm and emission 599 nm).

Lysosomal iriU fjn ty  ;issay: acndine orange rdocalion'
The lysosomal integrity assay was carried out as described by Yuan 
el al. (2002). Cells were exposed to pre-warmed supplemented 
neurobasal medium containing acridine orange (AO; 5 
Molecular Probes) for 15 min at 37°C. Cells were rinsed in 
neurobasal medium and exposed to THC (5 |jM ) for 5-60 min and 
viewed by confocal microscopy. Visualization o f the lluorophore 
was achieved using the 488 nm argon laser in the lambda mode 
where emission over the 499-670 nm range was collected. The 
configuration parameters were as follows: (i) Filters: Ch3-BP 585- 
615, Ch2-BP 505-530, ChSl 499.3-670.7 nm; (ii) Beam Splitters: 
HPT 488; ( iii)  Scan zoom 1. For each digital image, 512 x  512 
pixels were used. The leakage o f AO from the lysosome produces a 
decrease in the 633 nm emission and this parameter was used as an 
index o f lysosomal integrity, as previously reported (Antunes et al. 
2001). The average cellular fluorescence at 633 nm was counted 
from at least 200 cells for each treatment, from at least four 
independent experiments.

Cathepsin-D localization
To assess the intracellular distribution o f cathepsin-D, neurones 
were incubated with LysoTracker Red (700 nM; Invitrogen, Paisley, 
U K) for 25 min at 37°C to label lysosomes and BIODIPY FL- 
pepstatin A (1 pM; Molecular Probes) for 1 h at 37°C to label 
cathepsin-D. BODIPY FL-pepstatin A is Pepstatin A (isovaleryl-L-

valyl-4-am ino-3-hydroxy-6-methylheptanoyl-L-alanyl-4-am ino-3- 
hydroxy-6-methlheptanoic acid), covalently conjugated with the 
Boron dipyrromethene difiuoride fluorophore (BODIPY; Chen el al. 
2000). Following treatment w ith A^-THC, the cells were fixed with 
4% ^^-formaldehyde and incorporated fluorophores were examined 
w ith a confocal microscope (Zeiss, LSM 510 META), as previously 
described (Chen el a l  2000).

Cathepsin-D activity
Cathepsin-D activity was measured using a fluorogenic assay. Cells 
were harvested in ice-cold buffer [25 mM HEPES, 5 mM MgCl2 , 
5 mM EDTA, 8 mM dithiothreitol (DTT) and 2 pg/mL leupeptin, 
pH 7.5], centrifuged at 10 000 g for 10 min at 4°C to yield the 
cytosolic fraction. Cathepsin-D was purified from cytosolic fractions 
using a 96-well plate coated with monoclonal anti-cathepsin-D 
antibody. The cathepsin-D activity was then detected using an 
internally quenched fluorescent cathepsin-D substrate peptide, Mca- 
Gly-Lys-Pro-Ile-Leu-Phe-Arg-Leu-Lys-(Dnp)-D-Arg-NH2 . Release 
o f the fluorescent product, Mca-Gly-Lys-Pro-lle-Leu-Phe was 
determined fluorometrically at excitation 328 nm and emission 
393 nm. Cathepsin-D activity was read from a standard curve o f 
affin ity purified cathepsin-D enzyme.

Caspase 3 analysis
Cleavage o f the fluorogenic caspase 3 substrate (DEVD-aminoflu- 
orocoumarin; Alexis Corporation, San Diego, USA) to its fluorescent 
product was used to measure caspase 3 activity. Following treatment 
the cultured neurones were lysed in buffer (25 mM HEPES, 5 mM 
M gCl2 , 5 mM DTT, 5 mM EDTA, 2 mM phenylmethylsulphonyl 
fluoride, 10 pg/mL leupeptin and 10 pg/mL pepstatin, pH 7.4), 
sonicated for 2 s and centrifuged at 10 000 g  for 10 min at 4°C. 
Samples o f supernatant (90 pL) were incubated with the DEVD 
peptide (500 pM ; 10 pL) for 1 h at 30°C. Incubation buffer(900 pL; 
50 mM HEPES, pH 7.4, containing 2 mM EDTA, 20% glycerol and 
10 mM DTT) was added and fluorescence was assessed (excitation 
400 nm and emission 505 nm). Results are expressed as the fold- 
change in caspase 3 activity induced by A’ -THC.

Caspase 3 activity was also assessed by immunocytochemistry 
using an anti-active caspase 3 antibody (Promega Corporation, 
Madison, W I, USA). Cells were fixed with 4% p-formaldehyde, 
blocked with 30% goat serum in PBS overnight at 4°C. Following 
blocking the cells were incubated in rabbit anti-active caspase 3 
(1 : 1000 in 30% blocking buffer; Promega Corporation) for 1 h at 
20“C. The primary antibody was detected using a biotinylated goat 
anti-rabbit secondary antibody (1 : 1500 in 30% blocking buffer). 
The biotinylated secondary antibody was detected by the avidin 
conjugated fluorophore Alexa Fluor 488 (1 ; 2000 in 30% blocking 
buffer). Cells were viewed under 40x magnification using a confocal 
microscope (Zeiss LSM 510 META; Cari Zeiss). The flurophore 
was visualized using the follow ing scan configurations: excitation 
488 nm, 5% argon laser transmission, beam splitters HFT 488, 
channel filters LP 505, detector gain 652, pinhole 66 pm and 16 
scan averages.

Terminal deoxynucleotidyl transferase-mediated UTP-end nick 
labelling
Apoptotic cell death was assessed using the Dead End™ Fluoro- 
metric apoptosis detection system (Promega Corporation). Cells

© 2008 The Authors
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were fixed with p-foimaldehyde (4%), permeabilized with Triton X -  

100 (0.1% ) and fluorescein nucleotide was incorporated at 3 '-0 H  

D N A  ends using the enzyme tenminal deoxynucleotidyl transferase 

(TdT). Fluorescein was visualized by fluorescent confocal micros
copy (Zeiss LSM  510-M ETA ) using the 488 nm Argon/2 laser with 

the following scan configurations; laser output 50%, % transmission 

5%, band pass filter 505-530, beam splitter 488/543, detector gain 

719, amplifier gain 1, amplifier offset-0 .1 4 , pinhole 96 pm (1 Airy  

unit) and 16 scan averages. A ll cells were counterstained with 
propidium iodide,

S ta tii l ic s

Data are reported as the mean ±  SEM o f the number o f experiments 

indicated in each case. Statistical analysis was carried out using one
way ANOVA followed by the post hoc Student-Newman-Keuls test 
when significance (at the < 0.05 level) was indicated. When

comparisons were being made between two treatments, an un
paired Student’s (-test was performed and p  <  0.05, /; <  0.01, or 
p  <  0.001 were considered significant.

Results

A ’’-T H C  evokes a tran s ie n t decrease in lysosomal m em brane  

s tab ility

Cortical neurones were loaded with AO and the mean 
fluorescence intensity at 633 nm emission was observed 
(Fig. 1). A’ -THC evoked a dose- and time-dependent 
reduction in 633 nm emission, reflective of leakage of AO  
from the lysosomal compartment. Thus, exposure of cells to 
A^-THC at a concentration of 0.5, 5 and 50 |jM  evoked a
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Fig. 1 A® -THC causes lysosomal rupture in a CBi-dependent manner, 

(a) Cultured neurones were loaded with acrldine orange (AO), ex

posed to A®-THC (0.05-50 mM) for 15 min and viewed by confocal 
microscopy. Tlie fluorescence emission at 633 nm, representing intact 

lysosomes, was significantly decreased by 0.5, 5 and 50 nM A®-THC. 

Tfie lower concentration of A®-THC, 0.05 nM, had no effect on AO 
distribution. Results are expressed as mean ± SEM for four inde

pendent experiments, *p < 0.05 and " p  < 0.01. Inset: AO staining In 

(I) control cells and (11) ceils exposed to A®-THC (5 nM, 15 min). The 

punctate distribution of orange fluorescence at 633 nm emission 
indicates a high proportion of cells with Intact iysosomes. (b) cultured 

neurones were loaded with AO and exposed to A®-THC (5 nl^) for 15- 

60 min. The fluorescence emission at 633 nm, representing intact 

lysosomes, was significantly decreased following exposure to A®-THC

(5 nM) for 15 and 30 min. Results are expressed as mean ± SEtvl for 

four independent experiments. *p < 0.05 and " p  < 0.01. (c) The A®- 

THC-induced decrease In fluorescence emission at 633 nm (5 nM, 
15 min) was reversed by the CB,-receptor antagonist, AM251 

(10 nM). Results are expressed as mean ± SEM for four independent 

experiments, ” p < 0 .0 1 . (d) sample confocal Images of (I) control 

cells, (II) cells exposed to a ®-THC (5 nM, 15 min), (iii) cells exposed to 

AM251 (10 fiM) and (Iv) cells exposed to A®-THC In the presence of 
AM251. The punctate distribution of orange fluorescence (633 nm 

emission) Indicates a high percentage of cells with intact lysosomes (I, 
Iii and iv) that are able to retain AO, whilst the diffuse green fluores

cence (ii) represents AO within the cytosol as a consequence of 

lysosomal rupture.
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significant 70% decrease in the fluorescence signal within 
15 min ( p  < 0.01, a n o v a , n = 6, Fig. la ) indicating a loss in 
lysosomal membrane integrity. The inset image shows the 
pattern o f  AO staining in control and A^-THC-treated cells 
where the orange punctate staining reflects AO  accumulation 
in the lysosome which emits at 633 nm, while the green 
diffuse staining represents cytosolic AO. The reduction in 
633 nm emission occurred w ith in 15 min o f  exposure to A^- 
THC (5 (ilVI) and was retained up until 30 min {p < 0.01, 
ANOVA, n = 6, Fig. lb). However, by 60 min the fluorescence 
signal was approaching that o f  control cells. These data 
demonstrate that A^-THC evokes a rapid, but transient, 
decrease in lysosomal membrane integrity, which is reflected 
by an inability o f  AO to accummulate in the acidic organelles 
and produce a fluorescence signal at 633 nm.

Figure Ic  demonstrates that the impact o f  A^-THC on 
lysosomal membrane integrity is mediated through the CB] 
receptor as AM251 (10 (iM ) abrogated the A^-THC-medi- 
ated reduction in mean fluorescence intensity at 633 nm. 
Thus in control cells, mean fluorescence intensity was 
122 ± 19 (mean arbitrary units ± SEM) and was signifi
cantly decreased to 39 ± 3 in cells exposed to A’ -THC 
(5 |jM ) for 15 min (p < 0.01, a n o v a  compared with control

cells, n = 6). AM251 alone had no effect on mean fluores
cence intensity at 633 nm, but it significantly reversed the 
A^-THC-induced reduction in mean fluorescence intensity 
(p < 0 .0 1 , a n o v a  compared w ith  cells exposed to THC, 
n = 6). Figure Id  illustrates sample AO  staining demonstrat
ing the CBI-dependent relocalization o f  AO  to the cytosol 
fo llow ing exposure to A^-THC (5 (iM ) for 15 min.

IHC increases the association o f phospho-p53 at the 
lysosome
Figure 2 demonstrates that A®-THC increases the association 
o f  phospho-p53Serl5 w ith lysosomes. Thus, in control cells 
phospho-p53SerI5 immunoreactivity was undetectable, and 
the staining o f  florescence produced by LysoTracker Red was 
punctate, indicative o f  intact lysosomes. However, when 
cells were exposed to A^-THC (5 |iM , 15 m in) phospho- 
p53Serl5 immunoreactivity was observed in punctate 
regions o f  the cell, some o f  which was found to co-localize 
w ith the lysosomal marker, LysoTracker red. Although we 
found that by 15 min A^-THC had caused the release o f  AO 
(Fig. lb ), indicative o f  increased lysosomal permeability, the 
LysoTracker red staining was still apparent in A’ -THC- 
treated neurons. However, under those conditions the

10 nm

■ ■1mM■
Fig . 2 A® -TH C  promotes the association of phospho-p53 with lyso

somes. Confocal microscopy was used to visualize ttie distribution of 

phospno-p53Ser15 within cortical neurones following treatment with 

A®-THC (5 nf^, 15 min). Cells were double labelled with (I) an Alexa- 

488-conjugated pfiosptio-p53Ser15 antibody and (ii) tfie lysosomal- 

specific marker, LysoTracker Red; panel (iii) represents the overlay of 

phospno-p53Ser15 immunoreactivity with LysoTracker Red. In control 

cells (a) tfiere was no evidence of phospfio-p53Ser15 at the lyso

somes. However, 15 min following exposure to A®-THC (b) pfiospfio- 

p53Ser15 immunoreactivity was increased and, in part, co-localized

with the lysosomal marker, as indicated by purple staining (iii). In im

age (iv), phospho-p53Ser15 immunoreactivity at the lysosomes is 

indicated by purple. Panel (iv) in a zoom ed image of lysosomes using 

63x objective and scan zoom 6 and panel (v) is a zoomed image of a 

lysosome, with 63x objective and scan zoom 9, illustrating Lyso

Tracker Red (red) co-localizing with phospho-p53Ser15 immunore

activity (purple). Images are single 1 nm thick z-sections taken 

midway through the cell. Arrows indicate regions of co-localization. 

Scale bar: 10 nm.
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lysosomes were larger [Fig. 2b(ii)] reflecting a change to the ■ 
lysosomal system (He et al. 2005). The AO protocol is 
considered to be more sensitive to changes in lysosomal 
permeability and can monitor very fast granular alkaliniza- 
tion events in live cells (Yuan et al. 2002). In contrast, 
LysoTracker Red staining was performed in fixed cells and 
the probe is retained in lysosomal membranes through an as 
yet uncharacterized mechanism. Thus, LysoTracker Red is 
considered to be less sensitive to rapid changes in lysosomal 
permeability and often the loss o f LysoTracker staining is not 
apparent until the very final stages o f the apoptotic cascade 
(Kaasik el al. 2005). In A’ -THC-treated cells some p53 
immunoreactivity was also detected within the nucleus, 
consistent with a role for p53 in governing transcriptional 
events (Green and Chipuk 2006). The observation that A’ - 
THC promotes the association o f phospho-p53 with lyso
somes prompted us to examine whether p53 was pertinent in 
the A’ -THC-mediated destabilization o f the lysosomal 
membrane.

' » p53 plays a role in the THC-m edlated destabilization o f the 

lysosomes
Figure 3a demonstrates that the impact o f THC on lysosomal 
membrane integrity is mediated through p53 as the p53 
inhibitor, pifithrin-ot (100 nM) abrogated the THC-mediated 
reduction in mean fluorescence intensity at 633 nm. Thus in 
control cells, mean fluorescence intensity was 118 ± 21 and 
this significantly decreased to 39 ± 3 in cells exposed to 
THC (5 |iM ) for 15 min (p < 0.01, a n o v a  compared with 
control cells, n =  6). In the presence o f pifithrin-a, the A’ - 
THC-induced reduction in mean fluorescence intensity was 
significantly attenuated (p < 0.05, a n o v a , n = 6). Sample 
AO staining demonstrating the p53-dependent relocalization 
o f AO to the cytosol, and concomitant decrease in 633 nm 
emission, following exposure to THC (5 |iM ) for 15 min is 
shown in Fig. 3b. This result was confirmed with knockdown 
o f p53 with siRNA (Fig. 3c) where the A^-THC-induced 
increase in lysosomal membrane permeability, as reflected by

(a)
180

5 “  '50 
,i 5 E120

90

o m 60 -

(C)

30 -

0 -

1 5 0 l

X

■ Pifithrin-a

EtOOi

50HLl

] control 
I T H C  5 mM

] control 
■T H C  5 h M

+ con SiRNA + p53  siRN A

Fig. 3 A® -THC evokes lysosomal destabilization in a p53-dependent 

manner, (a) Cells were loaded with acridine orange (AO), exposed to 

A®-THC (5 )iM, 15 min) and viewed by confocal microscopy. A^-THC  

evoked a significant reduction in fluorescence at 633  nm emission 

wfiich was abrogated by the p53 inhibitor, pifithrin-a (100 nM). Results 

are expressed as mean ± SEM  for six independent experiments, 

■p < 0.05 and " p  < 0.01. (b) Representative AO staining in (i) control 

cells, (ii) cells exposed to A®-THC (5 nM, 15 min), (ill) cells exposed to 

piflthrin-oi ( too nf\/l) and (iv) cells exposed to A®-THC in the presence 

of pifithrin-oi. The punctate distribution of orange fluorescence (633 nm 

emission) indicates a high percentage of cells with intact lysosomes. In 

A®-THC-treated cells (ii) the punctate distribution of orange fluores

cence was reduced and increased diffuse green fluorescence was 

observed, which was abrogated by pifithrin-a (iv). Arrows indicate cells 

with reduced punctate orange staining and increased diffuse green 

fluorescence, indicative of lysosomal rupture and redistribution of AO  

to the cytosol. C , siRNA knockdown of p53 prevents the A®-THC- 

induced decrease in lysosomal integrity. Exposure of neurones to A®- 

T H C  (5 mM) for 15 min in the presence of control sIRNA significantly 

decreased the fluorescence emission at 633  nm, indicative of lyso

somal rupture. Treatm ent with p53 siRNA (100  nM; 48 h) prior to A®- 

T H C  treatment prevented the THC-induced decrease in fluorescence 

emission at 633 nm. Results are expressed as mean ±  SEIkl for six 

observations, ***p  < 0.001.
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a significant reduction in fluorescence em ission at 633 nm , 
w as not observed in cells pre-treated with p53 siR N A .

\ '’-THC evokes a redistribution o f  cathcpsin protcase 
A destab iliza tion  o f  the lysosom al m em brane w ould  be 
expected  to p rom ote the release o f  lysosom al constituents 
into the cytosol. Cultured neurones w ere incubated w ith 
B 0D 1PY ® -FL  pepstatin-A  to label cathepsin-D , and Lyso- 
T racker Red to observe lysosom es. F igure 4a dem onstrates 
that the BO D IPY ® -FL pepstatin-A  co-localizes w ith lyso
som es in untreated  cells. W hen neurones w ere incubated 
w ith  A’ -TH C  (5 nM , 15 m in) the punctate d istribution  o f  
B O D IPY ® -FL  pepstatin-A , reflective o f  cathepsin-D  local
ization  w ithin lysosom es, changed to a diffuse pattern  o f  
sta ining, representative o f  the presence o f  cathepsin-D  in the 
cytosol (Fig, 4b), This result dem onstrates that the increase 
in lysosom al perm eability is associated w ith a redistribution 
o f  ca thepsin -D  from the lysosom al com partm ent in to  the 
cytosol. Furtherm ore, exposure o f  neurones to A’ -TH C 
(5 |iM , 15 m in) evoked a significant increase in the activity

o f  cathepsin-D  ( ; ) < 0 .0 1 ,  a n o v a  com pared  w ith vehicle- 
treated  cells, n = 6)  and this w as significantly  reduced by 
p ifith rin -a  (100 nM , p  <  0,01, a n o v a  com pared w ith TH C - 
treated  cells, « =  6; Fig, 4c),

•i^’-TH C -induced apoptosis involves ca th ep s in -D  
W e have previously  reported that A^-THC induces the 
activation  o f  pro-apopto tic  caspase 3 (C am pbell 2001). The 
A’ -T H C -induced activation o f  caspase 3, as determ ined by 
expression  o f  anti-active caspase 3 im m unoreactiv ity  
(Fig, 5a) and fluorogenic assay (Fig, 5b) w as prevented  by 
the cathepsin-D  inhib ito r peptide (10 nM ), T hus, exposure 
to A*-THC (5 |jM , 1 h) caused an increase in expression  
o f  active-caspase 3 im m unoreactiv ity  and evoked a 
2,28 ±  0 .27-fo ld  increase in caspase 3 activity  {p < 0,05, 
ANOVA, n = 6). In the presence o f  the cathepsin-D  inhibitor, 
the A ^-TH C -induced increase in active-caspase 3 im m uno
reactiv ity  (Fig. 5a) and caspase 3 activ ity  (Fig. 5b; p  < 0.01, 
ANOVA, n = 6)  w as abolished. T his result suggests that the 
im pact o f  A^-THC on the lysosom al system  prom otes a

F ig . 4  A® -THC in c rease s  the cytosolic 

ex p ress io n  a n d  activity of ca thepsin-D . 

BIODIPY FL-pepstatin-A  fluo re scence  w as 
u s e d  to label intracellular ca thepsin -D  

localization, (a) BIODIPY FL-pepstatin-A  
co-localized  with L ysoTracker R ed in un 

tre a te d  cells, (i) BIODIPY FL-pepstatin-A  

flu o re sce n ce , (ii) LysoTracker R ed fluores

c e n c e  an d  (ill) co-localization of BIODIPY 

FL-pepstatin-A  a n d  LysoTracker R ed is 

ind icated  by yellow fluorescence . S ca le  bar: 

10 nm . (b) Cells w ere  ex p o sed  to (I) vehicle 

control or (ii) A®-THC (5 mM) for 15 min and  

BIODIPY FL-pepstatin-A  fluo re scence  w as 

u s e d  to  m onitor intracellular ca thepsin -D  

localization. In control cells, BIODIPY 

sta in ing  w as p u ncta te , indicative of com - 

partm en talization  within ly sosom es. In A®- 

T H C -trea ted  cells, BODIPY staining w as 

p re s e n t th roughout the  cytosol, reflecting 
th e  redistribution of ca thepsin-D  from the 

ly so so m es  to  the  cytosol. S ca le  bar: 5  nm. 

(c) A®-THC (5 )ilv1; 15 min) evoked  a  s ig 
nificant in c rea se  in ca thepsin-D  activity and  

this w as  ab o lish ed  by pifithrin-oi (100 nM). 

R esu lts  a re  e x p re s s e d  a s  m ean  ± SEM  for 

six indep en d en t observations, " p <  0.01.
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redistribution o f cathepsin-D which in turn contributes to the 
activation o f caspase 3. The A^-THC-induced increase in 
apoptotic cell death, as assessed by TdT-mediated UTP-end 
nick labelling staining (Fig. 5c) was also prevented by the 
cathepsin-D inhibitor, further demonstrating that this lyso
somal protease is involved in the apoptotic cell death evoked 
by a ”̂ -THC. In neurones exposed to the cathepsin-D inhibitor 
alone, a significant increase in DNA fragmentation was 
observed and this indicates that cathepsin-D may have a pro
survival role in this cell type. However, the lack o f any 
further increase in DNA fragmentation in cells exposed to 
A’ -THC in the presence o f cathepsin-D inhibitor, would lend 
support o f a role for cathepsin-D in A^-THC-iduced neuronal 
apoptosis.

Fig. 5 The A -THC increase in caspase 3 activity and DNA frag
mentation is dependant upon cathepsin-D. (a) Representative active- 
caspase 3 immunoreactivity in (I) control cells, (ii) cells exposed to 

A®-THC (5 piM, 1 h), (ill) cells exposed to cathepsin-D inhibitor (10 nM) 
and (iv) cells exposed to A®-THC in the presence of cathepsin-D 
inhibitor, THC evoked an increase in active-caspase 3 immunoreac
tivity (ii; indicated by arrows), and this was prevented in cells exposed 

to A®-THC in the presence of the cathepsin-D inhibitor (iv). The left 
side of each image is active-caspase 3 immunofluorescence and the 

corresponding phase contrast image is shown on the right. Scale bar: 
10 nm. (b) A®-THC (5 1 h) evoked a twofold increase in caspase 3
activity and this was significantly reduced by the cathepsin-D inhibitor 
(10 ^M). Results are expressed as mean fold-increase in caspase 3 

activity evoked by A^-THC ± SEM for six independent observations, 
” 'p  < 0.001. (c) A®-THC (5 jiM, 3 h) evoked a significant increase in 

DNA fragmentation and this was prevented by the cathepsin-D 

inhibitor (10 mM). Results are expressed as mean ± SEM for six 

independent observations, **’p < 0.001 and * " p  < 0.001 (compared 
with control cells, a n o v a ,  n = 6).

Discussion

TTie aim o f this study was to examine the impact o f the 
phytocannabinoid, A’ -THC, on lysosomal membrane per
meability and to assess whether lysosomes play a role in the 
A^-THC-induced activation o f the apoptotic pathway previ
ously reported (Campbell 2001; Downer e/ al. 2003, 2007a). 
The results demonstrate that A’ -THC causes a dose- and 
time-dependent destabilization o f the lysosomal membrane 
via activation o f the CBi receptor. A’ -THC evoked co
localization o f p53, phosphorylated at Seri 5, with the 
lysosome and this association is likely to contribute to the 
destabilization o f the lysosomal membrane as both the p53 
inhibitor, pifithrin-a and siRNA knockdown o f p53 reversed 
the A^-THC-induced loss in lysosomal integrity. The tran
sient nature o f this event suggests that lysosomal constituents 
;may play a necessary role in orchestrating downstream 
cellular events associated with apoptosis. In support o f this, 
A^-THC caused an increase in expression o f the aspartic 
protease, cathepsin-D, in the cytosol, and the cathepsin-D 
inhibitor abrogated that Â ’-THC-induced activation o f cas
pase 3 and DNA fragmentation. These data provide evidence 
for a lysosomal branch o f the apoptotic programme induced 
by A*-THC in neurones.

Lysosomes are emerging as important regulators o f the cell 
death cascade. Originally thought to be stable organelles, 
only becoming destabilized during the end stages o f cell 
death, there is a large body o f evidence demonstrating that 
lysosomes occupy an upstream regulatory role in apoptosis 
(L i et al. 2000; Brunk et al. 2001). Early in apoptosis 
lysosomes become permeable causing the translocation o f 
lysosomal cathepsin proteases into the cytosol (Wemeburg 
et al. 2002; Kagedal et al. 2005). The redistribution o f 
cathepsins is suspected to be an important initiating event in 
apoptosis (Reiners et al. 2002) and the release o f lysosomal
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e n z y m e s  m ay cause changes in m itochondrial perm eability  

d irectly  (Z hao e! al. 2 0 0 1 ) or indirectly  (S toka e l at. 2 0 0 1 ), 

fo llo w ed  by  cytochrom e c  release, ap op tosom e form ation  

w ith  A paf-1 and casp ase activation. There m ay a lso  be a 

direct activation  o f  casp ases by  ly sosom al cathepsins (V anc- 

o m p em o lle  e t al. 1998). Furtherm ore, cath ep sin -D , both in 

its m ature or inactive form , can im pact o n  an as yet 

u n id en tified  substrate to induce apop tosis (S ch estk o w a  e t al. 
2 0 0 7 ). In this study, the ly so so m a l destab ilization  occurred  

rapidly fo llo w in g  exposure to A^-THC. Furtherm ore, the 

d estab ilization  o f  ly so so m es  observed  at 15 m in  occu rs prior 

to the on set o f  activation o f  casp ase 3 and p receed s induction  

o f  m orp h o log ica l features o f  apop tosis, w h ich  w e  have  

p rev io u sly  found to occur at a later tim e point w h en  neurones 

are ex p o sed  to the sam e concentration o f  A’ -T H C  to that 
used  in the current study (C am p bell 2 001; D ow n er  e l al. 

2 0 0 1 ). T he early lysosom al destabilization , co u p led  w ith  the 

transient nature o f  this even t, w ould  su g g est that the 

ly so so m es  h a v e  a role in orchestrating C B -m ediated  neuronal 

death . In neurones, the lysosom al perm eabilization  evok ed  

b y A ’ -T H C  is likely m ediated through the C B | receptor, 

although a role for C B 2  receptors cannot b e  co m p le te ly  

ex clu d ed  as in m acrophages M atveyeva  e l al. (2 0 0 0 )  have  

d em onstrated  that A’ -TH C increases cath ep sin -D  ac tiv ity  via  

the C B 2  receptor w hich  m ay contribute to d efic its  in antigen - 

d ep en d en t processing . Early reports in the literature d escr ib 

ing the ly tic  c ffcct ofA '^-T IIC  on isolated liver ly so so m es  

and subseq uent release o f  acid hyd rolases (B ritton and 

M ellors 1973) w ould  indicate that A’ -TH C , w h ich  is h igh ly  

lip op h ilic , m ay  directly influence lysosom al perm eability  in 

so m e  ce ll typ es.
F o llo w in g  exposure to A’ -T H C , an increase in exp ression  

o f  the phosphorylated  form o f  the apoptotic effector, p53 , 

w a s ob served , w hich  m ay reflect stabilization  o f  the protein  

b y c-jun N -term inal kinase (D ow n er  e l al. 2 0 0 7 b ). Our 

p rev ious stud ies have dem onstrated that A ’ -T H C  ev o k e s  a 

rapid increase in phospho-p53 exp ression  in ce ll lysates and 

that p53 k n ock d ow n  with siR N A  protects neurones from  

A ^-T H C -induced apoptosis (D o w n er  e l al. 2 0 0 7 b ). In the 

current study, w e  found that A’ -TH C  prom otes a ssoc ia tion  o f  

the p53 protein  w ith the n u cleu s w here it is lik e ly  to 

participate in the transcription o f  apoptotic g en es  (G reen and 

C hipuk 2 0 0 6 ). H ow ever, a substantial proportion o f  p53  

im m unoreactiv ity  co -lo ca lized  w ith the ly so so m a l marker, 
L ysoT racker R ed, ind icating the associa tion  o f  p 53  w ith  the 

ly so so m a l com partm ent. To assess  w hether p53 regulates  

ly so so m a l integrity w e  used the reversible p 53  inhibitor, 

pifithrin -a , w h ich  prevents p53 transactivation (K om arov  

e l al. 1999; C u lm see  e l al. 2 0 0 1 ) and p53 ph osph orylation  

(C hua el al. 2 0 0 6 ), as w ell as s iR N A -m ed ia ted  d ep letion  o f  

p53 . U sin g  both experim ental approaches the T H C -ind uced  

p erm eabilization  o f  ly so so m es w as prevented, provid ing  

ev id en c e  o f  a role for p53 in contro llin g  ly so so m a l perm e

ability. To the authors’ k n ow led ge, this is the first d em on 

stration that p53 d irectly  a sso c ia tes  w ith ly so so m es  during an 

apop totic  cascad e , although the ly so so m a l targets that m ay be  

regulated b y  p53 to control ly so so m a l integrity rem ain to be  

elucidated . Indeed, there is currently no co n sen su s  on the 

m ech an ism s that are respon sib le  for control o f  ly sosom al 
m em brane d estab ilization  during ap op tosis  (S toka e l al. 

2 0 0 7 ). C ytop lasm ic  p53 can d irectly  activate  pro-apoptotic  

m em b ers o f  the B el fam ily  o f  proteins to cau se  m itochondrial 

p erm eabilization  and ap op tosis  (C hipuk e t al. 2 0 0 5 ), and  

g iv e n  that B ax can d irectly  insert into the ly sosom al 

m em brane during staurosp orine-ind uced  ap op tosis  (K agedal 
e t  al. 2 0 0 5 ), it is interesting to sp ecu late  that functional 

crossta lk  ex ists  b etw een  p53 and B ax in relation to the 

control o f  ly so so m a l perm eability . O ther m em bers o f  the B el 

fam ily , such as B c l-2 , b lock  o x id a tiv e  stress-indu ced  ap op 

tosis  by  stab ilizin g  ly so so m es  (Z hao  e l  al. 2 0 0 1 ). A  num ber  

o f  other s ig n a llin g  m o lecu le s  are pertinent in the regulation  

o f  ly so so m a l d yn am ics, such  as intracellular sp h in gosin e  

(K agedal e t al. 2 0 0 5 ), and th is is s ign ifican t g iv en  that C B s  

co u p le  to ceram ide production to e v o k e  ap op tosis  in g liom a  

ce lls  (G alve-R op erh  e t al. 2 0 0 0 ). A noth er exp lanation  for the  

triggering o f  ly so so m a l rupture im p licates reactive o x y g en  

sp e c ie s  as o x id a tive  stress can ind uce ly so so m a l destab iliza 
tion very rapidly, resulting in the release o f  cathepsins, 

in v itro  (Kalra e l al. 1989) and in v ivo  (O llin ger  and Brunk 

1995). L yso so m es are particularly vuln erable to ox id a tive  

stress as they contain  the m ost im portant p oo l o f  reactive iron 

in the cell (A ntunes e l al. 2 0 0 1 ), and again  it is sign ificant 

that C B s are cou p led  to the generation  o f  reactive o x y g e n  

sp e c ie s  in neurones (C han e t  al. 1998) and g lia  (M assi e t al. 

2 0 0 6 ).
U sin g  a B O D lP Y -con ju gated  ca th ep sin -D  inhibitor, w e  

dem onstrate that A’ -T H C  cau ses  a redistribution o f  cathep

s in -D  from  the ly so so m e  to the c y to so l, and this correlated  

w ith an increase in activ ity  o f  ca th ep sin -D . T h e im pact o f  A ’ - 

T H C  on ca th ep sin -D  w a s b lo ck ed  by  the C B ] antagonist, 
A M 2 5 1 , as w e ll as pifithrin -a. L ysosom al rupture and  

subseq uent release o f  ca th ep sin -D  have been  reported to 

occu r  prior to ch an ges in m itoch ondrial m em brane potential 

.(Turk e t al. 2 0 0 2 ) in a num ber o f  apop totic  pathw ays (S toka  

e t al. 2 0 0 7 ). It is lik ely  that the release o f  ca th ep sin -D  is a 

regulated p rocess and not a co n seq u en ce  o f  general ly s o 

som al rupture b ecau se  the increase in c y to so lic  cath ep sin -D  

that w e  ob serve  in A ’ -TH C -treated ce lls  d o e s  not co in c id e  

w ith  an increase in cy to so lic  ac tiv ity  o f  other cathepsins, 

such  as cathepsin -L  (data not sh ow n ). Our observation  that 

the A ® -TH C-induced increase in ca sp ase  3 ac tiv ity  and D N A  

fragm entation w a s b lock ed  b y  the ca th ep sin -D  inhibitor  

peptide prov id es further support for a ly so so m a l in v o lv em en t 

in th is C B -in d u ced  apop totic  cascade. A  link betw een  

ca th ep sin -D  and casp ase  3 has been  reported in stauro

sp orine-ind uced  ap op tosis  in fibroblasts via  a B id -s ign a llin g  

pathw ay (Joh ansson  e l al. 2 0 0 3 ), although pathw ays other  

than B id  are a lso  lik ely  to signal b etw een  ca th ep sin -D  and
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caspase 3 to evoke apoptosis (Houseweart et al. 2003). Our 
in vivo studies have recently demonstrated that administra
tion o f  A ’ -THC increases the cytosoHc expression and 
activity o f  cathepsin-D in the cerebral cortex as part o f  an 
apoptotic cascade (Downer e! al. 2007a) and the results 
presented herein would indicate that p53-mediated regulation 
o f  lysosomal integrity is a key factor in this neurotoxic event. 
Given that A^-THC has been reported to evoke apoptosis in 
other cell types such as gliomas (Velasco el al. 2004), 
leukaemic cells (Jia el al. 2006) and airway epithelia 
(Sarafian el al. 2005), it is interesting to speculate that those 
CB-induced apoptotic pathways also involve a lysosomal 
component.

W hile the potential neurotoxicity associated w ith recre
ational use o f  cannabis is controversial, some imaging 
studies o f  chronic cannabis users have identified reductions 
in grey and white matter volume (Scallet 1991; Lawston 
el al. 2000; Tzilos el al. 2005; Schlaepfer el al. 2006), A^- 
THC and other CBs have been shown to evoke apoptosis in 
neuronal (Chan el al. 1998; Downer el al. 2003) and glial 
(Galve-Roperh e! al. 2000) cells. Potential mechanisms o f 
apoptosis include formation o f  ceramide (Galve-Roperh 
el al. 2000), stress-activatcd protein kinase activity (Downer 
el al. 2003), calpain activation (Movsesyan el al. 2004), 
and engagement o f  the TR P V l channel (Ligresti el al. 
2006). The pro-apoptotic effect o f  the CB system is 
particularly robust in transfomied cells and some studies 
have demonstrated that CBs do not induce apoptosis in 
healthy tissue (Carracedo el al. 2006; Massi el al. 2006); a 
property that may be harnessed in the development o f  a 
CB-based therapy for the selective eradication o f  tumour 
cells. It remains to be established whether the p53/ 
lysosomal pathway is pertinent in the cannabinoid-induced 
apoptosis o f  transformed cells.

The current study demonstrates that in neurones A ’ -THC 
causes lysosomal destabilization early in the apoptotic 
cascade in a manner that is dependent upon p53. This novel 
pathway may reflect a role o f the endocannabinoid system in 
brain development (Harkany el al. 2007), in which physio
logical apoptosis is a feature. In this regard, it is notable that 
cathepsin-D gene expression outlines the regions o f  physi
ological cell death during embryonic development (Zuzarte- 
Luis el al. 2007). Also, the engagement o f  this apoptotic 
pathway by exogenous phytocannabinoids during cannabis 
abuse may contribute to the profound volumetric changes in 
the brain that have been reported (Schlaepfer e /a /. 2006). 
Neuronal apoptosis evoked by A^-THC would also be 
expected to interfere w ith the physiological role o f  the pre- 
synaptic CB| receptor in controlling neurotransmitter release 
and this is like ly to be o f importance during brain develop
ment (Galve-Roperh el al. 2006).

In summary, this study identifies a novel lysosomal branch 
to the CB-mediated induction o f  apoptosis involving the 
tumour suppressor protein, p53. Given the interest in the ability

o f  CBs to regulate cell fate (Guzman 2005), this pathway
may be important for the anti-tumoural properties o f  CBs,
as well as being involved in the control o f  neural cell v iability.
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REVIEW 

Alzheimer's disease; taking the edge off with 
cannabinoids?
VA Campbell and A Gowran

Departm ent o f  Physiology and Trin ity College Institute o f  Neuroscience, Trin ity  College D ub lin , D ub lin , Ire land

Alzheim er's disease is an age-related neurodegenerative condition associated w ith  cognitive decline. The pathological 
hallm arks of the disease are the deposition of p-am yloid  protein and hyperphosphory lation of tau, w h ich  evoke neuronal cell 
death  and im pair inter-neuronal com m un ication . The disease is also associated w ith  neuro in flam m atio n , excito toxlcity  and  
oxidative stress. In recent years the proclivity o f cannabinoids to  exert a neuropro tective influence has received substantial 
interest as a m eans to m itigate the sym ptom s of neurodegenerative conditions. In brains ob ta ined  from  Alzheim er's patients  
alterations in com ponents of the cannabinoid  system have been reported, suggesting th a t the cannabino id  system either 
contributes to , or is altered by, the pathophysio logy o f the disease. Certain cannabinoids can p ro tec t neurons from  the  
deleterious effects of p-am yloid and are capable o f reducing tau phosphorylation. The propensity of cannabinoids to  reduce  
P -am ylo id-evoked oxidative stress and neurodegeneration , whilst stim ulating neurotrophin  expression neurogenesis, are 
in teresting properties th at m ay be beneficial in the trea tm e n t of A lzheim er's disease. A ® -tetrahydrocannabinol can also inhib it 
acetylcholinesterase activity and lim it am yloidogenesis w hich m ay im prove cholinergic transmission and delay disease 
progression. Targeting cannabinoid receptors on m icroglia m ay reduce the neuro in flam m atio n  th a t is a feature of A lzheim er's  
disease, w ith o u t causing psychoactive effects. Thus, cannabinoids offer a m ulti-faceted  approach for the trea tm e n t of 
A lzheim er's disease by providing neuroprotection and reducing neuro in flam m atio n , whilst sim ultaneously supporting the  
brain's intrinsic repair m echanisms by au g m en tin g  neurotrophin expression and enhancing neurogenesis. The evidence  
supporting a potentia l role for the cannabinoid  system as a therapeutic ta rg et for the trea tm e n t of A lzheim er's disease w ill be 
review ed herew ith .
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Pathophysiology of Alzheinner's disease

Alzheim er's disease (AD) is a chronic debilita tin g  neurode
generative cond ition  that is associated w ith  progressive 
cognitive decline and profound neuronal loss, and estim ated 
to affect 10%  of people over the age o f 65 years and 25%  of 
people over the age o f 80 years (Herbert et al., 2003). Western 
society is developing an increasingly aged popu lation  and this 
dem ographic shift is associated w ith  a rise in  the prevalence o f 
age-related illnesses such as AD. Th e U n ited  N ations popula
tio n  projections estimate that 370 m illio n  people w ill be older 
th an  80  years by 2050 and the associated increase in  patients 
w ith  A D  w ill pose a substantial socio-economic burden. W h ile  

a small proportion o f A D  cases have a genetic basis, the 
m ajo rity  o f cases are sporadic w ith  un kn o w n  aetiology. A
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consistent feature o f the A D  brain is the presence o f senile 
plaques composed o f pathogenic extracellular deposits o f 
P-am yloid (AP), a 1 -4 2  am in o  acid peptide derived from  
aberrant processing of the transm em brane am ylo id  precursor 
protein  (W alsh and Selkoe, 2007). Ap fragments are proposed 
to play a central role in  the genesis o f th e  disease by evoking  
neuronal cell death (Boland and C am pbell, 2003). The senile 
plaques are located w ith in  various brain regions but the  
hippocam pus, cerebral cortex and am ygdala are particularly  
vulnerable and plaques begin to fo rm  in  these regions early in  
the disease process resulting in  m em o ry  loss and behavioural 
changes (O gom ori et al., 1989). A second pathological 
hallm ark o f the disease is the hyperphosphory lation o f the  
m icrotubule-associated protein , tau, resulting in  fo rm ation  
o f the in tracellu lar neurofibrillary  tangles th a t im p air in ter- 
neuronal co m m un ication  (M i and Johnson, 2006). A D  is also 
associated w ith  neuro in flam m ato ry  events and oxidative stress 
that are likely  to  exacerbate the disease process. Epidem io
logical studies support an in vo lvem ent o f in flam m atory
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mechanisms in  AD since patients using non-steroidal 
anti-in flam m atory drugs for a 2-year period have a 60-80%  
reduction in the risk for the disease, while long-term non
steroidal anti-inflam m atory drug treatment attenuates disease 
onset and reduces the severity of symptoms (Rich et al., 1995). 
Microglia are the Principal immune cells in the brain and in 
the AD brain they surround the senile plaques, possibly 
recruited to the plaque region in an attempt to clear the Ap 
burden by phagocytosis (Wilkinson and Landreth, 2006). In  
AD, the Ap deposition exceeds the phagocytic ability of the 
microglia and the persistent presence of activated microglia at 
the plaque results in a prolonged release of proinflammatory 
cytokines such as interleukin-ip (Bayer et al., 1999; Heneka 
and O'Banion, 2007) which mediate local inflamm ation and 
have the prochvity to increase the processing of amyloid 
precursor protein to generate more Ap fragments (Heneka and 
O'Banion, 2007), as well as having a direct neurotoxic 
influence (Vereker et al., 2000). The association of activated 
microglia at the periphery of the senile plaque contributes to 
the generation of reactive oxygen species that mediate the 
oxidative damage found in the brains of patients with AD 
(W ilkinson and Landreth, 2006). Thus, inflammation and 
oxidative stress play a cridcal role in the disease process and 
anti-inflam m atory and antioxidant strategies are likely to 
have enormous therapeutic potential for AD patients. Other 
factors that are thought to contribute to the pathophysiology 
of AD include dysregulation of intracellular calcium homeo
stasis and excitotoxicity (Lal'erla, 2002). Cholinergic neurones 
are particularly vulnerable in AD and current therapeutics 
include acetylcholinesterase (AChE) inhibitors that aim to 
enhance acetylcholine (ACh) availability. However, such 
drugs are only suitable for the mild cognitive impairment 
that occurs early in the disease and no treatments are 
currently available to reverse the progression of the disease.

Cannabinoid system in the brain

The discovery of an endogenous cannabinoid (CB)-signalling 
system in the brain has prompted much research into  
understanding how this system regulates physiological and 
pathological events w ith in  the central nervous system. The 
endocannabinoid molecules, 2-arachidonoyl glycerol and 
anandamide, interact w ith  the G-protein-coupled cannabi
noid receptors, CBi and CB2 . These receptors are also 
activated by phytocannabinoids, such as A®-tetrahydrocan- 
nabinol (A^-THC), isolated from the Cannabis sativa plant. 
The action of endocannabinoids at their receptors is 
terminated by enzymatic degradation of the endocannabi
noids, or by membrane transport (Piomelli, 2003). Early 
reports indicating a potential role for the cannabinoid system 
in the management of AD are based on the finding that 
Dronabinol, an oil-based solution of A®-THC, improves the 
disturbed behaviour and stimulates appetite in AD patients 
(Volicer et al., 1997), and alleviates nocturnal agitation in 
severely demented patients (Walther et al., 2006). More 
recently, an increasing body of evidence has accumulated to 
suggest antioxidant, anti-inflammatory and neuroprotective 
roles of the cannabinoid system Qackson et al., 2005). 
Such properties may be harnessed to circumvent the

neurodegenerative process and offer more effective ap
proaches to treat AD (Pazos et al., 2004). In this review the 
recent experimental evidence that highlights the potential of 
the cannabinoid system to alleviate some of the pathology 
and cognitive decline associated w ith  AD will be discussed.

The cannabinoid system in the AD brain

The CB] receptor is abundant w ith in  the brain and 
associated w ith  the cortex, hippocampus, cerebellum and 
basal ganglia (Herkenham et al., 1991). CBj receptors in the 
hippocampus contribute to the effect of cannabinoids on 
learning and memory (Riedel and Davies, 2005); cognitive 
processes, which are disrupted early in the course of AD. CB2  

receptors have a more lim ited expression in the central 
nervous system, being largely confined to neurones w ith in  
the brainstem (Van Sickle et al., 2005), cerebellum (Ashton 
e ta l., 2006) and microglia (Nunez e ta l., 2004). Post-mortem  
studies of AD brains have detected increased expression of 
CBi and CB2  receptors on microglia w ith in  the senile plaque, 
while CBi expression is reduced in neurones more remote 
from the plaque (Ramirez et al., 2005). Also, cannabinoid  
receptors in the AD brain are nitrosylated, and this may 
contribute to the impaired coupling of these receptors to 
downstream effector signalling molecules (Ramirez et al., 
2005). Other studies have failed to establish a link between 
changes in CBi receptors in the AD brain and the specific 
pathological events that take place in this illness (Westlake 
et al. 1994), and report no changes in expression of CBi 
receptors in the vicinity of the senile plaque (Benito et al., 
2003). However, the endocannabinoid metabolizing en
zyme, fatty acid amide hydrolase, is upregulated in the 
senile plaque (Benito et al., 2003), and may contribute to the 
increase in expression of anandamide metabolites, such as 
arachidonic acid, in the vicinity of the senile plaque. Such 
a pathway may be involved in increasing the production  
of prostaglandins and related pro-inflam m atory molecules 
that are pertinent to the inflam m atory process of AD. The 
association of fatty acid amide hydrolase w ith  astrocytes 
w ith in  the senile plaque may participate in the astrocytic 
events that culm inate in the reactive gliosis that is observed 
;in regions rich in Ap deposits (Wyss-Coray, 2006).

Cannabinoids mediate neuroprotection

Neuronal damage can increase the production of endocanna
binoids (Stella et al., 1997; Marsicano et al., 2003), and cells 
lacking CBj receptors are more vulnerable to damage 
(Marsicano et al., 2003). Those studies indicate that neural 
cannabinoid tone influences neuronal survival and suggest 
that augmentation of the cannabinoid system may offer 
protection against the deleterious consequences of patho
genic molecules such as Ap. Recently, Ap has been demon
strated to induce hippocampal degeneration, gliosis and 
cognitive decline, w ith  a concomitant increase in the 
production of the endocannabinoid, 2-arachidonoyl glycerol, 
and this may reflect an attempt of the endocannabinoid 
system to provide neuroprotection from AP-induced damage
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(Van Der Stelt e ta i,  2006). Furthermore, in that study, when 
endocannabinoid uptake was inh ib ited by VDM-11, the 
Ap-induced neurotoxicity and memory im pairm ent were 
reversed, although this was dependent upon early adminis
tra tion o f the reuptake inhib itor. Those findings suggest that 
robust and early pharmacological enhancement of brain 
endocannabinoid levels may protect against the deleterious 
consequences of A(3. Other endocannabinoids, such as 
anandamide and noladin ether, have been found to reduce 
AP neurotoxicity in vitro via activation o f the CBj receptor and 
engagement the extracellular-regulated kinase pathway 
(M ilton, 2002). Thus, endocannabinoids can reverse the 
negative consequences o f exposure to Ap, and such findings 
suggest that drugs designed to augment endocannabinoid 
tone, includ ing inhib itors o f membrane uptake and fatty acid 
amide hydrolase inhibitors, may have potential in  the 
treatment of AD. However, the study by Van Der Stelt et al. 
(2006) cautions that the tim ing  of endocannabinoid upregu- 
lation by pharmacological in tervention in relation to the 
time-course of development of the disease pathology is 
crucial, since adm inistration of VDM-11 later in  the patholo
gical cascade actually worsens memory retention in  rodents. 
Also, the physiological role of the cannabinoid system in 
m nem onic processes should not be underestimated. In the 
hippocampus CBi receptor activation is negatively associated 
w ith  the performance of rodents in  memory tasks (Castellano 
et al., 2003), possibly via a reduction in  hippocampal ACh 
levels (G ifford et al., 2000), while the CBi antagonist, 
SR141716A improves performance in memory tasks (W olff 
and Leander, 2003). Furthermore, the im pairm ent in  memory 
evoked by Ap in  rodents is reversed by SR141716A (Mazzola 
et al., 2003), suggesting that CB, receptor blockade may be 
beneficial in reversing the amnesia associated w ith  AD. 
However, given the evidence for a neuroprotective role of 
the CB, receptor (Marsicano et al., 2003; Alger, 2006), CBi 
antagonists pose the risk of exacerbating the neurodegenera- 
tive component of the disease, which may negate the 
beneficial effects o f such drugs on amnesia.

Cannabinoids and excitotoxicity

The dysregulation o f intracellular homeostasis (Smith 
et al., 2005) and excessive activation o f the JV-methyl 
D-aspartate (NMDA) subtype of glutamate receptor, leading 
to excitotoxicity, are features of the AD brain (Sonkusare 
et al., 2005). A ll o f the c lin ical m utations in  the presenilin 
genes (PS1/PS2) that have been linked w ith  the inherited 
form  o f AD disrupt calcium signalling (Smith et al., 2005), 
w h ich may contribute to subsequent neurodegeneration and 
memory impairments (Rose and Konnerth, 2001). Also, Ap 
can itself directly increase voltage-dependent Ca^"^ channel 
activ ity  (MacManus et al., 2000), as well as form ing Ca^*- 
permeable pores in lip id  bilayers (Arispe et al., 1993), to 
increase intracellular Ca^^ concentration as part o f the 
pathogenic mechanism. Ap also reduces glutamate uptake by 
astrocytes and increases the activation o f glutamate recep
tors to evoke excito tox ic ity  (Sonkusare et al., 2005). Thus, 
strategies that reduce Ca^"^ in flu x  and lim it exc ito tox ic ity  
may confer neuroprotection in AD. The non-com petitive

NMDA receptor antagonist, mem antine (Namenda, Ebixa) is 
used in  the treatm ent of moderate to severe AD (Cosman 
et al., 2007), and its beneficial properties are based on an 
ab ility  to in h ib it  pathological, but no t physiological, func
tions o f NMDA receptors, as well as an tiox idan t action and a 
propensity to increase production o f brain-derived neuro- 
troph ic factor in  the brain (Sonkusare et al., 2005). 
M anipu la tion o f the cannabinoid system has several con
sequences that m irro r those observed w ith  memantine. 
Thus, the protective effects o f some cannabinoids are related 
to the direct regulation o f the NMDA receptor, since the non
psychotropic cannabinoid, HU-211, acts as a stereoselective 
in h ib ito r o f the NMDA receptor and protects rat forebrain 
cultures (Nadler et at., 1993) and cortical neuronal cultures 
(Eshhar et al., 1993) from  NMDA-induced neurotoxicity. 
Furthermore, activation of the CBj receptor protects mouse 
spinal neurons (Abood et al., 2001) and cultured hippocam 
pal neurones (Shen and Thayer, 1998) from  excitotoxicity, 
possibly through in h ib itio n  of presynaptic Ca^* entry 
(Mackie and Hille, 1992; Tw itchell et al., 1997) and the 
subsequent suppression o f excessive glutamatergic synaptic 
activ ity (Shen and Thayer, 1998; Takahashi and Castillo, 
2006). CB) receptor agonists also in h ib it  glutamate release, 
w hich may contribute to a reduction in  exc ito tox ic ity  
(Wang, 2003). The evidence for a Ca^’^-dependent synthesis 
of anandamide and 2-arachidonoyl glycerol (Di Marzo et al., 
1994; Stella et al., 1997) would suggest that endocannabi
noids are generated in response to an in tracellular Ca^’̂  load 
in  an attempt to provide feedback in h ib it io n  o f excito toxi
city. In this regard it  is notable that endocannabinoid 
upregulation is a feature of a number of neurotoxic 
paradigms that are associated w ith  elevated intracellular 
Ca^^ concentration (Hansen et al., 2001). Alternative 
mechanisms that are pivota l to cannabinoid-mediated 
protection include in h ib itio n  o f [Ca^"^]! by reducing calcium 
release from  ryanodine-sensitive stores (Zhuang et al., 2005), 
in h ib itio n  o f prote in kinase A and reduced n itric  oxide 
generation (Kim etal., 2006). Like memantine, cannabinoids 
are also capable o f increasing brain-derived neurotrophic 
factor to confer protection against exc ito tox ic ity  (Khaspekov 
et al., 2004). In non-neuronal cells, the induction  of nerve 
growth factor is also facilitated by cannabinoids, acting 
through the PI3K/PKB pathway (Sanchez et al., 2003), and 
activation o f the CB, receptor by the endocannabinoid, 
2-arachidonoyl glycerol, can also couple to an axonal growth 
response, whereas CB, receptor antagonists in h ib it axonal 
growth (W illiams et al., 2003). Thus, dampening excessive 
glutamatergic transmission and excitotoxicity, coupled w ith  
neurotrophic actions, may represent interesting actions of 
cannabinoids that could be exploited for the treatment o f AD.

Cannabidiol prevents Ap-mediated neurotoxicity

Cannabidiol (CBD) is the principal non-psychoactive com 
ponent o f Cannabis sativa, w ith  potent an tioxidant proper
ties that offer neuroprotection against glutamate tox ic ity  
(Hampson etal., 1998). In differentiated PC12 cells exposed 
to AP, CBD reduces the induction  o f inducible n itric  oxide 
synthase (iNOS), n itr ic  oxide production and activation of
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the stress-activated protein kinase p38 and the inflam m atory 
transcrip tion factor, nuclear factor-KB (Esposito etal., 2006a),'- 
prov id ing evidence for a CBD-mediated downregulation of 
the in flam m atory signalling events associated w ith  exposure 
to Ap. As well, CBD reduces Ap-induced neuronal cell death 
by v irtue o f its ab ility  to scavenge reactive oxygen species 
and reduce lip id  peroxidation; an tioxidant properties that 
occur independently o f the CBj receptor (luvone et al.,
2004). CBD also reverses tau hyperphosphorylation, a key 
hallm ark o f AD, by reducing phosphorylation of glycogen 
synthase kinase-3p, a tau protein kinase responsible for the 
tau hyperphosphorylation in  AD (Esposito et al., 2006b). 
Moreover, since glycogen synthase kinase-3 p also evokes 
am yloid precursor protein processing to increase Ap produc
tion  (Phiel et al., 2003), the CBD-mediated in h ib itio n  of 
glycogen synthase kinase-3p is likely to be effective in 
reducing the am yloid burden. Thus, from  such in vitro 
studies one can speculate that CBD may be therapeutically 
beneficial in  AD, since it can prevent the deleterious effects 
o f Ap and ameliorate several features of AD pathology, 
inc lud ing tau hyperphosphorylation, oxidative stress, neuro
in flam m ation  and apoptosis. W hether such actions of CBD 
are retained in  the AD brain remains to be established, and 
experiments to test the effect of CBD in  the various 
transgenic animal models of AD are eagerly awaited. In the 
meantime, reports that CBD is effective as an antioxidant 
and neuroprotectant in  an animal model o f Parkinson's 
disease (Lastres-Becker et al., 2005), and ora lly effective in  a 
rat model o f chronic in flam m ation (Costa et al., 2007), lend 
support to its potentia l therapeutic value in  AD, There are a 
number o f advantages o f CBD as a therapeutic agent for AD; 
it is devoid o f psychoactive activ ity and since CB receptors 
are nitrosylated in the AD brain, a feature that may hinder 
CB receptors coupling to the ir downstream effectors (Ramirez 
et al., 2005), a therapy that does not depend on signalling 
through CB receptors may have a distinct advantage. Sativex 
is a cannabinoid-based oromucosal spray, contain ing CBD 
and THC, tha t is devoid of tolerance or w ithdrawal symptoms 
(Perez, 2006), This therapy is already available for the 
treatment o f neuropathic pain and m ultip le  sclerosis and 
may be exploited in the future for the treatment of AD,

CB2 receptors and neuroinflammation

The CB2  receptor is largely confined to glial cells in  the brain 
(Nunez et al., 2004), although some studies have reported 
CB2  receptors in neuronal populations w ith in  the brainstem 
and cerebellum (van Sickle et al., 2005; Ashton etal., 2006). 
CB2  receptors have been im plicated in the contro l o f neural 
survival (Fernandez-Ruiz et al., 2007) and mediate neuropro
tection through the ir an ti-in flam m atory actions (Ehrhart 
et al., 2005), CB2  receptors are upregulated in activated 
m icroglia and astrocytes, and this upregulation is proposed 
to contro l the local production of pro in flam m atory media
tors such as interleukin-1 p, reactive oxygen species and 
prostaglandins. In the AD brain and in animal models o f AD- 
like pathology, CB2  receptors are upregulated w ith in  the 
active m icroglia present in those brain regions where senile 
plaques are abundant (Benito et al., 2003; Ramirez et al..

2005), The upregulation o f CB2  in  such pathological 
situations may be an attem pt to reduce neuro inflam m ation 
since CB2  receptor activation in vitro reduces the m icroglial 
production o f pro-in flam m atory molecules (Facchinetti 
et al., 2003), Such contro l in  the production of in flam m atory 
mediators may be due to a direct impact on activ ity  of 
transcription factors, such as nuclear factor k B  (Panikashvili 
et al., 2005; Esposito etal., 2006a), Thus, the neuroprotective 
mechanisms o f cannabinoids are like ly  to include a down
regulation in  activ ity  o f the transcription factors tha t are 
pertinent to induction of the pro-in flam m atory cytokines 
tha t serve as key players in  neurodegenerative disease, w h ile 
also stim ulating the production o f an ti-in flam m atory species 
such as IL -lra  (M olina-Holgado et al., 2003), The m anipula
tion  o f such in flam m atory pathways may be exploited for 
the treatm ent o f AD, In support of this contention, Ramirez 
et al. (2005) have demonstrated tha t in  rats treated w ith  Ap, 
the induction  of AD-like pathology and cognitive im pair
ment, is reversed by the CB1 /CB2  agonist, W lN,55212-22 
and the CB2 -selective agonist, JWH-133, Since the CB2  

receptor was on ly  associated w ith  activated m icroglia located 
w ith in  the plaque, those authors have suggested that the CB2  

receptor may be a prom ising target for AD by v irtue o f its 
ab ility  to serve as a brake for the neuro inflam m atory cascade 
that is a feature of AD. CB2  agonists offer the advantage of 
being devoid o f psychoactivity, a lthough it  is im portant to 
recognize that they may have other side effects such as 
im m une suppression (Pertwee, 2005), which would be 
undesirable in an elderly population,

Cannabinoids and neurogenesis in the adult brain

Another exciting mechanism that could account for the 
ab ility  of cannabinoids to confer neuroprotection may be 
related to the ir regulation of neurogenesis. Adult neurogen
esis can occur in  the dentate gyrus o f the hippocampus and 
the subventricular zone (Grote and Hannan, 2007), resulting 
in  the presence o f newly generated neurones. In several 
mouse models of AD neurogenesis is reduced (Dong et al., 
2004), although it should be noted that in  the post-mortem 
AD brain, neurogenesis is increased Qin eta l., 2004), Factors 
that enhance neurogenesis, such as dietary restriction and 
upregulation o f brain-derived neurotrophic factor, enhance 
neurogenesis and improve the memory performance in 
animal models o f AD (Lee et al., 2000), Thus, targeting adult 
neurogenesis is receiving interest as a means to m itigate 
the symptoms o f AD, In this regard it  is notable that the 
cannabinoid system also regulates neurogenesis (Galve- 
Roperh et al., 2007), Adu lt neurogenesis is defective in  mice 
lacking CBj receptors (Jin et al., 2004), and the synthetic 
cannabinoid, WIN55212-2, stimulates adult neurogenesis by 
opposing the antineurogenic effect o f n itric  oxide (Kim et al.,
2006), Also, the CBi agonist HU-210 has anxio lytic and 
antidepressant effects, w h ich may be a functiona l conse
quence o f enhanced neurogenesis Qiang et al., 2005). CB2  

receptor activation also stimulates neural progenitor p ro li
feration in vitro and in vivo (Palazuelos et al., 2006), and 
targeting neurogenesis via the CB2  receptor would avoid 
undesired psychoactive side effects. Thus, the neuroprotective
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effects o f cannabinoids m ay involve short-term  adaptation  
to neuronal stress, such as lim itin g  excitotoxicity, as w ell as 
longer-term  adaptations, such as enhancing neurogenesis. It 
rem ains to be established w hether or no t the beneficial effects 
o f cannabinoids on m emory, neuro in flam m atio n  and neuro- 
degeneration in  an im al models o f A D  are due to a functional 
consequence o f an enhancem ent in  neurogenesis.

Targeting acetylcholinesterase with cannabinoids

C urrently  there are four approved drugs (tacrine, Cognex; 
donepezil, Aricept; rivastigmine, Exelon; galantam lne, Remi- 
nyl) th a t are used to alleviate the symptoms of early stage A D  
by in h ib itin g  the active site of AChE, thus increasing the levels 
of ACh at the synaptic cleft and enhancing cholinergic 
transmission. In  addition, AChE accelerates that assembly of 
Ap peptides in to  fibrillar species by form ing complexes w ith  A(3 
via the peripheral anionic site on AChE (Inestrosa et al., 1996), 
an interaction that increases the neurotoxicity o f the A(3 fibrils 

(Alvarez et a l ,  1998). Thus, AChE inhibitors offer a tw o 
pronged attack for the treatment of AD by virtue of their ability  
to enhance A C h availability, as well as reduce amyloidogenesls 
and subsequent neurotoxicity. A recent study has dem on
strated that A^-THC com petitively Inhibits AChE and prevents 
the AChE-induced aggregation of Ap by virtue o f A^-'l'HC 
binding to the peripheral anionic site on AChE (Eubanks et al., 
2006), Com pared w ith  tacrine and donepezil, A^-THC was 
found to be m ore robust inhib itor of Ap aggregation, suggest
ing that A^-THC and its analogues warrant further investigation  
as AChE inhibitors for use in the treatm ent o f AD.

the sym ptom s o f o ther diseases in  w h ic h  n e u ro in flam m a
tio n , ox ida tive  stress and neurodegeneration  are key fea
tures, such as m u ltip le  sclerosis and Parkinson's disease. 
Benito et al. (2 007) have reported th a t com ponents o f the  
cannab in o id  system are upregulated in  m u ltip le  sclerosis 
(M S) plaques, suggesting th a t endocannab ino ids e ith er have  
a role in  th e  pathogenesis o f M S or m ay be upregulated as a 
consequence o f th e  patho logy. MS is associated w ith  
e x c ito to x ic ity  (P itt et al., 2000; S m ith  et al., 20 00) and  
n e u ro in fla m m a tio n  (Ziemssen, 2005), and these represent 
features o f th e  disease th a t cannabinoids m ay be able to  
circum vent. In  en cephalom yelitis  v irus-induced d em yelin a t- 
Ing disease, an an im a l m odel o f MS, th e  m ixed  cannab in o id  
agonist H U 2 1 0  reduces axonal dam age and im proves m o to r  
fu n c tio n  as a consequence o f a co n co m itan t ac tiva tion  o f the  
CB] receptor in  neurones and CB 2  in  astrocytes (Docagne  
et al., 2007). O th er studies in  an im a l m odels o f M S have 
dem onstrated a role for the CB 2  receptor in  en han cin g  T-cell 
apoptosis (Sanchez et a l ,  2 0 06 ) and suppressing m icroglia l 
ac tiva tion  (E hrhart et al., 2005), w h ile  th e  C B i receptor is 
associated w ith  neurop ro tection  (Pryce and Baker, 2007). 
Such neuropro tective and a n tio x id a n t properties o f canna
binoids also u n derlie  th e ir  a b ility  to reverse th e  m oto r  
deficits in an im a l m odels o f Parkinson's disease (Lastres- 
Becker et al., 2005; G arcia-A rencib ia et al., 2007), and lend  
support o f a p o ten tia l role for cannabinoid-based therapies  
to  m itigate th e  sym ptom s o f a range o f neurodegenerative  
conditions.

Conclusion

Do cannabinoids have a role for the treatment of 
other neurodegenerative conditions?

It  is also w o rth  considering how  the aforem entioned  
properties o f cannabinoids m ay be beneficial in  am elio ra tin g

Alzheim er's disease is a devastating illness for w h ich  there is 
no cure. C u rren t A D  drugs, w h ich  serve as AChE inh ib itors, 
have a n u m b er o f unpleasant side effects such as hepato- 
to x ic lty  and gastroin testinal disturbances. W h ile  the N M D A  
receptor antagonist, m em a n tin e , can m o d ify  th e  disease, 
it  cannot reverse the process o f neurodegeneration.
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F ig u r e  1 P o te n t ia l  sites o f a c t io n  o f  th e  c a n n a b in o id  s y s te m  fo r  th e  t r e a t m e n t  o f  A D . A c t iv a t io n  o f  th e  C B 2 r e c e p to r  re d u c e s  th e  f o r m a t io n  o f  

re a c t iv e  o x y g e n  s p ec ies  (R O S ) a n d  th e  re le a s e  o f  in te r le u l< in - l p f r o m  m ic r o g lia ,  th u s  e x e r t in g  a n  a n t i - in f la m m a to r y  e ffe c t . In  n e u ro n e s ,  
a c t iv a t io n  o f  th e  C B , r e c e p to r  re d u c e s  in tra c e llu la r  C a ^  c o n c e n tr a t io n  ( [C a ^  ' ] i ) ,  p ro te c ts  a g a in s t  o x id a t iv e  stress a n d  re d u c e s  in f la m m a to r y  

s ig n a llin g  b y  in h ib i t io n  o f  n u c le a r  f a c to r  kB . C B i a c t iv a t io n  a lso  in h ib its  g lu ta m a t e  re le a s e  to  r e d u c e  e x c i to to x ic i ty ,  a n d  e n h a n c e s  n e u r o t r o p h in  

e x p re s s io n  a n d  n e u ro g e n e s is . C B D  is n e u r o p r o te c t iv e  a n d  a n t i - in f la m m a to r y  in a  C B  r e c e p to r - in d e p e n d e n t  m a n n e r ,  a n d  a ls o  re d u c e s  ta u  

p h o s p h o r y la t io n .  A ’ -T H C  in h ib its  A C h E , re s u ltin g  in  e n h a n c e d  c h o l in e r g ic  tra n s m is s io n  a n d  re d u c e d  a m y lo id o g e n e s ls .  A D ,  A lz h e im e r ” d ise a se ;  

A C h E , a c e ty lc h o lin e s te ra s e ; C B , c a n n a b in o id ;  C B D , c a n n a b in o id ;  A ’ -T H C , A ^ - te t r a h y d r o c a n n a b in o l .
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M a n i p u l a t i o n  o f  t h e  c a n n a b i n o i d  p a t h w a y  offers  a n o v e l  
p h a r m a c o l o g i c a l  a p p r o a c h  for t h e  t r e a t m e n t  o f  AD t h a t  m a y  
b e  m o r e  e ff ica c io u s  t h a n  c u r r e n t  t r e a t m e n t  r eg im es .  C a n n a 
b i n o i d s  c a n  re d u c e  th e  o x id a t iv e  stress, n e u r o i n f l a m m a t i o n  
a n d  a p o p to s i s  t h a t  is e v o k e d  b y  A(3, w h i l e  p r o m o t i n g  th e  
b ra in 's  i n t r i n s i c  repa ir  m e c h a n i s m s .  C e r t a in  c a n n a b in o id s ,  
s u c h  as A’ -THC, m a y  also in c rease  A C h  av a i lab i l i ty  a n d  
r e d u c e  a m y lo id o g e n e s is ,  a l t h o u g h  p o te n t i a l  p s y c h o a c t iv e  
s ide  effec ts  m a y  h i n d e r  its c l in ica l  u se fu lness .  C a n n a b i n o id s  
c lea r ly  o f fe r  a m u l t i f a c e te d  a p p r o a c h  for  t h e  t r e a t m e n t  of  
AD a n d  f u tu r e  s tud ies  s h o u ld  focus  o n  e x a m i n i n g  th e  
eff icacy  o f  c a n n a b i n o i d s  in  t h e  a r ra y  o f  a n i m a l  m o d e l s  t h a t  
e x h ib i t  AD-like p a th o lo g y  a n d  c o g n i t iv e  d e c l in e .  T a rg e t in g  
t h e  CB 2  r e c e p to r  to  red u ce  n e u r o i n f l a m m a t i o n  w h i le  
s t i m u l a t i n g  n e u ro g e n e s is  is l ikely to  b e  o f  p a r t i c u l a r  in te res t ,  
g iv en  t h e  r e d u c e d  risk o f  p sy c h o a c t iv e  ac t iv i ty  a n d  t h e  close 
a s so c ia t io n  o f  t h e  CB 2  r e c e p to r  w i th  t h e  sen i le  p la q u e ,  t h u s  
l im i t in g  d r u g  effects to  t h e  r eg io n  o f  p a t h o l o g y  a n d  s p a r in g  
t h e  p o t e n t i a l  for w id e s p re a d  effects o n  n o r m a l  n e u r o p h y s io -  
logical  p rocesses .  In c o n c lu s io n ,  m a n i p u l a t i o n  o f  t h e  
c a n n a b i n o i d  sy s tem  offers t h e  p o t e n t i a l  t o  u p r e g u la t e  
n e u r o p r o t e c t i v e  m e c h a n i s m s  w h i le  d a m p e n i n g  n e u r o i n 
f l a m m a t i o n .  W h e t h e r  th e s e  p ro p e r t i e s  will  be  ben e f ic ia l  in 
t h e  t r e a t m e n t  o f  AD in t h e  fu tu re  is a n  e x c i t in g  to p ic  t h a t  
u n d o u b t e d l y  w a r ra n t s  f u r th e r  in v e s t ig a t io n  (Figure 1).
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The m aternal use of cannabis during pregnancy results in a num ber of cognitive deficits in 
the  offspring th a t persist into adulthood. The endocannabinoid system  has a role to play in 
neurodevelopm ental processes such as neurogenesis, m igration and synaptogenesis. 
However, exposure to phytocannabinoids, such as A®-tetrahydrocannabinol, during 
gestation may interfere with these events to cause abnorm al patterns of neuronal wiring 
a n d  s u b s e q u e n t  co g n itiv e  im p a irm e n ts .  A b e rra n t cell d e a th  evoked  by A^- 
tetrahydrocannabinol may also contribute to cognitive deficits and in cultured neurones 
A^-tetrahydrocannabinol induces apoptosis via the CBj cannabinoid receptor. In this study 
we report that A^-tetrahydrocannabinol (5-50 nM) activates the  stress-activated protein 
kinase, c-jun N-terminal kinase, and the pro-apoptotic protease, caspase-3, in in uitro 
cerebral cortical slices obtained from the neonatal ra t brain. The proclivity of Â - 
tetrahydrocannabinol to im pact on these pro-apoptotic signalling m olecules was not 
observed in in uitro cortical slices obtained from the adult ra t brain. In uiuo, subcutaneous 
adm inistration of A^'-tetrahydrocannabinol (1-30 mg/kg) activated c-jun N-term inal kinase, 
caspase-3 and cathepsin-D, and induced DNA fragm entation in the cerebral cortex of 
neonatal rats. In contrast, in uiuo adm inistration of A^-tetrahydrocannabinol to adult rats 
was not associated with the apoptotic pathw ay in the cerebral cortex. The data provide 
evidence which supports the hypothesis th a t the neonatal rat brain is more vulnerable to 
the neurotoxic influence of A^-tetrahydrocannabinol, suggesting th a t the  cognitive deficits 
th a t are observed in hum ans exposed to m arijuana during gestation m ay be due, in part, to 
abnormal engagem ent of the apoptotic cascade during brain developm ent.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

A ^-Tetrahydrocannabinol (A^-THC) is the  principal psychoactive 
cannabinoid  m oiety  in  the  Indian h em p  p lan t C a n n a b is  satiua 
(m arijuana). A^-THC exerts its psychoactive effects th rough  
activation of the  central cannabinoid (CB) receptor subtype 
CBi, w hich is located  in several brain  regions including th e  
cerebral cortex (H erkenham  e t a l,  1991; Mailleux and  Vander-

haeghen, 1992). The CBi recep tor is expressed  in th e  fetal and 
early p o stn a ta l b ra in  (Berrendero e t a l ,  1999; Rodriguez de 
Fonseca e t al., 1993) b u t its expression  p a tte rn  varies during 
developm ent (Fernandez-Ruiz e t al., 2000; Berrendero e t al., 
1999) and  th is is co n sisten t w ith  a role for th e  cannabinoid  
system  in controlling even ts p e rtin en t in neural developm ent 
(Harkany et al., 2007). P renata l exposure  to m ariju an a  in 
h u m an s is associated  w ith  deficits in  executive function  and

‘ Corresponding author. Fax: -^353 1 6793545.
E-mail address: vacmpbll@tcd.ie (V.A. Campbell). .
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v isuospatia l working m em ory th a t persist into adu lthood  (Fried 
and  Sm ith, 2001; Sm ith e t al., 2006). Also, in  an im al studies, 
exposure to CBi recep tor agonists during  gestation  reduces 
g lu tam aterg ic  transm ission  (Mereu e t al., 2003) and  causes 
deficits in lea rn in g  and  em otional reactiv ity  in adu lthood  
(Antonelli e t al., 2005). Thus, w hilst a neu rodevelopm ental role 
for endocannabino ids is becom ing clear, aberran t activation  of 
such  pa th w ay s by exogenous phytocannabino ids m ay  have 
u n desired  consequences on  the  developing b rain  leading to 
cognitive im p a irm en ts  in la te r life. M arijuana is a com m only  
used  drug  o f abuse a lthough the  poten tial of th e  drug  to  e lid t 
neurotoxicity  is controversial (Same and M echoulam , 2005). In 
adults, chronic recreational use  o f m arijuana  has been  linked 
w ith  m orpholog ical ch an g es in b ra in  s tru c tu re s  th a t are 
indicative of toxicity (Lawston et al., 2000; Scallet, 1991). fMRI 
stud ies have show n a reduction  in frontal w h item a tte r  volum e 
in c an n a b is  a b u se rs  (Sch iaepfer e t al., 2006) a n d  heavy  
m arijuana  users were found to have reduced grey m atte r  in 
th e  parah ippocam pal gyrus and reduced w hite m a tte r  in th e  left 
parie ta l lobe, as well as o th er structu ral changes (M atochik e t al,, 
2005). Som e of those deleterious effects of m ariju an a  m ay  be 
re la ted  to a ltera tions in pathw ays involved in  th e  contro l of 
neurogenesis, synaptogenesis and w iring (Harkany et al., 2007), 
im paired  m yelination  (Schiaepfer e t al., 2006) o r possibly 
ab erran t n eu ronal death . W e have previously reported  th a t  Â - 
THC evokes p rogram m ed cell death  (apoptosis) in cu ltu red  cor
tical n eu ro n es via activation of th e  stress-activated  protein  
kinase, c-jun N -term inal kinase (JNK) and  caspase-3 (Campbell, 
2001; Dow ner e t a l,  2003, 2007). In spite o f the a forem entioned  
deleterious effects of A^-THC, neuroprotective p roperties of 
cannabino ids have also been  reported. Thus, A^-THC protects 
n eu rones against excito toxid ty  both in uitro (Gilbert e t al., 2007) 
and  in vivo  (Raman et al., 2004) and has an ti-ox idan t (Ham pson 
e t al., 1998) and  an ti-in flam m atory  actions (Lyman e t al., 1989) in 
th e  b rain  w hich lend  suppori for cannabino id-based  approaches 
to trea t adu lt neurodegenerative  disorders.
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Fig. 1 -  Developm ental changes in  CBi receptor expression  in  
rat cerebral cortex. (A) A significant increase in  CBi receptor 
expression  w a s observed in the cortices of adolescen t and 
adult rats com pared to the cortices o f neonatal rats. Results 
are expressed  as m ean±SEM  for 6 observations, **P<0.01, 
’P<0.05, ANOVA and post hoc Student-N ew m an-K euls test. 
(B) Sam ple W estern im m unoblot dem onstrating CBi receptor 
expression  in cortices obtained from neonatal (lane 1), 
adolescent (lane 2) and adult (lane 3) rats. Actin im m unoblots  
confirm equal protein loading.

Given th e  d icho tom y in th e  lite ra tu re  o f neu ropro tective  
ve rsu s neuro tox ic  effects o f  A®-THC, th e  a im  of th is  s tu d y  w as 
to com pare  th e  proclivity  o f A®-THC to  couple to th e  b io
chem ical ha llm ark s o f apoptosis , nam ely  activation  of th e  
s tress-ac tiv a ted  p ro te in  k inase, c-jun  N te rm in a l k inase  (JNK), 
caspase-3  an d  DNA frag m en ta tio n , in  th e  n eo n a ta l and  ad u lt 
ra t cerebral cortex.

2. Results

2.1. CBi receptor expression

Fig. 1 d em o n s tra te s  th a t  th e  CBi can n ab in o id  recep to r is ex 
p ressed  in th e  n eo n a ta l ra t cerebral cortex  an d  th a t  its ex p res
sion  level is sign ifican tly  in creased  in  th e  cerebral cortex  o f 
ad o lescen t an d  a d u lt ra ts  (P<0.01, ANOVA, n = 6). T his re su lt is 
in accordance w ith  M ato e t al. (2003), w h o  rep o rted  a p ro g res
sive in crease  in  n eu ro n al CBi recep to rs from  p ren ata l stages to 
adulthood.

2.2. A®-THC couples to activation of JNK and caspase-3  in
cerebral cortices prepared from  neonatal, but not adult, rat 
brain

W hen cerebral cortical slices from  th e  n eo nata l ra t w ere incu 
ba ted  w ith A^-THC for 2 h  in uitro a dose -d ep en d en t increase  in 
activation o f JNK (Fig. 2A) and caspase-3  (Fig. 2C) w as observed. 
Thus, exposure to 5 hM and  50 nM A®-THC evoked a significant 
increase in expression of phospho-JNK com pared to vehicle 
(P<0.01, ANOVA, n = 5) and  th is w as abrogated by th e  CBi 
an tagon ist AM251 (10 nM; Fig. 2B). Similarly, A^-THC, a t 5 and 
50 nM, significantly increased  caspase-3  activity from  277 ± 
99 pm ol AFC p roduced /m g/m in  (m ean ± SEM) to 1417 ± 161 pm ol 
AFC p roduced /m g/m in  (P<0.05, ANOVA, n = 5) an d  1756±490 
,(P<0.01, ANOVA, n = 5), respectively. T he increase  in  caspase-3 
activity evoked by A^-THC (5 jiM) w as abolished by th e  CBj 
an tagon ist /\M251 (Fig. 2D). T he activation  of th is apoptotic  
pa th w ay  in  in uitro slices from  th e  n eo n ata l cerebral cortex is 
co n sisten t w ith  our previous cell cu ltu re  stud ies in  w hich we 
have d em o n s tra ted  th a t  A^-THC activates JNK an d  caspase-3 in  
cu ltu red  cortical n eu rones (Campbell, 2001; Dow ner e t al., 2003, 
2007).

In c o n tra s t  to  A®-THC evoking  ac tiv a tio n  o f JNK and  
caspase-3  in  th e  cortical slices p rep ared  from  n eo n a ta l rats, 
cortical slices p rep ared  from  th e  a d u lt ra t w ere less su scep 
tible to th e  A^-TFlC-induced activation  of JNK (Fig. 3A) and  
caspase-3  (Fig. 3B). Only a t th e  h ig h es t co n cen tra tio n  of A^- 
THC (50 nM) w as a sign ifican t in crease  in  phospho-JNK ex
pression  observed  (P<0.01, ANOVA, n = 5) an d  no in d uction  of 
caspase-3  activ ity  w as observed a t any  of th e  co n cen tra tio n s 
of A^-THC exam ined .

2.3. In uiuo, A®-THC couples to JNK and caspase-3  
activation, and  DNA fragm entation  in the neonatal, but not 
adult, cerebral cortex

W e also so u g h t to  ex am ine  w h e th e r  th e  in creased  ability o f A -̂ 
THC to couple to th e  b iochem ical p a th w ay s asso c ia ted  w ith  
apoptosis in  th e  n eo n ata l, b u t no t adu lt, cerebral cortex w as
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Fig. 2 -  A®-THC couples to activation of JNK and capase-3 via CBi receptor in neonatal rat cerebral cortex in uitro. (A) Cortical 
slices obtained from neonatal rat pups were treated with increasing concentrations of A®-THC (5 nM-50 nM) for 2 h and JNK 
phosphorylation was assessed by Western immunoblot. A significant increase in phospho-JNK expression was observed 
following treatment with A®-THC at concentrations of 5 (iM and 50 jiM. Exposure of slices to 5 nM and 0.5 (vM A®-THC had no 
effect on phospho-JNK expression. Results are expressed as mean±SEM for 5 independent observations, *P<0.05, compared to 
vehicle control, ANOVA and post hoc Student-Newman-Keuls test. (B) When cortical slices obtained from neonatal rats were 
pre-incubated with AM 251 (10 |iM) for 30 min prior to A®-THC (5 (iM, 2 h) the A®-THC-induced increase in phospho-JNK 
expression was abolished. Results are expressed as mean±SEM for 5 observations, 'P<0.05, ANOVA and post hoc 
Student-Newman-Keuls test. (C) Cortical slices obtained from neonatal rat pups were treated with increasing concentrations of 
A^-THC (5 nM-50 |.iM) for 2 h and caspase-3 activity assessed by fluorogenic assay. A significant increase in caspase-3 
activity was observed following treatment with A -̂THC at concentrations of 5 )iM and 50 )iM. Results are expressed as mean ± 
SEM for 6 independent observations, *P<0.05, **P<0.01, compared to vehicle control, ANOVA and post hoc 
Student-Newman-Keuls te s t (D) When cortical slices obtained from neonatal rats were pre-incubated with AM 251 (10 nM) for 
30 min prior to A -̂THC (5 )iM, 2 h) the A^-THC-induced increase in caspase-3 activity was abolished. Results are expressed as 
mean±SEM for 6 observations, "P<0.01, ANOVA and post hoc Student-Newman-Keuls te s t

apparent following adm inistration of A^-THC in uiuo (Fig. 4). In 
neonatal rat pups, A^-THC (10 mg/kg, s.c.) increased phospho- 
JNK immunoreactivity in the cerebral cortex compared to 
vehicle-treated controls (Fig. 4A) and significantly increased 
caspase-3 activity from 396 ±55 pmol AFC produced/mg/min 
to 818±97 pmol AFC produced/mg/min (P<0.01, Student's u n 
paired t-test, n = 9; Fig. 4B), Also, A^-THC (1-30 mg/kg, s.c.) sig
nificantly increased the activity of cathepsin-D from 0.31 ± 
0.06 U/mg protein/min (mean ± SEM) to 0.77 ±0.16 U/mg pro- 
tein/m in (F<0.05, ANOVA, n = 4; A®-TFiC 1 mg/kg) and 1.45± 
0.21 U/mg protein/min (P <0.01, ANOVA, n=4; A^-THC 30 mg/kg; 
Fig. 4C) and enhanced the cytosolic expression of cathepsin-D 
(Fig. 4C inset). Thus in uiuo, peripheral adm inistration of Â - 
THC couples to the activation of biochem ical pathw ays

associated  w ith  cell death  in the  neona ta l ra t cerebral 
cortex. In con trast, w hen adu lt ra ts  w ere adm in istered  Â - 
THC peripherally  (1-30 mg/kg, s.c.) no activation  of JNK, 
caspase-3 or cathepsin-D  w as observed (Figs. 4D-F). Togeth
er, th e se  d a ta  provide ev idence th a t  acu te  p eriphera l 
adm in istra tion  of A^-THC activates a biochem ical pathw ay 
associated  w ith  cellular stress in neonata l, bu t no t adult, ra t 
cortices in uiuo.

In order to evaluate the influence of A®-THC on viability of 
cells w ithin the cerebral cortex of neonatal and adult rats, the 
slices were analysed for DNA fragm entation, a hallm ark of 
apoptosis (Fig. 5). In the cerebral cortex of neonatal rats, A®- 
TFIC (10 mg/kg s.c.) substantially increased DNA fragm enta
tion (Fig. 5A, iv) compared to anim als treated  w ith vehicle
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Fig. 3 -  A®-THC d o es no t affect c asp ase -3  activity  in  th e  a d u lt ra t  cereb ral co rtex  in uitro. (A) Cortical slices o b ta in ed  from  a d u lt 
ra ts  w e re  in cu b a ted  w ith  in creas in g  co n cen tra tio n s o f A^-THC (5 nM -50 |iM ) for 2 h  a n d  JNK p h o sp h o ry la tio n  w a s  a s se s s e d  b y  
W e s te rn  im m u n o b lo t. A sign ifican t in crease  in  phospho-JN K  e x p re ss io n  w a s  o b se rv ed  on ly  fo llow ing tre a tm e n t w ith  THC a t 
th e  h ig h e s t  co n cen tra tio n  of 50 nM . E xposure  of s lices to 5 nM , 0.5 fiM a n d  5 (iM A®-THC h a d  n o  effect on  phospho-JN K  
e x p re ss io n . R esu lts are e x p re ssed  a s  m ean±SEM  for 5 in d e p e n d e n t  o b se rv a tio n s, **P<0.01, co m p ared  to  veh ic le  control, 
ANOVA a n d  p o s t  hoc S tu d en t-N ew m an -K eu ls  test. (B) E xposure  o f cortical slices o b ta in ed  from  th e  a d u lt  ra t  to in creas in g  
c o n c e n tra tio n s  o f A®-THC (5 nM -50 (xM) for 2 h  h a d  no  affect on  casp ase -3  activity . R esu lts a re  e x p re ss e d  a s  m ean±S E M  for 6 
in d e p e n d e n t  observations.

(Fig, 5A, i). However, A^-THC only had a m odest effect on the 
am ount of DNA fragmentation observed in adult rat cortices 
(Fig. SB). This observation supports the contention that the 
neonatal brain is more vulnerable to the neurotoxic influence 
of A^-THC.

3 . D i s c u s s io n

The aim  of this study was to examine the relationship be
tw een the stage of brain developm ent and the potential for A®- 
THC to couple to activation of a stress response, namely 
activation of JNK and caspase-3; enzymes tha t have previously 
been found to be involved in mediating the pro-apoptotic 
effect of A^-THC in cultured neurones (Campbell, 2001; Downer 
et al., 2003, 2007), In our in uitro studies, A®-THC induced the 
activation of JNK and caspase-3 in the cerebral cortex isolated 
from the neonatal rat, via activation of the CBj receptor. In 
contrast, cortical slices obtained from the adult ra t brain were 
less susceptible to the A^-THC-induced activation of JNK and 
caspase-3, A sim ilar profile was observed in the in uiuo study, 
in w hich neonatal rat cortices were more vulnerable than, 
adult ra t cortices to the activation of JNK, caspase-3, cathep- 
sin-D, and DNA fragmentation following an acute peripheral 
adm inistration of A^-THC. Thus, in spite of the increase in CBi 
receptor expression in the adult cerebral cortex compared to 
the neonatal cerebral cortex, the activation of the apoptotic 
pathw ay by A^-THC is less robust in the adult rat cerebral 
cortex. These data therefore indicate th a t the neonatal 
cerebral cortex is more vulnerable to the neurotoxic profile 
of A^-THC, at least within the 2-h tim efram e investigated in 
this study. In hum ans, one third of the plasm a A^-THC is 
estim ated to cross the placental barrier and if one considers 
tha t the neonatal rat brain is a model of the developing hum an 
brain during the third trim ester of pregnancy, our data suggest

tha t the im m ature cerebral cortex in utero may be vulnerable 
to A®-THC-induced neurotoxicity at this critical phase in brain 
developm ent. It is also im portant to note tha t chronic expo
sure of the adult brain to A®-THC causes structural changes 
(Matochik et al,, 2005) tha t m ay relate to degenerative events. 
Thus, we cannot exclude the possibility th a t the reduced 
coupling of A®-THC to the apoptotic cascade observed in the 
adult cerebral cortex may relate to a slower induction of apo- 
ptosis which would not have been apparent w ithin the 2- 
h exposure tim e used in this study.

The central CBi cannabinoid receptor is one of the m ost 
abundantly expressed neuronal receptors and is locahsed in 
brain regions m ost likely involved in the psychoactive effects 
of A^-THC, including the cerebral cortex (Tsou et al,, 1998; 
Mailleux and V anderhaeghen, 1992), The CBi receptor is 
expressed in the fetal and early postnatal brain (Berrendero 
et al,, 1999; Rodriguez de Fonseca et al,, 1993) but its expression 
pattern  varies during developm ent (Fernandez-Ruiz et al., 
2000; Berrendero et al,, 1999), A lthough th is m ay have 
im portant im plications in term s of a modulatory role of the 
cannabinoid system  in neurobiological processes, in particular 
neural developm ent, overstim ulation of cannabinoid recep
tors at critical stages of developm ent m ay have damaging 
consequences on nervous system  functioning. Indeed, several 
studies have show n tha t prenatal and early postnatal expo
sure to A^-THC produces long-term abnorm alities in brain 
function and behaviour (Garcia et al,, 1996; Navarro et al,, 
1995), Some of these long-term consequences of early expo
sure to A®-THC m ay be related to deleterious effects on 
astroglial m aturation which contribute to fetal brain growth 
retardation (Suarez et al,, 2004) or changes in the developm ent 
of certain neurological pathw ays (Rodriquez de Fonseca et al,, 
1992), Chronic exposure to A^-THC or m arijuana extracts as 
well as to synthetic cannabinoids (Lawston et al,, 2000), alter 
the structure of the rat hippocam pus. Although apoptotic
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Fig. 4 -  Peripheral administration of A®-THC increases JNK and caspase-3 activity in the neonatal, but not adult, cerebral cortex. 
Neonatal (A-C) or adult p-F) rats received subcutaneous (s.c.) injections of A®-THC (10 mg/kg). (A) Phospho-JNK expression in 
the cerebral cortex was assessed as an index of JNK activity in cryostat sections using fluorescence microscopy. Images of 
phospho-JNK expression in (i) cerebral cortex of vehicle-treated neonatal rats compared to (ii) cerebral cortex of A^-THC-treated 
neonatal rats which shows intense phospho-JNK immunoreactivity. Arrows indicate phospho-JNK immunoreactive cells. Scale 
bar is 25 (im. (B) In neonatal rats administered A®-THC (10 mg/kg, s.c.) a significant increase in caspase-3 activity in the cerebral 
cortex w as observed. Results are expressed as the mean±SEM for 9 observations, **P<0.01, Student’s t- te s t (C) In neonatal rats 
administered A -̂THC (1-30 mg/kg, s.c.) a significant increase in cytosolic cathepsin-D activity in the cerebral cortex was 
observed. Results are expressed as the mean±SEM for 4 observations, ’P<0.05, **P<0.01, ANOVA and post hoc 
Student-Newman-Keuls test. Inset; a sample immunoblot demonstrating the increase in cytosolic expression of the 52-kOa 
and 34-kDa forms of cathepsin-D in the cerebral cortex following administration of A®-THC (30 mg/kg, s.c.) to neonatal rat 
(lane 2), compared to vehicle-treated animals (lane 1). (D) Phospho-JNK expression in the cerebral cortex was unaffected 
following subcutaneous administration of A -̂THC (10 mg/kg) to adult rats. Fluorescence images of phospho-JNK expression in 
(i) cerebral cortex of vehicle-treated adult rats and (ii) cerebral cortex of A^-THC-treated adult rats. Scale bar is 25 (im. (E) In adult 
rats administered A -̂THC (10 mg/kg, s.c.) no change in caspase-3 activity in the cerebral cortex was observed. Results are 
expressed as the mean±SEM for 9 observations. (F) In adult rats administered A®-THC (1-30 mg/kg, s.c.) no change in cytosolic 
cathepsin-O activity in the cerebral cortex was observed. Results are expressed as the mean±SEM for 4 observations.

p a ram ete rs  w ere no t identified in those  stud ies, th e  au th o rs  
conclude th a t  th e  m orphological changes in th e  h ippocam pus 
are  ind ica tive  o f cannabinoid  neurotoxicity . Szoke e t al, (2002) 
have  also sh o w n  th a t neonatal ra ts  in jec ted  w ith  an an d am id e  
sh o w  ev idence  of m itochondrial dam age, w hich m ay  reflect 
can n ab in o id  toxicity. CB-, recep tor an tagon ists p ro tect against 
NM DA-induced excitotoxicity in vivo providing fu rth er evi
d ence  th a t  th e  cannabinoid  sy s tem  h as th e  proclivity to 
co n tribu te  to  neu ro n al dam age (Hansen e t a l ,  2002).

T he JNK a n d  casp ase -3  s ig n a llin g  p a th w ay s  ac tiv a ted  by 
A^-THC in  th e  n e o n a ta l b ra in  in uiuo re p o rte d  h e re w ith  are  
consistent w ith the  cannabinoid-induced apoptotic signalling 
m echanism s th a t we have previously described in cultured 
neurones (Downer et al., 2003). In this study w e have also 
identified th a t peripheral adm inistration  of A^-THC increases the 
cytosolic expression and activity o f th e  lysosom al protease, 
cathepsin-D  in th e  neonatal ra t cerebral cortex. Lysosomal 
p e rm eab ilisa tio n  is an  u p s tre a m  e v e n t in  ap o p to s is  (Kagedal



Fig. 5 -  P e rip h era l ad m in is tra tio n  o f A^-THC in c re a ses  DNA ^ g i n e n ta t io n  in  th e  n eo n a ta l, b u t  n o t ad u lt, cereb ra l cortex . 
N eo n ata l (A) o r a d u lt (B) ra ts  received su b c u ta n e o u s  (s.c.),inj^ctjions o f A®-THC (10 m g/kg) a n d  afte r 2 h  c ry o sta t se c tio n s  o f th e  
cereb ra l co rtex  w e re  p re p are d  a n d  s ta in e d  fo r DNA f rag m en ta tio n  u s in g  b y  TUNEL. Cells w ith  frag m e n te d  DNA s ta in e d  g reen  
a n d  th e  H o esch t s ta in  labe lled  nucle i b lu e . (A) In th e  n e o n a ta l irats ad rh in is te red  A^-THC a n  in c re ase  in  DNA frag m e n ta tio n  w a s  
o b se rv ed  in  th e  cerebral co rtex  (iv) c o m p ared  to  v eh ic le -trea ted  ra ts  (i). P an e ls  ii a n d  v  re p re se n t H oesch t s ta in in g  in  th e  cerebral 
c o rtex  o f v e h ic le -trea ted  a n d  A®-THC-treated n e o n a ta l ra ts , respec tive ly . P an e ls  iii a n d  vi re p re se n t d o u b le  lab e llin g  o f DNA 
f rag m e n ta tio n  (green) an d  H oesch t s ta in in g  (blue) in  th e  cerebral co rtex  o f v e h ic le -trea ted  a n d  A^-THC-treated n e o n a ta l  ra ts, 
re spec tive ly . (B) In th e  ad u lt ra ts  a d m in is te re d  A^-THC, DNA f rag m en ta tio n  in  th e  cereb ral co rtex  (iv) w a s  co m p arab le  to 
v e h ic le -trea te d  ra ts  (i). P anels ii a n d  v  re p re se n t  H oesch t s ta in in g  in  th e  cereb ral co rtex  of v eh ic le -trea te d  a n d  A®-THC-treated 
a d u lt ra ts , respec tive ly . P anels iii a n d  vi re p re se n t  d o u b le  labe lling  o f DNA frag m e n ta tio n  (green) a n d  H oesch t s ta in in g  (blue) in 
th e  cereb ral co rtex  of v eh ic le -trea ted  a n d  A®-THC-treated a d u lt ra ts , respec tive ly .

et al., 2005) and leads to the release of lysosom al cathepsin  
enzym es into the cytosol w hich in tu rn  participate in the 
apoptotic cascade (Schestkowa et a l, 2007). This pathw ay is 
im plicated in the physiological cell death  th a t occurs during 
embryonic developm ent (Zuzarte-Luis et al., 2007), In terest
ingly in m acrophages, A^-THC has been reported to increase

cathepsin activity via the CBj receptor (Matveyeva et al., 2000), 
The data presented herein provide evidence for A®-THC coupling 
to the lysosomaVcathepsin system in the brain in uiuo. It is 
interesting to speculate th a t w hen the im m ature brain is 
exposed to A^-THC following m aternal use of marijuana, 
aberrant activation of the cathepsin pathw ay may evoke
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excessive neuronal apoptosis that may contribute, in part, to the 
cognitive deficits observed in adulthood.

A number of in uitro and in vivo  experiments have described 
differential effects of cannabinoids on cell viability (Chan 
el a l, 1998; Downer et al., 2007; Galve-Roperh et al., 2000; Sinor 
et al., 2000; Van der Stelt et a l, 2001). This study has demon
strated that the proclivity of A -̂THC to couple to the apoptotic 
pathway is more robust in the neonatal rat cerebral cortex, 
compared to the adult cerebral cortex. The finding that the 
immature rat brain is more vulnerable to the toxicity of Â - 
THC may underlie the cognitive deficits that occur following 
gestational exposure to cannabis in humans (Fried and Smith, 
2001; Smith et al., 2006) and the data inform the growing 
debate about the teratogenic potential of cannabis.

4. Experimental procedure

All animals used were an inbred strain of male Wistar rat 
supplied by the Bio Resources Unit, Trinity College, Dublin, 

i Four- to seven-day-old rat pups (8-13 g), 20- to 2S-day-old‘ 
adolescent rats (70 g) and 3- to 4-month-old adult rats (180- 

j 250 g) were maintained under a 12-h light-dark cycle with food' 
I  (normal laboratory chow) and water available ad libitum. 

Ambient temperature was controlled between 22 and 23 °C. 
All animal experimentation was performed under a licence 
granted by the Minister for Health and Children (Ireland) under 
the Cruelty to Animals Act, 1876 and the European Community 
Directive, 86/609/EC. In the in  u i u o  experiments rats were 
anaesthetised by intraperitoneal (i.p) injection of urethane 

I (1.5 g/kg). The absence of a pedal reflex was used to confirm 
deep anaesthesia. The A -̂THC group received subcutaneous 
injections (0.05 ml/10 g body weight) of 1 mg/kg, 10 mg/kg or 
30 mg/kg A®-THC in vehicle (5% absolute alcohol, 5% Cremo- 
phor EL and 90% sterile saline) and the control group received 
injections of vehicle alone. Rats were killed by decapitation 2 h 
post treatment and the right cerebral cortex removed for 
analysis of caspase-3, cathepsin-D and JNK activity. Cryostat 
sections (50 nm) of the left cerebral cortex were prepared for 
immunocytochemical staining of phospho-JNK and analysis of 
DNA fragmentation.

For the in uitro experiments, rats (4- to 7-day-old pups or 3- 
month-old adults) were killed by decapitation and the cerebral 
cortex was sliced (350 nm) and placed in microfuge tubes 
containing HEPES-buffered saline (145 mM NaCl, 5 mM KC},
1 mM MgCl2 , 2 mM CaCl2 , 1 mM Mg2 S0 4 , 1 mM KH2 PO4 , 10 mM 
glucose, 30 mM HEPES, pH 7.4) and A -̂THC (5 nM-50 nM) or 
vehicle (0.007% methanol (v/v)). Slices were incubated for 2 h at 
37 “C with agitation. In some experiments cortical slices were 
pre-incubated with the CBi receptor antagonist, AM 251 (l-(2,4- 
dichlorophenyl)-5-(4-iodophenyl]])-4-methyl-N-(l-piperidyl) 
pyrazole-3-carboxamide) 30 min before treating with A®-THC.

4.1. Protein quanti/ication using the B rad ford  a s s a y

Protein standards were prepared from stock solution of 
1000 Hg/ml bovine serum albumin (ESA; Sigma-Aldrich, Dorset, 
UK). Samples (10 jil) and standards (10 |il) were added to a 96- 
well plate (Sarstedt, Wexford, Ireland) in duplicate and Bio-Rad 
dye reagent concentrate (1:5 dilution in dH2 0 , 200 nl; Bio-Rad,

Hertfordshire, UK) was added to both and absorbance was 
assessed at 600 nm using a 96-well plate reader (Labsystems 
Multiskan RC). The concentration of protein in samples was 
calculated from the regression line plotted (Instat 2.03) from 
the absorbance of the BSA standards.

4.2. Western immunoblot for a n a ly s is  o f  CBj recep tor, 
phospho-JNK a n d  cathepsin-D

Cortices were lysed in buffer (25 mM HEPES, 5 mM MgCl2 , 5 mM 
EDTA, 5 mM dithiothreitol, 0.1 mM PMSF, 5 n^m l pepstatin A, 

, 2 Hg/ml leupeptin, 2 n^m l aprotinin, pH 7.4). The tissue was 
centrifuged (15,000xg for 20 min at 4 °C) and the supernatant 
diluted to 50 ng protein/ml with sample buffer (150 mM Tris- 
HCl pH 6 .8 , 10% v/v glycerol, 4% w/v SDS, 5% v/v p- 
mercaptoethanol, 0.002% w/v Bromophenol Blue). Samples 
were then heated to 100 °C for 3 min. Proteins (10 Hg per lane) 
were separated by electrophoresis on a 1 0 % polyacrylamide 
minigel, transferred to nitrocellulose membrane and immu- 
noblotted with a goat polyclonal CBi receptor antibody (Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA) and secondary 
antibody (anti-goat IgC) conjugated to horseradish peroxidase; 
or an anti-active JNK monoclonal antibody (1:1000, Santa Cruz 
Biotechnology Inc., California) purified from mouse serum, 
which recognises the active forms of JNK following phosphor
ylation on Thr-183 and Tyr-185 and secondary antibody (anti
mouse IgC) conjugated to horseradish peroxidase; or an anti- 
cathepsin-D polyclonal antibody raised in rabbit (Calbiochem, 
Darmstadt, Germany) which recognises the 52-kDa pro-form 
and the 34-kDa active subunit of cathepsin-D and secondary 
(anti-rabbit IgG) conjugated to horse radish peroxidase. Bands 
were visualised by chemiluminescence (Supersignal, Pierce, 
Leiden, Netherlands). Blots were stripped and re-probed for 
actin or total JNK, where appropriate, to normalise protein 
loading and band widths were quantified by densitometry (D- 
Scan PC software).

4.3. Cathepsin-D actiuity

Cathepsin-D was purified from cytosolic fractions of neonatal 
and adult cortical tissue using a 96-well plate coated with 
monoclonal anti-cathepsin-D antibody. The cathepsin-D ac
tivity was then detected using an internally quenched 
fluorescent cathepsin-D substrate peptide, Mca-Gly-Lys-Pro- 
lle-Leu-Phe-Arg-Leu-Lys-(Dnp)-D-Arg-NH2 . Release of the 
fluorescent product, Mca-Gly-Lys-Pro-Ile-Leu-Phe was deter
mined fluorometrically at excitation of 328 nm and emission 
of 393 nm. Cathepsin-D activity was read from a standard 
curve of affinity purified cathepsin-D enzyme.

4.4. Caspase-3 analysis

Cleavage of the fluorogenic caspase-3 substrate (DEVD- 
aminofluorocoumarin (AFC); Alexis Corporation, USA) to its 
fluorescent product was also used to measure caspase-3 
activity. Following treatment with THC, cortices were lysed 
in buffer (25 mM HEPES, 5 mM MgCl2 , 5 mM DTT, 5 mM EDTA,
2 mM PMSF, 10 ng/ml leupeptin, 10 ng/ml pepstatin; pH 7.4), 
subjected to 3 freeze-thaw  cycles and centrifuged at 
10,000 rpm for 10 min at 4 °C. Samples of supernatant (90 nl)
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w e re  in c u b a te d  w ith  th e  DEVD p e p tid e  (500 nM; 10 jil) fo r 1 h  a t  
30 °C. In c u b a t io n  b u ffe r (900 |il; 100 m M  HEPES c o n ta in in g  ' 
10 m M  DTT; pH  7.4) w as a d d e d  a n d  f lu o rescen ce  w a s  a s se s se d  
(e x c ita tio n , 400 n m ; em iss io n , 505 nm ),

4 .5 . T d T -m e d ia te d  U TP-end nick labelling  (TUNEL)

A p o p to tic  ce ll d e a th  w a s  a s s e s se d  u s in g  th e  D ead  End^“ 
F lu o ro m e tr ic  a p o p to s is  d e te c tio n  sy s te m  (P rom ega C o rp o ra 
tio n , M a d iso n , USA), T issu e  se c tio n s  w e re  fixed  w ith  p a ra fo r 
m a ld e h y d e  (4%), p e rm e a b ilise d  w ith  triton-X lO O  (0.1%), an d  
b io tin y la te d  n u c le o tid e  w as  in c o rp o ra te d  a t  3 '-0 H  DNA e n d s  
u s in g  th e  e n z y m e  T e rm in a l d eo x y n u c le o tid y l T ra n s fe ra se  
(TdT). F lu o re sc e in - la b e lle d  s tre p ta v id in  th e n  b o u n d  to  th e  
b io tin y la te d  n u c le o tid e  a n d  th is  w as v isu a lis e d  by  f lu o re s c e n t 
c o n fo c a l m ic ro sc o p y  (Zeiss LSM 510-META) u s in g  th e  48 8 -n m  
a rg o n /2  la s e r  w ith  th e  fo llo w in g  sc a n  co n fig u ra tio n s ; la se r  
o u tp u t  50%, t r a n sm is s io n  5%, b a n d  p a s s  filte r  505-530, b e a m  
s p l i t te r  488/543, d e te c to r  g a in  719, am p lifie r  g a in  1, a m p lifie r  
o f fs e t -0 .1 4 , p in h o le  96 n m  (1 A iry un it)  a n d  16 sc a n  av e rag es . 
H o e sc h t s ta in in g  o f  n u c le i w as  v isu a lise d  u s in g  th e  543-nm  
h e liu m  n e o n  la se r.

4 .6 . S ta t is t ic s

D ata  a re  re p o r te d  a s  th e  m ean ± S E M  of th e  n u m b e r  o f  e x p e r i
m e n ts  in d ic a te d  in  each  case . S ta tis tic a l a n a ly s is  w a s  c a rr ie d  
o u t  u s in g  o n e -w a y  a n a ly s is  o f  v a r ia n c e  (ANOVA) fo llow ed  by 

th e  p o s t  h o c  S tu d e n t-N g w m a n -K e u ls  te s t  w h e n  sig n if ican ce  
(at th e  0.05 level) w a s  in d ic a te d . W h e n  c o m p a r iso n s  w ere  
b e in g  m a d e  b e tw e e n  tw o t r e a tm e n ts ,  a n  u n p a ire d  S tu d e n t 's  t- 
t e s t  w a s  p e r fo rm e d  an d  P<0.05 o r P<0.01 w a s  c o n s id e re d  
s ig n if ic a n t.
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Abstract

Cannabis is the most commonly used illegal drug o f abuse in Western society. A®-tetrahydrocannabinol, the psychoactive ingredient o f 
marijuana, regulates a variety o f  neuronal processes including neurotransmitter release and synaptic transmission. An increasing body o f  evidence 
suggests that cannabinoids play a key role in the regulation o f  neuronal viability. In cortical neurons tetrahydrocannabinol has a neurodegenerative 
effect, the mechanisms o f which are poorly understood, but involve the cannabinoid receptor subtype, C B |. In this study we report that 
tetrahydrocannabinol (5 nM ) evokes a rapid phosphorylation, and thus activation, o f  the tumour suppressor protein, p53, in a manner involving the 
cannabinoid CBj receptor, and the stress-activated protein kinase, c-jun N-terminal kinase, in cultured cortical neurons. Tetrahydrocannabinol 
increased expression o f the p53-transcriptional target, Bax and promoted Bel phosphorylation. These events were abolished by the p53 inhibitor, 
pifithrin-a (100 nM). The tetrahydrocannabinol-induced activation o f  the pro-apoptotic cysteine protease, caspase-3, and DNA fragmentation was 
also blocked by pifithrin-a. A siRNA knockdown o f p53 further verified the role o f p53 in tetrahydrocannabinol-induced apoptosis. This study 
demonstrates a novel cannabinoid signalling pathway involving p53 that culminates in neuronal apoptosis.
© 2007 Elsevier B.V, All rights reserved.

Keywords: Tetrahydrocannabinol; p53; Apoptosis

1. Introduction

A®-tetrahydrocannabinol (THC) is the principal psychoac
tive ingredient o f the Indian hemp plant, Cannabis saliva, and 
can evoke a variety o f central effects such as memory impair
ments, analgesia, and changes in locomotor activity (Iversen, 
2003), via activation of the cannabinoid CBj receptor which is 
widely distributed in the brain (Herkenham et a!., 1991). The 
cannabinoid CB) receptor is G protein-coupled and linked to the 
regulation of Ca "̂  ̂ and ion channels, the mitogen-activated 
protein kinase pathway and regulation o f adenylyl cyclase 
(Howlctt ct a l ,  2004). THC has been reported tp induce cell 
death in glioma cells (GaK'c-Roperh et al., 2000) and neurons, 
(Downer et al., 2003) via generation of ceramide and activation 
of c-jun N-terminal kinase, respectively, however the exact 
molecular basis for THC-induced apoptosis in the brain remains 
to be fully elucidated. p53 is a nuclear phospho-protein that acts 
as a tumour suppressor providing a protective effect against
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tumour growth (Zciniig ct al., 2001). A range of stress stimuli 
such as cytotoxic drugs, metabolite deprivation, physiological 
damage, and heat shock leads to p53 activation (Blatt and Click, 
2001) which in turn plays an important role in the regulation of 
stress-mediated G1 cell cycle arrest in order to enable DNA 
repair, or alternatively to induce apoptosis (Levine, 1997). 
However, as most neurons are in a post-mitotic state (Miller 
et al., 2000), the cell cycle regulatory function o f p53 is absent. 
Hence, in post-mitotic neurons exposed to a toxic insult, the 
regulation of p53 expression is largely associated with mecha
nisms underlying cellular apoptosis rather than recovery from 
the insult (Enokido et al., 1996; Jordan et al., 1997). A role for 
p53 has been demonstrated for neuronal apoptosis induced by 
A(i (Fogarty et al., 2003), excitotoxicity (Culmsee et al., 2001), 
and oxidative stress (Shibata et al., 2006).

Normal cellular p53 concentrations are low due to its short 
half-life and metabolic instability when inactivated (Evan and 
Littlewood, 1998). Although it is still largely unknown how p53 
regulates growth arrest and apoptosis, it has been shown that 
phosphorylation plays an important role in regulating the 
biological activities o f p53 (Hen' and Debatin, 2001). The
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phosphorylation state o f  p53 is controlled by a large number o f  
proteins including c-jun N-terminal kinase (JNK; Blatt and 
Glick, 2001), a kinase we have previously shown to be pertinent 
in THC-induced apoptosis (Downer et al., 2003). Once phos- 
phorylated, the stability o f  the p53 protein is increased, allowing 
it to act as a transcription factor to upregulate the gene encoding ■’ 
the pro-apoptotic Bcl-2 family member, Bax, and repress the 
anti-apoptotic Bcl-2 gene (Miyashita and Reed, 1995). Bax is an 
integral membrane protein bound to organelles or a soluble 
protein found in the cytoplasm (Welter et al., 1997). Following 
cell damage, Bax can translocate to the mitochondrial mem
brane (Wolter el al,. 1997) to regulate cytochrome c transloca
tion to the cytosol (Kim et al., 2001) and subsequent activation 
o f the executioner cysteine protease, caspase-3. In contrast to 
Bax, Bcl-2 is an anti-apoptotic mitochondrial-associated protein 
that prevents Bax-induced cytochrome c translocation and re
sultant cell death by inhibiting Bax redistribution from the 
cytoplasm to the mitochondria (Muiphy et al., 2000).

The aim o f  this study was to determine if  THC impacts on 
p53 signalling in cultured cortical neurons and to determine the 
contribution o f  p53 to THC-induced apoptosis. Specifically, the 
role o f  p53 in THC-induced Bax expression, caspase-3 acti
vation and DNA fragmentation was assessed. To address this 
question we used the reversible p53 inhibitor, pifithrin-a, which 
has been shown to have anti-apoptotic effects in a number o f  
systems (Gudkov, 2005) by preventing p53 transactivation 
(Komarov el al., 1999) and inhibiting Bax expression (Culmsee 
et al., 2001). More recently, pifithrin-a has been demonstrated 
to inhibit p53 phosphorylation and subsequent apoptosis (Chua 
et al., 2006). Further evaluation o f  the role o f  p53 in THC- 
induced apoptosis was assessed by employing a siRNA knock
down approach.

2. Materials and methods

2.J. Culture o f  cortical neurons

Primary rat cortical neurons were established as described 
previously (MacManus et al., 2000) and maintained in neuro- 
basal medium (Gibco BRL, Paisley, Scotland), Rats were deca
pitated in accordance with institutional and national ethical 
guidelines and cerebral cortices removed. The dissected cortices 
were incubated in phosphate-buffered saline (PBS) containing 
trypsin (0.25%) for 2 min at 37 °C. The tissue was then tritu
rated (x5) in PBS containing soyabean trypsin inhibitor (0,1%) 
and DNAse (0,2 mg/ml) and gently filtered through a sterile 
mesh filter. Following centrifugation, 2000 xg for 3 min at 
20 °C, the pellet was resuspended in neurobasal medium, sup
plemented with heat inactivated horse serum (10%), penicillin 
(100 U/ml), streptomycin (100 U/ml) and glutamax (2 mM). 
Suspended cells were plated out at a density o f  0.25 x 10® cells 
on circular 10 mm diameter coverslips, coated with poly-L- 
lysine (60 jig/ml), and incubated in a humidified atmosphere 
containing 5% CO2 : 95% air at 37 °C. After 48 h 5 ng/ml 
cytosine-arabino-fiiranoside was included in the culture medi
um to prevent proliferation o f  non-neuronal cells. Culture media 
were exchanged every 3 days and cells were grown in culture

for 12 days prior to THC treatment. All protocols concerning 
animal use were approved by the institutional ethics committee.

2.2. D rug treatment

THC was obtained under licence from Sigma-Aldrich Com
pany Ltd and diluted to the required concentration with warmed 
culture media. Absolute alcohol was used as vehicle control 
(vcon) for THC. Cells were incubated with the cannabinoid CB| 
receptor antagonist, AM 251 (l-(2,4-dichlorophenyl)-5-(4- 
iodophenyl]])-4-methyl-A^-( 1 -piperidyl)pyrazole-3-carboxa- 
mide; 1 |j,M) for 30 min prior to THC treatment. The p53 
inhibitor, pifithrin-a (Calbiochem, Germany) was made up as a 
1 mM stock in dimethylsulphoxide and diluted to a final con
centration o f  50 nM in culture medium. Cells were exposed to 
pifithrin-a for 60 min prior to THC treatment. Pifithrin-a is a 
cell permeable highly lipophilic molecule that efficiently in
hibits p53-dependent transactivation o f  p53-responsive genes 
and reversibly blocks p53-mediated apoptosis (Culmsee et al., 
2001). The cell permeable D-JNK inhibitor 1 (Alexis Biochemi- 
cals, Switzerland) was stored as a 1 mM stock in sterile PBS and 
diluted to a final concentration o f  1 nM in warm culture media. 
Neurons were pre-incubated with D-JNK inhibitor 1 for 30 min 
before treating with THC.

2.3. Western im m unoblotfor analysis ofp53, phospho-p53, Bax, 
p-Bcl-2 expression

Following incubation with THC, cortical neurons were har
vested in lysis buffer (20 mM HEPES, 10 mM KCl, 1.5 mM 
TvlgCl2 , I mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, 
0.1 mM PMSF, 5 ng/ml pepstatin A, 2 |u.g/ml leupeptin, 2 ng/ml 
aprotinin, pH 7.4) and left on ice for 20 min. The cells were 
centrifuged (15,000 xg  for 20 min at 4 °C) and the supernatant 
was diluted to 50 |jg protein/ml with sample buffer (150 mM 
Tris-HCl pH 6.8, 10% v/v glycerol, 4% w/v SDS, 5% v/v fi- 
mercaptoethanol, 0.002% w /v Bromophenol Blue). Samples 
were then heated to 100 °C for 3 min. Proteins (1 ng per lane) 
were separated by electrophoresis on a 10% polyacrylamide 
minigel, transferred to nitrocellulose membrane and immuno- 
blotted with an the appropriate primary antibody.

For Bax, membranes were incubated with a rabbit polyclonal 
Bax antibody (DAKO Corporation, Carpinteria, CA, U SA) that 
recognises amino acids 43 -6 1  o f  Bax (1:200 dilution in TBS 
containing 0.1% tween, 0.1% BSA; w/v) followed by a horse 
radish peroxidase-conjugated anti-rabbit IgG (1:2000 dilution in 
Tris-buffered saline containing 0.1% Tween X I00 (TBS-T) and 
0.1% BSA (w/v); Sigma, Dorset, UK). Bcl-2 phosphorylation 
(p-Bcl) was assessed using a rabbit polyclonal anti-phospho- 
Bcl-2 antibody (Oncogene, Boston, MA, USA) that recognises a 
peptide corresponding to amino acids 8 1 -9 4  o f  bcl-2 (1:250 
dilution in TBS-T containing 0.1% BSA; w/v), followed by 
horse radish peroxidase-conjugated goat anti-rabbit IgG (1:1000 
dilution in TBS containing 0,1% tween, 0.1 % BSA (w/v); Santa 
Cruz Biotechnology Inc, Santa Cruz, CA, USA). To monitor 
total p53 expression (t-p53) and p53 phosphorylation (p-p53), 
anti-p53 polyclonal antibody (Santa Cruz Biotechnology Inc,
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California) and anti-phospho®^'^'^ p53 (1: 1000, Cell Signaling  
Technology, Inc.) polyclonal antibodies purified from rabbit 
serum were used. Im m unoreactive bands were detected using  
the horseradish peroxidase-conjugated anti-rabbit IgG and en
hanced chem ilum inescence. The chem ilum inescent detection  
chem ical (SuperSignal Ultra; Pierce, Leiden, Netherlands) was 
added and the blotting paper exposed  photographic film  (H y- 
perfilm , Am ersham , Buckingham shire, United K ingdom ) and 
developed using a Fuji X-ray processor. In all cases quantifi
cation o f  protein bands exposed  onto photographic film  w as 
achieved by densitom etric analysis using ZERO -Dscan Im age 
A nalysis system  (Scanalytics, M assachusetts, U SA ). Values are 
expressed as arbitrary units. B lots were stripped with an anti
body stripping solution (R eblot Plus Strong antibody stripping 
solution; C hem icon, California, U S A ) and reprobed for actin, 
total p53 or total-Bcl expression, where appropriate, in order to 
confirm  equal loading o f  protein. L evels o f  phospho-p53 and 
phospho-BcI were norm alised to t-p53 and t-B cl, respectively. 
Bax expression was norm alised to actin.

2.4. Immunocytochemistry

F ollow ing treatment the cells were fixed with 4%  parafor
m aldehyde, perm eabilised w ith 0.2%  Triton X -100  and non
reactive sites were b locked with 10% goat serum, 4% bovine  
serum albumin in TBS. To determ ine the expression o f  phos- 
phorylated p53, the cells  were incubated overnight with an anti- 
p53 antibody, w hich recognises the phosphorylated form o fp 5 3  
(̂ 353**̂ '̂̂ ; Cell Signalling T echnology) purified from rabbit 
serum. For analysis o f  B ax expression, cells were incubated 
overnight with a m onoclonal primary antibody raised against 
am ino acids 1 -1 7 1  o f  Bax o f  m ouse origin (1:500 dilution in 
TB S containing 10% blocking buffer (v/v); Santa Cruz B iotech
nology Inc, Santa Cruz, C A , U SA ). The cells were'then washed  
in TBS and incubated in the dark with horse biotinylated ariti- 
m ouse IgG (1:50 in 10% blocking buffer (v/v); Vector Labora
tories Inc., CA, U S A ) or goat biotinylated anti-rabbit IgG 
(Vector Laboratories) for 1 h at room  temperature. C ells were 
subsequently  incubated w ith ExtrAvidin® FITC (S igm a- 
Aldrich). C over slips were m ounted using Vectashield® fluo
rescent m ounting m edia  (Vector Laboratories). For Bax, 
m ounted coverslips w ere v iew ed  under x 4 0  m agnification by  
fluorescence m icroscopy (Leitz Orthoplan M icroscope, Leica 
M icrosystem s A G , Wetzlar, Germ any) using Im provision soft
ware (Im provision, Coventry, UK ). C ells w ere observed under 
excitation, 4 9 0  nm; em ission , 520  nm for FITC labelled anti
bodies. For p53, confocal fluorescence m icroscopy im aging  
w as performed using Z eiss 510  M eta confocal laser scanning  
m icroscope (LSM  510  M ETA). The FITC fluorophore was 
detected using the 4 8 8 - 5 1 4  nm Argon laser.

2.5. Protein quantification using the Bradford assay

Protein standards were prepared from stock solution o f  
1000 ng/m l bovine serum albumin (B SA ; Sigm a-Aldrich, Dor
set, UK). Sam ples (10  i^l) and standards (10  n l) were added to a 
96-w ell plate (Sarstedt, W exford, Ireland) in duplicate and B io-

Rad dye reagent concentrate (1 :5 dilution in dH 20, 200  nl; B io- 
Rad, Hertfordshire, U K ) w as added to both and absorbance was 
assessed  at 600  nm using a 96-w ell plate reader (Labsystem s 
M ultiskan RC). The concentration o f  protein in sam ples was 
calculated from the regression line plotted (Instat 2 .03 ) fi'om the 
absorbance o f  the B SA  standards.

2.6. Measurement o f  caspase-3 activity

I . C leavage o f  the fluorogenic caspase-3 substrate (D E V D - 
, am inofluorocoum arin (AFC); A lex is  Corporation, U SA ) to its 

fluorescent product w as used as a m easure o f  caspase-3 activity. 
Cortical neurons w ere harvested in lysis buffer (25 mM  HEPES, 
5 mM  M gC b, 5 mM  DTT, 5 mM  EDTA, 2 mM PMSF, 10 ng/m l 
leupeptin, 10 |ig /m l pepstatin; pH 7.4), subjected to 3 freeze -  
thaw cycles and centrifuged at 10,000 rpm for 10 min at 4 °C. 
Sam ples o f  supernatant (90  n l) w ere incubated with the D E V D  
peptide (500  |.iM; 10 |i l)  for 1 h at 30 °C. Incubation buffer 
(9 0 0  nl; 100 mM  HEPES containing 10 m M  DTT; pH 7 .4) was 
added and fluorescence w as assessed  (excitation, 400  nm; em is
sion , 505 nm).

2.7. RNA interference

Custom  O N-TARGET Plus Smart pool sm all interfering 
R N A  (siR N A ) containing a mixture o f  4  SM ART selection  
designed siR N A s targeting rat p53 (G en Bank™  accession  
num ber N M _030989; p53 siR N A ) w as purchased from Dhar- 
m acon (Lafayette, CO ., U .S .A .). Primary cortical neurons were  
transfected w ith p53 siR N A  (100  nM ) using Dharmacon trans
fection lipid num ber 3. After 48  h o f  transfection, cells were  
treated with THC (5 fiM ) or veh icle  (0 .006%  ethanol) for 2 h. A  
control siR N A  duplex containing at least 4 m ism atches to any 
rat gene (O N-TAR G ET Plus siControl Non-Targeting siR N A ; 
Con siR N A ) was used in parallel experim ents. Optimal trans
fection efficiency and conditions were determined by using  
FAM labelled non-specific  siR N A  (SiG lo green; Dharmacon, 
Lafayette, CO, U .S .A .). E ffective p53 knockdow n was analysed  
using im m unohistochem istry.

2.8. TdT-mediated-UTP-end nick labelling (TUNEL)

Apoptotic cell death w as assessed  using the DeadEnd co 
lorimetric apoptosis detection system  (Prom ega Corporation, 
M adison, U SA ). C ells w ere then fixed with paraformaldehyde  
(4% ), perm eabilised with Triton X -1 0 0  (0.1% ), and biotinylated  
nucleotide w as incorporated at 3 '-0 H  D N A  ends using the 
enzym e Terminal deoxynucleotidyl Transferase (TdT). Horse
radish-peroxidase-labelled streptavidin then bound to the b io
tinylated nucleotide and this w as detected using the peroxidase  
substrate H 2 O 2  and the chrom ogen diam inobenzidine. Cells 
w ere then v iew ed  under light m icroscopy at x40  m agnification, 
where the nuclei o f  T U N E L -positive cells stained brown. In 
som e experim ents the D ead End'*''  ̂ Fluorometric Tunel assay  
w as em ployed. T U N E L -positive cells  with incorporated fluo- 
rescein-12-dU T P-labelled fragmented D N A  w as visualised  by 
fluorescent confocal m icroscopy (Z eiss LSM  5 1 0-M ETA) using
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the 488 nm Argon/2 laser with the following scan configura
tions; laser output 50%, % transmission 5%, band pass filter 
505 -5 3 0 , beam splitter 488/543, detector gain 719, amplifier 
gain 1, amplifier offset - 0 .1 4 , pinhole 96 nm (1 Airy unit) and 
16 scan averages. Propidium iodide (stains all cells apoptotic 
and non-apoptotic) was visualised using the 543 nm Helium 
Neon laser with the following scan configurations; laser output 
50%, % transmission 100%, band pass filter 560 -615 , beam 
splitter 488/543, detector gain 622, amplifier gain 1, amplifier 
offset 0, pinhole 108 nm (1 Airy unit) and 16 scan averages. 
Apoptotic cells (TUNEL positive) were counted and expressed 
as a percentage o f  the total number o f  cells examined. To 
exclude the possibility that the number o f  living cells present on 
the coverslip had an affect on the TUNEL-positive ratio the 
same number o f  cells (~ 4 0 0 )  was counted for each treatment.

2.9. Statistics

Statistical analysis was carried out using one-way analysis o f  
variance (ANOVA) followed by the post-hoc Student-New-

m an-K euls test when significance (at the 0.05 level) was in
dicated. When comparisons were being made between two 
treatments, a paired Student’s <-test was performed and P < 0 .0 5  
or P <  0.01 was considered significant.

3. Results

3.1. THC induces an increase in p53  protein expression in 
cultured cortical neurons

Phosphorylation plays an important role in regulating the 
biological activities o f  p53 (Heir and Debatin, 2001). Once 
phosphorylated the stability o f  the p53 protein is increased 
allowing it to act as a transcription factor to enhance and repress 
genes involved in the apoptotic process (Miyashita and Reed, 
1995). Phosphorylation o f  p53 at residue serine-15, a key site for 
p53 activation (Appella and Anderson, 2001), was assessed 
following treatment with THC (5 |aM) using an antibody that 
detects endogenous levels o f  p53 only when phosphorylated at 
residue serine-15 (Fig. lA ). Following THC treatment for5 min.

+ AM 251fTHC] (iM

Fig. I . THC increases p53 protein expression in a time-dependent manner. A, cultured cortical neurons were treated with THC (5 nM) for 5 - 180 min, cell protein 
was harvested and analysed for the expression levels o f phospho-p53 using western immunoblot. THC significantly increased phospho-p53“ ''‘’ expression at 
5 min but not at subsequent time-points (30-180 min). Results arc expressed as mean±S.E.M for 5 observations, *P<0.05. Inset; a sample western immunoblot 
demonstrating the increase in phospho-p53“ ''^  expression at 5 min o f THC treatment (lane 2) compared to untreated neurons (lane 1), neurons treated with THC 
for 30 min (lane 3), 60 min (lane 4), 120 min (lane 5) and 180 min (lane 6). T-p53 expression was monitored to ensure equal protein loading. B, a significant 
increase in phospho-p53*"'^ protein expression was found following treatment with THC at concentrations o f  5 nM and 50 nM. Exposure to THC at a 
concentration o f 0.5 |iM had no effect on the expression levels o f phospho-p53“’' ' ’ . Results are expressed as m eaniS .E .M  for 5 observations, *P<0.05. inset; a 
sample western immunoblot demonstrating that a 5 min treatment with THC at doses o f 5 (iM (lane 3) and 50 )iM (lane 4) significantly increased phospho-p53‘‘° ' '’ 
expression as compared to vehicle-treated neurons (lane I). Data were normalised to t-p53 and actin expression was monitored to ensure equal protein loading. C, 
pre-incubation o f cortical neurons with AM 251 (1 nM) prior to THC exposure abolished the THC-induced increase in phospho-p53®"'^ expression observed at 
5 min. Results arc expressed as m eaniS .E .M  for 6 observations, */’<0.05, D, eonfocal images of phospho-p53®"'* immunostaining in (i) vehicle-treated neurons, 
(ii) THC-treated neurons (5 nM, 5 min), (iii) D-JNKl (I |iM)-treated cultures and (iv) cultures treated with THC in the presence o f  D-JNKI (I nM). Scale bar is 
10 nm. E, pre-incubation o f  cortical neurons with D-JNKI (1 jtM), prior to THC (5 nM) exposure abolished the THC-induced increase in phospho-p53“ ''^  
expression observed at 5 min. Results are expressed as m eaniS .E .M  for 6 observations, **/’<O.OI.
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mean phospho-p53*“'̂ '  ̂ expression was significantly increased To assess the role o f  the cannabinoid CBj receptor in
(P<0.05, ANOVA; n = 5 observations). Phospho-p53*°'^'^ ex- coupling THC to p53 signalling, cultured cortical neurons
pression was unaltered in neurons exposed to THC for 30 min, were pre-treated with the selective cannabinoid CBj receptor
60 min, 120 min and 180 min. This finding indicates that THC antagonist AM 251 (1 hM) for 30 min prior to THC (5 nM)
evokes the early and transient increase in p53 phosphorylation at exposure for 5 min. AM 251 prevented the THC-induced
residue serine-15. A sample immunoblot demonstrating the increase in p53 protein expression at 5 min (Fig, 1C). In
increase in phospho-p53®“̂ '^ expression at 5 min following THC vehicle-treated control neurons phospho-p53*“'’'^ expression
exposure is shown as an inset in Fig. 1 A. The phosphorylation at was significantly increased following treatment with THC
this residue did not cause a sustained increase in expression o f (5 |nM) for 5 min (F<0.05, ANOVA, n = 6 observations).
p53 (60-180 min) suggesting that this p53 phosphorylation Exposure to AM 251 alone had no effect on phospho-p53“°' '̂*
event was not involved in the long-term stabilisation of p53. expression, but prevented the THC-induced increase in phos- 

A dose-response analysis o f the effects o f THC on phospho- pho-p53*°'^'^ expression. Furthermore, the THC-induced in-
p53 protein expression at 5 min was performed (Fig, IB). crease in phospho-p53 immunoreactivity was abrogated by
Neuronal cell cultures treated with vehicle for 5 min showed a the JNK inhibitor, D-JNKl (1 |xM), indicating that JNK re
level o f phospho-p53 expression comparable to that found in gulates p53 phosphorylation in this system. A sample con-
cells treated with 0.5 |iM THC for 5 min. However, phospho- focal image demonstrating the JNK-dependent increase in
p53 protein expression was significantly increased in neurons phospho-p53 immunostaining is shown in Fig. ID. Similarly,
treated with 5 jxM THC for 5 min (P<0.05, ANOVA, n = 5 Fig. IE demonstrates that the THC-induced increase in ex
observations). Similarly, a 50 |xM THC dose significantly in- pression o f phospho-p53 is abrogated by D-JNKI. These data
creased p53 protein expression at 5 min (P<0.05, ANOVA, demonstrate a role for the cannabinoid CBj receptor, and
« = 5). This finding indicates that the effect o f THC on p53 downstream JNK signalling, in the THC-induced phosphor-
regulation is dependent upon THC concentration. , »r,ij ylation o f p53.

A B
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Fig. 2. THC-induced increase in Bax is reliant on p53. A, cultured cortical neurons were treated with THC (5 jiM ) for 120 m in, cell protein was harvested and analysed 
for the expression levels o f  Bax using western immunoblot. THC evoked a significant increase in Bax protein expression, and this w as abolished by pre-treatment with 
the p53 inhibitor, pifithrin-a (100 nM ). Results are expressed as m can iS .E .M  for 5 observations, *^’<0.05. Inset; a sample western immunoblot demonstrating the 
increase in Bax protein expression following THC treatment (lane 2). Lane 1 represents vehicle-treated neurons, pifithrin-a-treated neurons (lane 3), neurons treated 
with THC in the presence o f  pifithrin-a (lane 4). An aetin immunoblot confirms equal protein loading. B, images o f Bax im munostaining in (i) vehicle-treated neurons, 
(ii) THC-treated neurons (5 nM , 2 h), (iii) pifithrin-a-treated neurons and (iv) neurons treated with THC in the presence o f  pifithrin-a. Arrows indicate cells with intense 
Bax immunoreactivity. Scale bar is 25 nm. C, THC significantly increased phospho-Bcl (p-Bcl) expression at 120 min but not at earlier time-points (5 -6 0  min). Results 
arc expressed as m ea n iS E M  for 6 observations, normalised to total-Bcl expression, **f’< 0 ,0 l. Inset; a sample western immunoblot demonstrating the increase in 
phospho-Bcl expression at 120 min o f  THC treatment (lane 5) compared to vchicle-treated neurons (lane 1), neurons treated with THC for 5 min (lane 2), 30 min (lane 3), 
60 min (lane 4), D, neurons were pre-incubated with pifithrin-a ( 100 nM ), treated with THC (5 jiM ) for 120 min and analysed for the expression levels o f  phospho-Bcl 
protein using western immunoblotting. Exposure to pifithrin-a abolished the THC-induced increase in Bax expression. Results arc expressed as m ean iS .E .M  for 5 
observations, normalised to total-Bcl expression, *P < 0.05. Inset: a sample western immunoblot demonstrating phospho-Bcl (p-Bel) and total-Bel protein expression in 
cells treated with vehicle control (lane I), THC (lane 2), pifithrin-a (lane 3) and T H C + pifith rin -a  (lane 4).
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3.2. THC increases cytosolic Bax protein expression in cultured 
neurons

p53 induces apoptosis by altering the expression of the Bel 
family of mitochondrial-associated proteins (Marchcnko et al., 
2000; Miyashita and Reed. 1995). To determine if p53 is 
involved in THC-induced apoptosis by regulating the expres
sion o f the pro-apoptotic protein, Bax, cultured neurons were 
treated with the p53 inhibitor, pifithrin-a (100 nM) prior to 
exposure to THC (5 |aM) for 120 min (Fig. 2A), a time-point at 
which we have previously reported a THC-induced increase in 
Bax protein expression (Downer cl al., 2003). A significant 
increase in Bax expression was observed following treatment 
with THC for 120 min (control, 1.2±0.1 versus THC treat
ment, 1.4±0.1, mean band w idthiS .E .M .; P<0.05, ANOVA, 
n = 5 observations). Exposure to pifithrin-a alone had no effect 
on Bax expression but it prevented the THC-induced increase 
in Bax expression. Similarly, Fig. 2B demonstrates that the 
THC-induced increase in Bax immunoreactivity is abolished 
by pifithrin-a.

In contrast to Bax, the anti-apoptotic protein, Bcl-2, re
presses cell death (Korsmeyer, 1999). However, phosphoryla
tion o f Bcl-2 inhibits its pro-survival function (Pucci et al., 
1999; Yamamoto et al., 1999). To determine whether THC 
induces the phosphorylation o f Bcl-2, cultured cortical neurons 
were exposed to THC (5 nM) for various time-points (5 -  
120 min). Expression levels o f the phosphorylated form of Bcl-
2 were measured by western immunoblot using an anti-phos- 
pho-Bcl-2 antibody, and band widths were quantified using 
densitometry (Fig. 2C). No change in Bcl-2 phosphorylation 
was observed at 5 min, 30 min and 60 min when compared to 
untreated cortical cells. However, following THC exposure for 
120 min, Bcl-2 phosphorylation was significantly increased 
(P<0.05, ANOVA; n = 6 observations). This indicates that THC 
inhibits the pro-survival function o f Bcl-2 via phosphorylation. 
A sample immunoblot demonstrating the increase in phospho- 
BcI-2 expression following THC exposure for 120 min is shown 
in Fig. 2C,

To determine if p53 is involved in regulating the expression 
of the phosphorylated form of the Bcl-2 protein, cultured 
cortical neurons were treated with pifithrin-a (100 nM) prior to 
THC (5 (iM) exposure for 120 min (Fig. 2D). In cortical 
neurons treated with vehicle for 120 min, phosphorylated Bcl-2 
protein expression was l . l i O . l  (arbitrary units; mean±S.E.M ) 
and this was significantly increased following THC treatment 
(120 min) to 1.5±0.1 (P<0.01, ANOVA, « = 6 observations). 
Whilst pre-treatment with pifithrin-a alone had no effect on the 
level o f phosphorylated Bcl-2 protein expression, it prevented 
the THC-induced increase in p53 expression, indicating that the 
modulation o f  Bcl-2 phosphorylation by THC is p53- 
dependent.

3.3. THC induces caspase-3 activation via p53

Since caspase-3 has a central role in the cell death pathway 
triggered by THC in the rat cortex (Downer et al., 2003), it was 
determined if p53 signalling was involved in regulating caspase-3

activity. Following the inhibition of p53 by exposing cultured 
cortical neurons to pifithrin-a, caspase-3 activity was assessed 
following THC exposure by monitoring the cleavage of the 
fluorescently labelled caspase-3 substrate, DEVD, to its fluorescent 
product (Fig. 3A). Neurons were pre-treated with pifithrin-a 
(100 nM) for 60 min prior to THC (5 hM; 120 min) treatment. In 
control conditions, caspase-3 activity was 5.5±0.9 nmol AFC 
produced/mg protein/min (m eaniS.E.M ) and this was significant
ly increased to 9.4 ± 1.2 nmol AFC produced/mg protein/min when 
neurons were incubated with THC for 120 min (P<Q.05, ANOVA, 
n=6  observations). Caspase-3 activity in neurons treated with 
pifithrin-a alone for 120 min was comparable to control levels of 
caspase-3 activity. However, the THC-induced increase in caspase-
3 activity was significantly reduced in neurons treated with THC in 
the presence of pifithrin-a (/’<0.05, ANOVA compared to cells 
treated with THC, n= 6  observations) indicating that the THC- 
induced activation of caspase-3 is p53-dependent.
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Fig. 3. TH C -induced apoptosis is m ediated  v ia p53. A, treatm ent o f  prim ary 
cortical neurons w ith TH C (5 nM ; 120 m in) significantly  increased 
caspase-3 activ ity  as assessed  by the cleavage o f  the fluorogcnie DEVD 
substrate. The stim ulatory  effect o f  TH C  on caspase-3 activ ity  was 
prevented  by p ifith rin -a  (100 nM ). E xposure o f  cells to p ifith rin -a  had 
no effect on caspase-3 activity. R esults are expressed as the m e a n iS .E .M  
for 4 observations, *P<0.05.  B, cu ltu red  cortical neurons w ere treated  with 
THC (5 (jM ; 120 m in) in the p resence o r absence o f  p ifith rin -a  (100 nM ) 
and cell v iability  was assessed  by TU N E L staining. TH C  significantly  
increased DNA fragm entation and this w as prevented by p ifith rin -a . 
Results are expressed as m ean± S E M  for 4 observations, * * * /’<0 .001 . C, 
im ages o f  T U N E L stain ing  in (i) vehicle-treated  neurons, (ii) T H C -treated 
neurons, (iii) p ifith rin -a-trea ted  cultures and (iv) cultures treated  w ith THC 
in the p resence o f  p ifith rin -a . A rrow s indicate apoptotie neurons displaying 
DNA fragmentation following exposure to THC. Scale bar is 25 urn.
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3.4. THC-induced DNA fragmentation is reliant on p53

THC causes a maximal increase in DNA fragmentation 
2 -3  h post-treatment (Downer et al., 2003), therefore this 
time-point was used to determine if  p53 was involved di
rectly in mediating THC-induced DNA fragmentation. Fol
lowing p53 inhibition by exposing cultured cortical neurons 
to pifithrin-a (100 nM), the TUNEL technique was used to 
assess the levels o f THC-induced DNA fragmentation at 
120 min (Fig. 3B). In vehicle-treated control cells, 16.9±  
2.7% (m eaniS .E .M ) o f  cells displayed fragmented DNA in 
the nucleus (TUNEL positive). This was significantly in
creased to 41.3±3.4%  in cells treated with THC for 120 min 
( / ’<0.001, ANOVA, n= 4  observations). Whilst treatment o f 
cells with pifithrin-a alone for 120 min had no effect on 
neuronal viability (22.6±2.3%  neurons with fragmented DNA), 
it prevented the THC-induced increase in DNA fragmentation 
(23.8±4.1%  TUNEL-positive neurons). This finding suggests 
that p53 is directly involved in THC-induced DNA fragmen
tation. Representative TUNEL images o f neurons are shown in 
Fie. 3C.
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Fig. 4. siRNA knockdown o f  p53 prevents THC-induced DNA fragmentation. 
A, exposure o f  neurons to THC (5 nM ) for 2 h significantly increased the 
percentage o f  cells with DNA fragmentation. Treatment with p53 siRNA 
(100 nM; 48 h) prior to THC treatment prevented the THC-induced increase in 
DNA fragmentation. Results are expressed as m ean±S.E .M  for 6 observations, 
♦**/^<0.001 versus vCon; ** versus p53 siRNA transfected cells exposed to 
THC. B, Representative confocal images o f TUNEL stained neurons in (i) cells 
exposed to vehicle control, (ii) cells exposed to THC (5 laM, 2 h), (iii) cells prc- 
treated with p53 siRNA and (iv) cells exposed to THC (5 ^M , 2 h) following 
p53 siRNA pre-treatment. Arrows indicate TUNEL-positive apoptotic cells.

The role ofp53 in THC-induced apoptosis was verified using 
p53 siRNA (Fig. 4). Transfection o f the cells with p53 siRNA 
(100 nM) for 48 h significantly abolished the induction of 
apoptosis evoked by THC (5 )xM; P <0.01 , ANOVA, n = 6), 
whilst THC retained its neurotoxic profile in cells transfected 
with the control RNA which has no target sequence.

4. Discussion

In this study we examined the ability o f THC to couple to the 
nuclear phospho-protein p53, and to determine if p53 signalling 
contributes to the apoptotic actions o f THC in cultured cortical 
neurons. THC was found to induce a transient and dose-depen
dent increase in p53 phosphorylation via the central cannabi- 
noid CB| receptor and the JNK signalling pathway. THC 
increased the phosphorylation of p53 on residue serine-15 
within 5 min, a modification which increases its transcriptional 
activity. The p53 inhibitor, pifithrin-a, and siRNA-mediated 
knockdown o f p53 were used to determine the role o f p53 in 
regulating downstream effectors in the THC-induced cell death 
pathway. Treatment o f cortical neurons with pifithrin-a blocked 
the stimulatory effects o f THC on Bax and phospho-BcI-2 
protein, indicating that the mitochondrial-associated proteins 
are regulated by p53 during cannabinoid signalling. p53 was 
also found to contribute directly to the regulation of key apop
totic events by THC, namely caspase-3 activation and in cells 
lacking p53 the THC-induced DNA fragmentation was pre
vented. Overall, this study demonstrates that THC regulates p53 
signal transduction in cultured cortical cells and that this path
way contributes to the apoptotic effects o f THC in this neuronal 
system.

The level o f p53 is kept low in normal healthy cells due its 
short half-life, but increases in response to cellular stress (Le
vine. 1997: Miller et al., 2000). There is evidence that p53 
becomes phosphorylated on residue serine-15 following cellular 
stress, disrupting the association o f p53 with its negative regu
lator, Mdm-2, which in turn prevents the degradation of the p53 
protein (Shieh et al., 1997) and allows it to translocate to the 
nucleus to regulate pro-apoptotic genes. Hence, the finding that 
THC rapidly phosphorylates p53 on serine-15 provides a mech
anism for p53 activation. A rapid and transient phosphorylation 
of p53 has been reported in other preparations exposed to 
neurotoxic stimuli (Chua et al., 2006; Fogarty et al., 2003). 
Several mechanisms for p53 activation have been suggested, 
including phosphorylation by ERK, casein kinases and JNK 
(Blatt and Glick, 2001). We have previously reported that THC 
induces activation of JNKl (Downer et al., 2003) within a 
similar timeframe to the THC-induced increase in p53 phos- 
phoiylation observed in the current study, whilst JNK2 is 
activated at the later time-point o f 2 h. Since the THC-induced 
increase in p53 phosphorylation was blocked with the JNK 
inhibitor, D-JNKl, we propose that the upstream activation of 
the JNKl signalling pathway couples THC to p53 in this neu
ronal system.

The mechanism of p53-induced apoptosis has been exten
sively studied and involves the activation o f the mitochondrial/ 
caspase pathway (Marchcnko et al., 2000; Bonini et al., 2004),



64 EJ. Downer et al. /  Eumpean Journal o f  Pharmacology 564 (2007) 57-65

regulation of the Fas receptor (Bennet et al., 1998) and the 
transcription of genes involved in regulating the redox state o f 
the cell (Polyak et al.. 1997). A growing and diverse list o f 
genes are involved in the apoptotic actions o f p53, including the 
bax gene (Miyashita and Reed, 1995; Cregan et al„ 1999). Bax 
is involved in apoptotic cascades utilising the mitochondria- 
dependent pathway (Reed, 2006) and is pro-apoptotic by virtue 
of its ability to promote cytochrome c release from the mito
chondria. THC was found to increase cytosolic Bax expression 
in a p53-dependent manner. In addition to the evidence sug
gesting that p53 induces apoptosis by up-regulating the trans
cription of Bax, there is also evidence that p53 can regulate the 
expression of the anti-apoptotic protein, Bcl-2 (Mitelkc and 
Herdegen, 2000). In contrast to Bax, Bcl-2 represses cell death 
(Korsmeyer, 1999) since it prevents cytochrome c release from 
the mitochondria (Shimizu et al,, 1999) by blocking the redis
tribution of Bax to the mitochondria (Gross et al., 1998). 
However, the pro-survival function o f Bcl-2 is inhibited fol
lowing phosphorylation o f the Bcl-2 protein (Yamamoto et al.,
1999) and there is evidence that Bcl-2 phosphorylation can be 
regulated by p53 (Pucci ct al.. 1999). Evidence presented herein 
demonstrate that THC induces the phosphorylation of Bcl-2 
protein within the same timeframe of Bax induction, and this 
phosphorylation event was also dependent upon p53.

The apoptotic events that are evoked by THC in cortical 
neurons include the release o f mitochondrial cytochrome c into 
the cytosol following cannabinoid CBj receptor activation 
(Downer et al., 2001), and our finding that THC increases Bax 
expression with a concomitant phosphorylation o f Bcl-2 via p53 
is a likely mechanism for this event. Once in the cytosol, cyto
chrome c complexes with the cytosolic factor, APAF-1, which in 
turn triggers the activation o f the cysteine protease caspase-3, 
contributing to the drastic morphological changes associated 
with apoptosis by disabling a number o f key substrates (Zou 
ct al., 1997). We have previously shown that cytochrome c 
release and caspase-3 activation is central to the apoptotic 
cascade triggered by THC in cortical neurons (Campbell, 2001; 
Downer et al., 2001) and caspase-3 induction is dependent on 
JNKl and JNK2 signalling (Downer et al., 2003). The involve
ment o f p53 in the regulation o f THC-induced caspase-3 
activation and DNA fragmentation is supported by the finding 
that pifithrin-ci prevents THC-induced caspase-3 activation and 
the fragmentation o f DNA. Cannabinoids have been shown to 
evoke apoptosis in a variety o f cell types including glioma 
(Velasco et al., 2004), leukemic cells (Powles et al., 2005) and 
colorectal carcinomas (Patsos et al., 2005) and manipulation of 
this apoptotic cascade may have therapeutic value in the treat
ment o f cancers and leukemia. Whilst cannabinoid-mediated 
apoptosis o f leukemic cells is p53-independent (Powles el al., 
2005), the role o f p53 in the anti-tumoural role o f cannabinoids 
remains to be established. Cannabinoids can also evoke apo
ptosis in neurons (Movsesyan et al., 2004; Campbell. 2001), and 
this may contribute to the role o f cannabinoids in brain 
development (Fernandez-Ruiz et al., 2004). The p53-dependent 
apoptotic pathway reported here may provide the molecular 
mechanism for the cannabinoid-mediated physiological cell 
death that is necessary for appropriate development o f the brain.

In summary, the results demonstrate that THC impacts on the 
tumour suppressor protein, p53 in the brain, via cannabinoid 
CBj receptor and JNK activation. Downstream consequences o f 
p53 activation include an increase in pro-apoptotic Bax expres
sion and phosphorylation o f Bcl-2, caspase-3 activation and 
DNA fragmentation. These results demonstrate that THC regu
lates p53 in cultured cortical cells and that p53 is critically 
involved in regulating the neurotoxic actions of THC.
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