
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Endocannabinoids and Notch-1 signaling in 
an in-vitro model of Alzheimer’s disease and

with normal aging

cl

By

Dr. Riffat Tanveer

Thesis submitted for the degree of Doctor of Philosophy at 
the University of Dublin, Trinity College

Trinity College Institute of Neuroscience 
Department of Physiology 

School of Medicine 
Trinity College 

Dublin 2 
Ireland

2013



^TRINITY C O L L E G ^

2 4 m  2013 

^  LIBRARY DUBLIN ^



Declaration

This thesis is subm itted by the understated for the degree o f  Doctor o f  Philosophy by the 

University o f  Dublin, Trinity College, and has not been subm itted to any other university as 

an exercise for a degree. I declare that this thesis is entirely my own work and 1 give 

permission t o ^ e  library to lend or copy this thesis upon request.

Dr. Rifiat Tanveer



I Abstract

N otch is a universal arbiter o f  cell fate decision during developm ent and in the adult brain. 

Aberrant N otch signaling has recently emerged as a possible m echanism  that underlies 

altered neurogenesis, cognitive impairments, learning and memory deficit in A lzheim er’s 

disease (A D ). H esl and Hes5 are the Notch target genes and key players in maintaining 

neuronal stem cell pool that sub serves long-lasting neurogenesis. The neuroprotective 

effects o f  the endocannabinoids, Anandamide (A E A ) and 2-arachidonoyl glycerol (2-A G ) 

against P-am yloid-induced neurodegeneration are em erging, in this study the influence o f  

the endocannabinoids AEA and 2-AG  on the N o tch -1 pathway and on its regulators in an 

in -vitro  model o f  A D  was investigated since this may represent a novel neuroprotective 

target. Primary neuronal cultures prepared from neonatal rat cerebral cortices were treated 

with AEA  (lOnM ) or 2-AG  (lOnM ) in the presence or absence o f  A P i .4 2  for 6  and 24 hours. 

AEA significantly increased nuclear translocation o f  notch intracellular domain (N IC D ) via 

a CBi receptor dependent m echanism . A P i .4 2  increased Nb expression, which is the 

endogenous inhibitor o f  N otch -1 signaling and this was prevented by AEA. Interestingly, at 

the same time, AEA up-regulated N et expression, a com ponent o f  y-secretase that is 

involved in substrate recognition, stabilization and maturation o f  the y-secretase. W hen Net 

up-regulation was prevented by RNA interference, AEA  mediated enhanced Notch-1 

cleavage w as abolished. 2-AG  reduced Nb expression to the same extent as A E A  but failed 

to up-regulate N et and NICD generation. Increased N IC D  transcriptional activity by AEA  

translated into enhanced H esl and Hes5 expression. These positive effects o f  A E A  on Hes 

expression persisted in presence o f  A Pi.4 2 . A EA  also reduced APP processing to generate 

A Pi.4 0 . O verexpression o f  N et by A EA  also reduced caspase-3 and phospho p53*'̂ '̂ '̂  

expression and hence neuronal apoptosis induced by A Pi.4 2 . N ext, the impact o f  normal 

aging on Notch-1 signaling w as investigated. It was evident that aging is associated with 

significant reduction in N otch -1 signaling and chronic treatment with UR B 597 that 

enhances AEA  tone can restore Notch-1 signaling comparable to that o f  young adult rats. In 

summary, A E A  at its neuroprotective concentration has the proclivity to enhance N o tch -1 

signaling both in-vitro  in a m odel o f  A D  and in-vivo  with normal aging suggesting its 

potential to enhance neurogenesis, improve cognition, learning and m emory. This study 

further extends our know ledge on the beneficial effects o f  cannabinoid based 

therapy for A lzheim er’s disease.
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Ill Abbreviations

aa Amino Acid

AP P-amyloid

AD Alzheim er’s Disease

2-AG 2-Arachidonoglycerol

ABH6 aP-Hydrolases 6
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C N S C entra l N e rv o u s  System
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D N A D eoxyr ibonuc le ic  acid

D N A se D eo x y r ib o n u c lease
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E M T E n d o can n ab in o id  M em b ran e  T ran sp o r te r

E R E n d o p la sm ic  R eticu lum

E R K E x trace llu la r  R egu la ted  K inase

F A A H Fatty  A c id  A m id e  H ydro lase

F A K Focal A d h es io n  K inase

G F A P Glial Fibril la ry  A cid ic  Protein

G P R C G  Prote in  C o u p led  R ecep to r

G S K -3 P G ly co g en  Syn thase  K inase-3p

H E P A H igh E ff ic iency  Partic le  A ir

H E S H airy  and  E n h an ce r  o f  Split

IC A D Inhib ito r  o f  C A D

JN K c-Jun  N -te rm in a l  k inases

L T D L o n g  T e rm  D epress ion

L T P L o n g  T e rm  Poten tia tion

M g S 0 4 M a g n e s iu m  Sulphate



MAGL Monoacylglycerol Lipase

MAPK Mitogen-Activated Protein Kinase

NADA N-arachidonoyl-dopamine

NAE N-acylethanolamine

NAPE N-arachidonoyl-phosphatidyl-ethanolamine

NAPE-PLD N-acyl-Phosphatidyethanolamine-Selective Phosphodiesterase

NAT N-acyltransferase

Nb Numb

NBM Neurobasal Medium

Net Nicstrin

NeuN Neuronal Nuclei

NEXT Notch Extracellular Truncation

NFT Neurofibrillary Tangles

NICD Notch Intracellular Domain

NSAIDs Non-Steroidal Anti-Inflammatory Drugs

NSC Neural Stem Cell

OAE Virodhamine

PARP Poly (ADP-ribose) Polymerase

PBS Phosphate Buffer Saline

Pen-2 Presenilin enhancer 2

PI Phosphatidylinositol

PPAR Peroxisome Proliferator Activating Receptor

PS Presenilin

RER Rough Endoplasmic Reticulum

ROS Reactive Oxygen Species
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SDS Sodium Dodecyl Sulphate

TACE TN F-a Converting Enzyme

TBS Tris-Buffered Saline

TBS-T Tris-Buffered Saline-Tween

A^-THC Delta-9-Tetrahydrocannabinol

ThT Thioflavin T

TGN Trans Golgi Network

TNF-a Tumour Necrosis Factor-alpha

TRPVl Transient Receptor Potential Vanilloid Receptor

UV Ultraviolet
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Chapter 1 

Introduction



1.1 A lzheim er’s disease

Alzheimer’s disease (AD) is a multi-factorial age-related neurodegenerative condition 

characterized by progressive cognitive decline and memory deficit as a result o f chronic 

and profound synaptic loss and neuronal death. It affects around 10% of people over the 

age o f 65 years and 25% of people over the age of 80 years (Hebert et al., 2003) 

Although the early-onset form of AD can occur at a much younger age, the risk o f 

developing AD increases substantially over the age of 65. It is regarded as the most 

prominent cause o f senile dementia afflicting 24 million people worldwide (Harman, 

2006). The Irish picture is very much similar to the rest o f the world. It is estimated that 

currently more than 44,000 people in Ireland have dementia and the number is predicted 

to reach 104,000 by 2036 unless there is a medical breakthrough. AD is the most 

common cause of dementia in this population accounting for 66% of the dementia 

disease burden. In 2006, the baseline cost o f dementia in Ireland was estimated to be 

€400 million (The Alzheimer Society o f Ireland 2009). The United Nations population 

projection estimates that by the year 2050 about 1.1 billion people will be older than 60 

years. The demographics of aging o f the general population suggest that the incidence 

of AD will continue to escalate over the next several decades. In light o f the high 

incidence of AD expected in such an aging population, it is vital to improve our 

understanding of the disease process in order to allow the development of more 

effective diagnosis and treatment.

In 1906, Alois Alzheimer described the results of his studies on a female patient known 

as Auguste D., who had suffered from a progressive pre-senile dementia. In 1907, 

Alzheimer published his observations in a paper entitled “Uber eine eigenartige 

Erkrankung der Hirnrinde” in Allgemeine Zeitschrift fiir  Psychiatrie und psychisch- 

gerichtliche Medizin (Alzheimer, 1907). This was a landmark paper in our 

understanding of the disease that now bears his name. The paper described the major 

lesions that are now known to be common in all forms of AD. After more than 100 

years of his description of the disease, our understanding of the pathophysiology o f AD 

is still incomplete and without any substantial medical breakthrough.
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Figure 1.1 Comparison of gross anatomical changes between mild cognitive 

impairment (left) and severe AD (right) brain. Adapted from Alzheimer’s 

Association Website. Available from http://www.nia.nih,gov.alzheimers

Today the diagnosis of AD is mostly a clinical one without any established hallmark for 

early diagnosis. The most commonly used criteria are described in the Diagnostic and 

Statistical Manual o f  Mental Disorders (American Psychiatric Association, 2000) and 

the criteria o f the National Institute of Neurological and Communicative Disorders and 

Stroke and the Alzheimer’s Disease and Related Disorders (McKhann et al., 1984). 

The disease progress through different stages and 7 stages of AD progression has been 

described by experts. Generally progression of symptoms corresponds to the underlying 

neuronal damage that takes place over time. Neuronal damage typically starts with cells 

of hippocampus and amygdale that are involved in learning and memory, and gradually 

spreads to cells that control other aspects o f thinking, behaviour and judgement. In the 

advanced stage there is death of neurons that control and coordinate movement. Patients 

lose their capacity for recognizable speech, reflexes become abnormal, swallowing is 

impaired and usually becomes completely dependent on the caregiver. All aspects of 

voluntary function deteriorate to the point that the patient is usually bedbound.

The mean life expectancy following diagnosis is approximately seven years (Molsa et 

al., 1986). Fewer than 3% of patients live more than fourteen years. Females have a 

more favourable prognosis than men (Molsa et al., 1995).



1.1.2 Histopatholo2V of A lzheim er’s diseased brain

Since the first description by Alois Alzheimer some key histopathological hallmarks 

have been established from post-mortem studies o f the AD brain. Deposition o f  Ap 

plaques and the presence o f  neurofibrillary tangles are the most important pathological 

hallmarks. Another peptide that has been observed to be associated with AD plaques is 

non-amyloid component (NAC) (Ueda et al., 1993b). The fourth main feature o f the AD 

brain is the widespread loss o f connection between neurons which ultimately leads to 

diminished cell functionality and apoptosis (Figure 1.2).

The Ap plaques are found in the extracellular space within the brains o f AD sufferers. 

They are masses o f fine (7-10 nm) filaments form composed o f  an insoluble form o f the 

4 kDa peptide, Ap (Glenner and Wong, 1984b, Masters et al., 1985), which is derived 

from sequential processing o f the larger AP precursor protein (APP). In AD these Ap 

fibrils occur diffusely throughout the parenchyma as well as in more compact, spherical 

structures known as plaques, some o f  which may have a dense inner core. A proportion 

o f  the Ap plaques contain a wide variety o f substances, including a number o f 

proteinaceous and non-proteinaceous molecules in addition to AP and they may also be 

associated with other non-neuronal cells and abnormal (dystrophic) neuritic processess 

(Terry et al., 1991, Dickson et al., 1997). The subset o f Ap deposits that are spatially 

localised with dystrophic neuritis are referred to as ‘neuritic’ plaques. Although it is 

observed that amyloid plaques are most prominent in the AD brain, they are also found



Figure 1.2 Schematic o f neurofibrillary tangles associated with AD.

A lzheim er’s A ssociation W ebsite. A vailable from http ://w w w .nia.n ih ,gov.alzheim ers

in the norm al brain and their burden does not co-rclate w ell w ith the disease severity. It 

is a still a core topic o f  research w hether am yloid plaques them selves cause A D  or a by 

product o f  the AD process.

The second distinguishing feature o f  the AD brain is the presence o f  neurofibrillary 

tangles found intracellularly  in the nerve cells and entail an abnorm al collection o f  

tw isted protein threads. The tangles are com posed substantially  o f  a 

hyperphosphorylated form  o f  the m icrotubule associated  protein, tau. Tau is 

ubiquitously expressed and in healthy cells it plays vital role in the orientation and 

stability o f  m icrotubules. It is expressed in higher am ounts in the axonal region o f  the 

neuron w here it takes part in the anterograde transport. M icrotubules, w hich are an 

integral part o f  the cytoskeleton, are involved in transporting  nutrients, neurotransm itter 

containing vehicles, cell parts and other key m aterials from  one part o f  the neuron to 

another. Thus, in healthy neurons tau is crucial for norm al neuronal function. H ow ever 

in AD, there is hyperphosphorylation o f  the tau protein at different additional sites 

(Chung, 2009). This causes them  to disengage from  the m icrotubule, bind to o ther tau



threads and thus form ing paired helical filam ents that collapse into tw isted tangles 

w ithin the nerve cells. This leads to dysfunctional m icrotubules incapable o f  

m aintaining internal neuronal transport functions. It also ham pers the inter-neuronal 

com m unication (F igure 1.2).

A nother histopathological finding in AD brain is the presence o f  non-am yloid 

com ponent (NA C; Ueda et al., 1993b). It w as subsequently  identified as a peptide 

fragm ent o f  the presynaptic protein a-synuclein  (aS ) w hich is also observed in brains o f  

patient suffering from  Park inson’s disease and Lew y body dem entia (LBD ). LBD is the 

second com m onest cause o f  neurodegenerative dem entia in the elderly  and shares a 

range o f  sym ptom  sim ilar to that o f  A D . O ther observable features in the A D  brain are 

the presence o f  cerebral am yloid angiopathy (C astellani et al., 2004), hirano bodies and 

granulovacuolar degeneration.

1.1.3 Regional susceptibility in Alzheim er’s disease

The pathologic hallm arks o f  AD  are m ost frequently  found w ithin the association 

regions o f  the cerebral cortex and w ithin the m edial tem poral lobes (B raak and Braak, 

1997). The m edial tem poral, particularly  the am ygdale, subiculum , h ippocam pal C A -I 

region, entorhinal cortex and transentorhinal regions show  the earliest pathologic lesion. 

Early changes in the olfactory bulb are also observed (Perry et al., 2003), although not 

routinely sam pled in AD cases and are not part o f  standardized neuropathologic w ork

up or staging. M etabolic im aging has show n early abnorm alities in the percuneous and 

the posterior cingulated region (W hitw ell et al., 2008), although the pathologic changes 

in these regions are generally  less severe than the am ygdala (Frisoni et al., 2009) 

(F igure 1.3).



Figure 1.3 Schematic side view of brain, illustrating the gradual spread of amyloid 

pathology as the disease progresses through different stage.

(A) Preclinical (B) M ild and (C) Severe stages o f  A D . A lzhe im er’s A ssociation 

W ebsite. A vailable from http ://w w w .nia.n ih ,gov.alzheim ers

The am ygdala is especially  susceptible to the pathologic changes that characterize AD  

as this region tends to contain abundant plaque as well as neurofibrillary  pathology 

(K rom er V ogt et al., 1990). In contrast, the h ippocam pus and the subiculum  typically  

contain abundant neurofibrillary degeneration com pared w ith the neocortex, w hereas 

the plaque pathology is generally  less com pared w ith the neocortex. The first region to 

show  neurofibrillary degeneration is the thansentorhinal region follow  by the lim bic 

region and then the isocortex (B raak and Braak, 1997). It is observed that non

dem ented elderly  subjects can typically  have neurofibrillary  pathology in the m edial 

tem poral lobe, lim ited neurofibrillary pathology in the neocortex , variable (often 

extensive) plaque pathology and cerebral am yloid angiopathy. The severe and early 

involvem ent o f  the brain regions responsible for declarative m em ory by neurofibrillary 

tangles (N FT) highlights the long know n concept that neurofibrillary  degeneration is a 

far better correlate o f  clinical disease than plaque pathology. A gain , clinical dem entia is 

virtually synonym ous w ith a high N FT  count in the neocortex  (N elson et al., 2009), 

w hereas plenty o f  plaque pathology can be seen in the elderly  who are cognitively 

sound (D riscoll et al., 2006).
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1.1.4 A m yloid  Precursor Protein  (A PP)

The m ajor protein com ponent o f  senile p laque core and vascular am yloid is a sm all 

polypeptide o f  approxim ately  4.2 kD a term ed A p (M asters et a!., 1985, G lenner and 

W ong, 1984a). M olecular genetic studies have show n it to  be part o f  a m uch larger 

polypeptide know n as am yloid precursor protein (A PP) encoded on chrom osom e 21. 

A PP is a 100-130 kD a highly conserved type I glycosylated transm em brane protein. 

The first m R N A  sequence obtained encoded APPegs, a 695-aa polypeptide (K ang et al., 

1987). The A PP gene contains 18 exons w ith the A p sequence being interrupted by an 

intron (Lem aire et al., 1989). Tw o exons are involved in alternate splicing variants; one 

encodes a sequence o f  56 aa that is relatively conserved throughout m am m alian 

evolution (Y am ada et al., 1989) and is com perable in sequence and function to the 

K unitz fam ily o f  serine protease inhibitors (Tanzi et al., 1988). The other exon encodes 

a 19 aa polypeptide w hich is hom ologous to the M RC O X -2 antigen found on the 

surface o f  neurons and thym ocytes (W eidem ann et al., 1989). A lternative splicing 

occurs w hereby several larger version o f  the A PP are generated that contain the serine 

protease inhibitor dom ain (Ponte et al., 1988). There are eight possible splice variants o f  

the APP gene, three o f  w hich (695, 751, 770) predom inate in the brain (G olde et al., 

1990). All three isoform s have the sam e A p region, transm em brane and intracellular 

dom ains and can thus be potentially  am yloidogenic.

A lthough our know ledge about the toxicity  o f  aggregated and fibrillary A p has 

developed over the years, the norm al roles o f  A PP and its fragm ents, including Ap, are 

still less well understood. A PP knockout m ice have been generated and are viable and 

fertile. H ow ever, on a closer general inspection they do exhibit d ifference from norm al 

m ice, having a low er w eight and reduced locom otor activity  and eventual reactive 

gliosis in the brain (Zheng et al., 1995). A PP has been show n to be involved in synaptic 

rem odelling and repair (P riller et al., 2006). The m ost abundant form  o f  AP (A Pi.4 0 ) is 

suggested to  be produced as a ce llu lar antioxidant (T eng and T ang, 2005). The y- 

secretase cleavage o f  A PP generates A PP intracellular dom ain (A lC D ), w hich regulates 

phosphoinositide-m ediated  calcium  signaling through a y-secretase-dependent signaling 

pathw ay, suggesting that the in tram em branous proteolysis o f  APP m ay play a signaling 

role analogous to that o f  N otch  (see Section 1.3), an essential protein during cell 

d ifferentiation (L eissring et al., 2002). Though evidence is lim ited, A PP has also been



implicated to play role in neural plasticity, cell signalling, long term potentiation and 

cell adhesion (Zheng and Koo, 2006, Turner et al., 2003).

Despite the numerous physiological roles played by APP, the vast majority o f the 

research has been devoted to mutations that modify APP processing and subsequent Ap 

aggregation in human disease.

1.1.5 Amyloid precursor protein processing

APP is synthesized in the endoplasmic reticulum (ER) and then transported through the 

Golgi apparatus to the trans-Golgi-network (TGN) where the highest concentration of 

APP is found in neurons at steady state (Greenfield et al., 1999, Hartmann et al., 1997, 

Xu et al., 1997). The processing of APP can occur via two distinct proteolytic pathways 

depending on which enzymes are involved in the process (Figure 1.4).
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Figure 1.4 Proteolytic processing of APP in the amyloidogenic and non- 

amyloidogenic pathway. Adapted from Dries and Yu, (2008), Curr Alzheimer Res.

In the non-amyloidogenic pathway APP from TGN is transported in TGN derived 

secretory vesicles to the cell surface where it is either cleaved by a-secretase (includes 

TACE/ ADAM9, ADAM 10, and ADAM 17) to produce the soluble carboxy-truncated 

form of APP (sAPPa) or re-intemalized via an endosomal lysosomal degradation 

pathway (Caporaso et al., 1994, Nordstedt et al., 1993). Cleavage o f APP by a-secretase



precludes A p generation as the c leavage site is w ithin the A p dom ain (at the Lys 16- 

Leu 17 bond). The generation o f  sA P P a is a constitutive event and in contrast to A p, 

sA P P a plays important roles in neuronal p lasticity / survival, protection from  

excito tox ic ity  and regulation o f  stem  cell proliferation early in C N S developm ent 

(C aille  et al., 2 0 0 4 , Han et al., 2 0 0 5 , M attson, 1997, O hsaw a et al., 1999). The remnant 

C-term inal (C 83) products undergoes regulated intra-membrane proteolysis (RIP) by y- 

secretase to y ie ld  the carboxy terminal fragm ent p3 and am yloid  intracellular dom ain  

(A IC D ). W hile the p3 fragm ent is rapidly degraded and w id ely  believed  to p ossess no 

important functions, A IC D  act as a nuclear transcription factor, induces RO S generation  

and p ossess neurotoxic effects (Sun-Y ee K im , 2007).

In the am ylo idogen ic pathw ay, the first step in AP generation is cleavage o f  APP by the 

P-secretase (B A C E l, B A C E 2). B A C E I is the major P-secretase and upon P-cleavage, 

the ectodom ain o f  A PP is released as the soluble sA PPp and the potentially  

am yloidogen ic C-term inal fragm ent (C 99) that p o ssesses the w h ole AP dom ain. The 

C 99 fragm ent undergoes y -c leavage and this result in the generation o f  A p peptide in to 

the extracellular space and A IC D  on the cy toso lic  side. A lthough main different 

isoform s o f  AP can generate fo llo w in g  subsequent processing, tw o main isoform s o f  AP  

have been identified to be pathogenic in the A D  process (K lafki et al., 1996). The 

shorter A P i .40  p o ssesses  40  am ino acid sequences and the longer A P i .42  has 42 am ino  

acids. A lthough A p i .4 0  is the m ost abundant (90% ) secreted form o f  the A p, A p -42  

(10% ) is the m ost tox ic  and predom inant form found in am yloid  plaques (Lippa et al., 

1998)

1.1.6 Y-secretase: a complex complex

y-secretase is a high m olecular w eight m ulti-protein com plex  involved in processing o f  

m ultiple plasm a mem brane associated proteins and receptors (Figure 1.5). The first 

indication for the protein(s) responsible for y-secretase activity w as proposed based on  

genetic studies that linked early-onset fam ilial A D  (F A D ) to a variety o f  m utations in 

tw o novel genes on chrom osom es 1 and 14, term ed the presenilins (Levy-Lahad et al., 

1995a, Levy-Lahad et al., 1995b, R ogaev et al., 1995, Sherrington et al., 1995). In fact 

it w as debated w hether the presenilins th em selves w ere the e lu sive  y-secretase or 

w hether they sim ply supported y-secretase activity. H ow ever by the end o f  20'*’ century  

it becam e w id ely  accepted that presenilins w ere on ly  one com ponent o f  the com p lex



that exhibited y-secretase activity (Capell et al., 1998, Li et al., 2000, Seeger et al., 

1997, Yu et al., 1998, Yu et al., 2000a). Through the years that followed, several other 

components have been identified that modulate or co-purify with the y-secretase

Figure 1.5 Different components of the y-secretase and sites of cleavage of APP.

Adapted from Dries and Yu (2008), Curr Alzheimer Res.

complex. Protein expression studies in yeast and reconstitution assays with recombinant 

proteins have defined the minimal active y-secretase complex as consisting o f four core 

components: endoproteolyzed presenilin (PSl and PS2), nicastrin (Net), Anterior 

pharynx defective! (Aph-1) and PreseniHn enhancer (Pen-2) (Edbauer et al., 2003, 

Fraering et al., 2004, Hayashi et al., 2004, Kimberly et al., 2003, Shah et al., 2005, 

Zhang et al., 2005). Due to its complexity, specific structural information for the y- 

secretase complex has eluded the AD field. Using electron microscopy, molecular 

modelling, and solvent accessibility we now have a glimpse into the potential structure 

of the heterogeneous complex (Jozwiak et al., 2006, Lazarov et al., 2006, Ogura et al., 

2006, Sato et al., 2006, Tolia et al., 2006).

y-secretase is involved in processing different substrates and its cleavage is 

promiscuous, as the growing list of y-secretase substrates show little sign o f any 

sequence similarity (Kopan and Ilagan, 2004, Nyborg et al., 2006). Interestingly all 

these substrates are type I transmembrane protein that undergo ectodomain shedding
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prior to y-secretase cleavage (Kopan and Ilagan, 2004, Struhl and Adachi, 2000). The y- 

secretase mediated APP processing has been reported on the plasma membrane, 

endosomal compartments and on the lysosomal membrane (Lichtenthaler, 2006, 

Tampellini et al., 2007). Apart from APP, a second heavily studied substrate o f  y- 

secretase is the Notch receptor, which, upon binding to its ligand (e.g Delta, Serrate, 

Lag2 etc.), undergoes sequential proteolysis by an a-secretase like protease and y- 

secretase to analogously produce a soluble Notch receptor fragment and the Notch 

IntraCellular Domain (NICD) (Jorissen and De Strooper, 2010). The proteolytic activity 

o f y-secretase on Notch is crucial for developmental pathways and thus the earlier 

generation o f AD therapies that targeted and disrupted y-secretase cleavage failed as 

they modified Notch signaling as well. Some o f  the other substrates o f the y-secretase 

are ErbB4, the low-density lipoprotein (LDL)-receptor-related protein, the neurotrophin 

receptor (p75NTR), and Sortilin (Paris et al., 2005).

1.1.7 The Presenilins

Apart from APP, the first gene to be causally linked to AD, other genetic loci 

responsible for the majority o f  FAD cases (St George-Hyslop et al., 1990, Tanzi et al., 

1987) include mutations in the presenilin genes (PSl and PS2) (Levy-Lahad et al., 

1995a, Levy-Lahad et al., 1995b, Rogaev et al., 1995, Sherrington et al., 1995), Now 

after 10 years from first identification o f their involvement in FAD, more than 150 

mutations linked to FAD in either o f these two genes has been described. Recent studies 

have also suggested alternative roles for PS from apoptosis to cellular adhesion to 

calcium homeostasis (Tu et al., 2006, Vetrivel et al., 2006).

1.1.8 Nicastrin -  the gatekeeper of y-secretase

Nicastrin (Net) is a large 709 amino acid containing type 1 transmembrane glycoprotein 

that interact with proteins such as presenilin to fulfill y-secretase function. In 2000 Net 

was identified as a novel protein by using immunoprecipitation o f PSl coupled with 

mass spectrometry. Nicastrin was named after the Italian village o f Nicastro, where a 

PS-linked case o f FAD was identified 40 years previously containing a large N-terminal 

extracellular domain and a short C-terminal intracellular domain (Levitan et al., 2001). 

At the time, no sequence homology or m otif similarity was found with any other 

protein, but subsequent reports have identified distant conservation with 

aminopeptidases (Levitan et al., 2001, Yu et al., 2000b). Endogenous Net is capable o f



interacting directly and specifically with both PSl and PS2 in the human brain. 

Exogenous Net can interact with various PS mutants, suggesting that PS mutant- 

dependent alterations in AP production were not due to the inability o f Net to bind PS 

(Yu et al., 2000b). Another line of evidence for crucial role of Net in vertebrates and 

invertebrates came from studies in which the Net homolog was necessary for Notch 

signaling in C. elegans (Goutte et al., 2000, Yu et al., 2000b), Drosophila (Hu et al., 

2002, Lopez-Schier and St Johnston, 2002) and mice (Li et a!., 2003b).

Before getting incorporated into the y-secretase Net undergoes a highly-regulated 

maturation process (Arawaka et al., 2002). In the endoplasmic reticulum (ER) the 78- 

kDa holoprotein is rapidly A^-glycosylated to yield an endo-H-sensitive -llO -kD a 

“immature” form (imNct). This imNct is rapidly degraded (half-life < 6 hours) unless it 

is further glycosylated to a highly stable (half-life > 24 hours), ~120-kDa “mature” 

form (mNct). This mNct appears to be the only form that endogenously incorporates 

into the y-secretase complex by binding to PS (Edbauer et al., 2002, Kimberly et al., 

2002, Yang et al., 2002).

Net acts as a receptor site for substrate recognition, maturation and stabilization of the 

y-secretase complex. The first work that identified Net as the substrate receptor for y- 

secretase complex was carried by Shah and co-workers who demonstrating that the 

large extracellular domain of Net, and not its TMD, specifically and stoichiometrically 

binds to C99, the product o f APP cleavage by p-secretase (Figure 1.5) at the the 

carboxylate side chain o f Glu333 (Shah et al., 2005).

There has been a long debate on how essential Net is for y-secretase activity. Recently 

Zhao suggested that when PS l, Pen2 and A phla are present, y-secretase can get 

assembled and acquire catalytic activity without Net (Zhao et al., 2010). This three 

protein enzyme complex can cleave both ligand activated Notch and APP (C99) 

substrates. This trimeric complex can act as an active enzyme displaying biochemical 

properties similar to those o f y-secretase and roughly 50% of its activity when 

normalized to PSl N-terminal fragment levels. In fact, ligand mediated activation of 

endogenous Notch can be observed in Net double KO cells. But this residual activity is 

not sufficient to permit survival of Net double KO embryos (Li et al., 2003b, Nguyen et 

al., 2006). However, though Net is dispensable for y-secretase activity, PSl/Pen2



/A p hla  com plex if  highly unstable and is physiologically irrelevant. This also 

emphasise the critical role played by N et in stabilizing the y-secretase.

Net expression is highest in the developing brain and reduces to a basal level in most 

parts o f  the adult brain except in selective neuronal population within the basal 

forebrain, cerebral cortex, hippocampus, amygdale, thalamus, hypothalamus, 

cerebellum and brainstem (Kodam et al., 2008). The role o f  Net on the formation o f  

different isoforms o f  y-secretase is emerging. This widely depends on the tissue under 

investigation. In cultured HEK293H and Net heterozygous fibroblast cells, 

overexpression o f  Net increased APP processing and subsequent Ap levels. When Net 

was downregulated y-secretase activity reduced significantly. However, in neurons 

excess o f  Net resulted in heterozygosity having no effect on endogenous APP 

processing and amyloid peptide levels in-vivo (Brijbassi et al., 2007, Li et al., 2003b, 

Marlow et al., 2003). The reasoning behind this is that neurons express marked more 

Net than other tissues. Down regulating Net mRNA to 50% o f its normal in neuron has 

no impact on formation o f  active y-secretase (Brijbassi et al., 2007). Cellular 

localization o f  N et can also affects the type o f  Ap peptide being produced. Morais in 

their study generated N et mutants containing targeting signals to the endoplasmic 

reticulum, trans-Golgi network, lysosom es or plasma membrane. All types o f  Net 

mutants showed formation o f  active y-secretase but with differences in activities and 

specificities. Wide type and plasma membrane Net com plexes yielded the highest 

amount o f  secreted Ap peptide, predominantly the A Pi .4 0  species, whereas intracellular 

targeted mutants produced intracellular Ap, with comparatively higher proportion o f  

APi-4 2 . These suggest that compartmental microenvironments play a role in y-secretase 

activity and specificity (Morais et al., 2008).

As Net is dispensable for y-secretase activity couple o f  studies looked at the 

consequence o f  N et KO or downregulation during different stages o f  development. N et- 

null mouse generated by disruption o f  exon 3 are non viable. They display severe 

growth retardation, marked developmental abnormalities and mortality beginning at 

embryonic age 10.5 days. They display features indicative o f  severe Notch phenotype. 

Preceding their mortality, 10.5 day old Net null embryos exhibit specific and severe 

apoptosis in the developing brain and heart. N et null mice have disruption in y-secretase 

activity resulting in programmed cell death in addition to Notch phenotype. These



effects contribute to the developmental abnormalities and embryonic mortality and 

possibly neurodegeneration in AD (Nguyen et al., 2006).

Since Net germline knock-out (-/-) mice are non-viable, Tabuchi and co-workers 

investigated on the effects o f conditional forebrain inactivation o f  Net on learning and 

memory. In this study the authors generated postnatal forebrain-specific Net conditional 

knock-out (cKO) mice in which Net is inactivated selectively in mature excitatory 

neurons o f  the cerebral cortex. Net cKO mice displayed progressive impairment o f 

learning and memory and exhibited age-dependent cortical neuronal loss. This was 

associated with astrocytosis, microgliosis and hyperphosphorylation o f  the Tau protein. 

The pattern o f neurodegeneration observed in Net cKO mice were consistent with that 

observed in AD as evidenced by increased number o f apoptotic neurons with aging. 

These suggest an essential role o f Net in the execution o f  learning and memory and the 

maintenance o f neuronal survival in the brain (Tabuchi et al., 2009).

Whilst overexpression o f Net is not associated with enhanced APP processing in the 

brain, it can have pro-survival effects. Thus in Human embryonic kidney (HEK) 293 

cells and telencephalon specific routine neurons (T S M l) Net overexpression increased 

their viability. Higher levels o f Net significantly reduced p53 expression, transcriptional 

activity, promoter transactivation and reduced p53 phosphorylation. It also prevented 

caspase-3 mediated apoptosis. These unique properties o f  N et on cellular survival have 

been shown to be independent o f the y-secretase activity (Pardossi-Piquard et al., 2009).

1.1.9 Anterior pharynx defective-1 (Aph-1)

After the identification o f PS and Net as components o f  the y-secretase, studies that 

looked at the effects o f overexpression o f PS and N et on y-secretase activity found that 

overexpression o f these two components alone did not increase the assembly o f active 

y-secretase complex, suggesting other limiting factor(s) required for the process. In 

2002 aph-1 (two forms Aph-1 a and A ph-lb) was identified as candidate gene for the 

maturation o f y-secretase complex (Francis et al., 2002, Goutte et al., 2002). Aph-1 is 

seven transmembrane-spanning, ~ 30kDa protein that associated with N et and PS as an 

integral regulator for the assembly, maturation and stabilization o f  the y-secretase 

complex It was also identified to be involved in the maturation o f imNct to mNt (Gu et



al., 2003, Hu and Fortini, 2003, Shirotani et al., 2004, Lee et al., 2002, Kim et al., 2003, 

Takasugi et al., 2003).

1.2 Apoptosis

The term apoptosis describes a m orphologically distinct form o f cell death. Apoptosis is 

now recognized and accepted as a distinctive and important mode o f “programmed’xell 

death, which involves the genetically determined elimination o f cells. The process o f 

apoptosis is generally characterized by distinct morphological characteristics and 

energy-dependent biochemical mechanisms. Apoptosis is now considered a vital 

component o f  various processes including normal cell turnover, proper development 

and functioning o f the immune system, hormone-dependent atrophy, embryonic 

development and chemical-induced cell death. Inappropriate apoptosis (either too little 

or too much) is a factor in many human conditions including neurodegenerative 

diseases, ischemic damage, autoimmune disorders and many types o f cancer. The 

ability to modulate the life or death o f a cell is recognized for its immense therapeutic 

potential. Therefore, research continues to focus on the elucidation and analysis o f the 

cell cycle machinery and signaling pathways that control cell cycle arrest and apoptosis 

(Kerr, 2002, Kerr et al., 1972, Paweletz, 2001).

Apoptosis occurs normally during development and aging and as a homeostatic 

mechanism to maintain cell populations in tissues. It also occurs as a defence 

mechanism such as in immune reactions or when cells are damaged by disease or 

noxious agents (Norbury and Hickson, 2001). Damage to DNA can also induce 

apoptosis through the action o f the tumour suppressor protein p53.

Apoptosis has a number o f  characteristic features that are identifiable by light and 

electron microscopy (Hacker, 2000, Kerr et al., 1972). Upon activation o f the apoptotic 

pathway the cell starts to shrink following cleavage o f lamin and actin filaments in the 

cytoskeleton. Chromatin is then broken down in the nucleus, leading to nuclear 

condensation and DNA fragmentation (pyknosis). As the cell continues to shrink it 

packages itself. Extensive plasm a membrane blebbbing occurs followed by 

karyorrhexia and separation o f cell fragments into apoptotic bodies during a process 

called “budding.” These bodies are subsequently phagocytosed by macrophages, 

parenchymal cells, or neoplastic cells and degraded within phagolysosomes. In order to



promote phagocytosis by macrophages, apoptotic cells often undergo plasma membrane 

changes that trigger the macrophage response. The end stages o f apoptosis are often 

characterised by the appearance o f membrane blebs. There is essentially no 

inflammatory reaction associated with the process o f apoptosis nor with the removal o f 

apoptotic cells (Kurosaka et al., 2003, Savill and Fadok, 2000).

The mechanisms o f apoptosis are highly complex and sophisticated, involving an 

energy dependent cascade o f molecular events. To date, research indicates that there are 

two main apoptotic pathways: the extrinsic or death receptor pathway and the intrinsic 

or mitochondrial pathway. This cell death pathway is initiated by the cleavage o f 

caspase-3 and results in DNA fragmentation, degradation o f cytoskeletal and nuclear 

proteins, crosslinking o f proteins, formation o f apoptotic bodies, expression o f ligands 

for phagocytic cell receptors and finally uptake by phagocytic cells.

Neuronal apoptosis plays an important role in AD  pathogenesis. There is substantial 

evidence that at least a subset o f neurones in the AD brain die apoptotically. Exposure 

o f cultured hippocampal neurons to Ap results in caspase 3 activation and apoptosis 

(Rohn, 2010). Ap has been shown to induce apoptosis in neuronal cells in vivo as well 

(Loo et al., 1993). Apart from secretases, caspases are also involved in APP processing 

to generate Ap o f different lengths (Gervais et al., 1999, Shang et al., 2012). Tau 

protein is also a substrate for caspase 3. AP-induced caspase 3 activation causes 

abnormal processing o f the tau protein in models o f AD (Noble et al., 2009). In 

concurrence with this is the finding that Ap can exert neurotoxic effects in vitro and in 

vivo by mechanisms that involve the generation o f intracellular oxidative stress and
9 +increases in Ca , both o f which can trigger apoptosis in susceptible cells (Yuan and 

Yankner, 2000). The potential benefit o f inhibiting the intrinsic apoptotic pathway has 

been suggested through the use o f a triple transgenic AD mouse model wherein 

overexpression o f the anti-apoptotic Bcl-2 gene blocked activation o f caspases 9 and 3; 

in these conditions, the degree o f caspase cleavage o f tau was limited, the formation o f 

plaques and tangles was inhibited, and memory retention was improved (Corona et al., 

2011, Rohn et al., 2008). Furthermore, increased DNA fragmentation, a hallmark o f 

apoptosis, has also been demonstrated in the AD brain by several groups (Smale et al., 

1995, Su etal., 1994).
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1.2.1 Caspase-3

Caspases are a family o f  cysteine-aspartate proteases which play a key role in the 

apoptotic cascade. Their sequential activation drives the execution phase o f cell 

apoptosis (Martin and Green, 1995). They exist in the cell as inactive pro-form s which 

can then be cleaved to form active enzymes following the induction o f  apoptosis. 

However, in recent days other roles played by caspase-3 in physiological regulation o f 

different bodily system has emerged (D'Amelio et al., 2010).

There are at least fourteen different caspases identified in mammalian tissues (Nunez et 

al., 1998). Most o f these can be divided into three groups based on substrate specificity. 

Group 1 caspases ( 1 , 4  and 5) are involved in inflammatory processes. Group 11 are the 

initiator caspases (8, 9, and 10), and group 111 are the effector caspases (3, 6, and 7). 

The extrinsic and intrinsic pathways o f apoptosis both end at the point o f the execution 

phase, considered the final pathway o f apoptosis. It is the activation o f the execution 

caspases that begins this phase o f apoptosis (Raff, 1998). Caspase-3 is considered to be 

the most important o f the executioner caspases and is activated by any o f  the initiator 

caspases (caspase-8, caspase-9, or caspase-10). Activation o f  caspase-3 is considered to 

be a reliable marker o f apoptotic cell death (Green, 1998), since executioner caspases 

are responsible for the cleavage o f  key cellular proteins, such as cytoskeletal proteins, 

that lead to the characteristic morphological changes observed in a cell undergoing 

apoptosis. One o f the hallmarks o f  apoptosis is the cleavage o f  chromosomal DNA into 

nucleosomal units. Caspase-3 plays an important role in this process by inhibiting DNA 

repair through the cleavage o f poly (ADP-ribose) polymerase (PARP). PARP functions 

in the repair o f DNA damage by catalysing the synthesis o f poly (ADP-ribose), and by 

binding to DNA strand breaks and modifying nuclear proteins. DNA fragmentation is 

caused by an enzyme called caspase activated DNase (CAD). Norm ally CAD exists as 

an inactive complex with ICAD (inhibitor o f  CAD). In apoptotic cells, activated 

caspase-3 cleaves ICAD to release CAD (Sakahira et al., 1998). Rapid fragmentation o f 

nuclear DNA then follows.

There are mounting evidence to support the role o f caspase-3 activation in the apoptotic 

neuronal death that is observed in AD brain. It has been reported that caspase activation 

is increased in the AD brain (Shimohama et al., 1999). M oreover, activated caspase-3 is 

associated with neurones exhibiting neurofibrillary tangles and those associated with



amyloid plaques. In addition, there are several reports that Ap induces the activation of 

caspase-3 in vitro (Boland and Campbell, 2004, Tanzi, 1999). Caspase-3 plays a direct 

role in the fragmentation of DNA, a hallmark of apoptosis. Neurones displaying DNA 

fragmentation show more intense caspase-3 immunoreactivity than intact neurones in 

the AD brain (Masliah et a!., 1998). Caspase-3 can also contribute to AD pathogenesis 

through the processing o f APP (Barnes et al., 1998, Kim et al., 1997). In addition to 

secretases, caspases (predominantly caspase- 3) can directly cleave APP at position 

Asp664 (based on the APP695 sequence) within the cytoplasmic tail during apoptosis to 

release a fragment containing the last 31 amino acids of APP (C31). Additional y- 

cleavage further generates the fragment (called Jcasp) containing the region between y- 

and caspase-cleavage sites (Park et al., 2009, Gervais et al., 1999, Bredesen, 2009). 

Although original data found that caspase cleavage affects amyloidogenic processing of 

APP (Gervais et al., 1999), further study suggests it did not (Soriano et al., 2001). 

However, during Ap-induced neurotoxicity, activated caspases cleave APP to generate 

C31 and Jcasp, which are also neurotoxic, therefore initiating a detrimental cascade (Lu 

et al., 2003).

1.2.2 p 53

p53, the “guardian o f the genome” is a short lived nuclear transcription factor that exists 

in a wild-type latent conformation and is activated in response to a great variety of 

stresses that can damage the integrity o f the cell genome (Levine, 1997, Meplan et al., 

2000) like DNA damage, hypoxia and oncogene activation. Stabilization and induction 

of p53 transcriptional activity depend mainly on posttranslational modifications 

together with protein/protein interactions (Brooks and Gu, 2003).

Activation of p53 can lead to different cellular outcome depending upon the lethality of 

the insult and the ability of the cell to cope with the insult (Levine, 1997). p53 is 

phosphorylated at multiple sites in-vivo and by several different protein kinases m- 

v/'/ro (Meek, 1994, Milczarek et al., 1997). DNA damage induces phosphorylation of 

p53 at S eri5 and Ser20 and leads to a reduced interaction between p53 and its negative 

regulator, the oncoprotein MDM2 (Shieh et al., 1997). MDM2 inhibits p53 

accumulation by targeting it for ubiquitination and proteasomal degradation (Chehab et 

al., 1999, Honda et al., 1997). Phosphorylation impairs the ability of MDM2 to bind



p53, promoting both the accumulation and activation o f p53 in response to DNA 

damage (Shieh et al., 1997, Tibbetts et al., 1999).

The regulation o f p53 activity is crucial in determining the cellular outcome. Activated 

p53 integrates the various incoming signals that register different forms o f cellular 

stress. Depending upon its activation or deactivation site, several potential cellular 

outcomes are possible, most o f which are heavily influenced by the cell type as well as 

by the severity o f  the DNA lesions. It can lead to transient cell cycle arrest (when DNA 

damage is not severe), defective repair (resulting in mutation, such as chromosomal 

aberrations), permanent cell cycle arrest (cellular senescence), or cell death (apoptosis) 

(M eulmeester and Jochemsen, 2008, Rodier et al., 2007). Thus, p53 protects the 

genome by promoting the repair o f  potentially carcinogenic lesions in the DNA, thereby 

preventing mutations. In addition, p53 eliminates or arrests the proliferation o f  damaged 

or mutant cells by the processes o f  apoptosis and cellular senescence (Donehower, 

2002, Shawi and Autexier, 2008). Taken together, regulation o f  p53 activity in cells is 

extremely important in determining the fate o f cells or tissues. Therefore, it is 

conceivable that small deregulations toward one or the other side may favour cell 

survival or cell death/senescence.

Elevated p53 transcriptional activity have been detected in the central nervous system 

o f patients diagnosed with different neurodegenerative diseases, such as sporadic AD 

(de la Monte et al., 1997, Ohyagi et al., 2005). Huntington’s disease and Amyotrophic 

Lateral Sclerosis (Bae et al., 2005, Martin, 2000) and in the brains o f Parkinson’s 

disease patients (Mogi et al., 2007). The intracellular expression o f the Ap protein under 

a neuron-specific promoter led progressively to degeneration and death o f  neurons in 

the brains o f transgenic mice and Ap accumulation was correlated with activation o f 

p53 (LaFerla et al., 1996). In neuroblastoma cell lines, intracellular Ap42 directly 

activated the p53 promoter, resulting in p53-dependent apoptosis (Ohyagi et al., 2005). 

Intracellular Ap40 had a similar but smaller effect in the same study (Ohyagi et al., 

2005). Several reports have described upregulation o f p53 in the brains o f patients with 

AD (Cenini et al., 2008, Hooper et al., 2007, Ohyagi et al., 2005). An upregulation o f 

p53 has been demonstrated in the superior temporal gyrus in AD, with reported roles in 

the induction o f tau phosphorylation (Hooper et al,  2007). Mutations in the presenilins 

cause familial forms o f AD and have also been shown to trigger p53-dependent cell



death (Alves da Costa et al., 2006, Nguyen et al., 2007). The intracellular C-terminal 

fragments o f the y-secretase cleavage o f APP trigger the activation o f caspase-3 and an 

increase in p53activity and mRNA (Alves da Costa et al., 2006).

1.3 The Notch pathway

The Notch pathway is a highly conserved pathway and a universal arbiter o f  cell fate 

decisions (Ehebauer et al., 2006a). The Notch signalling is intimately involved in 

developmental processes and may provide a universal mechanism for cell fate 

determination (Schweisguth, 2004). Besides its pivotal role in neural development (e.g 

by lateral inhibition), the Notch pathway is also described to be involved in the control 

o f processes like neurogenesis, neuritic growth (Sestan et al., 1999), neural stem cell 

maintenance (Hitoshi et al., 2002), synaptic plasticity (Poirazi and Mel, 2001) and long 

term memory (Shors et al., 2001). The Notch pathway has been observed to play 

distinct role in diverse neurological diseases like AD, Cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephaly (CADASIL), Parkinson’s 

disease, stroke and CNS tumours (Lathia et al., 2008).

1.3.1 The Notch protein: cleavage and translocation o f Notch

There are at least four different Notch genes and associated receptors have been 

identified in mice and humans (Notch 1-4), which show distinct spatio-temporal 

expression patterns. Notch 1 signaling is the predominant and mostly studied signaling 

pathway o f all Notch pathways (Kageyama and Ohtsuka, 1999). The Notch 1 gene 

encodes -300  kDa membrane receptor. The matured Notch receptors are single pass 

type I cell surface receptors with a large extracellular domain composed o f  tandemly 

arranged epidermal growth factor (EGF)- like repeats (W harton et al., 1985). The 

intracellular ankyrin repeats are necessary for the transmission o f  Notch signaling 

(Lieber et al., 1993)

The N otch-1 receptors are membrane-tethered transcriptions factors that are released 

into the nucleus upon activation by the ligand presented by neighbouring cells 

(Schweisguth, 2004, Yang et al., 2004). The Notch ligands collectively known as Delta, 

Serrate and Lag2 (DSL) are also transmembrane proteins with extracellular arrays o f 

EGF- like repeats (Ehebauer et al., 2006b, Schweisguth, 2004, Yang et al., 2004). When 

a member o f DSL family on one cell interacts with the Notch receptor on a



neighbouring cell through specific EGF repeats. Notch receptor becomes susceptible to 

proteolysis (site 2, s2) by disintegrin and metalloproteinases, ADAM 10/ADAM 17, 

that generates Notch Extracellular Truncation (NEXT) (Brou et al., 2000, Mumm et al., 

2000). The membrane-associated remnant is then cleaved at the 

transmembrane/cytoplasmic domain boundary (site 3, s3) by y-secretase, and the Notch 

intracellular domain (NICD) is released on the cytosolic side o f  the cell (Kopan et al., 

1996).
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Figure 1.6 Schematic representation of Notch-1 signaling.

Adapted from Woo et al., (2009)

The NICD translocates to the nucleus to associate with c-promoter binding factor 1 

(C B F l) family o f transcription factors. The NICD -CBFl complex represses or activates 

transcription via the recruitment o f  chromatin remodeling complexes containing histone 

deacetylase or histone acetylase proteins, respectively.

M ost o f  the Notch target genes encode transcription regulators, many o f  which are 

critical in CNS development such as brain lipid binding protein (Anthony et al., 2005). 

The most important tissue-specific basic helix-Ioop helix (bHLH) gene families that act 

downstream as effectors o f Notch signaling include Hairy and Enhancer o f  Split (Hes). 

Other Notch target includes Hey/Hesr/HRT/CHF/gridlock/HERP (hereafter HERP) (Iso 

et al., 2003). M olecules like NF-kB (Kramer, 2000, Liu et al., 2003) or the RNA- 

binding protein musashi (Imai et al., 2001) can also interact with Notch signalling to



m odify the cell fate. In postm ito tic neurons o f  the adult brain, N otch  m olecules are co 

expressed and interact physically  and functionally  w ith  presenilins, signifying a 

re lationship  betw een N otch signalling and A D  associated proteins (A rtavanis-T sakonas 

et al., 1999, B erezovska et al., 1998, Ray et al., 1999, Roncarati et al., 2002).

1.3.2 Regulation of Hesl and Hes5 genes by Notch-1 signaling

The expression o f  H esl and Hes5 is regulated by N otch signaling (Jarriau lt et al., 1995, 

O htsuka et al., 1999). As m entioned earlier, the N IC D  that is generated  follow ing 

ligand activation o f  p lasm a m em brane bound N otch-1 receptor transfers to the nucleus 

and form s a com plex w ith the D N A -binding protein RBP-J. RBP-J itse lf is a 

transcrip tional repressor and in the absence o f  N IC D  it associates w ith a co-repressor 

com plex and represses H esl and Hes5 expression by b inding  to their prom oters (K ao et 

al., 1998, Ling et al., 1994). H ow ever, w hen N IC D  form s a com plex w ith R BP-J, this 

com plex becom es a transcriptional activator and leads to upregulation o f  prim ary target 

genes o f  N otch signaling such as H esl and Hes5. H esl and Hes5 are trancriptional 

repressor and act as N otch effectors by negatively regulating expression o f  dow nstream  

target genes such as M ash l, M ath and N eurogenin  w hich are transcrip tional activators. 

(Chen et al., 1997, Ishibashi et al., 1995, O hsako et al., 1994, Van D oren et al., 1994).



ditferenbating cell Delta
(ligar> cytoplasm

H E ^  Repfessof

nucleus

NICD

GTGGGAA Effectors 
(HES family)

N tx)x Prooeural genes 
(e g. M ashl)
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NICD forms a complex with RBP-J and induces Hes expression. NICD, notch 
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It has been shown that these genes interact in a complex way to regulate neural stem 

cell differentiation and brain morphogenesis (Bertrand et al., 2002, Kageyama et al., 

2005, Ross et al., 2003).

1.3.3 Numb (Nb)

Num b (Nb) is an evolutionary conserved adaptor protein that plays a well-documented 

role in cell fate determination. It was initially identified as the endogenous negative 

regulator o f  the Notch signalling in Drosophilia and later in mammalians (Brewster and 

Bodmer, 1995, Ruiz Gomez and Bate, 1997, Spana and Doe, 1996). Its mammalian 

homologs are encoded by two genes (mNumb and mNumb-like) (Salcini et al., 1997, 

Zhong et al., 1996, Zhong et al., 1997). mNumb encodes four alternatively spliced 

transcripts generating four proteins Nb 1-4 , ranging from 65 to 72 kDa (Dho et al., 

1999, Verdi et al., 1999). Numb-like (Nb-like) displays extensive sequence to Nb. 

Cellular localization o f Nb has also been reported to be regulated by G-protein coupled 

receptors (GPCRs). Cells treated with several GPCR ligands like histamine, ATP, 

SFLLRN peptide and substance P resulted in rapid loss o f Nb from plasma membrane 

(Dho et al., 2006).
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N b helps in m aintaining neural p rogenitor cells during brain developm ent by allow ing 

their p rogenies to choose progenitor over neuronal fates (Zhong et al., 1997). D uring 

developm ent N b asym m etrically  localizes to the apical m em brane o f  divid ing 

ventricu lar cells, thus segregating to  the apical daughter cells that rem ains as progenitor. 

D ifferent N b isoform s play different roles during neurodevelopm ent. Nb-PRRL isoform  

is expressed in highest am ount betw een E7 and ElO and becom es undetectable by E l 3 

during w hich there is the rapid expansion o f  neural progenitor cells. In contrast, N b- 

PRRs are expressed throughout all stages developm ent and in adult brain (D ho et al., 

1999, Verdi et al., 1999). This is in agreem ent w ith the ability  o f  N b-PR R s to  prom ote 

neuronal differentiation, w hile Nb-PRRL enhances cell proliferation.

Double knockout o f  N b and N b-like in the nervous system  o f  m ice results in exit o f  

p rogenitor cells from  their progenitor state and develop into neurons. This leads to a 

nearly com plete depletion o f  dividing cells shortly afte r the onset o f  neurogenesis 

(Petersen et al., 2002) suggesting that the m ain function o f  N b and N b-like in m ouse 

neurogenesis is to m aintain progenitor cells during the initial p rogenitor versus 

neuronal fate decision. G ain-of-function studies show ed that overexpression o f  N b 

resulted in an increase in progenitor pool (W akam atsu et al., 1999). D uring early 

neurogenesis the loss o f  N b and N b-like results in prem ature progenitor cell depletion 

and consequently , m alform ation o f  the neocortex and hippocam pus, after initial w aves 

o f  neurogenesis (Petersen et al., 2004). The role o f  N b in postm itotic brain and 

neurological disease process is com plex and an area o f  core research.

1.3.4 Physiological roles o f the Notch pathway

The N otch  signaling pathw ay is critical for organogenesis, regulating an array  o f 

cellu lar processes like stem  cell self-renew al, cell fate determ ination , cellu lar 

differentiation and apoptosis. In the CN S, N otch is actively involved in dynam ic 

changes in the cellu lar architecture and function o f  the nervous system . It has been 

proposed to  control neurogenesis, neurite rem odelling, synaptic p lasticity  and 

u ltim ately neuronal death.

1.3.5 Notch signaling in neurodeyelopment

During em bryonic developm ent, neurons and glia o f  the m am m alian cortex develops 

from proliferating neuroepithelial cells that lie in the telencephalic ventricu lar zone



(VZ) that surrounds the lateral ventricle (Takahashi et al., 1995). The neural stem cells 

(NSC) undergo rapid expansion by symmetrical cell division, following which there is a 

phase o f  asymmetric cell division leading to generation o f  neural and gila cells via 

further differentiation (Temple, 2001). During this process the identity o f  the NSC 

changes from neuroepithelial cells within the VZ to radial gila, which span the length o f 

the entire cortex as it thickens during neurogenesis ((Fishell and Kriegstein, 2003, Gotz 

and Barde, 2005, M erkle et al., 2004). Lateral inhibition is a crucial element in this 

organized development. Lateral inhibition allows the differentiation o f a specific group 

o f cells while the neighboring cells remain in an undifferentiated state and maintains the 

stem cell pool that acts a reservoir for future neurogenesis. As the neighbouring cells 

present Notch ligands and the target cell presents the Notch receptor, this signal could 

be used for lateral inhibition whereby Notch signaling in one specific cell inhibits 

neighboring cells (Lathia et al., 2008). This lateral inhibitory effect is mediated by 

Notch target genes which code for transcription factors like Hes. Among the seven 

members o f the Hes family, Hesl and Hes5 are essential effectors o f Notch signaling. 

Both Hesl and Hes5 are highly expressed by NSC (Akazawa et al., 1992, Allen and 

Lobe, 1999, Sasai et al., 1992), the expression o f which is upregulated by Notch 

activation. Another member o f  the Hes family, Hes3 is also expressed by NSC in the 

VZ o f the developing nervous system (Allen and Lobe, 1999, Lobe, 1997).

Studies that looked at the effects o f overexpression o f H esl, Hes5 and Hes3 found that 

their overexpression inhibited neural differentiation and maintained neural stem cells in 

the developing embryonic brain (Hirata et al., 2000, Ishibashi et al., 1994, Ohtsuka et 

al., 1999). In contrary, accelerated neurogenesis was observed in Hesl knockout mice. 

However, the defects are relatively mild as H esl knockout presumably causes elevation 

o f Hes5 to compensate for the loss (Ishibashi et al., 1995). In Hesl and Hes5 double 

knockout mice NSC underwent severe premature differentiation (Cau et al., 2000, 

Hatakeyama et al., 2004, Ishibashi et al., 1995, Ohtsuka et al., 1999). But there is still 

NSC in the developing nervous system, due to potential compensatory effects o f  Hes3. 

Triple knockout o f  H esl, Hes3 and Hes5 led to extensive accelerated neuronal 

differentiation and a wide range o f defects in brain formation, suggesting the essential 

roles o f  Hes genes for the maintenance o f NSC in the developing brain. The Hes genes 

repress premature onset o f  the transcriptional activator type genes, such as M ashl, 

Math, and Neurogenin, all o f  which promote neuronal differentiation o f neural stem



cells (Kageyama et al., 2005) and thereby regulate NSC se lf renewal. In the developing 

brain Nb, that antagonizes Notch, promotes cell cycle arrest and neuronal 

differentiation (Li et al., 2003a).

The role o f the Notch pathway has been extensively studies in cancer research. Cancer 

cells that show upregulation and aberrant Notch signaling are more oncogenic, 

chemoresistant and aggressive. This is the rationale behind the use o f  y-secretase 

inhibitors for different solid tumors (Farnie and Clarke, 2007, Onder et al., 2008, 

Polyak and Weinberg, 2009, Rizzo et al., 2009, Sahlgren et al., 2008) which reduced 

their survival. Likewise, the Notch pathway also promotes Neuronal Stem Cell (NSC) 

survival. D114 (delta like ligand 4) administration enhances Notch signaling and has 

been shown to increase survival o f NSCs derived from E l3.5 mice in vitro 

(Androutsellis-Theotokis et al., 2006). NSCs differentiated from embryonic stem cells 

lacking RBP-Jk display a failure o f NSC self-renewal (Hitoshi et al., 2002). In adult rats 

intraventricular injection o f Notch ligands into postmitotic brains increases the number 

o f newly generated precursor cells (Androutsellis-Theotokis et al. 2006). During these 

processes o f neurodevelopment the Notch pathway is in constant interaction with 

multiple pathways like Wnt, JAK/STAT, receptor tyrosine kinase, sonic hedgehog and 

TGFP (Hurlbut et al., 2007).

As development o f the embryonic CNS is a dynamic process. It has emerged over the 

years that Notch signaling regulates fundamental processes involved in brain 

development including NSC self-renewal, survival and differentiation.

1.3.6 Notch and the postmitotic brain

The role o f the Notch pathway is not limited to the developing brain only but expands 

into the postmitotic brain as well. Notch proteins and ligands are expressed in cells o f 

the adult nervous system (Presente et al., 2001), suggesting a conserved role throughout 

life. The specific roles o f Notch in postmitotic adult brain and neurological disorders 

have begun to be unraveled in recent years.

Notch signaling has been shown to serve important functions in the regulation o f 

neurite outgrowth and maintenance. Notch activation inhibits neurite outgrowth and 

causes their retraction, whereas inhibiting Notch signaling promotes neurite extension



(Berezovska et al., 1999, Sestan et al., 1999). These findings sparked the concept that 

the upregulation o f  Notch signaling observed in brains o f  patients with Down syndrome 

and early stages o f A lzheim er’s disease results in loss o f synaptic connections (Lithia et 

al., 2008). Later Redmond and co-workers found that, though enhanced Notch signaling 

decreased average dendritic length, it was associated with increased dendritic branching 

and complexity which is vital for synaptic plasticity (Redmond et al., 2000). The effects 

o f  Notch signaling on neurite plasticity may be relevant to the phenomenon o f 

developmental pruning (Luo and O'Leary, 2005). In this process there is selective 

elimination o f unneeded synapses during critical periods o f  development so as to 

generate highly refined mature neuronal circuits. Although the molecular mechanism by 

which Notch regulates neurite remodeling is not totally clear, lateral inhibition has been 

proposed to be one possibility (Lithia et al., 2008).

1.3.7 Notch signaling in A lzheim er’s disease (AD)

The involvement o f the Notch pathway in different neurodegenerative disorders like 

Alzheim er’s disease, Parkinson’s disease, amyotrophic lateral sclerosis. Pick’s disease 

and Huntington’s disease are emerging (Lathia et al., 2008). Also the view o f the 

involvement o f the Notch pathway in different CNS tumor like glioma and 

meduloblastoma have emerged (Fan et al., 2006, Ignatova et al., 2002, Phillips et al., 

2006, Shiras et al., 2007).

The concept behind the possible role o f  Notch signaling in the pathogenesis o f AD is 

fairly new and a less investigated topic (Anderton et al., 2000, Lathia et al., 2008, Woo 

et al., 2009). There are considerable reasons to believe that Notch signaling influences 

the pathogenesis in AD due to the basic fact that the presenilin-I/y-secretase that is 

responsible for cleavage o f APP to generate Ap is also involved in cleavage o f Notch to 

generate NICD, and hence can interact in several ways.

Immunohistochemical analysis o f postmortem hippocampal specimen from AD patients 

showed increased Notch-1 expression (Nagarsheth et al., 2006). Patients o f Down 

syndrome exhibit mental retardation and develop AD like pathology early in their life. 

Analysis o f the expression pattern o f  Notch target genes in postmortem brain tissue and 

fibroblast from Down syndrome provide evidence that Notch signaling pathway is 

upregulated in Down syndrome (Fischer et al., 2005). Combining these findings with



the fact that Notch expression can reduce neurite outgrowth (Berezovska et al., 1999) 

early studies suggested that an interaction exists between Notch signaling and 

amyloidogenesis, and that enhanced Ap production and neurodegeneration observed in 

both Down syndrome and AD could be due to altered Notch signaling (Fischer et al., 

2005). This hypothesis failed to explain the failure o f early generation o f  y-secretase 

inhibitors that blocked Notch signaling in treating AD. Although y-secretase has many 

ways been an attractive target for AD therapeutics, y-secretase inhibitors may cause 

significant toxicity in experimental animals and in humans believed to be associated 

with the inhibition o f  the cleavage o f  Notch which is also intimately involved in 

regulating cells fate decisions (Imbimbo and Giardina, 2011). O f the few y-secretase 

inhibitors that made into the clinical trials, LY -411575 use was associated with severe 

gastrointestinal toxicity and interfered with maturation o f B and T lymphocytes due to 

inhibition o f Notch processing (Searfoss et al., 2003, Wong et al., 2004). Other y- 

secretase inhibitor, semagacestat made it into two large phase 111 clinical trials for 

usefulness in mild to moderate AD. Unfortunately the trials were prematurely stopped 

because o f detrimental effects on cognitive function, learning and memory even though 

it was very potent at reduction o f certain Ap load in the brain (Extance 2010, Panza et 

al., 2010). These setbacks lead the search for new Notch-sparing y-secretase inhibitors/ 

modulators (Tong et al., 2012, Anderton et al., 2000, Lathia et al., 2008).

Based on the observation that Notch mutant mice show learning and memory deficits, 

Costa and co-workers suggested that with the onset o f neurodegeneration in the adult 

brain, the Notch signaling pathway becomes activated as a means to compensate for 

neuronal loss and promote neuronal growth (Costa et al., 2003). In fact, now there is a 

growing body o f  research that supports that hypothesis which may explain the 

neurodegeneration, lack o f neurogenesis and memory impairment observed in AD.

Amyloid intracellular domain (AICD) generated following APP processing acts a 

nuclear transcription factor and promotes ROS generation and activation o f apoptotic 

pathway. NICD acts a competitive inhibitor in this process and prevents AICD-Fe65- 

Tip60 complex formation by physical interaction (Kim et al., 2007). N otch-1 also 

competes with APP for y-secretase and reduces APP processing. This is associated with 

a reduction o f presenilin-1 gene expression as well (Lleo et al., 2003).



1.4 The endocannabinoid system

The endocannabinoid system consists o f a group o f  neuromodulatory lipids and their 

receptors that are involved in a variety o f physiological processes like mood, memory, 

apatite and pain-sensation. Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are 

the principle ligands o f  the endocannabinoid system, which interacts with the 

cannabinoid receptor CBi and CB2 . A group o f  enzymes are involved in the synthesis 

and degradation o f  the endocannabinoid ligands (Fortin and Levine, 2007, Good, 2007, 

Hashimotodani et al., 2007, Kishimoto and Kano, 2006).

1.4.1 The cannabinoid receptors

The cannabinoid receptors belong to the class o f G protein-coupled receptor (GPCR) 

superfamily (Graham et al., 2009, Howlett, 2002, Mackie, 2008). As typical for G 

protein-coupled receptors, the cannabinoid receptors contain seven transmembrane 

spanning domains (Galiegue et al., 1995). Cannabinoid receptors are activated by three 

major group o f ligands, endocannabinoids (produced by the mammalian body), plant 

cannabinoids (such as THC) and synthetic cannabinoids (such as HU-210).

There are currently two known subtypes, termed CBi and CB2 (Gerard et al., 1991, 

Matsuda et al., 1990) . Mounting evidence suggests that there are novel cannabinoid 

receptors (Munro et al., 1993) that is, non-CBi and non-CB2 , which are expressed in 

endothelial cells and in the CNS. The protein sequences o f CB| and CB 2 receptors are 

about 44% similar (Munro et al., 1993). When only the transmembrane regions o f the 

receptors are considered, amino acid similarity between the two receptor subtypes is 

approximately 68% (Galiegue et al., 1995). However, there is considerable difference in 

their signaling mechanism and tissue distribution.

1.4.1.1 Cannabinoid receptor type 1 (CBi)

Cannabinoid receptor type 1 (CBi) is a 472 amino acid containing 64 kDa GPCR 

receptor with a long extracellular N-terminal having 116 amino acids (Pertwee, 1997). 

CBi was first cloned as an orphan receptor from a rat cDNA library based on its 

homology to the bovine substrate K receptor (Matsuda et al., 1990), with its gene 

located on chromosome 6 q l4 -q l5 . Subsequently Gerard and colleagues identified its 

human homolog in 1991 (Gerard et al., 1991).



Its long extracellular N-terminal extremity plays a role in determining the efficacy o f 

receptor biogenesis and plasma membrane stability. W hilst the N-term inus tail inhibits 

its surface expression, partial truncation o f the N-term inal tail has been reported in 

various cell lineages in vitro (Andersson et al., 2003) that can greatly increase receptor 

stability and targeting to the cell membrane. Two splice variant o f the human CB| 

receptor have been identified to date, C B |a  and CBib (Shire et al., 1995, Ryberg et al., 

2005). Both o f them show altered receptor kinetics compared to full length hCBi 

receptor and are expressed at very low levels in a variety o f tissues.

CB| receptors are thought to be one o f the most widely expressed G protein-coupled 

receptors in the brain. In 1997 the detailed anatomical distribution and density o f the 

CBi in the human brain (foetal, neonatal and adult) was published (Glass et al., 1997). 

This study clearly demonstrates that there is a heterogenous distribution o f cannabinoid 

receptors in the adult human brain and spinal cord, being denser in those areas where 

cannabinoids are thought to have distinct affects, particularly those on cognition and 

short term memory (carebral cortex and hippocampus), and on motor function and 

movement (basal ganglia and cerebellum). In fact, the general pattern o f receptor 

distribution appeared to be similar in rodent and human brain.

CBi receptors are primarily expressed on neurons, where most o f the receptors are 

found on axons and synaptic terminals. Astrocytes and microglia do express CBi 

receptor albeit at a much lower level (Molina-Holgado et al., 2002). They are expressed 

mainly by GABAergic neurons, including cholecystokinin containing neocortical, 

hippocampal and amygdalar neurons, and dysnorphin and substance P-expressing 

median spiny neurons o f  the outflow nuclei basal ganglia (Tsou et al., 1999). They are 

also expressed by several glutamatergic and cholinergic neurons (Piomelli, 2003).

The distribution o f CBi receptors is very dense in areas that are actively involved in 

coding for sensory information and memory processes like hippocampus, amygdala and 

molecular layer (Glass et al., 1997, Thompson et al., 1983, Eichenbaum and Cohen, 

1988). This high density o f cannabinoid receptors found in the allocortex corresponds 

their role in learning and memory (Ranganathan and D'Souza, 2006). While CBi 

receptors can be located in all areas o f the neocortex, their distribution appears to be 

especially high in the frontal lobe, temporal lobe and the limbic region (Glass et al..



1997). These are w ell recognized  areas for higher order cogn itive processing  and thus 

correlate with the know n effects o f  cannabis on cognition and m otor functions in 

hum ans, such as thought disturbances and im paired concentrating.

Other critical areas w hich have a high density o f  CB] receptor include the basal ganglia, 

cerebellum  and the nucleus accum bens. The expression level o f  cannabinoid receptors 

vary betw een the develop in g  brain and the adult brain. The density o f  cannabinoid  

receptor is substantially higher in the prenatal and neonatal brain com pared to the adult 

brain (G lass et al., 1997), suggesting  an early role o f  cannabinoids in neurodevelopm ent 

and the ev idence behind this is now  m ounting to enrich this hypothesis (Fernandez-R uiz  

et al., 1999, D ow ner et al., 2 0 0 7 ). Other peripheral organs that show  a high distribution  

o f  CBi receptor includes the liver, sp leen  and tonsils.

Our know ledge on the role o f  the cannabinoid receptors in the learning and m em ory  

processes, neuroinflam m ation, neurodegeneration has enhanced in the last couple o f  

years. These are key com ponents in the A D  pathogenesis, and there appears to be an 

overlap betw een the d isease pathology and cannabinoid receptor distribution. W hile 

som e studies identified a p ositive correlation betw een the d isease process and change in 

receptor k inetics, others failed to establish any such relationship (B en ito  et al., 2 0 0 3 , 

Ram irez et al., 2 005 ).

1.4.1.2 Cannabinoid receptor type 2 (CB?)

The C B 2 is a 40k D a receptor containing 360 am ino acids and w as first cloned  from HL- 

60  ce lls, a human p rom yelocytic leukaem ia cell line (M unro et al., 1993). It shares an 

overall 44%  sequence h om ology  with C B i receptor and w hen only  the transm em brane 

regions are considered the sim ilarity betw een C B i and C B 2 reached approxim ately 68%  

(M unro et al., 1993).

The distribution o f  the C B 2 has been long debated. It w as first considered to be the 

‘peripheral cannabinoid receptor’. T his title w as bestow ed based on its abundant 

expression  in the sp leen , ton sils, im m une ce lls  and presum ed absence from  the central 

nervous system  (Schatz et al., 1997, G aliegue et al., 1995, Munro et al., 1993). The  

peripheral C B 2 is believed  to exert the im m unosuppressant properties o f  cannabis 

(A m eri, 1999).



M ultip le reports question the absence o f  C B 2 from the C N S. It is n ow  w ell accepted that 

C B 2 is expressed  in the brain m icroglia during neuroim flam m ation (W otherspoon et al., 

2 0 0 5 , R oss et al., 2 0 0 1 ). T hey have been identified in the several areas o f  the rat brain 

including the brainstem , cerebellum , striatum, am ygdala, cerebral cortex and the 

periaqueductal gray (G ong et al., 2006 , O naivi et al., 2 0 0 6 ). H ow ever the extent o f  C B 2 

expression  in neurons has rem ained controversial. O nly recently their ex isten ce  has 

been d iscovered  in C N S synapse (M organ et al., 2009).

Interestingly changes in the expression  o f  C B 2 receptors have been noted in A D  brain, 

w hereby their expression  is increased on m icroglia  w ith in  am yloid  plaques. C B 2 

receptors can becom e nitrosylated that impairs their coupling to dow nstream  effector  

signaling  m olecu les (R am irez et al., 2005; B enito et al., 2 0 03).

1.4.2 Cannab ino id  signaling

C annabinoid receptors are activated by cannabinoids, generated naturally inside the 

body (endocannabinoids) or introduced into the body as cannabis or a related synthetic  

com pound. S ignaling by the cannabinoid receptors is com p lex . The initial assessm ents, 

m ainly derived from expression studies, w as that after the receptor is engaged, m ultiple  

intracellular signal transduction pathways are activated. A t first, it w as thought that 

cannabinoid receptors m ainly inhibited the enzym e adenylate cy c la se  and thereby the 

production cyclic  A M P, and p ositively  influenced inwardly rectify ing potassium  

channels (=K ir or IRK) (D em uth and M ollem an, 2 0 06). H ow ever, over tim e a m uch  

m ore com plex  picture has em erged that include com p lex  interaction w ith other 

potassium  ion channels, calcium  channels, protein kinase A  and C, R af-1, ERK, JNK , 

p38, c-fos, c-jun and m any m ore (D em uth and M ollem an, 2 0 0 6 ) .

Other factors can m odulate the signaling at different level, like (1) cannabinoids 

include a w id e range o f  com pounds w ith varying profiles o f  affin ity and efficacy  at the 

know n CB receptors, and these profiles do not necessarily  m atch their b io logica l 

activity; (2) CB receptors appear to be intrinsically active and p ossib ly  coupled  to more 

than one type o f  G protein; (3 ) CB receptor signaling  m echanism s are diverse and 

dependent on the system  studied and (4) cannabinoids have other targets than CB  

receptors (D em uth and M ollem an, 2006).



1.4.3 Endocannabinoids

Endocannabinoids are lipid molecules produced from within the body that activates 

cannabinoid receptors. After the successful cloning o f cannabinoid receptor, scientists 

began searching for an endogenous ligand for the receptor. In 1992, the first 

endocannabinoid arachidonoyl ethanolamine or anandamide (ABA) was isolated from 

pig’s brain in Raphael M echoulam ’s laboratory. This was followed by the discovery o f 

the second endocannabinoid 2-arachidonoylglycerol (2-AG) first in the rat brain 

(Sugiura et al., 1995) and then in the canine gut (Mechoulam et al., 1995).

Other endogenous cannabinoid receptor ligands that have been identified in mammalian 

tissue include 2-arachidonyl glyceryl ether (noladin ether), N-arachidonoyl-dopamine 

(NADA) and Virodhamine (OAE). All o f these endocannabinoids have been isolated 

from brain, plasma and peripheral tissues, although the quantity o f noladin ether 

isolated from brain is too low to act as cannabinoid receptor ligand (Oka et al., 2003). 

Some other lipid signaling molecules believed to have cannabimimetic affect include: 

N-arachidonyl serine, N-arachidonyl dopamine, N-arachidonoyl glycine, compounds in 

N-acyl ethanolamine and 2-arachidonoylglycerol families (Bisogno et al., 2000, 

Milman et al., 2006, Sheskin et al., 1997).

Although there is a wide variety o f  compounds that can act as endocannabinoid, AEA 

and 2-AG are considered to be the true and best studied endocannabinoids since they 

show very high affinity and efficacy on one or both o f  the cannabinoid receptors.

1.4.3.1 Anandam ide (AEA)

Anandamide, also known as A^-arachidonoyl ethanolamine or AEA, was isolated and its 

structure was first described by Czech analytical chemist Lumi'r Ondfej Hanus and 

American molecular pharmacologist William Anthony Devane in 1992. The name has 

derived from the Sanskrit word “ananda", which means bliss, delight, and amide. AEA 

can have both central and peripheral effects signifying its high lipid solubility (Figure 

1.8 ).
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Figure 1.8 Structure of AEA

A E A  acts as a partial agonist o f  the C B i and the C B 2 receptor. Its affin ity for the CBi 

receptor is higher (Kj =  61 nM ) than that for the C B 2 receptor (Ki =  1930 nM ), and is 

m ore efficaciou s at the C B i receptor (Felder et al., 1995). It sh ow s typical 

cannabim im etic action like inhibition o f  adenylyl cyclase  (V ogel et al., 1993), 

activation o f  an inwardly rectifying currents (M ackie et al., 1995), inhibition o f  N -  

type, P /Q -type and L-type calcium  channels (G ebrem edhin et al., 1999, M ackie et al., 

1995), m itogen-activated protein kinase (W artmann et al., 1995), inhibition o f  

neurotransmitter release (V aughan et al., 2000) etc. Human brains contain an average o f  

50 n m ole/g  tissue o f  A E A , with highest concentration in the hippocam pus and 

cerebellum  (M accarrone et al., 2 0 00). It has been show n to be involved  in w orking  

m em ory (M allet and Beninger, 1996) and studies are underway to explore its role in 

human behavior. It has been im plicated in regulation o f  feed in g  behavior and the neural 

generation o f  m otivation and pleasure. Direct injection o f  A E A  into the nucleus 

accum bens enhances the pleasurable responses o f  rats to a rewarding sucrose taste and 

enhances food intake as w ell (M ahler et al., 2007 , Pacher et al., 2 0 06).

Apart from the cannabinoid receptors, A E A  have been reported to interact w ith other 

non-cannabinoid receptor like transient receptor potential, van illo id  subtype 1 (T R P V i), 

G PR 55 and peroxisom e proliferator activating receptors (PPA R ) (B ouaboula  et al., 

2 005 , D e Petrocellis et al., 2 0 0 1 , R yberg et al., 2007 , Starow icz et al., 2007a). The 

consequence o f  functional activation o f  these receptors by A E A  has been a matter huge 

interest in the recent years.



1.4.3.2 AEA biosynthesis

A E A  is a m em ber o f  the A^-acylethanolamine (N A E ) fam ily , a large group o f  b ioactive  

lip ids that also includes non-endocannabinoid com pounds such as the anorexigenic  

derivative A^-oleoylethanolam ine and the anti-inflam m atory com pound N -  

palm itoylethanolam ine (Labar et al., 2 0 07). S ince the beginning o f  its m olecular  

description in the early 1990s, the endocannabinoid system  has been considered an 

attractive therapeutic target in num erous d iseases (Pacher et al., 2 0 0 6 ). A E A  is 

synthesised  upon dem and w ithin  the plasm a m em brane. Several pathw ays have been  

proposed for the m etabolism  o f  A E A  (Figure 1.9). jV-acylphosphatidylethanolam ines 

(N A P E s) are considered the general precursors for N A E s, w hich  is generated from  the 

N -arachidoylation  o f  phosphatidylethanolam one via  both Câ "̂  sensitive and Ca^^ 

insensitive A^-acyl transferase (N A T ). N A P E s are then converted to A E A  by four 

p ossib le  alternative pathw ays, the m ain o f  w hich is catalysis by N -acy l 

phosphatidylethanolam ine se lective  phospholipase D (N A P E -P L D ) (Liu et al., 2 0 08). 

A lthough it is the main pathway o f  A E A  synthesis, it is unable to generate large am ount 

o f  A E A  due to the low  leve ls  o f  arachidonic acid esterified at 1-position . A lternatively  

secretory phospholipase A 2 can convert N A P E  to 2 lyso-N A P E  w hich is then 

m etabolised  to A E A  through a calcium  dependent pathw ay (Liu et al., 2 0 0 8 , Natarajan 

et al., 1984). A nother alternative pathway for generation o f  A E A  from  N A P E  is its 

hydrolysis by phospholipase C to y ield  phosphoanandam ide (pA E A ) w hich  is later 

dephosphorylated by phosphatases (Liu et al., 2 0 0 6 ). This pathway w as found to be 

responsible for generation o f  A E A  by m acrophages w hen stim ulated by LPS (Liu et al., 

20 06).
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Figure 1.9 Schematic map o f endocannabinoid biosynthesis and hydrolysis.

Adapted from Di Marzo (2008) Nature Review.

1.4.3.3 AEA hydrolysis

AEA hydrolysis -  resulting in the termination o f its signaling -  is an intracellular event 

(Figure 1.9). Although differing in the nature o f their acyl moiety, all members o f  the 

NAEs family including AEA are characterized by a common ethanolamide moiety and, 

thus are hydrolyzed by a common group o f  amidases (Figure 1.9). Fatty acid amide 

hydrolase (FAAH), cloned in 1996 and now extensively characterized, has received a 

great deal o f  attention because its pharmacological or genetic invalidation results in 

strongly enhanced AEA levels, both in the CNS and in the periphery (Ahn et al., 2008). 

FAAH is a membrane-bound enzyme member o f the amidase signature family o f 

enzymes characterized by a Ser-Ser-Lys catalytic triad. FAAH is distributed in various 

mammalian tissues such as the brain, liver, testis (Sugiura et al., 2002) and mostly a 

post-synaptioc enzyme, signifying that AEA degradation is mostly a post-synaptic 

process (Starowicz et al., 2007b). Two isoform o f  FAAH have been described: FAAHl 

and FAAH2. FAAH-2 was found in human, but not rodent tissues (Wei et al., 2006). 

The final product following degradation o f AEA by FAAH is arachidoic acid. Although 

FAAH is the main catabolic enzyme o f AEA, in certain circumstances AEA can be



m etabolized  by cytochrom e p450 hydrolase (Bornheim  et al., 1995) and lip oxygen ases  

or cyc looxygen ase-2  (U eda et al., 1995).

1.4.3.4 2-arachidonovlglycerol (2-AG)

Presence o f  2 -A G  (Figure 1.10) in m am m als and its affin ity for the cannabinoid  

receptors w ere first described in 1994-1995 , soon  after the d iscovery o f  A E A . A t first it 

w as isolated from the rat brain and this w as fo llow ed  by isolation from the canine gut 

(Sugiura et al., 1995, M echoulam  et al., 1995). It is an ester form ed from the om ega-6  

fatty acid arachidonic acid and glycerol.

2 -A G  binds to both the C B | ( K j  =  2 .4  |jM ) and the C B 2  receptor ( K j  =  1.4 | a M ) .  Its 

binding affinity to C Bi receptor is 24  tim es less potent than A E A  (Basavarajappa, 

2007). Thus, A E A  has the highest affin ity in the case o f  both cannabinoid receptors 

w hereas 2-A G  has the highest efficacy . It acts as a full agonist at both the C B | and C B 2 

receptors (G onsiorek et al., 2000). 2 -A G , unlike A E A  is present at relatively high levels  

in the central nervous system ; it is the m ost abundant m olecular species o f  

m on oacylglycerol found in m ouse and rat brain ( -5 -1 0  nm ol/g  tissue) (K ondo et al., 

1998, Sugiura et al., 1999). The highest concentrations o f  2 -A G  are found in the 

brainstem , hippocam pus, lim bic forebrain and the striatum.

pO H  

O H

Figure 1.10 Structure of 2-AG

2-A G  has been show n to p ossess different classica l cannabim im etic activ ities such as 

inhibition o f  adenynyl cyclase, activation o f  p 42 /4 4  M A P kinase, p38 M A P  kinase and 

c-Jun N -term inal kinase (K obayashi et al., 2 0 0 1 , Sugiura et al., 2002 , M echoulam  et al., 

1995). It can m odulate neurotransmitter release by neurons by altering Ca influx  

(Sugiura et al., 1997).
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Like A EA , controversy  still surrounds the issue on the ability  o f  2-A G  to activate the 

putative endocannabinoid  receptor, G PR55 (O ka et al., 2007, Ryberg et al., 2007). 

H ow ever, it possesses the sam e binding affinity  as A EA  for PPA Ry receptor and can 

activate PPA Ry transcriptional activity  and stim ulate the d ifferentiation o f  fibroblast to 

adipocytes (R ockw ell et al., 2006).

1.4.3.5 2-AG biosvsthesis

It is well know n that 2-AG  is produced in a stim ulus-dependent fashion in both the

C N S and peripheral cells (K ondo et al., 1998, B isogno et al., 1997, S tella et al., 1997).
• • . . . .  2+ • •

Stim uli can be cell depolarization, inducing a strong Ca influx; activation  o f  G q / n -

coupled-receptors, such as m etabotropic glutam ate receptors or a com bination o f  both 

m echanism s leading to increased 2-A G  production (K ano et al., 2009). This 

acylglycerol can be synthesized in tw o steps via generation o f  l-acy l-2- 

arachidonoylglycerol (diacylglycerol, or D A G ) from  phosphatidylinositol by PLC 

activity  and subsequent hydrolysis o f  DAG by a diacylglycerol lipase (Figure 1.9) 

(K ondo et al., 1998, Stella et al., 1997).

A second pathw ay leading to generation o f  2-A G  features a 2-arachidonoyl- 

lysophosphatidylinositol (lyso-P l) interm ediate (F igure 1.9). It involves the sequential 

actions o f  a phosphatidylinosito l-preferring  phospholipase A i, producing the lyso-PI 

interm ediate, and o f  a lysophosphatidylinosito l-selective phospholipase C (lyso-PLC ) 

producing 2-A G  (U eda et al., 1993a). C om pared w ith  the P L C -D A G L  pathw ay, 

how ever, the actual relevance o f  this 2-A G -producing  cascade in generating 2-A G  as an 

endocannabinoid  is less clear.

1.4.3.6 2-AG hydrolysis

A s because 2-A G  can exert a variety  o f  effects, som e o f  w hich are undesirable if  

unchecked, the endogenous level o f  2-A G  is tightly  regulated  and its rapid clearance is 

essential. In fact rapid elim ination o f  2-A G  from  the ex tracellu lar fluid occurs soon 

after its generation (Figure 1.9). It is now  firm ly estab lished  that the serine hydrolase 

m onoacylglycerol lipase (M A G L) is the m ain contribu tor to brain 2-A G  hydrolysis 

(Saario et al., 2005, B lankm an et al., 2007, Dinh et al., 2004). B ecause o f  its activity 

against 2-A G  and its presynaptic expression, M A G L  has long been considered the 

pivotal enzym e controlling the duration o f  2-A G -m ediated  retrograde signaling (Szabo



et al., 2006, Makara et al., 2005). The cellular re-uptake o f 2-AG appears to involve an 

endocannabinoid membrane transporter (EMT). Using northern blotting and in situ 

hybridisation it appears that MAGL mRNA is expressed in various regions of the rat 

brain, the highest level being in regions where CBi receptor is abundant, like the 

hippocampus, anterior thalamus, cortex and cerebellum.

Interestingly, residual 2-AG hydrolysis upon MAGL inhibition or immunodepletion, as 

well as 2-AG hydrolysis in cells not expressing MAGL, suggested the existence of 

additional enzymes controlling the endocannabinoid levels in vivo (Dinh et al., 2004, 

Muccioli et al., 2007, Saario et al., 2005). FAAH has been identified as one o f these 

enzymes because it efficiently hydrolyzes 2-arachidonoylglycerol in vitro, and 

URB597, a FAAH inhibitor was shown in some studies to increase 2- 

arachidonoylglycerol tissue levels (Jhaveri et al., 2006, Maione et al., 2006). Recently, 

using a functional proteomic approach, two additional enzymes, aP- hydrolase 6 

(ABHD6) and aP- hydrolase 12 (ABHD12), were identified as 2-AG hydrolases. These 

novel 2-arachidonoylglycerol a/p hydrolases make up for most of the non-MAGL- 

dependent 2-arachidonoylglycerol hydrolysis found in mouse brain.

1.5 The aging brain

Aging is a natural process and with regards to the brain is a major risk factor for the 

development of neurodegenerative diseases, like Alzheimer’s disease (Bishop et al., 

2010). Neurodegenerative diseases share many common mechanisms with normal aging 

o f the brain such as increased oxidative stress, synaptic loss and decreased 

neurogenesis. These processes are exacerbated in neurodegenerative disorders like in 

Alzheimer’s diseases, Parkinson’s disease and Huntington’s disease together with some 

other changes that are usually not typical for normal brain aging, such as massive 

neuronal loss (Stranahan and Mattson, 2012).

Aging is associated with reduced mitochondrial function which can lead to ROS 

production and subsequent oxidative damage to cellular macromolecules in aged 

animals (Dubey et al., 1996; Navarro et al., 2002; Golden et al., 2002; Sastre et al., 

2003). Aging is often accompanied by an increased generation of abnormal 

macromolecules, like aggregated and misfolded proteins (Nakanishi et al., 1997). 

Accordingly, the cellular repair and degradation systems that usually respond to such



damage tend to fail to react properly with increasing age. In general, cells become less 

efficient to respond to stress (Stranahan and Mattson 2012). Accumulation o f  such 

molecular damaging signal is particularly detrimental to post-mitotic cells, like neurons, 

that are unable to get rid o f  toxic waste products by cells division. To cope with the 

stress neurons activate internal degradative systems like the proteasome (Low, 2011) or 

autophagy (Cuervo, 2008). These pathways have been shown to play a major role in 

aging and neurodegenerative disorders (Rubinsztein et al., 2011).

MRl studies suggest that aging is associated with age related decreases in cerebral 

volume (Raz et al., 2005). This regional volume loss is not uniform; some regions 

shrink at a rate o f  upto 1% per year, whereas others remain relatively stable until the 

end o f the life-span (Raz and Rodrigue, 2006). Aging is also associated with plasticity 

deficits in animals due to alterations in calcium regulation (Burke and Barnes, 2006). 

The age related cognitive deficits also results from complex changes enzymes activity, 

chemical messengers, or gene expression in cortical circuits (H of and Morrison, 2004).

Evidence that activity o f  the endocannabinoid system protects from the deleterious 

effects o f normal aging came from mice lacing CBi receptor (Bilkei-Gorzo et al., 2012, 

Bilkei-Gorzo et al., 2005). They show age-dependent deficits in multiple behavioural 

paradigms (operant learning, skill learning on the rota rod, memory deficits in the 

partner recognition test, as well as an age-related loss o f pyramidal neurons in the 

hippocampus that accompanied the decline in cognitive performance (Bilkei-Gorzo et 

al., 2005). The endocannabinoid system itself undergoes age-related changes. Earlier 

studies suggested an age-related decrease in CBi receptor expression and coupling in 

the forebrain (Berrendero et al., 1998, Romero et al., 1998). Some studies suggest that 

AEA level diminishes during aging in different brain regions using CBi knockout mice 

(Maccarrone et al., 2001, Maccarrone et al., 2002), while others found no significant 

differences in the endocannabinoid levels with aging in several brain regions (W ang et 

al., 2003).

1.6 The endocannabinoid system in health and disease

In the past decade, it became apparent that at least in mammals the functions o f  the 

endocannabinoid signalling system are not limited to the brain, but are exerted in the 

whole organism. There are now several examples in almost each o f the m ajor



therapeutic areas o f interest in which alterations in the endocannabinoid system are 

associated with disease. In particular, changes in tissue concentrations o f  two o f the 

most studied endocannabinoids —  AEA and 2-AG — have been observed in many 

disorders. These include neurological and neuropsychiatric conditions (Bisogno and Di 

Marzo, 2007), pain and inflammation (Hohmann and Suplita, 2006, Jhaveri et al., 

2007); immunological (autoimmune and allergic) disorders (Lambert, 2007); obesity 

and metabolic (Cota, 2007, Matias and Di Marzo, 2007) , cardiovascular disorders 

(Ashton and Smith, 2007), cancer (Bifulco et al., 2007), gastrointestinal (Storr and 

Sharkey, 2007) and hepatic disorders (Mallat et al., 2007).

With the wide distribution o f CBi receptor in the CMS and their location on GABAergic 

and glutamatergic synapses, it is suggested that the endocannabinoid system play a 

crucial role in synaptic transmission. The inhibitory effects o f  CBi receptor stimulation 

on the release o f  GABA, glutamate, acetylcholine and noradrenaline is well established 

(Piomelli, 2003, Schlicker and Kathmann, 2001). Thus it can have a profound effect in 

short term synaptic plasticity, especially at the level o f the hippocampus and cerebellum 

(Diana et al., 2002). Endocannabinoid have also been reported to confer 

neuroprotection in models o f glutamate mediated neurotoxicity (Di Marzo, 2008).

As the signaling through CBi receptor can modulate downstream second messenger 

signal transduction pathway, research has focused on its potential in neurodevelopment. 

Indeed it is well established that, the endocannabinoid system has crucial roles to play 

in preserving the structural and functional integrity o f  major brain circuits by 

m odulating neuronal differentiation, synaptic remodelling and neuronal survival 

(Panikashvili et al., 2001, Piomelli, 2003, Rueda et al., 2002).

1.7 Endocannabinoids and Alzheimer’s disease

As AD is a neurodegenerative cognitive disorder with an inflammatory component, 

agents like endocannabinoids having influence on both immunity and cognition may 

have relevance in AD treatment. Research in the last few years have proved that while 

cannabis based compounds can lead to cell death, the endocannabinoid system can 

confer neuroprotection under a variety o f  conditions.

The negative impact o f  marijuana on learning and memory is well established (Block 

and Ghoneim, 1993, Darley et al., 1974, Miller and Branconnier, 1983). At a later stage



o f  the disease process, AD patients develop problems with verbal language. 

Interestingly, the expression o f CB receptors are also high in areas (temporal and frontal 

lobes) that control this modality o f  memory. While the effects o f A^-THC on verbal 

learning and memory are well established and mimics that seen in patients o f AD, the 

relevance o f  endogenous cannabinoids to learning and memory is not entirely clear 

(M akela et al., 2006). Results from in-vitro experiments suggest that endocannabinoids 

promote changes in neural activities related to memory, with a potential positive role in 

long-term synaptic plasticity and cognition, a total contradistinction to the effects o f  A^- 

THC (Gerdeman and Lovinger, 2003). In-vivo experiments with mice have been 

equivocal, with reports o f  both enhanced and impaired memory performance in null 

mutant C B i-/-m ic c  (Ledent e ta l., 1999, Reibaud e ta l., 1999).

Depression is a frequent feature in AD. In a recent stress model o f depression in mice, 

reductions in hippocampal 2-AG were associated with behavioural inflexibility, 

implicating hippocampal endocannabinoid signalling in the “pruning” o f  normative 

memory systems (Hill et al., 2005). This suggests the need for more research to 

determine what role endocannabinoids play in normative cognition and AD.

FDA approved the use o f  dronabiol (Marinol) and nabilone in USA to treat the nausea 

and vomiting associated with cancer chemotherapy when other drugs have failed. 

Interestingly it was reported that dronabiol, which is a synthetic version o f A^-THC 

reduced agitation and caused weight gain in patients with AD (Volicer et al., 1997). 

Agitation is a frequently encountered behavioral disturbance observed in AD patients 

due to cholinergic deficit and weight loss results from deterioration in cognitive 

function causing an inability to recognize hunger and thirst. This was the first study that 

linked AD and the possible therapeutic benefit o f  cannabis-based drugs. Following this 

route recently it was identified that A^-THC has the potential to competitively inhibit 

Acetylcholinesterase (AchE) to augment acetylcholine level in brains o f AD patients, as 

well as prevent AchE-induced A^-peptide aggregation (Eubanks et al., 2006).

There is evidence o f a wide range o f immunologic response in AD pathology, both 

innate and adaptive, central and peripheral (M onsonego and W einer, 2003). One 

mechanism o f Ap induced excititoxicity is by reducing glutamate uptake by astrocytes, 

so excess glutamate is available to interact with glutamate receptors to evoke



excitotoxicity. Endocannabinoid mediated neuroprotection against this is well 

established. CBi receptor stimulation by endocannabinoid inhibit pre-synaptic 

glutamate release by blocking voltage dependent N -, P/Q and L-type channels 

(Zhuang et al., 2005, Marsicano et al., 2003). In line with this, the synthetic 

phytocannabinoid, HU-211 has been shown to act as a stereoselective inhibitor o f  

NM DA receptors and protects rat forebrain cultures (Nadler et al., 1993) and cortical 

neuronal cultures from NM DA-induced neurotoxicity (Eshhar et al., 1993). Similar 

mechanism o f  action is observed by, memamtine, a FDA approved drug to treat the 

memory deficits in AD. Cannabinoids can also induce expression o f  brain derived 

neurotrophic factor (B D N F) to confer neuroprotection against excitotoxicity  

(Khaspekov et al., 2004).

Interestingly, stimulation o f  microglia CB 2 receptor can suppress microglia activation 

(Ehrhart et al., 2005). In fact, an upregulation o f  both CBi and CB 2 receptor have been 

observed on microglia within amyloid plaques (Ramirez et al., 2005), proposed to be in 

an attempt to reduce neuroinflammation, since CB2 receptor activation in-vitro  have 

the proclivity to reduce microgial production o f  pro-inflammatory cytokines 

(Facchinetti et al., 2003).

1.8 Aims

The evidences for the neuroprotective properties o f  the endocannabinoid system with 

regard to AD pathogenesis are emerging. There is solid evidence for the alteration o f  

the endocannabinoid tone in the disease process to compensate for the profound 

neuronal apoptosis and synaptic loss. Lately it has surfaced that the Notch pathway, 

which is an evolutionary conserved pathway and cell fate determinant, may have a role 

to modulate the AD  process. However, no study to date looked at how modulation o f  

endocannabinoid tone can affect the Notch pathway in m odels o f  A D. Thus the main 

aims o f  this thesis were:

•  To establish how Ap impacts the Notch signaling in-vitro.

•  To investigate the impact o f  neuroprotective concentration o f  endocannabinoids, 

AEA  and 2-AG , on the Notch pathway in an in-vitro  model o f  A D .

•  To further exam ine the impact o f  Nb and N et on Notch signaling in an in-vitro 

model o f  A D  and how  augmented endocannabinoid tone might modulate this.



• To investigate the impact o f Net on neuronal survival.

• To establish the effect of aging on the Notch pathway in rat brain.

• To evaluate the effects of enhanced AEA tone on the Notch pathway in the aged

brain.
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Materials 

and 
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2.1 Cell culture

2.1.1 Aseptic technique

M aintaining strict aseptic technique is a prerequisite for successful tissue culture to 

prevent both bacterial and fungal infection. A n aseptic technique is required to m aintain  

the sterility o f  any areas that the cultured cells are exposed to, including the internal 

areas o f  culture flasks, bottles, plastics and dissection instrum ents. The fo llow ing 

aseptic procedures w ere adhered to for all cell culture procedures.

2.1.2 Sterility of work environment

All cell w ork w as carried out in a lam inar flow  hood (A stec-M icroflow  lam inar flow  

w orkstation, F lorida, USA) which is designed to m aintain a sterile w ork environm ent 

inside the hood. In the lam inar flow  w orkstation air passes through high efficiency 

particle air (H EPA ) filters located at the top o f  the flow hoods and flow s dow nw ards. 

The airtlow  creates a dow nw ard barrier in front o f  the open portion o f  the hood from  

the surrounding environm ent and thus prevents entry o f  external airborne contam inants. 

Before using the lam inar flow  hood, the interior was sprayed w ith 70%  ethanol (EtO H, 

Sigm a A ldrich, Dorset, UK) and all accessible surfaces w as w iped dow n w ith 70%  

EtOH , follow ed by a 15 m inute exposure to ultraviolet (UV) light w ith the filters 

turned on. D isposable latex free gloves (sprayed with 70%  EtO H ) w ere w orn at all 

tim es w hen cell m anipulations were being perform ed in the hood. G loves w ere changed 

regularly  to avoid contam ination. In order to m inim ize fluctuations in the protective air 

barrier, m ovem ent in the culture room  was kept to m inim um  during culture work. At 

the end o f  each day the lam inar flow hood was sprayed again w ith 70%  EtO H  and 

exposed to UV light ovem ight. To m inim ize contam ination culture room  w as cleaned 

thoroughly once a w eek and exposed to an ovem ight source o f  UV light for a m inim um  

o f  24 hours.

2.1.3 Sterilization of glassware, plastics and dissection instruments

To sterilize, all glassw are, pipette tips, eppendorfs (Sarstedt, Leicester, UK ) and double 

deionised H 2O in appropriate containers were w rapped in alum inium  foil, sealed w ith 

autoclave tape (Sigm a-A ldrich, Dorset, UK ) and autoclaved at for 30 m in w ith a

psi o f  30 (Systec 3850 MIV, Unitec, Dublin, Ireland). To ensure sterility, all d issection 

equipm ent used in the dissection procedure was sonicated (V W R  International) for 15 

m inutes, w rapped in alum inium  foil and then placed in oven (Sanyo-G allenkam p



Hotbox Oven, model # OHG050, Loughborough, UK) overnight at 200°C. Prior to use 

all such instruments were doused in 70% EtOH before bringing inside the laminar flow 

hood.

2.1.4 Reagents

Solutions such as phosphate buffered saline (PBS; 100 mM NaCl, 80 mM Na2HP0 4 , 20 

nM NaH2Po4, pH 7.4) were hand filtered into autoclaved glass bottles or sterile 15/50 

ml plastic falcon tubes (BD Biosciences, Pharmingen, San Diego, USA) using a 0.2 |am 

cellulose acetate membrane syringe filter (Millipore Ireland B.V. Cork, Ireland) 

attached to a 10 ml sterile syringe (B.Braun Medical Ltd, Sheffield, UK). Neurobasal 

medium (NBM: Invitrogen, Paisley, UK) supplemented with heat inactivated horse 

serum (10%), penicillin (lOOU/ml), streptomycin (lOOU/ml) and GlutaMAX (2mM; 

Invitrogen, Paisley, UK) was filtered through a 0.2 |.im cellulose acetate membrane in a 

Millipore sterifil unit (Sigma-Aldrich, St. Louis, USA) using a 50 ml syringe. Care was 

taken to ensure that the side and tip o f  a pipette did not contact anything except the 

sterile racks between uses and were regularly wiped down with 70% EtOH.

2.1.5 Disposal

All plastics and hazardous materials (sharps, gloves and carcasses) were separated into 

UN-approved primary packaging and sent to the hazardous materials facility (Trinity 

College Dublin, Ireland). There it was disposed o f  in accordance with the Irish and EU 

legal requirements.

2.2 Primary culture of cortical neurons

The culturing o f  primary cortical neurons is an in-vitro technique involving dissection 

o f the brain, removal o f  the cortex and dissociation o f the cortical tissue in different 

steps to obtain a population o f  neurons, which can be maintained in appropriate culture 

plates for up to two weeks in culture.

2.2.1 Preparation of sterile coverslips

Glass coverslips (13 mm diameter, VW R International, Leuven, Belgium) were placed 

in a 50 ml sterile falcon tube (VW R International, Leuven, Belgium), soaked in 70% 

EtOH and left to rotate at room temperature for 24 hours. This was followed by air 

drying and overnight exposure to UV light in the laminar flow hood. On the morning o f



neuronal preparation sterile coverslips were coated with poly-L-lysine (60 ng/ml in 

sterile ddH20; Sigma-Aldrich, Dorset, UK) in a final volume of 25 ml for 1 hr at 37*̂ C 

to provide a suitable surface to which dissociated neurons would adhere. Coated 

coverslips were then air dried in the laminar flow hood and placed in sterile 24-well 

plates (VWR International, Leuven, Belgium), ready for use.

2.2.2 Animals

1-day old postnatal Wistar rats (specified-pathogen free) were bom at the BioResources 

unit (Trinity College Dublin, Ireland). Animals were maintained under a 12 hour 

light/dark cycle at an ambient temperature o f 22-23*^C. On the day o f birth animals were 

removed from the litter cage and placed in a ventilated box containing suitable bedding 

for transportation to culture room located at Trinity College Institute o f Neuroscience. 

They were kept warm until dissection.

2.2.3 Dissection

Primary cortical neurons were isolated from postnatal 1-day old Wistar rats. Working in 

a laminar flow hood, rats were decapitated using a large sterile scissor. The skull was 

exposed by cutting the skin with a smaller sterile scissor from the neck to the nose and 

pulling back the skin flaps. The skull was removed by making incisions on the sides of 

the skull using a small sterile scissor and then by lifting it with a curved forceps. The 

cerebral cortices were rapidly removed by curved forceps and placed in a sterile petri 

dish (Greiner Bio One Gmbh, Kremsmuendter, Australia) containing trypsin (0.3% 

(w/v); Sigma-Aldrich, Dorset, UK) in sterile phosphate buffered saline (PBS). 

Meninges and any visible large blood vessel were carefully removed using a fine 

forceps and cortices were chopped into 3-4 mm pieces using a sterile disposable scalpel 

(Schwann-Mann, Sheffield, UK).

2.2.4 Dissociation procedures

Chopped cortical tissue was incubated in 2 ml of sterile PBS containing trypsin (0.3% 

(w/v)) for 25 min at 37^C in a CO2 culture incubator with 5% CO2 and 95% air (model # 

mini galaxy A, Medical Supply Co., Ireland). Following trypsin digestion of the 

connective tissue, the dissociated neurons were triturated in sterile PBS containing 

soyabean trypsin inhibitor (0.1% (w/v), Sigma-Aldrich, Dorset, UK),

deoxyribonuclease (DNase, 0.2 mg/ml, Sigma-Aldrich, Dorset, UK) and magnesium



sulphate (M gS 0 4 , 0.1 M, Sigma-Aldrich, Dorset, UK). The cell suspension was then 

passed through a sterile 40^m  nylon mesh filter (BD Labware, UK) to remove tissue 

clamps and centrifuged at 2 ,000g for 3 min at 2 (fC  (model 2-16K, Sigma-Aldrich, 

Dorset, UK). The resultant pellet was resuspended in 3 ml o f  pre-warmed neurobasal 

medium (NBM , Invitrogen, Paisley, UK) that was already supplemented with 10% heat 

inactivated house serum (10%; Gibco BRL, Maryland, U SA ), glutamine (2mM; Gibco 

BRL, Maryland, U SA ), penicillin (lOOU/ml; Gibco BRL, Maryland, USA) 

streptomycin ( 200U/m l; Gibco BRL, Maryland, USA) and B27 (1% (v/v); Gibco 

BRL, Maryland, U SA ). B27 was added to the N BM  due to its established 

neuroprotective antioxidant properties (Huang et al., 1999).

2.2.5 Plating of resuspended neurons

Resuspended cells in NBM  were placed on the centre o f  each Poly-L-Lysine coated 

coverslip at a density o f  0.25x10^ cells/coverslip and allow ed to adhere to the glass 

coverslip for 2 hr in a CO2 culture incubator with 5% CO2 and 95% air at 37^C. This 

was followed by each w ell being flooded with 400 |al o f  pre-warmed supplemented 

NBM  containing B27. Cells were incubated in similar conditions for 4 days in-vitro  

before treatment. Cells were grown in the culture up to 8 days depending upon 

experiment length. NBM  was changed at least every 3 days. Cultured neurons were 

monitored daily by light microscopy (Nikon TMS Instech Co. Ltd, Kanagawa, Japan) to 

ensure their viability.



Figure 2.1 Primary cortical neurons on day 4 in culture.

Neurons have a characteristic oval cell body and branching neurites. Scale bar is 20 îm.

2.2.6 Gene knockout using Small Interfering RNA (siRNA)

2.2.6.1 The RNA Interference (RNAi) pathway

Ribonucleic acid interference (RNAi) exploits an ancient part of the immune system 

that protects plants and animals against invaders by the depletion of viral genomic 

RNA targets in a sequence specific manner by making use of small interfering RNAs 

(siRNAs). Today, the siRNA approach is an indispensable research tool for targeted 

gene inhibition by recognizing and destroying complementary RNAs in the cell in a 

sequence-specific manner, thereby downregulating the expression o f targeted gene in a 

highly effective way (Hannon, 2002). The siRNA duplex comprised of a sense strand 

homologues to the target and an antisense strand that binds to the target mRNA. 

Effective gene silencing by RNAi approach (more than 90% inhibition of protein 

expression) has been shown in various cell culture assays sparming from invertebrates 

to humans. Although the complete mechanism of the gene silencing effect induced by 

RNAi is not clearly understood, a general picture of this process is has emerged over 

the years (Agami, 2002, McManus and Sharp, 2002).

Briefly, RNAi is initiated by an ATP dependant, processive cleavage of the double 

stranded RNA (dsRNA) into 21-23 nucleotide siRNAs by the enzyme called RNase III



Dicer, and these siRNAs are incorporated in to various protein factors and form RNA 

induced silencing complex (RISC). ATP-dependant unwinding of the siRNA duplex 

generate an active RISC complex. Guided by the antisense strand of siRNA, activated 

RISC recognizes and cleaves the complementary mRNA in the cytoplasm with the help 

of endoribonucleases (siRNAs were found to be ineffective when targeted to introns in 

the pre-mRNA). The destruction of the mRNA prevents coding of the protein of interest 

(Figure 2.2). It has been shown that the complete unwinding o f the antisense strand is 

not necessary for RNAi. It has also been proposed that the siRNA could get recycled in 

the process by which it can induce silencing of other copies of mRNA, thereby 

attributing a catalytic turn-over mechanism for RNAi action (Tuschl and Borkhardt, 

2002).

SiRNA
duplex

sR N A  unwinding 
(R iSC activation)

mRNA

Target recogenltion

Target
cleavage

mRNA degradation

no Protein expression

Figure 2.2 The proposed mechanism of target mRNA destruction by siRNAs.

The siRNA pathway: dsRNAs are cleaved by Dicer into siRNAs in an ATP-dependent 

reaction. Incorporation of siRNAs into RISC follows, and unwinding of the dsRNAs 

requires ATP. Once unwound, the single-stranded antisense strand guides RISC to 

mRNAs having a complementary sequence and results in the endonucleolytic cleavage 

o f the target mRNAs.



2.2.6.2 Short Interfering RNA (siRNA) mediated knockdown of nicastrin (Net)

In experiments requiring depletion o f  cellular nicastrin (Net), primary cortical neurons 

were incubated with appropriate siRNA targeted against the Net gene. On day 4 in 

culture, primary cortical neurons were transfected with Net siRNA [lOOnM, Custom  

ON-TARGET Plus Smart Pool siRNA containing a mixture o f  4 SM ART selection  

designed to target rat N et (Dharmacon, Lafayette, Colorado, USA)] using Dharmacon 

transfection lipid number 3. Cells were transfected for 72 hours in a CO2 culture 

incubator with 5% CO2 and 95% air to achieve approximately 60% knockdown o f  Net 

(Figure 2.2). At the same time a control siR NA (non-target siRNA) duplex containing 

at least 4 mismatches to any rat gene (ON-TARGET Plus siControl Non-Targeting 

siRNA; Con siR NA ) (Dharmacon, Lafayette, Colorado, U SA ) was also used. 

Fluorescein amidite (FAM ) labelled non-specific siRNA (SiGlo green, Dharmacon, 

Lafayette, Colorado, U SA ) was used to assess optimal transfection efficacy and 

conditions. Transfection efficacy was assessed by immunocytochemistry (Figure 2.3).
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Figure 2.3 Transfection with Net siRNA resulted in approximate 60% reduction in 

endogenous Net expression.

(A) Representation images of neurons with (i) endogenous Net expression, (ii) 

transfected with non-target siRNA or (iii) transfected with Net siRNA. (B) Transfection 

efficacy following transfection of primary neurons with Net siRNA.

2.3 Cell treatment

The concentrations of AEA and 2-AG used in this study were chosen after a 

concentration response analysis on Notch-1 cleavage (data shown in appendix, figure 

A.3 and figure A.4), and 10 nM was found to align Notch-1 cleavage with the 

concentration of endocannabinoids that we previously established to confer 

neuroprotection (Noonan et al., 2010). Depending upon the nature of the experiment 

cells were treated for 6, 24 or 48 hours. Previous study also estabiied that Ap mediated 

changes occur as early as at 6 hours (Noonan et al., 2010). Thus 6 hour was chosen for 

some of the in-vitro experiememts.

2.3.1 Amyloid Beta 1-41 ( A B i - 4 2 )

According to manufacturer’s instructions the APm i (EZBiolab, Carmel, USA) peptide 

was dissolved in PBS and ddHaO to have a stock concentration of 200|aM. It was then
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allowed to aggregate in a CO2 culture incubator with 5% CO2 and 95% air for 48 hours. 

The peptide was supplied in a form that is not neurotoxic prior to an incubation step. 

The appearance o f  toxicity in response to treatment with Ap has been shown to 

correlate to the extent o f  beta sheet structure (Sim m ons et al., 1994); therefore the 

peptide was allowed to aggregate for 48 hrs at 37°C. The aggregated peptide was stored 

in -20*^0 before use. For treatment o f  cortical neurons, APi.4 2  was diluted to a final 

concentration o f  2 |iM  in pre-warmed NBM  as previous work from our lab had shown 

that this was the optimal dose required to induce cell death (Boland and Campbell, 

2003). Depending upon the nature o f  the experiment cells were treated for 6 , 24 or 48 

hours before harvesting or fixing.

The presence o f  fibrillar A Pi .42  was demonstrated using the thioflavin T (ThT) 

fluorescent assay (10|^1; Sigma-Aldrich, Dorset, UK). The binding o f  ThT to fibrillar 

Ap was monitored by an increase in ThT fluorescence (425 nm excitation, 458 nm 

em ission). Figure 2.4 demonstrates the presence o f  fibrillar APi.4 2  after 48 hours o f  

peptide aggregation. The reverse peptide, AP42.1 failed to aggregate and hence is non

toxic in nature.
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Figure 2.4 Evidence of fibrillar APi.42  

2.3.2 Anandamide (AEA)

The endocannabinoid, Arachidonic acid N-(hydroxyethyl) amide (anandamide, AEA; 

Sigma-Aldrich, Dorset, UK) was dissolved in methanol to make a stock solution o f  10 

mM. It was stored at -20*^C and it was diluted in pre-warmed N BM  to a final 

concentration o f  1 OnM. Neurons were treated with AEA in a CO2 culture incubator with



5% COi and 95% air for 6, 24 or 48 hours depending upon the experiment. 0.02% 

methanol (v/v) was used as a vehicle control. Experiments that involved the use o f AEA 

were done separately than those where 2-AG was used. Dose response relationship of 

AEA on Notch-1 cleavage is shown in appendix (Figure A.3).

2.3.3 2 -arachidonoyl glycerol (2-AG)

The endocannabinoid, 2-arachidonoyl glycerol (2-AG, Sigma-Aldrich, Dorset, UK) was 

dissolved in acetonitrile solution to make a stock solution of 20 mM. It was stored at - 

20°C and diluted in pre-warmed NBM to a final concentration of lOnM. Neurons were 

treated with 2-AG in a CO2 culture incubator with 5% CO2 and 95% air for 6 or 24 

hours depending upon the experiment. 0.02% acetonitrile (v/v) was used as a vehicle 

control. Experiments that involved the use o f 2-AG were done separately than those 

where AEA was used. Dose response relationship of 2-AG on Notch-1 cleavage is 

shown in appendix (Figure A.4).

2.3.4 URB 597

The fatty acid amide hydrolase (FAAH) inhibitor, 3’-(am inocarbonyl)[l,l’-biphenyl]- 

3yl)- cyclohexylcarbamate (URB 597; Cayman Europe, Tallinn, Estonia) was dissolved 

in Dimethyl sulfoxide (DMSO; Sigma-Aldrich, Dorset, UK) as stock solution of 10 mM 

and stored at -20^C until use. The stock solution was diluted in pre-warmed NBM to a 

final concentration of l|iM . Depending upon the experiment, neurons were treated with 

URB 597 for 6, 24 or 48 hours and incubated in a CO2 culture incubator with 5% CO2 

and 95% air.

2.3.5 URB 602

The Monoacylglycerol lipase (MAGL) inhibitor, 1 ,1’ -biphenyl]-3- yl- carbamic acid, 

cyclohexyl ester (URB 602; Calbiochem International, Darmstedt, Germany) was 

dissolved in ethanol (Sigma-Aldrich, Dorset, UK) as stock solution o f 10 mM and 

stored at -2QpC until use. The stock solution was diluted in pre-warmed NBM to a final 

concentration of 100|iM. Depending upon the experiment, neurons were treated with 

URB 602 for 6 or hours and incubated in a CO2 culture incubator with 5% CO2 and 

95% air at 3 f C .
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2.3.6 AM251

The selective CBi receptor antagonist (N -piperidin-l-yl)-5-(4-idophenyl)-l-(2,4 

dichlorophenol)-4-m ethyl-l H -pyrozole-3-carboxam ide (AM 251; Gately et al., 1996; 

Tocris Cookson Ltd., Bristol, UK) was dissolved in dimethylsulfoxide (DMSO; Sigma- 

Aldrich, Dorset, UK), and stored at -20°C as a stoke solution o f  10 mM. For culture use 

the stock solution was diluted to a final concentration o f  10|^M in pre-warmed NBM. 

Neurons were pre-treated with AM 251 for 30 minutes in a humidified chamber with 

5% CO 2 and 95% air.

2.4 Animals for in-vivo experiments 

2.4,1 Handling and housing of animals

All animals used in the in-vivo study were experimentally naive and weighed between 

350 and 500 g before starting the experiments. Rats in different age group were housed 

(3-4 per cage) separately with appropriate bedding. Before the start o f the experiment 

they were housed in standard condition under a 12 hour light/ dark cycle (lights on at 7 

a.m.). Temperature was controlled between 20-22° C. W ater and food were provided at 

libitum  and the rats were allowed to acclimatize to the laboratory environment and were 

handled by the experimenter prior and during the experiment. The experiments were 

performed under a license issued by the Department o f Health and Children (Ireland), 

with the approval o f the local ethics committee and in accordance with local guidelines.

The in-vivo study investigated into the effects o f aging and intervention with the FAAH 

inhibitor, URB 597 on the Notch pathway. 3 month old male (here by referred as 

young; B&K Universal, Hull, UK) and 26-30 month old male W istar rats (here by 

referred as aged; B&K Universal, Hull, UK) were used in this study. Each group o f 

animals were further sub divided randomly into rats that received DMSO (vehicle 

control) or URB 597. Thus, in the young vehicle control (young rats that received 

DMSO) and young URB 597 treated (young rats that receive URB 597) group there 

were 6 rats in each group. In the aged vehicle control group (aged rats that received 

DMSO) there were 7 rats and in the aged URB 597 treated group (aged rats that 

received URB 597) there were 8 rats.



2.4.2 Intra-peritoneal injections

URB 597597 (1 mg/kg; dissolved in 30% DMSO-saline) or vehicle control (30% 

DMSO saline) was injected intra-peritoneally. Each rat received its assigned treatment 

on every alternate day up to 28 days before they were sacrificed. In brief, rats that had 

been handled to get acclimatize to the laboratory environment were removed from 

home cage. After weighing the animal depending upon the treatment it was assigned to 

get appropriate amount of dissolved URB 597 (1 mg/kg; dissolved in 30% DMSO- 

saline) or equal amount o f vehicle control (30% DMSO saline) was loaded into a 1 ml 

syringe (B.Braun, Germany) fitted with a fin tipped 26G needle (B.Braun, Germany). 

The animal was handled gently and care was taken in every step to minimize discomfort 

during the intra-peritoneal injection. After the injection the area was observed for any 

haematoma or ecchymosis. The area o f injection was gently rubbed to reduce any 

discomfort. The animal was placed back into home cage after making sure there was no 

anaphylactic reaction.

2.4.3. Bromodeoxyuridine fBrd-U) injections

Bromodeoxyuridine (5-bromo-2’-deoxyuridine, Brd-U) is a synthetic nucleoside that is 

an analogue to thymidine. It is widely used to detect proliferating cells in living tissue. 

Brd-U can incorporate into the newly synthesized DNA during the S-phase o f the cell 

cycle, substituting for thymidine during DNA replication. To identify proliferating cells 

in young and aged brain, Brd-U (50mg/kg, dissolved in 30% DMSO) was injected 

intra-peritoneally everyday in the last week of in-vivo experiment. . The area of 

injection was gently rubber to reduce any discomfort. The animal was placed back into 

home cage after making sure there was no anaphylactic reaction.

2.4.4 Tissue collection

All rats were sacrificed by decapitation and the brain was quickly removed and 

dissected on ice. The left hemisphere was covered with Tissue-Tek® Optimal Cutting 

Temperature (O.C.T.^'^) (Sakura Finetek, Netherlands), flash frozen with liquid 

nitrogen and stored in -80°C for separate experiments. The right hemisphere was further 

dissected to extract the perirhinal cortex, hippocampus and the enthorhinal cortex. 

Tissue from each o f these brain regions were taken as small sections in different 

eppendorf or for RNA extraction (section 2.7.1). Trunk blood was collected, 

centrifuged and serum was collected for future analysis and stored at -20°C.



2.5 Protein quantification using the Bicinchoninic Acid TBCA) assay

protein assay kit (Pierce, Leiden, Netherland) was used to measure protein 

concentration from in-vitro cell lyset and in-vivo tissue samples. This is favoured over 

the Bradford assay due to its broader range o f working standards (20-2000 fig/ml) and 

for its compatibility with detergents in the lysis buffer used for harvesting tissue. 

Standards were prepared from a stock solution o f  2000|^g/ml BSA that was serially 

diluted with stock lysis buffer to give a range o f standards from 25 fig/ml to 2000|ig/ml. 

ddH2 0  was used as a blank and was also included in the standards. 25p.l o f standards 

and samples were added as duplicate to a 96-well plate and incubated with the working 

reagent (1:50 dilution, reagent A; reagent B, 200|al) for 30 minutes at 31^C. After 

incubation the plate was removed from the incubator and allowed to cool in room 

temperature for 5 minutes. The absorbance was assessed at 590 nm using a 96-well 

plate reader (EIA M ultiwell reader, Sigma-Aldrich, Dorset, UK). Using the statistical 

analysis programme Graphpad Prism (Version 5.0), the concentration o f  protein in 

samples was calculated from the regression line plotted from the absorbance o f the BSA 

standards.

2.6 Fluorescent immunocvtochemistry 

2.6.1 Fixing of cells

Following treatment with appropriate drugs or peptide, cultured neurons were fixed for 

fluorescence immunocytochemistry. Culture plates were removed from incubator and 

coverslips with the adherent cells were washed with ice cold PBS 3 times. The PBS was 

removed and coverslips were incubated with ice cold methanol (Sigma-Aldrich, Dorset, 

UK) for 10 minutes at -20*^C. Following incubation methanol was removed from wells 

and let air dry. When the coverslips dried the culture plates were stored at -20°C until 

required. The primary and appropriate secondary antibodies used to measure the 

proteins by fluorescent immunocytochemistry are listed in table 2.1.

Table 2.1 Antibodies used for fluorescence immunocytochemistry

Protein Primary antibody 

manufacturer

Catalog

number

Primary

antibody

dilution

Secondary

antibody

dilution

N otch-1 Abeam ab8925 1:100 1:200



intracellular 

domain (NICD)

C23 Santa Cruz 

Biotech

1:100 1:200

Numb (Nb) Cell Signaling 

Technologies

2756 1:400 1:200

Nicastrin (Net) Santa Cruz 

Biotech

sc-25648 1:150 1:300

Hairy and 

Enhancer o f  Split 1 

(H esl)

Abeam ab71559 1:100 1:200

Hairy and 

Enhancer o f  Split5 

(Hes5)

Santa Cruz 

Biotech

sc-25395 1:100 1:200

Phospho-p53*^‘̂ '̂ Cell Signaling 

Technologies

9286 1:100 1:200

BrdU-FITC Abeam Ab74545 1:150 N /A

NeuN Millipore M AB377 1:100 1:1000

GFAP DAKO Z0334 1:600 1:1200

2.6.2 Immunocvtochemistry for Notch -1 intracellular Domain (NICD)

Methanol fixed cells as described in section 2.6.1 were permeabilised with 0.1% Triton- 

X I 00 (Sigma-Aldrich, Dorset, UK) in PBS for 5 minutes. Following 3 washes with 

PBS, each for 5 minutes, cells were re-fixed with methanol (Sigma-Aldrich, Dorset, 

UK) for 5 minutes. Following washing with PBS ( 3 x 5  minutes); non-reactive sites 

were blocked in a blocking buffer (PBS containing 20% normal goat serum (v/v); 

Vector laboratories, Peterborough, UK) for 2 hours at room temperature. Cells were 

then incubated overnight at 4°C with the primary antibody (1:100, rabbit polyclonal 

anti-notchl - Cleaved - V aln 4 4 ; Abeam, Cambridge, UK) diluted in 10% blocking 

buffer. This antibody recognizes notch intracellular domain (NICD) when notch 1 

receptor is cleaved at the V ali7 4 4  position to generate NICD. The primary antibody was 

removed and washed with PBS ( 3 x 5  minutes). Following the wash cells were 

incubated with secondary antibody (1:200, biotinylated goat anti-rabbit IgG; Vector



laboratories, Peterborough, UK) diluted in 10% blocking buffer for 1 hour at RT. 

Coverslips were washed 3 tim es (5 minutes each) with PBS before incubating them 

with the green fluorophore A lexa 488 (1: 1000; Invitrogen, Paisley, UK) for ‘/a hour. 

Coverslips were washed with d.dH20 for an hour. Then the cells were incubated with 

the nuclear dye DAPI (1: 1000; Invitrogen, Paisley, UK) in 10% blocking buffer for 15 

minutes. Following 3 washes with d.dHiO (5 minutes each) coverslips were mounted 

onto glass slides using a mounting media for fluorescence, Vectashield H -1000  

(Vector laboratories, Peterborough, UK). The edge o f  each coverslip was sealed to the 

glass slide with clear nail varnish and stored at When the slides dried they were 

visualized under confocal m icroscope (Zeiss, LSM -510 META, Zeiss, UK) as soon as 

possible using appropriate excitation wavelength and filter settings.

2.6.3 NICD and c23 (MS-3) double immunofluorescence staining

Methanol fixed cells as described in section 2.6.1 were permeabilised with 0.1% Triton- 

X I 00 in PBS for 5 minutes. Following 3 washes with PBS, each for 5 minutes, cells 

were re-fixed with methanol for 5 minutes. Following washing with PBS ( 3 x 5  

minutes); non-reactive sites were blocked using a in a blocking buffer (PBS containing 

20% normal goat serum (v/v); Vector laboratories, Peterborough, UK) for 2 hours at 

room temperature. Cells were then incubated overnight at 4^C with a cocktail primary 

antibody mix (1:100, rabbit polyclonal anti-notchl - Cleaved - V ali744; Abeam, 

Cambridge, UK and 1:100 m ouse monoclonal anti-C23; Santa Cruz California, U SA ) 

diluted in 10% blocking buffer. The primary antibodies were removed and washed with 

PBS ( 3 x 5  minutes). Following the wash cells were incubated with appropriate A lexa  

fluorophore conjugated secondary antibody (1:200, goat anti-rabbit A lexa fluor®488  

and goat anti-mouse A lexa fluor®546. Vector laboratories, Peterborough, UK) diluted 

in 10% blocking buffer for 1 hour at RT. Following secondary antibody incubation 

coverslips were washed with d.dH2 0  for an hour and mounted onto glass slides using a 

mounting media for fluorescence, Vectashield H-1000 (Vector laboratories, 

Peterborough, UK). The edge o f  each coverslip was sealed to the glass slide with clear 

nail varnish and stored at 4^C. When the slides dried they were visualized under 

confocal microscope (Zeiss, LSM -510 META, Zeiss, UK) as soon as possible using 

appropriate excitation wavelength and filter settings.



2.6.4 Quantification o f fluorescence labelling in cultured experiment

In cultured experiments, where fluorescence intensity o f neurons was measured as a 

means to evaluate the effect of a treatment on a target protein, the fluorescence intensity 

o f the whole field was measured. In each experiment, for a treatment group, the 

fluorescent intensity of 6 chosen fields (one central and 5 peripheral) was measured and 

the mean value was used. Each experiment was carried out 6 times (n=6).

The only exception to this method of measurement o f fluorescence intensity was when 

the role o f CBi receptor in AEA mediated increase in Notch-1 signaling was evaluated. 

In this experiment, for each randomly chosen field, nuclear NICD fluorescence 

intensity o f all cells was measured and the mean used as a measure of nuclear NICD 

expression. Each experiment was carried out 6 times (n=6).

2.6.5 Immunohistochemical staining of brain slices 

2.6.5.1 Preparation of Subbed slides

Clean Microscope slides (twin frosted) were subbed prior to use. The subbing solution 

was made using gelatine, chromalum and dH20. In brief, 500 ml dH20 was heated to 

60^C in a glass beaker. 2.5 g gelatine was added in the heated dH20 and stirred. When it 

dissolved, 0.25g chromalum was added to it. When the solution cooled to room 

temperature it was put into a glass trough. Clean microscope slides (twin frosted) were 

placed into a wire rack and then the rack was placed in trough (quick “dunk”). The rack 

was removed, placed on tissue overnight to dry, covered with a layer o f tissue to keep 

the slides free from dust and dirt.

2.6.5.2 Preparation of brain slices

A small amount of water was placed over the chuck o f the cyrostat and over it a flat 

rubber cork was placed. Water was allowed to cool and fix the cork with the chuck. The 

medial side o f sagitally sectioned half brain was placed flat over the rubber cork. 

Gradually a layer of Optimal Cutting Temperature (O.C.T., Tissue-Tek®, USA) 

embedding media was built up to surround the brain; done slowly to avoid defrosting 

the outer edge o f the brain as O.C.T. was at room temperature (RT). 40 micron sections 

were cut until the desired area (hippocampus and cortex) was reached. Desired area was 

confirmed by staining with methylene blue and observing the section under light 

microscope. When the desired area was reached the glass anti-rolling plate was put



down and 10 micron thick sections were taken over the subbed microscope slides. The 

microscope slides with sectioned slices were kept in microscope slide boxes at -20®C 

until staining.

2.6.S.3 BrdU-NeuN double immunohistochemical staining

Representative slides (each containing 3 brain sections) from different treatment groups
o

were taken for each batch o f staining. Slides stored at -20 C were removed from the 

freezer and air dried and defrosted. Individual brain slices were surrounded in a 

hydrophobic well using cytomation pen (DAKO, UK). Following fixation using ice 

cold methanol (Sigma-Aldrich, Dorset, UK) for 10 minutes, brain slices were 

permeabilised with 0.2% Triton-X in PBS for 10 minutes at RT. Triton-X was tapped of 

and a DNA denaturing step was carried out by incubating brain slices with 0.5 M NaOH 

(Sigma-Aldrich, Dorset, UK) for 20 minutes at RT. Following this the brain slices were 

rinsed in PBS ( 3 x 5  minutes). Non-specific interactions were blocked using 100 |al 

blocking solution per slice (0.2% Triton-X in PBS containing 20% normal goat serum 

(v/v); Vector laboratories, Peterborough, UK) for 2 hours at RT. Sections were then
o

incubated overnight at 4 C with a cocktail primary antibody mix (1:150, rat monoclonal 

anti-BrdU-FITC; Abeam, Cambridge, UK and 1:100 mouse polyclonal anti-NeuN; 

Millipore, UK) diluted in 20% blocking solution. The primary antibodies were removed 

and washed with PBS ( 3 x 5  minutes). Following the wash brain slices were incubated 

with appropriate Alexa fluorophore conjugated secondary antibody (1:1000, goat anti

mouse Alexa fluor®546. Vector laboratories, Peterborough, UK) diluted in 10% 

blocking buffer for 1 hour at RT. Following secondary antibody incubation brain slices 

were washed with PBS for an hour ( 1 2 x 5  minutes), incubated with the nuclear dye 

DAPI (1: 1000; Invitrogen, Paisley, UK) in 10% blocking buffer for 30 minutes. 

Following 5 washes with PBS (5 minutes each) slides were mounted using aqueous 

mountant (Vectashield H- 1000; Vector laboratories, Peterborough, UK) and cover 

slipped. The edge of each coverslip was sealed to the glass slide with clear nail varnish 

and stored at 4°C. When the slides dried they were visualized under confocal 

microscope (Zeiss, LSM-510 META, Zeiss, UK) as soon as possible using appropriate 

excitation wavelength and filter settings.



2.6.S.4 BrdU-GFAP double immunohistochemical staining

Representative slides (each containing 3 brain sections) from different treatment groups
o

were taken for each batch of staining. Slides stored at -20 C were removed from the 

freezer and air dried and defrosted. Individual brain slices were surrounded in a 

hydrophobic well using cytomation pen (DAKO, UK). Following fixation using ice 

cold methanol (Sigma-Aldrich, Dorset, UK) for 10 minutes, brain slices were 

permeabilised with 0.2% Triton-X in PBS for 10 minutes at RT. Triton-X was tapped of 

and a DNA denaturing step was carried out by incubating brain slices with 0.5 M NaOH 

(Sigma-Aldrich, Dorset, UK) for 20 minutes at RT. Following this the brain slices were 

rinsed in PBS ( 3 x 5  minutes). Non-specific interactions were blocked using 100 (il 

blocking solution per slice (0.2% Triton-X in PBS containing 20% normal goat serum 

(v/v); Vector laboratories, Peterborough, UK) for 2 hours at RT. Sections were then 

incubated overnight at 4 C with a cocktail primary antibody mix (1:150, rat monoclonal 

anti-BrdU-FITC; Abeam, Cambridge, UK and 1:600 rabbit monoclonal anti-GFAP; 

DAKO, UK) diluted in 20% blocking solution. The primary antibodies were removed 

and washed with PBS ( 3 x 5  minutes). Following the wash brain slices were incubated 

with appropriate Alexa fluorophore conjugated secondary antibody (1:1200, goat anti

rabbit Alexa fluor®546. Vector laboratories, Peterborough, UK) diluted in 10% 

blocking buffer for 1 hour at RT. Following secondary antibody incubation brain slices 

were washed with PBS for an hour ( 1 2 x 5  minutes), incubated with the nuclear dye 

DAPI (1: 1000; Invitrogen, Paisley, UK) in 10% blocking buffer for 30 minutes. 

Following 5 washes with PBS (5 minutes each) slides were mounted using aqueous 

mountant (Vectashield H- 1000; Vector laboratories, Peterborough, UK) and cover 

slipped, The edge of each coverslip was sealed to the glass slide with clear nail varnish 

and stored at 4°C. When the slides dried they were visualized under confocal 

microscope (Zeiss, LSM-510 META, Zeiss, UK) as soon as possible using appropriate 

excitation wavelength and filter settings.

2.7. Preparation of in-vitro and in-vivo samples for Polymerase Chain Reaction 

fPCR)

2.7.1 RNA Extraction

To prepare the cultured neurons and tissue samples for PCR, RNA extraction was 

performed using a total RNA isolation kit (Nucleospin RNA II, Macherey-Nagel, 

Germany). Cultured neurons in one well were lysed using 120^1 of RAl buffer and



samples from 3 w ells were pooled to generate one “n” number o f  any specific treatment 

group. Tissue samples that had been stored in RNA buffer were removed from the - 

80°C freezer, placed in 350|al o f  R A l buffer. 3.5|al o f  P-mercaptoethanol (Sigma- 

Aldrich, Dorset, UK) was added to each sample and hom ogenized using a polytron 

tissue disrupter (Kinetatica, UK). As per the user manual provided with the kit, the 

sample homogenate was added to Nucleospin® filter units and filtered by centrifugation 

at 1 lOOOrpm for Imin. 350 |il o f  70% ethanol (Sigma-Aldrich, Dorset, UK) was added 

to each sample lysate and m ixed by pipetting vigorously, approximately 5 times. Each 

sample m ix was placed in N ucleospin® RNA II columns and centrifuged at 11,000 rpm 

for 30 seconds, allowing the RNA to bind to the silica membrane. Following  

centrifugation, the column was placed in a new collecting tube and 350|ul o f  membrane 

desalting buffer (supplied) was added to the column. The column was again centrifuged 

at 11,000 rpm for 1 minute. rDNase (supplied) was diluted 1:10 in DNase Reaction 

Buffer (supplied) and 95|li1 o f  this solution was pipetted directly into the centre o f  the 

silica column, to digest DNA. Samples were incubated with the DNase solution for 15 

minutes at room temperature. 200|al o f  buffer RA2 was then added to the column and 

centrifuged at 11000 rpm for 30 seconds. The column was placed in a new collecting  

tube. 50ml o f  ethanol was added to 25ml o f  RA3 buffer concentrate and 600|il o f  this 

was added to the column and centrifuged at 11000 rpm for 30 seconds. The flow 

through was discarded and the column was washed a second time with 250 |il o f  RA3 

buffer, and then centrifuged at 11000 rpm for 2 minutes. Finally, the column was placed 

in a fresh RN ase-free microtube and 60|al o f  R N ase-free H2O (supplied) was added to 

the column and the RNA was eluted during centrifugation at llOOOrpm for 1 minute. 

The eluted RNA was stored at -80°C for qualification, quantification and reverse 

transcription (see below).

2.7.2 RNA Quantification

The optical density o f  the extracted RNA was measured using a spectrophotometer 

(NanoDrop 1000, Thermo scientific, UK) to determine RNA concentration and purity. 

The concentration o f  RNA can be measured due to its ability to absorb light at 260nm. 

An optical density reading o f  1.0 at 260nm is equivalent to an RNA concentration o f  

40|^g/ml. Therefore the RNA concentration o f  a sample o f  extracted RNA can be 

quantified using the following equation:



RNA = OD260 X dilution factor x 40|ag/ml.

The absorbance is also measured by the spectrophotometer at 280nm. This reading can 

be used to ascertain the purity o f the RNA. A ratio o f optical density26o: optical 

density28o of approx. 1.8-2.0 is indicative of pure RNA. RNA concentrations were 

equalized with RNase-free H 20 so that equal concentrations of RNA could be used as a 

template for cDNA transcription.

2.7.3 Reverse Transcription of RNA for cDNA synthesis

A high capacity cDNA archive kit (Applied Biosystems, Germany) was used to reverse 

transcribe the equalised RNA samples. Equalised RNA (20|al) was mixed in a PCR 

mini-tube with an equal volume of 2X master mix (containing: 1.5 dilution o f lOX 

Reverse Transcription Buffer, 1:12.5 dilution of 25X dNTPs, 1:5 dilution of Random 

Primers, 1:10 dilution of MultiScribe Reverse Transcriptase and 1:2.381 dilution H2O). 

Samples were then placed in a thermal cycler (PTC-200 Peltier Thermal Cycler, 

Biosciences, Dublin, Ireland) and incubated at 25°C for 10 minutes, then at 37°C for 

2hrs. The cDNA was stored frozen at -20°C for later real-time polymerase chain 

reaction (PCR) analysis.

2.7.4 Real Time Polymerase chain reaction (RT-PCR)

Gene expression of targets was assessed using “Taqman® Gene Expression Assays” 

(Applied Biosystems, Germany) containing specific target primers against rat genes 

listed in table 2.2 and FAM-labelled MGB target probes, p-actin gene expression was 

used to normalize gene expression between samples, and was quantified using a P-actin 

endogenous control gene expression assay containing specific primers, and a VIC- 

labelled MGB probe for rat P-actin.

Table 2.2 Primers used in the study

Gene name Gene Description Assay number

Net Nicastrin Rn00598037_ml

Nb Numb Rn01518088_ml

Hesl Hairy and enhancer of split 1 Rn00577566_ml



Hes5 Hairy and enhancer o f split 1 Rn00821207_gl

ACTB Beta Actin 4352340E

2.8 Sodium Dodecvl Sulphate-Polvacrylainide Gel Electrophoresis (SDS-PAGE) 

2.8.1 Preparation of samples/ Preparation of total protein

To analyse total expression o f protein neuronal cell cultures were washed in Tris 

Buffered Saline (TBS; 200mM Tris-HCl; 150mM NaCl; pH 7.6) before harvesting by 

scraping coverslips using the rubber end of a 1 ml syringe piston (B.Braun Medical 

Ltd., Melsungen, Germany) into lysis buffer (30|il/well; HEPES (25mM), M gS04 

(5mM), dithiothreitol (DTT; 5mM), PMSF (2mM), leupeptin (2|.ig/ml), pepstatin 

(10|^g/ml), aprotinin (2|ig/ml); pH 7.4) on ice. Lysates were homogenized (xlO strokes) 

in lysis buffer on ice using a glass homogeniser (Jensons, Bedfordshire, UK). Samples 

were then centrifuged (13,000 x g for 15 minutes at 4^C) and the supernatant collected 

as the whole cell protein.

In case o f in-vivo studies, brain samples stored in at -80°C kreb’s solution (118 mM 

NaCl, 4.7 mM KCl, 1.2 mM KH2P04, 1.2 mM M gS04, 4.2 mM NaHCOS, 2 mM 

CaC12, 10 mM glucose, 200 mM sulphinpyrazone and 10 mM Hepes, pH 7.4) were 

removed from the freezer and kept in ice bath to defrost. These were then washed thrice 

with freshly prepared kreb’s Ca solution, being vortexed in between washes. 

Following washing samples were resuspended in lysis buffer [HEPES (25mM), M gS04 

(5mM), dithiothreitol (DTT; 5mM), PMSF (2mM), leupeptin (2|ig/ml), pepstatin 

(10|j.g/ml), aprotinin (2|ig/ml); pH 7.4], homogenised with polytron and sonicated for 2- 

3 seconds. They were then centrifuged (10,000 x g for 15 minutes at 4®C) and the 

supernatant collected as the whole cell protein.

Protein concentrations o f each sample were determined by BCA assay. Samples were 

standardised to contain 1 mg/ml total protein. 2X SDS sample buffer (150mM Tris-HCl, 

10% w/v glycerol, 4% w/v SDS, 5% v/v P-mercaptoethanol, 0.002% w/v bromophenol 

blue, pH 7.4) was added to each sample and then boiled for 5 minutes at 100°C in a 

heating block (Stuart SBH1300, Stuart, Dublin, Ireland). Equalized samples were 

stored at -20*̂ C until required



2.8.2 Gel electrophoresis

Polyacrylamide separation gels ( 1 mm thick) with a monomer concentration o f 12% 

[acrylamide/bis-acrylamide (30% stock, 33% v/v, ddH20 40% v/v), Tris-HCl (0.05M, 

25% v/v, pH 8.8), SDS (10% w/v stock, 1% v/v), APS (10% w/v stock, 0.5% v/v), 

TEMED (0.05% v/v) Sigma-Aldrich, Dorset, UK] overlaid with 4% stacking gel 

[acrylamide/bis-acrylamide (30% stock, 13% v/v, ddH20 60% v/v), Tris-HCl (0.05M, 

25% v/v, pH 6.8), SDS (10% w/v stock, 1% v/v), APS (10% w/v stock, 0.5% v/v), 

TEMED (0.05% v/v) Sigma-Aldrich, Dorset, UK] were cast between 10 cm wide glass 

plates and mounted on a mini electrophoresis unit (Sigma Techware, Dorset, UK) using 

spring clamps. The upper and lower reservoirs o f the unit were filled with electrode 

running buffer (25mM Tris Base; 200 mM glycine; 0.1% SDS (w/v)). Equalised 

samples (20 fil/ well) were loaded into the wells using a Hamilton Microliter syringe. 

Prestained molecular weight standards (5|al, Bio-Rad, Hertfordshire UK) were also 

loaded to verify the molecular weight o f protein bands. Proteins were separated by 

application o f a 32 mA current to the gel apparatus and migration of the bromophenol 

was monitored. The current was switched off when the blue dye band reached the 

bottom of the gel.

2.8.3 Semi-dry electrophoresis blotting

The gel was removed from the gel apparatus and washed gently in ice cold (4°C) 

transfer buffer [25 mM Tris-Base; 192 mM glycine; 20% methanol (v/v); 0.05% SDS 

(w/v); pH 8.3]. The gel was placed on top of a sheet of a nitrocellulose blotting paper 

(0.45 |im pore size; Sigma-Aldrich, Dorset, UK) wetted in transfer buffer and cut to the 

size of the gel. One piece of filter paper was placed on the top of the gel and one piece 

was placed beneath the nitrocellulose paper forming a “sandwich”. The “sandwich” was 

soaked in transfer buffer and placed on platinum coated titanium electrode (anode) o f a 

semi-dry blotter (Sigma-Aldrich, Dorset, UK). Air bubbles were removed from the 

sandwich by gently rolling a Pasteur pipette over it. The lid of the blotter (cathode) was 

placed down firmly on top o f the sandwich. The uncovered portion of the cathode was 

shielded with a mylar cut-out (Sigma-Aldrich, Dorset, UK) ensuring all applied current 

passed directly through the sandwich. A constant current of 225 mA was applied for 75 

minutes.



2.9 Western Immunoblotting

Following transfer, the nitrocellulose blotting paper was blocked to prevent non

specific binding and probed overnight with a primary antibody (listed in table 2.3) 

raised against the appropriate protein. This was followed by three 10 minutes washes 

with tris buffer saline (TBS; 20 mM Tris-HCl, 150 mM NaCl, pH 7.8) containing 

0.05% (v/v) Tween (TBS-T) and incubated with an appripriate secondary antibody 

(listed in table 2.3) that was horseradish peroxidase (HRP) -conjugated for 1 hour. The 

secondary antibody solution was discarded and membrane was washes with TBS-T for 

4 times, 10 minutes each. A chemiluminescent detection chemical (SuperSignal Ultra; 

Pierce, Leiden, Netherlands) was added on top o f the membrane and incubated for 4 

minutes. The excess chemiluminescent detection chemical was gently drained off by 

touching the membrane to a tissue paper. The membrane was exposed under the 

luminescent image analyser (model no.: LAS-4000, Fujifilm, Medical System 

Stamford, USA)

Table 2.3 Western immunoblot protocol details

Protein Primary antibody 

manufacturer 

(catalogue number)

Band size 

(kDa)

% Block 

in TBS-T

Antibody dilutions

Notch-1 

intracellular 

domain (NICD)

Abeam (ab8925) 80 5% BSA Primary- 1:1000 

Secondary- 1:2000

Full length 

Notch-1

Cell Signaling 

Technology (3268)

120 5% BSA Primary- 1:1000 

Secondary- 1:5000

Cleaved 

Notch 1/ NEXT 

(ml711)

Santa Cruz Biotech 

(sc-23307)

120 5% BSA Primary- 1:200 

Secondary- 1:5000

Numb (Nb) Cell Signaling 

Technologies (2756)

74 5% BSA Primary- 1:1000 

Secondary- 1:2000

Nicastrin (Net) Cell Signaling 

Technology (3632)

120 5% BSA Primary- 1:1000 

Secondary- 1:2000

Presenilin-1 Abeam (ab76083) 53 5% BSA Primary- 1:1000



(PSl) Secondary- 1:5000

Presenilin-2

(PS-2)

Abeam (ab5I249) 50 5% BSA Primary- 1:5000 

Secondary- 1:20000

Aph-1 a Abeam (abl2104) 30 5% BSA Primary- 1:1000 

Secondary- 1:5000

APh-Ib Abeam (ab 116657) 28 5% BSA Primary- 1:1000 

Secondary- 1:5000

Hairy and 

Enhancer of 

Split 1 (Hesl)

Abeam (ab71559) 30 5%

Marvel

Primary- 1:500 

Secondary- 1:1000

p-Actin Sigma (A3853) 47 5%

Marvel

Primary-1: 2000 

Secondary- 1:4000

2.9.1 B-Actin expression

Following Western immunobloting for protein of interest the blots were stripped with 

an antibody stripping solution and re-probed for analysis of total (3-actin expression. 

Non-specific binding was blocked by incubating the membrane in blocking buffer [TBS 

containing 5% Non Fat Dry Milk (NFDM); Marvel, Ireland] at 4'^C overnight. The 

primary antibody was a mouse monoclonal IgG antibody corresponding to amino acid 

sequence mapping at the carboxy terminus of actin of human origin (1:2000, in TBS-T 

containing 2% NFDM. Membranes were incubated for 2 hours at RT in the presence of 

primary antibody and washed for 10 minutes 3 times in TBS-T. The HRP- conjugated 

secondary antibody (1:4000; goat anti-mouse in TBS-T containing 2% NFDM) was 

added and membranes were incubated for 1 hour at RT. This was followed by washing 

the membranes with TBS-T for 10 minutes 3 times. Supersignal was added for 4 minute 

and membrane was exposed under the luminescent image analyzer (Model no.: LAS- 

4000, Fujifilm, Medical System Stamford, USA) to analyser protein bands.

2.9.2 Densitometry

In all cases quantification of protein bands were achieved by densitometric analysis 

using Image Reader LAS 4000 (Fujifilm, Medical System Stamford, USA) software. 

The procedure is semi-quantitative; the ratio o f a protein band to corresponding total p- 

Actin was quoted using arbitrary unit.



2.10 CBFl luciferase reporter gene assay

2.10.1 Plasmid transformation

Firefly luciferase based 4xwt-CBF-l-Luc reporter DNA was kindly provided by Dr. 

Richard Killick (King’s College London, UK), empty vector control (pcDNA) and 

pGL3-Luc reporter was generously provided by Dr. Sinead E Keating and Prof. Andrew 

G Bowie (Trinity College Dublin, Ireland). Plasmid transformation was carried out in 

competent E. Coli strain, NovoBlue (Novogen, Berkshire, UK). 1 tube of NovoBlue 

was left on ice to thaw and mixed gently to ensure the cells were evenly suspended. 1 |il 

o f DNA solution was added to 5 |j1 of competent E. Coli. The mixture was stirred 

gently and left on ice for 2 minutes. The tubes were then heat shocked for exactly 30 

seconds in a water bath at 42'^C and cooled on ice for 5 minutes. 100 |.il of SOC media 

(Sigma-Aldrich, Dorset, UK) was added to each tube and mixed gently. It was then 

plated out onto Luria-Bertani (LB) agar (Sigma-Aldrich, Dorset, UK), containing 

ampicillin. Plates were incubated at 37^C for 16-18 hours for bacteria to grow. 

Transformed cells were then single colony purified and used to purify plasmids for 

transfection.

2.10.2 Plasmid purification procedure

Plasmid purification was carried out using EndoFree Plasmid Maxi Kit (Qiagen, West 

Sussex, UK). 100 ml of LB broth (containing ampicillin) was inoculated with a single 

colony from the single colony purification step as stated earlier. Cells were grown at 

37̂ ’C for 12-16 hours in a shaking incubator at 200 rpm. The cells were harvested by 

centrifugation at 5000 x g for 10 minutes at A^C. The supernatant was decanted and the 

cell pellet was resuspended in 10 ml of chilled resuspension buffer (buffer PI). The 

cells were lysed for 5 minutes at room temperature by adding 10 ml lysis buffer (buffer 

P2). The lysis reaction was stopped by addition o f 10 ml of neutralisation buffer (buffer 

P3). The lysate was poured into the barrel o f the QIAfilter cartridge, incubated for 10 

minutes at room temperature and then passed through the filter into a 50 ml tube. 2.5 ml 

buffer ER was added to the filtered lysate, mixed with it and incubated on ice for 30 

minutes. In the meantime QIAGEN-tip 500 was made ready for use by to applying 10 

ml buffer QBT. Following incubation the filtered lysate was applied to the QIAGEN-tip 

and passed through gravity flow. This was washed with 30 ml o f Buffer QC twice and 

DNA eluted with 15 ml Buffer QN. DNA was precipitated by addition of isopropanol to 

the eluted DNA and centrifuging it at 5000 x g for 1 hour at 4'^C. DNA pellet was



washed with 5 ml o f endotoxin-free 70% ethanol and centrifuged at 5000 x g for 30 

minutes. The supernatant was decanted without disturbing the pellet. The pellet was air 

dried for 10 minutes and DNA was re-dissolved in a suitable volume o f endotoxin-free 

buffer TE.

2.10.3 Spectrophotometry

DNA preparations were quantified with a UV spectrophotometer (NanoDrop 1000, 

Thermo scientific, UK) by measuring absorbance at 260 nm. The purity o f the 

preparations was indicated by an A260/A280 ratio o f 1.75 to 1.95.

2.10.4 Transfection using GeneJuice

GeneJuice transfection reagent (Novogen, Berkshire, UK) was used for transfection o f 

primary cortical neurons. GeneJuice is a proprietary consisting nontoxic formulation o f 

a cellular protein and a small amount o f a novel polyamine. Primary cortical neurons 

were seeded at 2x 10^ cells per well in 24 well plates. On day 4 in culture cells were 

transfected in triplicate with 575 ng DNA per transfection. Each transfection consisted 

o f 125 ng o f  empty vector control (pcDNA), 400 ng CBF-1- Luc DNA, 50 ng pGL3- 

Luc DNA (used as an endogenous control to observe transfection efficacy) in 2 |il o f 

GeneJuice. This DNA mixture in GeneJuice was mixed with 25 |il o f serum free NBM 

per transfection and incubated at room temperature for 5 minutes. 25 |̂ 1 o f this mixture 

was added on top o f existing NBM in each well and removed 48 hours post 

transfection. This was followed by stimulation o f cells with different treatment for 6 

hours.

2.10.5 Luciferase gene reporter assay

These assays take advantage o f the different enzyme structures and substrates o f  firefly 

and pGL3 luciferases. The firefly luciferase oxidises the beetle luciferin in the presence 

o f  ATP, Mg^ and O2 , generating a flash o f light. The signal is stabilised by the presence 

o f  coenzyme A (CoA) in the luciferase assay mix. The pGL3 luciferase uses 

coelenterate-luciferin (coelentrazine, Invitrogen, Paisley, UK) and O2 to produce 

coelenteramide, CO 2 and a luminescent signal.

Following transfection for 48 hours and treatment o f cells for 6 hours, NBM  was 

removed and cells were lysed for 20 minutes on a rock n roller platform at room



temperature with 100 |̂ 1 passive lysis buffer (Promega, UK). For each treatment group 

(in triplicate) 40 |il lysate was taken in two seperate 96 well assay plate and analysed 

for CBF-1 luciferase and pGL3 luciferase. To one plate 40 |il o f luciferase assay mix 

[20 mM tricine, 1.07mM(MgCO3)4Mg(OH)2.5H20, 2.67 mM M gS0 4 , O.IM EDTA, 

33.3 mM DTT, 270mM coenzyme A, 470mM luciferin and 530mM ATP] was added to 

measure CBF-1 luciferase activity. In another plate 40 |j1 o f pGL3 substrate 

coelentrazine (2ng/ml in Ix PBS) was added. The samples were protected from and 

light and analyzed using the reporter microplate luminometer (Turner designs). CBF-1 

reporter luminescence reading were corrected for pGL3 activity and expressed as fold 

stimulation over unstimulated empty vector control.

2.11 Caspase-3 enz\'me activity analysis

Caspase-3 activity assay kit (BioMol Quantizyme, Exeter, UK) was used to measure 

endogenous caspase-3 activity in neuronal cultures. In this method, cleavage o f  the 

fluorogenic caspase-3 substrate (AC-DEVD-7-amino-4-trifluoromethylcoumarin 

peptide (AFC) to its fluorogenic product was used as a measure o f caspase-3 activity. 

Cell lysates were incubated in assay buffer, and the reaction started by the addition o f 

AC-EVD-pNa substrate, for 10 minutes at 37°C. The plate was read at an excitation o f 

405 nm every minute for 15 minutes using a Fluoroscan Ascent FL plate reader (MSC, 

Medical Supply Company Co. Ltd.). The rate o f  pNa release at 405 nm was directly 

proportional to the amount o f  active caspase-3 in the samples.

2.12 Terminal Deoxynucleotidyltransfcrase-mcdiated UTP Nick End 

Labelling (T U N E D

2.12.1 Fixing of Cells

Following treatment o f the cells with the appropriate drug, they were fixed for staining. 

Coverslips with the adhered cells were washed once in ice-cold PBS, and incubated in 

4% paraformaldehyde ((w/v); Sigma-Aldrich, Dorset, UK) for 30 minutes, at room 

temperature. Coverslips were then washed twice with ice-cold PBS and stored at 4°C 

until required.

2.12.2 Colorimetric TUNEL

The DeadEnd'^'^ Colorimetric TUNEL system (Promega Corporation, Madison, USA) 

was used to access apoptotic cell death in neuronal cultures. Fixed cells were



permeabilised with 0.2% Triton-X (v/v) for 5 minutes, and washed twice in PBS for 5 

minutes. Cells were re-fixed by incubation with 4% paraformaldehyde (w /v) for 5 

minutes, followed by 2 more washes, and then incubated in equilibration buffer 

(200mM  potassium cacodylate, 25mM  TRIS-HCl, 0.2mM  DTT, 0.25m g/m l BSA, 

2.5m M  cobalt chloride) for 8 minutes. A  reaction buffer (1% biotinylated nucleotide 

mix ((v/v) lOmM TRIS-HCl pH, Im M  EDTA, pH 7.6), 1% Terminal

dcoxynucleotidyl Transferase ((v/v); TdT) enzyme, 98% equilibration buffer) was 

applied for 60 minutes and incubated at 37°C. The TUNEL detection system measures 

fragmented DN A o f  apoptotic cells by catalytically incorporating this biotin at 3 '-OH 

D N A ends using TdT. The reaction was stopped by incubating cells in  SCC diluted in 

ddH20 (0 .15M NaCl, 0 .17M sodium citrate) for 15 minutes, and cells were then washed 

3 tim es in PBS for 5 minutes. Endogenous peroxidases were blocked by adding 0.3%  

H2 O 2 (v/v) for 3 minutes (Sigma-Aldrich, Dorset, UK), followed by 3 washes in PBS 

for 5 minutes. Cells were incubated in horse radish peroxidase-labelled streptavidin 

diluted in PBS (1:100) for 30 minutes, at room temperature to bind the biotinylated 

nucleotides. After 3 washes in PBS, apoptotic cells (TUNEL positive) were detected 

using a stable diaminobenzidine chromagen (D A B) solution. This solution allow s the 

peroxidase to be detected using the peroxidase substrate hydrogen peroxide, the stable 

DAB and nickel ammonium sulphate. Cells were incubated in the DAB solution for 10 

minutes to stain the nuclei o f  TUNEL positive cells a dark brown, and washed 4 times 

in ddH20. Cells were then counter-stained with methyl green for 5 minutes to colour 

the TUNEL negative cells a light green, and washed 2 times in ddH20. Finally cells 

were dehydrated in a stepwise manner from 70% alcohol, to 95% alcohol, to absolute 

alcohol and lastly to xylene, and then mounted on to glass slides using DPX permanent 

mountant (BDH Laboratory Supplies, Dorset, UK). Mounted coverslips were viewed  

under light m icroscopy (Nikon Labophot, Nikon Instech, Co., Ltd., Kanagawa, Japan) 

at 40X  magnification. TUNEL positive cells were counted and expressed as a 

percentage o f  the total number o f  cells examined (>500 cells/coverslip).

2.13 Statistical analysis

Data was expressed as means ± standard error o f  means (SEM). Statistical analysis was 

carried out by using one-way analysis o f  variance or two way analysis o f  variance 

(depending upon experiment design), followed by post hoc Newman- Kuels test when 

significance was indicated. When comparison was made between two treatments, a



paired student’s t-test was perfomied to determine whether significant differences 

existed between the conditions. In all cases the alpha level was set at 0.05. All statistical 

analysis was carried out using Graphpad Prism Software (Version 5.0).



Chapter 3 

Modulation of the Notch-1 

pathway in-vitro 

by endocannabinoids



3.1 Introduction

The Notch-1 pathway is a highly conserved arbiter of cell fate decisions and is 

intimately involved in developmental processes (Schweisguth, 2004, Ehebauer et al., 

2006a). Besides its pivotal role in neural development, it is also involved in the control 

of neurogenesis, neuritic growth (Sestan et al., 1999), neural stem cell maintenance 

(Hitoshi et al., 2002), synaptic plasticity (Poirazi and Mel, 2001) and long term memory 

(Shors et al., 2001) both in the developing and adult brain. There is a growing body of 

research demonstrating the lack of neurogenesis and memory impairment in AD 

(Anderton et al., 2000, Lathia et al., 2008, Kim et al., 2007, Dale, 1998). A Role for the 

Notch pathway in the pathogenesis of AD is a fairly new concept (Anderton et al., 

2000, Ethell, 2010). Perturbation o f this important pathway is well established in the 

genesis of at least four genetic diseases namely tetralogy of Fallot, Alagille symdrome, 

spondylocostal dysostosis and Cerebral Autosomal Dominant Arteriopathy with 

Subcortical Infarcts and Leukoencephalopathy (CADASIL) (Gridley, 2003). The role of 

aberrant Notch signaling in the pathogenesis o f AD, Parkinson’s disease, amyotrophic 

lateral sclerosis and Huntington’s disease is emerging.

Upon ligand binding (e.g. delta, jagged), the membrane-tethered full length Notch 

receptor becomes susceptible to proteolysis at site 2 (s2, ADAM cleavage) that 

generates Notch Extracellular Truncation (NEXT) (Brou et al., 2000, Mumm et al., 

2000). The membrane-associated remnant is then cleaved via y-secretase (site 3, s3) and 

NICD is subsequently released into the cytosol (Kopan et al., 1996). NICD translocates 

to the nucleus to associate with the c-promoter binding factor 1 (CBF-1) family of 

transcription factors, resulting in transcriptional control of Hes genes (e.g. Hesl and 

Hes5) (Iso et al., 2003). These genes interact in a complex way to regulate neural stem 

cell differentiation and brain morphogenesis (Bertrand et al., 2002, Ross et al., 2003, 

Kageyama et al., 2005).

There is considerable evidence to demonstrate that Notch-1 signaling is dysregulated in 

AD. The same presenilin-1/ y-secretase that is responsible for the cleavage of amyloid 

precursor protein (APP) to generate different Ap species also cleaves Notch-1 to 

generate notch intracellular domain (NICD). This has raised considerable interest in 

elucidating the role o f Notch-1 signaling in AD (Lathia et al., 2008).



With the onset o f  neurodegeneration in the aduh brain, the Notch signaling pathway 

becomes activated, possibly as a means to compensate for neuronal loss by promoting 

neuronal growth. However, in advanced stages o f  neurodegeneration Notch signaling is 

reduced (Costa et al., 2003). Post-mortem immunohistochemical analysis o f  

hippocampal specimen from A D  patients has revealed that N otch-1 signaling is 

increased in this brain region, a region that is involved in learning and memory process 

and severely affected in AD (Nagarsheth et al., 2006). Patients o f  Down syndrome 

exhibit mental retardation and develop early AD -like pathology. Fischer and co

workers (2005) hyperactivation o f  N otch-1 and N otch-1 target genes in post mortem  

brain tissue and fibroblast obtained from Down syndrome patients. Data from that study 

also revealed a similar increase in the expression o f  Notch-1 and Notch-1 target genes 

in brain tissue from obtained from A D  patients. This suggests an interaction between 

N otch-1 signaling and am yloidogenesis.

Experiments have investigated the interaction between APP and Notch receptors found 

that N otch-1 receptors coimmunoprecipitate with APP (Oh et al., 2005), suggesting that 

APP and Notch family members engage in intermolecular cross talk to modulate cell 

function. The role o f  an APP-Notch interaction in AD and related disorders is unknown. 

Okochi and colleagues (2006) observed secretion o f  Notch-1 Abeta-like peptide (Nbeta) 

during the process o f  Notch signaling. Chemicals that m odify APi . 4 2  production cause 

parallel changes in the release o f  one form o f  Nbeta (Nbeta 25) in PS pathogenic 

mutants (Okochi et al., 2006). NICD also interacts with Amyloid Intracellular Domain 

(AICD), a transcription factor released during processing o f  APP and this interaction 

disrupts the association o f  the AICD transcription activator complex to reduce ROS 

generation and cell death. Over expression o f  NICD also dose dependently inhibited 

cell death by AICD (Kim et al., 2007). The role o f  Notch pathway on the pathogenesis 

o f  A D  is thus com plex, diverse and needs further evaluation.

On the other hand, numb (Nb), the negative regulator o f  the Notch pathway, makes 

neurons more vulnerable to the deleterious effects o f  Ap by altering calcium  

hom eostasis (Chan et al., 2002) and upregulating o f  the p53 tumor suppressor protein 

(Checler et al., 2010, Colaluca et al., 2008); signaling events that w e have previously



described to be pertinent in the neurodegeneration evoked by Ap, the neuropathological 

peptide that accumulates in AD (Noonan et al., 2010)

The y-secretase is composed o f  four members; presenilins (P S l and PS2), nicastrin 

(Net), presenilin enhancer-2 (Pen-2) and Anterior pharynx defective (A ph-la  and Aph- 

Ib). (Net), is a type 1 transmembrane protein that acts as a receptor site for substrate 

recognition, maturation and stabilization o f  the y-secretase (W olfe et al., 1999, Yu et 

al., 2000b, Lee et al., 2002, Steiner et al., 2002, Brijbassi et al., 2006). N et has been 

shown to have both y-secretase dependent and independent functions (Pardossi-Piquard 

et al., 2009). Neuronal apoptosis is an established pathology observed in in-vitro  

models o f  AD (Loo et al., 1993). Net over-expression has been shown to reduce 

apoptosis o f  human embryonic kidney (HEK293) cells and decreases staurosporine 

(STS)- and thapsigargin (TPS)-induced caspase- 3 activation in various cell lines by 

Akt-dependent pathway. Net over-expression also reduces p53 dependent cell death 

(Pardossi-Piquard et al., 2009). Interestingly, even though N et expression reduces down 

to basal level in most parts o f  the adult brain, its expression remains relatively high in 

selective neuronal populations within the basal forebrain, cerebral cortex, hippocampus, 

amygdala, thalamus, hypothalamus, cerebellum and brainstem (Kodam et al., 2008). 

The purpose o f  this over-expression in these distinct populations o f  cells in adult brain 

still remains to be resolved.

While the neuroprotective properties o f  endocannabinoids are emerging, little is known 

about the effects o f  endocannabinoids on Notch signaling. Frampton and co-workers 

observed opposing actions o f  the endocannabinoids on cholangiocarcinoma growth via 

the differential activation o f  Notch signaling (Frampton et al., 2010).

The experimental work carried out in-vitro  aimed to investigate the effects o f  A Pi .42  

and endocannabinoid AEA and 2-AG, on the N otch-1 signaling in primary cortical 

neurons. Initially any change evoked by A pi .4 2  in-vitro was further evaluated with co

treatment with AEA or 2-AG at their previously published neuroprotective 

concentrations (Noonan et al., 2010). The effects were then evaluated follow ing co

treatment o f  neurons with inhibitor o f  AEA metabolism (URB 597, a FAAH inhibitor) 

or 2-AG metabolism (URB 602, a MAGL inhibitor) at their established neuroprotective 

concentration (Noonan et al., 2010).



3.2.1 AEA up-regulates Notch-1 receptor cleavage and this persists in A pi . 4 2  

co-treated neurons at 6  hours.

F o llow ing  regu la ted  in tra -m em brane  p ro teo lys is  (R IP) b y  y -secre tase ,  the  m em b ran e  

bound  N otch-1  recep to r  is c leaved  to  genera te  the  no tch  in tracellu lar  do m ain  (N IC D ) 

w h ich  then  trans loca tes  to  n uc leus  w h ere  it b inds  to  C S L  fam ily  o f  D N A  bind ing  

pro te ins  to  ac tiva te  d o w n s tream  transcrip tional s ignaling . P r im ary  cu ltu red  cortical 

neu rons  w ere  t rea ted  w ith  A E A  ( lO n M ) in the  presence  o r  ab sen ce  o f  A(3i.42 (2 | iM ) for 

6  hours. N u c le a r  N IC D  s ta in ing  w as  used  to  access  th e  effec ts  o f  A E A  (10 n M ) on 

Notch-1 c leav ag e  (F igure  3 .2 .1). In control cells  consti tu t ive  nuc lea r  N IC D  express ion  

w as  obse rved  (arrow ). In cells  trea ted  w ith  A E A  (10  n M ) nuc lea r  N IC D  sta in ing  was 

increased. W hils t  APi.42(2 | iM )  reduced  consti tu tive  nuc lea r  N IC D  express ion  this w as 

reversed  in cells  t rea ted  w ith  A E A . Th is  suggests  tha t A E A  enhances  N o t c h - 1 receptor 

c leavage  and  nuc lea r  N IC D  m igra t ion  and  tha t th is  exp ress io n  profile  pers is ts  in the 

p resence  o f  A P i .4 2 .
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Figure 3.2.1: AEA up-regulates Notch-1 receptor cleavage and this persists in 

AP, . 4 2  co-treated neurons at 6 hours.

Cortical neurons were treated with AEA (10 nM) in the presence or absence o f APi-42 

(2 |o.M) for 6 hours. Nuclear translocation o f notch intracellular domain (NICD) was 

assessed by immunocytochemistry as a measure of Notch-1 receptor cleavage. Sample 

confocal images o f NICD immunostaining o f cells treated with (i) vehicle control, (ii) 

APi-42, (iii) AEA and (iv) APi.42 and AEA. In control cells constitutive nuclear 

expression o f NICD was observed. While APi_42 treatment reduced constitutive nuclear 

NICD expression, AEA treatment up-regulated nuclear NICD translocation, which was 

persistent in APi.42 co-treated cells. Arrows indicate nuclear NICD expression (scale bar 

IO|xm).
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3.2.2 AEA mediated up-regulation of Notch-1 receptor cleavage persists at 24 

hours in APi . 4 2  co- treated neurons.

To further investigate w hether the AEA m ediated enhancem ent o f  N o tch -1 receptor 

cleavage w as a transient or persistent effect I follow ed up this phenom enon at a later 

tim e point and cells w ere exposed to A EA  for a longer tim e o f  24 hours. Thus, prim ary 

neurons w ere treated  w ith AEA  (lO nM ) in presence or absence o f  A P i .42 (2 (xM) for 24 

hours. N uclear N IC D  w as assessed by im m unocytochem istry and W estern im m unoblot 

(F igure 3.2.2). A ccording to Figure 3.2.2A , control cells show ed constitu tive nuclear 

N IC D  expression (arrow ), how ever cells treated w ith A EA  (10 nM ) show'ed m ore 

intense nuclear N IC D  staining, signifying persistent enhanced Notch-1 cleavage. W hile 

A P i_42 (2 (iM ) reduced constitutive nuclear N IC D  staining this w as reversed by A EA.

W estern im m unoblot experim ents w ere carried out to validate the im m unocytochem ical 

data. F igure 3.2.2B  dem onstrates that A EA  (10 nM ) enhances N IC D  generation at 24 

hours (p < 0.05, A N O V A , n= 6 ) and this persists in presence o f  A P i .42 (2 |JM ). Thus, 

data from  densitom etry analysis revealed that in control cells N IC D  expression w as 

76.1 ±  9.1 (m ean arbitrary units ±  SEM ) w hich increased significantly  to 171.3 ± 34.3 

in neurons exposed to A EA . A lthough A P i .42 had no significant effect on N IC D  

expression (49.1 ±  16.6), in the presence o f  A EA , N IC D  expression rem ained 

significantly  high (138.5 ±  23.3; p < 0.05, A N O V A , n= 6 ). A representative W estern 

im m unoblot im age o f  N IC D  expression at 24 hours follow ing different treatm ent is 

show n in F igure 3.2.2C . These results dem onstrate that A EA  prom otes s3 cleavage o f  

full length Notch-1 receptor to generate N IC D .
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Figure 3.2 J,i AEA mediated up regulation of N otch-1 receptor cleavage persists at 24 
hours in APi. 4 2  co- treated neurons

Cortical neurons were treated with AEA (10 nM) in presence or absence o f  A P i .4 2  

(2fiM ) for 24 hours. Nuclear notch intracellular domain (NICD) was assessed by 
immunocytochemistry (A ) and Western immunoblot (B, C). (A) Sample confocal 
images o f  NIC D  immunostaining o f  cells treated with (i) vehicle control, (ii) APi.4 2 , (iii) 
AEA and (iv) A Pi .4 2  and AEA. W hilst A Pm 2 treatment reduced constitutive nuclear 
NICD translocation, AEA treatment up-regulated nuclear NICD translocation, as 
evident by intense nuclear NICD staining. This effect was persistent in A P i_42 co-treated 
cells. Arrows indicate nuclear NICD expression (scale bar 10|xm). (B) AEA (10 nM) 
augmented generation o f  NICD as measured by Western immunoblot (*, p < 0.05  
versus control, A N O V A , n= 6 ). (C) Representative Western immunoblot o f  NICD  
expression. Lane 1, 2, 3 and 4 represents groups treated with control medium, A Pi.4 2 , 
AEA or AEA  + A Pi .4 2  respectively. Actin was used as a loading control and the sample 
immunoblot is representative o f  6  independent experiments.
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3.2.3 A E A  induces N IC D  expression  w ith in  the nucleolus.

Having found that A EA (10 nM) enhanced N o tc h -1 receptor cleavage, I attempted to 

identify the exact region within the nucleus where N IC D  resides. It has been reported 

that N IC D  is a nuclear transcription factor that associates with the nuclear proteins o f  

the RBP-Jkappa family like C B F l .  CBF-1, when com plexed with NICD, acts as a 

transcriptional activator and the C B F l-N IC D  com plex activates expression o f  primary 

target genes o f  Notch signaling such as the HES and Herp (Iso et al., 2003). c23 

(nucleolin) is a nucleolar phosphoprotein that localizes in dense fibrillar regions o f  the 

nucleolus. Following treatment the cultured cortical neurons were double 

immunolabeled with c23 and NICD . Figure 3.2.3 demonstrates co-localisation (yellow) 

between c23 (red) and N IC D  (green) in A EA treated cells (10 nM, 6 hours), signifying 

that the N ICD  generated following N o tc h -1 receptor cleavage migrates to the nucleolus 

inside the nucleus.
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Figure 3 .2 3 : AEA induces NICD expression within the nucleolus

Cortical neurons were treated with AEA (10 nM ) for 6 hours following which NICD 

and C23 expression evaluated by immunocytochemistry. The co-localization (yellow) 

between NICD (green) and C23 (red) was assessed by double immunofluorescent 

staining. Arrows indicate the co-localisation o f  NICD with C23 inside the nucleus 

(scale bar 10(j,m).



3.2.4 AEA promotes s2 cleavage of full length Notch-1 receptor to generate NEXT.

An upstream  event in the generation o f  N IC D  is the generation o f  N otch E xtracellular 

T runcation (N E X T ) w hich subsequently  undergoes cleavage by y-secretase to generate 

NICD. U pon ligand binding (e.g. delta, jagged), the m em brane-tethered full length 

N otch receptor becom es susceptible to proteolysis at site 2 (s2, AD A M  cleavage) that 

generates N E X T  (M um m  at al., 2000). O bservation that A EA  can prom ote generation 

o f  N IC D  prom pted us to  investigate the im pact o f  A EA  on the generation o f  N EX T. 

C ultured cortical neurons w ere treated w ith A EA  (10 nM ) in the presence or absence o f  

A Pi_42 (2}iM) for 24 hours and N EX T  expression was m easured by W estern 

im m unoblot. Figure 3.2.4A  dem onstrates that AEA significantly  increased N E X T  

expression com pared to control cells (p < 0.05, S tudent’s t-test, n= 6 ). A P i .4 2  had no 

significant effect on N E X T  expression but in the presence o f  A EA , N E X T  expression 

rem ained significantly  high (p < 0.05, S tudent’s t-test, n= 6 ). Thus, data from 

densitom etry analysis revealed that in control cells N E X T  expression was 58.96 ± 9.7 

(m ean arbitrary  units ± SEM ) w hich increased significantly  to 139.7 ± 31 in neurons 

exposed to A EA . A lthough A P i .4 2  had no significant effect on N EX T  expression (49.1 

±  16.6), in the presence o f  A EA , N E X T  expression rem ained significantly high (147.5 

± 40.1). A representative W estem  im m unoblot im age o f  N E X T  expression follow ing 

different treatm ent is show n in Figure 3.2.4B. These results dem onstrate that A EA  

prom otes s2 cleavage o f  full length N o tch -1 receptor to generate N E X T  and this is 

likely an interim  procedure in N IC D  form ation.
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Figure 3.2.4 AEA promotes s2 cleavage of full length Notch-1 receptor to generate 

NEXT.

(A ) C ortical neurons w ere exposed to A EA  (10 nM ) for 24 hours and N E X T  expression 

w as assessed by W estern im m unoblot. A EA  enhanced s2 cleavage o f  full length N otch- 

1 to generate N E X T  (*, p <  0.05 S tudent’s t-test, n= 6 ). This positive regulatory effect o f  

A EA  persisted  in the presence o f  A P i .42 (*, p < 0.05, S tudent’s t-test, n= 6 ). Results are 

d isplayed as m ean arbitrary units ±  SEM . (B) R epresentative W estern im m unoblot o f  

N E X T  expression. Lane 1, 2, 3 and 4 represents groups treated w ith control m edium , 

APi_42, A EA  or A EA + A Pi.42 respectively. A ctin w as used as a loading control and the 

sam ple im m unoblot is representative o f  6  independent experim ents.

N E X T  120 kDa

B-Actin 47 kDa
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3.2.5 AEA prevents the APi . 4 2  mediated increase in Nb mRNA expression at 6  

hours.

N um b (N b) is a protein w hich interacts with the cytoplasm ic dom ain o f  N otch to inhibit 

N otch signaling (G uo et al., 1996). To assess the effect o f  A P i .4 2  and A EA  (10 nM ) on 

N b expression cultured neurons w ere exposed to A P i .4 2  (2 |aM) in the presence or 

absence o f  A EA  (lO nM ) for 6  hours and sam ples w ere analyzed for N b m RN A  by real 

tim e polym erase chain reaction (R T-PC R). Figure 3.2.5 dem onstrates that APi.42(2 fiM) 

significantly  increased N b m R N A  expression and that this w as prevented by co 

treatm ent w ith A EA  (10 nM ; p < 0.05, S tudent’s t-test, n= 6 ). Thus, in control cells RQ 

value for N b m R N A  was 7.7 ±  3 (m ean RQ values ±  SEM ) and this was significantly  

increased to  16.6 ± 0 . 1  in cells exposed to A Pi.4 2 . This was significantly decreased to 

9.1 ±  2.4 in cells exposed to A P i .4 2  in the presence o f  A EA  (p < 0.05, Students t-test, 

n= 6 ). These findings highlight the ability o f  AEA to prevent the A P i .4 2  induced increase 

in N b m R N A  expression. The ability  o f  A EA  to reduce an A p- m ediated upregulation 

o f  Nb m ay be expected to dam pen the inhibitory effects o f  AP on Notch-1 signaling.



I I C o n t r o l

Figure 3.2.5: AEA prevents the APi.4 2  mediated increase in Nb mRNA expression 

at 6  hours.

Cortical neurons w ere treated  w ith A P i .4 2  (2 |iM ) in the presence or absence o f  A EA  (10 

nM ) for 6  hours and N b m RN A  expression was assessed using RT-PCR . A p i .4 2  (2 |jM ) 

significantly  increased N b m R N A  expression and this w as prevented by co-treatm ent 

w ith A EA. R esults are displayed as m ean RQ values ±  SEM , (*p < 0.05, S tudents t-test, 

n= 6 )
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3.2.6 AEA prevents the APi . 4 2  mediated increase in Nb protein expression at 6  

hours.

Since  A P i . 4 2  s ign if ican tly  increased  neurona l  N b  m R N A  e x p re ss io n  and  A E A  (10 n M ) 

co - trea tm en t  p reven ted  that, w e  n ex t  investiga ted  w h e th e r  the  chan g e  in m R N A  

exp ress io n  transla ted  into an  a l te rna tion  in pro te in  exp ress ion . C u ltu red  neu ro n s  w ere  

e x p o sed  to  A P i . 4 2  (2 | iM )  in p resence  o r  ab sen ce  o f  A E A  ( lO n M ) for 6  hou rs  and N b  

exp ress io n  w as  a ssessed  by  im m u n o cy to ch em is try  and W este rn  im m unob lo t .  F igure 

3 .2 .6A  dem o n s tra te s  tha t in contro l cells m ean  N b  f luo rescence  in tensity  w as  350.1 ±  

19.2 (m ean  a rb itrary  un its  ±  S E M ), w h ich  w as  s ign if ican tly  increased  to  467.1 ±  21 .9  in 

A p i - 4 2  trea ted  cells  (p< 0 .001 ,  A N O V A , S tuden ts  N e w m a n  K euls ,  n = 6 ). C o- trea tm en t  

w ith  A E A  s ign if ican tly  reduced  m ean  N b  f luo rescence  in tensity  to 388 .0  ±  13.6 

(p<0 .01 ,  A N O V A , S tuden ts  N e w m a n  Keuls, n = 6 ). T h is  s ign if ies  tha t A E A  (10 nM ) 

w ith in  its neu rop ro tec t ive  concen tra t ion  range  nega tive ly  regu la tes  N b  express ion  

R epresen ta t ive  confoca l  im ages o f  N b  im m u n o s ta in in g  are  s h o w n  in F igure  3 .2 .6B  and 

W este rn  im m u n o b lo t  in F igure  3 .2 .6C



P'Actin 47 kDa

Figure 3 .2.6 : AEA prevents the APi.42 mediated increase in Nb protein expression 

at 6 hours

Cortical neurons were treated with APi.4 2  (2)iM) in the presence or absence o f AEA (10 

nM) for 6  hours. Nb expression was assessed by immunocytochemistry (A, B) and 

Western immunoblot (C). A: APi.42 (2|j,M) significantly increased neuronal Nb 

expression and this is prevented by co-treatment with AEA (10 nM). Results are 

displayed as mean arbitrary units ± SEM, (**p<0.01 and ***p< 0.001 respectively, 

ANOVA, Newman-Keuls Multiple Comparison Test, n=6 ). B: Representative confocal 

images o f neurons treated with (i) vehicle control, (ii) APi.4 2 , (iii) AEA and (iv) APi.4 2  

and AEA (scale bar 10 jxm). C: Representative Western immunoblot, an upregulation 

o f Nb protein by Api .4 2  which is prevented by AEA (10 nM). Actin bands were used to 

confirm equal protein loading. The Western immunoblot is representative o f 6  

independent experiments.
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3.2.7 AEA significantly increases Net expression which is persistent in APi . 4 2  co

treated neurons at 6  hours.

Filipovic  and  co lleagues  (2011)  reported  tha t  in a  m ode l  o f  invasive  b reas t  cancer  

w h ich  exp resses  a h igh  ce l lu la r  con ten t  o f  N e t ,  a gene  s ilenc ing  app ro ach  resu lted  in 

reduced  N o tc h - 1 recep to r  c leavage. 1 the re fo re  dec ided  to  d e te m iin e  w h e th e r  the up- 

regula tion  o f  N o t c h - 1 recep to r  c leavage  tha t  w as  o b se rved  fo l low ing  A E A  (10  nM ) 

t rea tm en t in F igure  3.2.1 corre la ted  w ith  a  change  in N et. C u ltu red  cortical neurons  

w ere  trea ted  w ith  A E A  (10  n M ) in the  p resence  o r  ab sen ce  o f  A P i .4 2  (2 |xM) fo r  6  hours  

and N e t  ex p ress io n  m easu red  by  f luo rescence  im m u n o cy to ch em is try  and  W este rn  

im m unoblo t .  F igure  3 .2 .7A  dem o n s tra te s  tha t A E A  s ign if ican tly  increased  m ean  N e t  

f luorescence  in tensity  from  159.5 ±  9.4 (m ean  a rb itrary  units  ±  S E M ) to 237 .4  ±  16.1 (p 

<  0.01, A N O V A , N e w m a n -K e u ls  M ultip le  C o m p ar iso n  Test, n = 6 ). A p i .4 2  had no 

signif icant effect on N e t  exp ress ion  (m ean  f luo rescence  in tensity  159.4 ±  13.84) and  in 

presence  o f  A E A  and A P i .4 2  N e t  exp ress ion  rem ained  s ign if ican tly  h igh (m ean  

fluorescence  in tensity  221 .2  ±  11.4, p< 0 .01 ,  A N O V A , N e w m a n -K e u ls  M ultip le  

C o m p ar iso n  Test,  n = 6 ). R epresen ta t ive  con foca l  im ages  o f  N e t  im m u n o s ta in in g  are 

show n  in F igure  3 .2 .7B and  W este rn  im m u n o b lo t  in F igure  3 .2 .7C . T here fo re ,  a lthough  

A p i -42 had no  e ffec t on  N e t  exp ress ion , the  u p -regu la t ion  o f  N e t  b y  A E A  m ay  con tr ibu te  

to  Notch-1 recep to r  c leavage  and the increase  in N IC D  express ion  o b se rved  in F igure  

3.2.1
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Figure 32 .7 : AEA significantly increases Net expression and which is persistent in 

APi-4 2  co-treated neurons at 6 hours

Cortical neurons were treated with APi.4 2  (2|xM) in the presence or absence of AEA (10 

nM) for 6  hours. Net expression was assessed by immunocytoehemistry (A, B) and 

Western immunoblot (C). A: AEA (10 nM) significantly increased Net expression and 

this was persistent in A p l .4 2  (2|J.M) co-treated cells. Results displayed as mean arbitrary 

units ± SEM (**p<0.01, ANOVA, Newman-Keuls Multiple Comparison Test, n=6 ). B: 

Representative confoeal images o f neurons treated with (i) vehicle control, (ii) APi.4 2 , 

(iii) AEA and (iv) Api-4 2  and AEA (scale bar 10 |j,m). C: Representative Western 

immunoblot, illustrating the AEA (lOnM) mediated up-regulation of Net which is still 

present following APi.4 2  co-treatment at 6  hours. Actin was used as a loading control 

and the sample immunoblot is representative of 6  independent experiments.
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3.2.8 AEA induces an increase in Net expression which persisted in cells treated 

with A p | .4 2  for 24 hours.

Following the finding that AEA (10 nM) up-regulates Net expression at 6  hours, I 

investigated whether this effect persisted at the 24 hour time point. Cultured cortical 

neurons were treated with AEA (10 nM) in presence or absence o f A Pi .42 (2|iM ) for 24 

hours and Net expression measured by fluorescence immunocytochemistry. According 

to Figure 3.2.8 A in control neurons mean Net fluorescence intensity was 348.3 ± 14.6 

(mean arbitrary units ± SEM) and following AEA treatment it significantly increased to 

505.4 ± 28.9 ( p<0.001, ANOVA, Newman-Keuls Multiple Comparison Test, n=6 ). 

APi-42 had no significant effect on Net expression (mean fluorescent intensity 310.2 ± 

21.3) but in presence o f AEA Net expression remained significantly high (mean 

fluorescence intensity 496.5 ± 25.1, p<0.001, ANOVA, Newman-Keuls Multiple 

Comparison Test, n=6 ). This finding demonstrates that AEA induced upregulation of 

Net expression is independent o f  co-treatment with APi.42 and is not a transient effect. 

Representative confocal images o f  Net immunostaining are shown in Figure 3.2.8 B. 

Therefore, although APi .42 had no effect on Net expression, the up-regulation o f Net by 

AEA may contribute to N otch-1 receptor cleavage and the increase in NICD expression 

observed in Figure 3.2.2. Figure 3.2.8 C demonstrates that Net upregulation by AEA 

was higher at 24 hour compared to that observed at 6  hour time point (p<0.001, 

ANOVA, Newman-Keuls M ultiple Comparison Test, n=6 ).
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Figure 3 ^ ^ :  AEA induces an increase in Net expression which persisted in cells 

treated with APi.4 2 for 24 hours.

Cortical neurons were treated with APi .4 2  (2^M ) in the presence or absence o f  AEA (10 

nM) for 24 hours. Net expression was assessed by immunocytochemistry. A: AEA (10 

nM) significantly increases Net expression and this persisted in Api.42(2|j,M) co-treated 

cells. Results are displayed as mean arbitrary units ± SEM, (***p<0.001, ANOVA, 

Newman-Keuls M ultiple Comparison Test, n= 6  observations). B: Representative 

confocal images o f neurons treated with (i) vehicle control, (ii) APi.4 2 , (iii) AEA and 

(iv) A pi-4 2  and AEA at 24 hour (scale bar 10 |am). C: AEA mediated up-regulation o f 

Net was higher at 24 hour compared to 6  hour.
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3.2.9 AEA induced increase in Net is a post transcriptional process.

Since A EA  (10 nM ) induced N et protein expression, we investigated w hether this 

change in N et protein expression correlated w ith any change in N et m R N A  expression. 

For this purpose, cultured neurons w ere exposed to A EA  (lO nM ) in the presence or 

absence o f  A P i .4 2  (2 |aM) for 6  hours and sam ples w ere analyzed for N et m R N A  by real 

tim e polym erase chain reaction (R T-PC R). F igure 3.2.9 dem onstrates that A EA  had no 

significant effect on N et m R N A  expression, signifying that the A EA -induced increase 

in N et protein expression is due to post transcriptional m odification. In control cells, the 

N et m R N A  RQ value was 1.00 ±  0.05 (m ean RQ value ±  SEM , n= 6 ) w hich w as no 

d ifferent from  cells treated with A EA  (RQ values 1.13 ±  0.07; p= 0.1689, S tudent’s t- 

test, n= 6 ). N either A Pi.4 2 (RQ value 1.05 ±  0.03) nor A Pi.4 2 and A EA  co-treatm ent (RQ 

value 1.04 ±  0.03) had any significant effect on N et m R N A  expression (p= 0.8534, 

S tuden t’s t-test, n= 6 ).
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Figure 3.2.9: AEA induced increase in Net is a post transcriptional process

Cortical neurons w ere treated w ith A P i .4 2  (2 |iM ) in the presence or absence o f  A E A  (10  

nM ) for 6  hours and N et m R N A  expression w as assessed  using RT-PCR. N either A P i .4 2  

(2 |iM ) nor A E A  (10  nM ) had any significant effect on N et m R N A . R esults displayed as 

mean RQ values ±  SEM , n= 6



3.2.10 AEA does not alter neuronal PS-1 expression.

Presenilin, an aspartyl protease, is one o f  tlie key com ponents o f  the active y-secretase  

that regulates the processing o f  A PP and N o tc h -1 receptor (W olfe , 2 0 07). A s the 

activity o f  the y-secretase is tightly regulated by its com ponents, w e next investigated  

the expression profile o f  PS-1 in neurons exp osed  to A E A  and A P i.4 2 . Cultured cortical 

neurons w ere treated w ith A E A  (10  nM ) in the presence or absence o f  A P i .4 2  (2|aM ) for 

24  hours and PS-1 expression  w as m easured by W estern im m unoblot. Figure 3.2. lOA 

dem onstrates that A E A  (10  nM ) had no sign ificant impact on neuronal PS-1 expression  

(p > 0 .05 , Student’s t-test, n= 6  observations). There w ere no sign ificant effect on PS-1 

expression  fo llo w in g  exposure o f  neurons to A P i .4 2  or fo llow in g  co-treatm ent w ith A EA  

(10  nM ) (p >  0 .05 , Student’s t-test, n= 6  observations). A representative W estern  

im m unoblot im age o f  PS-1 expression  fo llo w in g  different treatment is show n in Figure 

3 .2 .10B
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F ig u re  3 .2 .1 0 : A E A  d o es  n o t a lter  n eu ro n a l P S-1 exp ressio n

Cortical neurons w ere treated w ith A p i .42  (2 |iM ) in the presence or absence o f  A E A  (10  

nM ) for 24  hours. PS-1 expression  w as assessed  by W estern im m unoblot. A: A E A  had 

no significant effect on PS-1 expression. R esults are displayed as m ean arbitrary units ±  

SEM  (Student’s t-test, n= 6  observations). (B ) R epresentative W estern im m unoblot o f  

P S -1 expression. Lane 1, 2, 3 and 4  represents groups treated with control m edium , A P i. 

4 2 , A E A  and A E A +  A P i .42  respectively. A ctin  w as used as a loading control and the 

sam ple im m unoblot is representative o f  6  independent experim ents.
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3.2.11 AEA does not alter neuronal PS-2 expression.

N ext, I investigated the possib le  changes in PS-2 expression  fo llo w in g  exposure o f  

neurons to A E A . Cultured cortical neurons w ere treated w ith A E A  (10  nM ) in the 

presence or absence o f  A P i .4 2  (2|.iM ) for 24  hours and P S-2 expression w as m easured by  

W estern im m unoblot. Figure 3.2.1 lA  dem onstrates that A E A  (10  nM ) had no 

significant im pact on neuronal PS-2 expression  (p > 0 .05 , Student’s t-test, n= 6  

observations). A P i .4 2  had no significant effect on PS-2 expression or fo llo w in g  c o 

treatment w ith A E A  (10  nM ) (p >  0 .05 , Student’s t-test, n= 6  observations). A  

representative W estern im m unoblot im age o f  P S-2 expression  fo llo w in g  different 

treatment is show n in Figure 3.2.1 IB .
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Figure 3.2.11: AEA does not alter neuronal PS-2 expression

Cortical neurons were treated with APi .4 2  (2|aM) in the presence or absence o f  AEA (10 

nM) for 24 hours. PS-2 expression was assessed by Western immunoblot. A: AEA had 

no significant effect on PS-2 expression. Results are displayed as mean arbitrary units ± 

SEM (Student’s t-test, n= 6  observations). (B) Representative Western immunoblot o f 

PS-2 expression. Lane 1, 2, 3 and 4 represents groups treated with control medium, APi. 

4 2 , AEA and AEA + APi .4 2  respectively. Actin was used as a loading control and the 

sample immunoblot is representative o f 6  independent experiments.
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3.2.12 AEA does not alter neuronal Aph-1 (Aph-la and Aph-lb) expression.

The Human Aph-1 gene has tw o fam ily  m em bers, A p h -la  and A p h -lb  (Francis et al., 

2 0 02). Aph-1 associates w ith N et and PS as an integral regulator for the assem bly o f  

the y-secretase com p lex  and is required for intra-m em brane proteolysis o f  the am yloid- 

beta precursor protein and the N otch  (Lee et al., 2002). The im pact o f  A E A  on A p h -la  

and A p h -lb  w as exam ined. Cultured cortical neurons w ere treated with A E A  (10  nM ) 

in the presence or absence o f  A P i .4 2  (2)iM ) for 24  hours and A p h -la  and A p h -lb  

expression  w as m easured by W estern im m unoblot. Figure 3 .2 .12A dem onstrates that 

A E A  (10  nM ) had no significant impact on neuronal A p h -la  expression (p >  0 .05 , 

Student’s t-test, n= 6  observations). A p i .4 2  had no significant effect on A p h -la  

expression  or fo llo w in g  co-treatm ent w ith A E A  (10  nM ) (p >  0 .05 , Student’s t-test, n= 6  

observations). A representative W estern im m unoblot im age o f  A p h -la  expression  

fo llow in g  different treatment is show n in Figure 3 .2 .12B

N o  sign ificant difference in A p h -lb  expression  w as observed either (Figure 3 .2 .12C; p 

> 0 .05 , Student’s t-test, n= 6  observations). A P i .4 2  had no significant effect on A p h -lb  

expression  or fo llo w in g  co-treatm ent w ith A E A  (10  nM ) (p >  0 .05 , Student’s t-test, n= 6  

observations). A  representative W estern im m unoblot im age o f  A p h -lb  expression  

fo llo w in g  different treatm ent is show n in Figure 3 .2 .1 2 D .
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Figure 3.2.12: A E A  does not alter neuronal Aph-1 (A p h -la  and A p h -lb )  

expression

Cortical neurons w ere treated w ith A P i .4 2  (2 |iM ) in the presence or absence o f  A EA  (10 

nM ) for 24 hours. A p h -la  (A and B) and A p h -lb  (C and D) expression w as assessed by 

W estern im m unoblot. A: AEA  had no significant effect on A p h -la  expression. Results 

are d isplayed as m ean arbitrary units ±  SEM  (S tuden t’s t-test, n= 6  observations). (B) 

R epresentative W estern im m unoblot o f  A p h - la  expression. Lane 1, 2, 3 and 4

represents groups treated  w ith control m edium , A Pi.4 2 , A EA  and A EA  + A Pi .4 2

respectively. (C) A EA  had no significant effect on A p h -lb  expression. Results are 

d isplayed as m ean arbitrary units ±  SEM  (S tuden t’s t-test, n= 6  observations). (D) 

R epresentative W estern im m unoblot o f  A p h -lb  expression. Lane 1, 2, 3 and 4

represents groups treated  w ith control m edium , A Pi.4 2 , A EA  and A EA  + A P i .4 2

respectively. A ctin was used as a loading control and the sam ple im m unoblot is 

representative o f  6  independent experim ents.
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3.2.13 AEA significantly increases CBFl reporter activity at 6 hours.

Since A E A  (10  nM ) induced N o tc h -1 receptor c leavage and increased nuclear N IC D  

m igration, I aim ed to investigate w hether this enhanced N IC D  w as su fficien t to increase 

expression  o f  downstream  N o tc h -1 target gen es. N IC D  translocates to the nucleus  

w here it associates w ith C B F l, a D N A -b ind ing  protein w hich represses or activates 

transcription o f  N otch  target genes such as H esl and H es5 (N ich o ls et al., 2007 , Kopan, 

2 0 02). W e assessed  C B F l reporter activity as a readout o f  transcriptional activation o f  

the N o tc h -1 pathway. Primary cortical neurons w ere transfected with duel reporter 

4 x w t-C B F -l-lu c  and pG L 3-luc for 48 hours. F o llow in g  plasm id transfection, ce lls  w ere  

treated w ith A E A  (10  nM ) with or w ithout A P i .4 2  (2 |iM ) for 6  hours. Figure 3 .2 .13  

illustrates that A E A  sign ificantly  increased C B F l reporter activation (p <  0 .05 , 

A N O V A , N ew m an -K eu ls M ultiple Com parison Test, n=3), suggesting  A E A  has the 

potential to induce transcription o f  N otch-1 target genes. In contrast, A P i -42  had no 

effect on C B F l reporter activation
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Figure 3.2.13: AEA significantly increases CBF-1 reporter activity

Cortica l neu ro n s  w ere  trea ted  w ith  A P i .4 2  ( 2 | iM )  in the  p resence  o r  ab sen ce  o f  A E A  (10 

n M ) for 6  hours. A E A  (10 n M ) m ed ia ted  changes  in c- p ro m o te r  b ind ing  factor- 

l ( C B F l )  ac tiv ity  w as  m easu red  by  duel luciferases  repo rte r  assay . N o tc h  d o w n stream  

s igna ling  w as  s ign if ican tly  increased  by  A E A  (10 n M ) as ev iden t  by  an increase  in 

C B F l  reporte r  ac tiv ity  in p r im ary  cortical neu ro n s  at 6  hours. R esu lts  d isp layed  as fold 

luc iferases  ac tiv ity  co m p ared  to veh ic le  contro l (m ean  a rb itrary  units  ±  S E M , *p <  0.05, 

A N O V A , N e w m a n -K e u ls  M ultip le  C o m p ar iso n  T est,  n=3). C o - trea tm en t  w ith  A P i .4 2  

(2 | iM )  increased  C BF-1 reporte r  ac t iva tion  bu t it fa iled  to  reach  s ta tis tical s ign if icance  

(p= 0 .0639 ,  A N O V A , N e w m a n -K e u ls  M ult ip le  C o m p ar iso n  Test,  n=3).



3.2,14 AEA increases H esl mRNA expression which persisted in APi . 4 2  co-treated 

neurons at 6  hours.

Hesl is a transcriptional target o f  C B F l .  W e assessed the effect o f  APi_4 2 and A EA  (10 

nM ) on neuronal Hesl m R N A  expression by R T-PCR. Cultured neurons were exposed 

to either A p i .42  (2 |iM ) or A E A  (lOnM ) in presence o f  A P i .42 (2 |aM) for 6  hours and 

samples were analysed for H esl m R N A  by real tim e polymerase chain reaction (RT- 

PCR). Figure 3.2.14 demonstrates that A EA (10 nM ) significantly increased Hesl 

m R N A  expression at 6  hours (p < 0.05, Students t test, n= 6 ). Thus, in control cells Hesl 

m R N A  RQ value was 0.91 ± 0 .1 9  (mean RQ values ±  SEM ) compared to cells treated 

with A P i -42 (RQ value 0.79 ± 0.06). In cells treated with A EA  Hesl m R N A  was 

significantly increased (RQ value 1.46 ±  0.28, p < 0.05, S tudent’s t test, n= 6 ).



tf}</)

5- *; ^ —

2.5i

2.0 -

1.5.

s  ^
0.5-J

ifi

^  0 .0 -

□ Control

1-42

Figure 3.2.14: AEA increases H esl mRNA expression which persisted in APi . 4 2  co

treated neurons at 6  hours

Cortical neurons w ere treated w ith A p i .4 2  (2 |iM ) in the presence or absence o f  AEA  (10 

nM ) for 6  hours and H esl m RN A  expression was assessed using RT-PCR. W hile A P i .4 2  

(2 |iM ) had no effect on H esl m R N A , AEA (10 nM ) significantly increased H esl 

m R N A  expression. Results displayed as m ean ±  SEM  (*p < 0.05, S tudent’s t-test, n= 6 )



3.2.15 AEA increases H esl expression and this is persistent in APi . 4 2  co-treated 

neurons at 6  hours.

F o llow ing  the  f ind ing  that A E A  (10 nM ) s ign if ican tly  increases  H e s l  m R N A  

express ion , I dec ided  to assess  H e s l  p ro te in  express ion  fo l low ing  ex posu re  to  A p i .4 2  

and  A E A . C u ltu red  neu rons  w ere  ex p o sed  to A P i .4 2  (2 | jM )  w ith  o r  w ith o u t  A E A  

( lO n M ) fo r  6  hours  and  H e s l  p ro te in  express ion  w as  a ssessed  by  im m u n o cy to ch em is try  

and  W este rn  im m unob lo t .  F igure  3 .2 .15A dem ons tra te s  tha t  A P i .4 2  (2 | jM )  s ign if ican tly  

reduced  H e s l  p ro te in  exp ress io n  (p <  0.05, A N O V A , N e w m a n -K e u ls  M ultip le  

C o m p a r iso n  Test, n = 6 ). In contrast ,  H e s l  im m unoreac tiv i ty  w as  s ign if ican tly  increased  

in cells t rea ted  w ith  A E A  (10  n M ) and  th is  effect pers is ted  in A P i .4 2  (2 | iM )  co-trea ted  

neu rons  (p <  0 .001 , A N O V A , N e w m a n -K e u ls  M ultip le  C o m p ar iso n  Test,  n = 6 ). In 

contro l cells, m ean  H e s l  f luo rescence  in tensity  w as  355 .7  ±  19.9 (m ean  arb itra ry  units 

±  S E M ) w h ich  reduced  to  277.1 ±  12.5 fo l low ing  A P i .4 2  (2 | iM )  trea tm ent.  O n  the 

con tra ry  m ean  H es l  f luo rescence  in tensity  o f  cells  trea ted  w ith  A E A  (10 n M ) w as  

531 .2  ±  27.9 , A E A  (10 nM ) and  A P i .4 2  (2 | iM )  co - trea tm en t  w as  513 .8  ±  16.5. 

R ep resen ta t ive  confoca l  im ages o f  H e s l  im m u n o s ta in in g  are sh o w n  in F igure  3 .2 .15B 

and  W este rn  im m u n o b lo t  in F igure  3.2.15 C
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Figure 3.2.15: AEA increases Hesl expression and this is persistent in APi . 4 2  co

treated neurons at 6 hours

Cortical neurons were treated with APi. 4 2  (2|iM) in the presence or absence o f AEA (10 

nM) for 6  hours. Hesl protein expression was assessed by immunocytochemistry (A, B) 

and Western immunoblot (C). A: APi . 4 2  (2|xM) significantly decreased Hesl 

immunoreactivity. AEA (10 nM) significantly increased Hesl expression and this was 

persistent in APi. 4 2  (2|a,M) co-treated cells (10 nM). Results displayed as mean arbitrary 

units ± SEM, (*p < 0.05 and ***p < 0.001, ANOVA, Newman-Keuls Multiple 

Comparison Test, n=6 ). B: Representative confocal images of neurons treated with (i) 

vehicle control, (ii) APi_4 2 , (iii) AEA and (iv) APi_ 4 2  and AEA (scale bar 10 |xm). C: 

Representative Western immunoblot showing A pi . 4 2  decreased and AEA increased 

Hesl protein expression. Actin was used as a loading control and the sample 

immunoblot is representative o f 6  independent experiments.
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3.2.16 AEA  increases Hes5 expression and this is persistent in A Pi.42 co-treated 

neurons at 6 hours.

Hes5 is another transcriptional target o f C B F l. Following the finding that AEA (10 nM) 

significantly increased HesI expression I decided to assess the expression profile o f 

Hes5. Cultured neurons were exposed to APi.42 (2 ^M ) with or without AEA (lOnM) 

for 6  hours and Hes5 protein expression was assessed by immunocytochemistry and 

mRNA by real time polymerase chain reaction (RT-PCR). Figure 3 .2 .16A demonstrates 

that Hes5 immunoreactivity was significantly increased in cells treated with AEA (10 

nM) and this effect persisted in the presence o f APi.42 (2 |xM; p < 0.01, ANOVA, 

Newman-Keuls Multiple Comparison Test, n=6 ). In control cells, mean Hes5 

fluorescence intensity was 414.8 ± 12.9 (mean arbitrary units ± SEM) and in A Pi.42 (2 

|iM ) treated cells it was 400.6 ± 14.9. On the contrary, mean Hes5 fluorescence 

intensity o f cells treated with AEA (10 nM) significantly increased to 511.8 ± 18.1 and 

this persisted in presence o f APi.42 (2 |iM; 520.8 ± 36.9). Representative confocal 

images o f  Hes5 immunostaining are shown in Figure 3 .2 .16B. Figure 3 .2 .16C 

demonstrates Hes5 mRNA expression. AEA (10 nM) increases Hes5 mRNA expression 

and that is persistent in A Pi.42 ( 2  ^M ) co-treated cells but it failed to reach statistical 

significance (p = 0.05, ANOVA, Newman-Keuls M ultiple Comparison Test, n=4)
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Figure 3.2.16: A EA  increases Hes5 expression and this is persistent in A Pi .4 2  co

treated neurons at 6 hours

Cortical neurons were treated with APi.4 2  (2^M ) in the presence or absence o f  AEA (10 

nM) for 6  hours. Hes5 expression was assessed by immunocytochemistry (A, B) and 

mRNA by RT-PCR (C). A: AEA (10 nM) significantly increased Hes5 protein 

expression and this was persistent in APi-42 (2|j.M) co-treated cells. Results displayed as 

mean arbitrary units ± SEM, (**p < 0.01, ANOVA, Newm an-Keuls Multiple 

Comparison Test, n=6 ). B: Representative confocal images o f  neurons treated with (i) 

vehicle control, (ii) APi.4 2 , (iii) AEA and (iv) APi .4 2  and AEA (scale bar 10 (j.m). C: 

Hes5 mRNA expression as measured by RT-PCR (n=4)



3.2.17 siRNA mediated silencing of Net prevents the AEA mediated upregulation 

of Net expression.

It has been suggested that Net has anti-apoptotie and pro survival properties. While 

knockdown o f Net during the embryonic period leads to development o f an apoptotic 

phenotype (Nguyen et al., 2006), conditional forebrain inactivation o f Net lead to 

progressive memory impairment and age related neurodegeneration (Tabuchi et al., 

2009). However, over-expression o f Net protects neurons from apoptosis (Pardossi- 

Piquard et al., 2009). Since AEA (10 nM) increased Net expression in cultured cortical 

neurons I next evaluated whether there was any cross talk between Net up-regulation 

and enhanced N otch-1 signaling. For this purpose cultured neurons were transfected 

with non-target siRNA (100 nmol) or Net siRNA (100 nmol) for 72 hours following 

which cells were treated with AEA (10 nM) for 6 hours. Net expression was assessed 

by immunocytochemistry. Figure 3 .2 .17A demonstrates that silencing o f Net prevented 

the AEA (10 nM) mediated upregulation o f  Net (P < 0.001, ANOVA, Newman-Keuls 

Multiple Comparison Test, n=6). In the non target siRNA group mean Net fluorescent 

intensity was 382.3 ± 22.5 (mean ± SEM) which significantly increased to 613.8 ± 46.5 

in the cells treated with AEA (10 nM; p < 0.001, ANOVA, Newman-Keuls Multiple 

Comparison Test, n=6). Following Net silencing in control group Net expression was 

reduced to 253.0 ± 9.8 (about 60% reduction o f Net expression from basal level) and in 

AEA (10 nM ) treated cells Net expression was 295.0 ± 16.6. Representative confocal 

images o f  Net immunostaining are shown in Figure 3.2.17B.
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Figure 32.17: siRNA mediated silencing of Net prevents the AEA mediated up 

regulation o f Net expression

Cortical neurons were transfected with either non target siRNA (ii and iv) or Net siRNA 

(iii and vi) for 72 hours followed by treatment with AEA (10 nM). Net expression was 

assessed by immunocytochemistry. A: Approximately 60% reduction o f Net expression 

was achieved following 72 hours o f transfection with Net siRNA (100 nM) and this 

prevented AEA mediated upregulation o f Net in primary neuronal cultures. Results 

displayed as mean arbitrary units ± SEM, (***p < 0.001 and **p < 0.01, ANOVA, 

Newman-Keuls Multiple Comparison Test, n=6). B: Representative confocal images of 

neurons treated with (i) vehicle control, (ii) non-target siRNA, (iii) Net siRNA, (iv) 

AEA, (v) non target siRNA and AEA (vi) Net siRNA and AEA (scale bar 10 fj,m).
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3.2.18 siRNA mediated silencing of Net prevents the AEA mediated up regulation 

of Notch-1 receptor cleavage (NICD).

Following successful silencing o f  about 60%  o f  neuronal Net, I assessed the effect o f  

N et up-regulation on N o tch -1 receptor cleavage. Cultured neurons were transfected 

with non-target siRNA(IOO nmol) or Net siRNA (100 nmol) for 72 hours following 

which cells were treated with A E A  (10 nM) for 6 hours. N uclear N IC D  immunostaining 

w as used as a measure o f  Notch-1 receptor cleavage. Figure 3.2.15 demonstrates that 

silencing o f  N et prevented A E A  (10 nM ) mediated upregulation o f  N ICD  

immunostaining. In control and non-target siRN A transfected group constitutive NICD 

im munostaining was observed. While A EA  (10 nM ) treatment increased nuclear NICD 

im munostaining in these group o f  cells; cells transfected with N et siRNA showed no 

such pattern. This signifies that N et upregulation positively influences the N o tch -1 

pathway.
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Figure 3.2.18: siRNA mediated silencing of Net prevents the AEA induced up 

regulation of Notch-1 receptor cleavage (NICD)

Cortical neurons were transfected with either non target siRNA (ii and iv) or Net. 

siRNA (iii and vi) for 72 hours followed by treatm ent with AEA (10 nM). Nuclear 

translocation o f  notch intracellular domain (NICD) was assessed as a measure o f  Notch- 

1 cleavage by immunocytochemistry. Sample confocal images o f NICD 

immunostaining o f  cells treated with (i) vehicle control, (ii) non target siRNA (iii) Net 

siRNA, (iv) AEA, (v) non target siRNA and AEA and (vi) Net siRNA and AEA (scale 

bar 10 (xm). Constitutive NICD imm unostaining is observed in control cells and intense 

nuclear NICD immunostaining is evident in control and non target siRNA treated cells 

treated with AEA (10 nM). Silencing o f  Net prevents this effect mediated by AEA (10 

nM)
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3.2.19 siRNA mediated silencing of Net prevents the AEA induced increase in Hesl 

expression.

Having found that silencing o f  Net prevented A E A  (10 nM ) induced up regulation o f  

N o tch -1 receptor cleavage, 1 measured H esl expression as a readout o f  reduced N otch- 

1 downstream  signaling. For this purpose cultured neurons were transfected with Net 

siRNA (100 nmol) for 72 hours following which cells were treated with A EA (10 nM ) 

for 6 hours. H esl expression was assessed by immunoeytoehemistry. Figure 3 .2 .19A 

demonstrates that silencing o f  Net prevented A EA  (10 nM) mediated upregulation o f  

Hesl protein expression (P < 0.001, A N O V A , N ew m an-K euls  Multiple Comparison 

Test, n=6). In non-target siRNA group mean H esl fluorescence intensity was 265.1 ± 

19.7 (mean arbitrary units ±  SEM) which increased to 411.2 ±  8.3 after treatment with 

AEA (10 nM; p < 0.001, A NO V A , N ew m an-K euls  Multiple Comparison Test, n=6). 

After Net silencing H esl expression was reduced to 288.2 ±  7.4 and following 

treatment with AEA  (10 nM ) Hesl expression remained at 264.7 ± 2 1 .6 .  Representative 

eonfocal images o f  Hes 1 immunostaining are shown in Figure 3.2.19B
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Figure 3.2.19: siRNA mediated silencing of Net prevents the AEA induced increase 

in H esl expression

Cortieal neurons were transfected with either non target siRNA (ii and iv) or Net siRNA 
(iii and vi) for 72 hours followed by treatment with AEA (10 nM). Hesl expression was 
assessed by immunocytochemistry. A: Net silencing significantly prevented AEA 
mediated upregulation o f Hesl expression in primary neuronal cultures. Results 
displayed as mean ± SEM, (***p < 0.001, ANOVA, Newman-Keuls Multiple 
Comparison Test, n=6). B: Representative confocal images o f neurons treated with (i) 
vehicle control, (ii) non target siRNA (iii) Net siRNA, (iv) AEA, (v) non target siRNA 
and AEA, (vi) Net siRNA and AEA (scale bar 10 |am).
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3.2.20 Up-regu!ation of Notch-1 signaling by AEA is dependent on the CBi 

receptor.

CBi and CB2 are the two main receptors types through which endocannabinoids 

mediate their actions. CBj is the principle cannabinoid receptor in neurons. I decided to 

investigate whether CBi receptor had any role to play in AEA mediated enhancement in 

Notch-1 signaling. Cortical neurons were incubated with AM 251 (5|iM) for 30 

minutes, following which they were exposed to either vehicle control or AEA (10 nM) 

for 6 hours. AM 251 (5 |iM) prevented the AEA-mediated up-regulation in nuclear 

NICD expression (Figure 3.2.20). Thus, in control cells mean nuclear NICD was 377 ± 

22 (mean arbitrary units ± SEM) and this was significantly increased to 1335 ± 67 (p < 

0.001, ANOVA, n=6) by AEA. This induction in nuclear NICD expression was reduced 

to 520 ± 1 1  (p < 0.001, ANOVA, n=6) following pre-treatment o f  neurons with AM 

251 (5 |iM), signifying that AEA-mediated up-regulation o f  N otch-1 signaling is 

mediated in part through the CBi receptor.
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Figure 3,2.20 Up-reguiation o f Notch-1 signaling by AEA is dependent on the CB| 

receptor

The role o f the CB| receptor in AEA mediated enhancement o f  NICD generation was 

evaluated by measuring nuclear translocation o f  NICD. Cortical neurons were pre

treated with the either vehicle or CBi receptor antagonist AM 251 (5 |iM ) for 30 

minutes, following which cells were exposed to control medium or AEA (10 nM) for 6 

hours. In AM 251 pre-treated cells, basal nuclear NICD expression was similar to 

control cells. However, pre-treatment with AM 251 abolished the AEA induced nuclear 

NICD expression (***p < 0.001 versus vehicle + AEA, ANOVA, n=6), suggesting a 

CBi receptor dependent mechanism.



3.2.21 AEA reduces y-secretase mediated generation o f APi-4 0 .

A P i .40 is the m ost abundant form o f  am yloid-beta  sp ecies in the brain (N aslund et al., 

1994). M y observation that A E A  can prom ote processing o f  N o tc h -1 receptor prompted  

m e to investigate w hether enhancem ent o f  N otch-1 receptor cleavage by y-secretase is 

associated  w ith any concom itant increase in A P P  processing, w hich w ould  be expected  

to lead to a generation o f  secreted A p. To determ ine w hether A E A  had any impact on 

A PP processing and generation o f  different A p  peptides, a sandw ich im m unoassay  

(w hich  enables detection o f  A p  4 0 /4 2 /3 8 ) using the M eso  Scale D iscovery  Sector  

Imager 60 0 0  w as used to quantify secreted A P peptides in the conditioned  m edium . 

Figure 3.2.21 dem onstrates that fo llo w in g  a 24  hour treatment w ith A E A , the am ount o f  

secreted A P i .40  w as sign ificantly  reduced (p <  0 .05 , students t-test, n=5). In control 

group the am ount o f  secreted A P i .40  w as 6 0 8 .9  ±  65 .8  (m ean arbitrary units ±  SEM ), 

w hich reduced sign ificantly  to 415 .5  ±  61 .5  in neurons exp osed  to A E A . H ow ever, 

fo llow in g  exposure o f  neurons to A E A  for 24 hours there w as no sign ificant difference  

in the am ount o f  secreted A P i .38  and A P i .42  (p >  0 .05 , student’s t-test, n=5). T hese  

results suggest that fo llow in g  exposure o f  cultured cortical neurons to A E A  there is a 

reduction in A PP processing that generates the A p i .40 species.
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Figure 3.2.21 AEA reduces y-secretase mediated generation o f APi .4 0  

C ortical neurons w ere exposed to vehicle control or A EA  for 24 hours. A PP processing 

was assessed by sandw ich im m unoassay. Exposure o f  neurons to A EA  for 24 hours 

resulted in a reduction in secreted A Pi .4 0  in cells (*, p < 0.05 versus control at 24 hour, 

students t-test, n=5). A EA  had no effect on the am ount o f  secreted A P i .3 8  and A Pi.4 2 . 

Data expressed as m ean arbitrary units ±  SEM .
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3.2.22 URB 597 up-regulates Notch-1 receptor cleavage and this is persists in 

AP, .4 2  co-treated neurons at 6 hours.

E xperim ents that looked at the effects o f  A EA  (10 nM ) dem onstrated that A EA  

positively  regulates the N o tch -1 pathw ay. Based on these results, in this section the 

influence o f  pharm acological enhancem ent o f  the A EA  tone in-vitro by using fatty acid 

am ide hydrolase inhibitor, URB 597 on the relationship  betw een A p and N o tc h -1 

cleavage w as investigated. Prim ary cultured neurons w ere treated  w ith URB 597 (1 

f^M) in the presence or absence o f  A P i .4 2  (2 (ilVI) for 6  hours. N uclear N IC D  staining 

w as used to  m onitor Notch-1 receptor cleavage (F igure 3.2.22). in control cells 

constitu tive nuclear N IC D  expression was observed (arrow ), in cells treated w ith URB 

597 (1 |iM ) the nuclear N IC D  staining w as increased. W hilst A P i .4 2  (2 |iM ) reduced 

constitu tive nuclear N IC D  expression, this was reversed in cells treated w ith URB 597. 

T his suggests that URB 597 enhances N o tch -1 receptor cleavage and this expression 

profile persists in the presence o f  A Pi.4 2 .
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Figure 32,22: URB 597 up-regulates Notch-1 receptor cleavage and this persists in 

AP, . 4 2  co-treated neurons at 6 hours.

C ortical neurons w ere treated  w ith URB 597 (1 |jM ) in the  presence or absence o f  A Pi. 

4 2  (2|xM) for 6  hours. N uclear translocation o f  notch in tracellu lar dom ain (N ICD ) was 

assessed by im m unocytochem istry  as a m easure o f  N o tc h -1 recep to r cleavage. Sam ple 

confocal im ages o f  N IC D  im m unostain ing o f  cells treated  w ith (i) vehicle control, (ii) 

APi-4 2 , (iii) URB 597 and (iv) A P i .4 2  and URB 597. In control cells constitutive 

expression o f  N IC D  w as observed. W hile A Pi . 4 2  treatm ent reduced constitu tive nuclear 

N IC D  translocation , U RB 597 treatm ent up-regulated nuclear N IC D  translocation and 

this w as persisten t in A P i_42 co-treated  cells. A rrow s indicate N IC D  expression (scale 

bar 1 0 (im).
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3.2.23 URB 597 prevents the APi . 4 2  mediated increase in Nb mRNA expression at 6  

hours.

Numb (Nb) is the endogenous negative regulator o f Notch signaHng. I assessed the 

effect o f URB 597 (1 |iM ) on Nb expression in neurons co-treated with APi.4 2 . Cultured 

neurons were exposed to APi .4 2  (2 |iM ) in presence or absence o f URB 597 (1 |iM ) for 

6  hours and samples were analysed for Nb mRNA by real time polymerase chain 

reaction (RT-PCR). Figure 3.2.23 demonstrates that A P 1.4 ? (2 |iM ) significantly 

increased Nb mRNA expression and that this was prevented by co-treatment with URB 

597 (1 |aM; p < 0.05, ANOVA, Students Newman Keuls, n= 6 ). Thus, in control cells 

RQ value for Nb mRNA was 11.53 ± 2.93 (mean RQ value ± SEM) and this was 

significantly increased to 23.75 ± 1.15 in cells exposed to A Pi .4 2  (p < 0.001, ANOVA, 

Students Newman Keuls, n=6 ). This was significantly decreased to 19.71 ± 0.914 in 

cells exposed to A Pi .4 2  in the presence o f URB 597 (p < 0.05, ANOVA, Students 

Newman Keuls, n=6 ). These findings highlight the ability o f URB 597 to prevent APi .4 2  

induced increase in Nb mRNA. The potential o f URB 597 to reduce an Ap- mediated 

upregulation o f Nb may be expected to dampen the inhibitory effects o f AP on N otch-1 

signaling which may account for an increase in Notch-1 receptor cleavage.
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Figure 3.2.23: URB 597 prevents the A pi .4 2  mediated increase in Nb mRNA 

expression at 6  hours.

Cortical neurons w ere treated w ith A P i .4 2  (2^M ) in the presence or absence o f  URB 597 

(1 nM ) for 6  hours and N b m RN A  expression was assessed using RT-PCR . A Pi .4 2  

(2|aM ) significantly  increased N b m R N A  expression and th is w as prevented by co 

treatm ent w ith A EA . R esults displayed as m ean RQ values ±  SEM , (*p < 0.05 and ***p 

< 0.001, A N O V A , Students N ew m an Keuls, n= 6 )



3.2.24 URB 597 prevents the A pi . 4 2  mediated increase in Nb expression at 6  hours 

and this effect persists at 24 hours

Since A Pi .4 2  significantly  increased neuronal N b m R N A  expression and URB 597 (1 

|iM ) co-treatm ent prevented that, 1 next investigated w hether the change in m RN A  

expression translated into an alteration o f  protein expression. C ultured neurons w ere 

exposed to A P i .4 2  (2 (ilVl) in presence or absence o f  URB 597 (1 |iM ) for 6  hours or 24 

hours and N b expression was assessed by im m unocytochem istry. Figure 3.2 .24A 

dem onstrates that at 6  hours in control cells m ean N b fluorescence intensity w as 350.1 

± 19.2 (m ean arbitrary units ±  SEM ), w hich w as significantly  increased to 467.1 ± 2 1 .9  

in A P i-42 (2fiM ) treated cells (p <  0.01, A N O V A , Students N ew m an K euls, n= 6 ). C o

treatm ent w ith URB 597 (1 |iM ) significantly  reduced m ean N b fluorescence intensity 

to 384.9 ± 18.4 (p < 0.05, A N O V A , Students N ew m an K euls, n= 6 ). This signifies that 

URB 597 (1 nM ), w ithin its neuroprotective concentration  range, negatively regulates 

N b expression.

This negative regulatory effect o f  URB 597 (1 |aM) on N b appeared to be persistent at 

24 hour. F igure 3.2.24B  dem onstrates that at 24 hour in control group m ean Nb 

fluorescence intensity was 329.8 ±  19.2 (m ean arbitrary units ±  SEM ) which 

significantly increased to 509.4 ± 20.3 follow ing A P i .4 2  (2^M ) exposure (p < 0.001, 

A N O V A , S tudents N ew m an K euls, n= 6 ). This increase was prevented by co-treatm ent 

w ith URB 597 (1 |aM) (m ean fluorescent intensity 418.8 ±  21.4, p < 0.01, A N O V A , 

Students N ew m an Keuls, n= 6 )
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Figure 3.2.24: U R B  597 prevents the A p i .4 2  m ediated increase in Nb expression at 6  

hours and this effect persists at 24 hours.

Cortical neurons were treated with A pi .4 2  (2 |iM ) in the presence or absence o f  URB 597 

(1 |jM) for 6  (A ) or 24 hours (B). Nb expression was assessed by 

immunocytochemistry. A Pi .4 2  (2|jM ) significantly increased neuronal Nb expression, 

prevented by co-treatment with URB 597 (1 fxM). Results displayed as mean arbitrary 

units ±  SEM, (*p < 0.05, **p < 0.01 and ***p < 0.001 respectively, ANO VA , 

Newm an-K euls Multiple Comparison Test, n=6 )



3.2.25 URB 597 significantly increases Net expression which is persistent in APi .4 2  

co-treated neurons at 6  hours.

We observed in Section 3.2.7 that, the AEA-mediated enhanced N otch-1 signaling was 

a combined effect o f Nb reduction and Net over-expression. Here I decided to 

determine whether the up-regulation o f  Notch-1 receptor cleavage that was observed 

following treatment with URB 597 (1 |jM ) in Figure 3.2.20 correlated with a change in 

Net. Cultured cortical neurons were treated with URB 597 (1 |jM ) in the presence or 

absence o f APi .4 2  (2nM ) for 6  hours and Net expression was measured by fluorescence 

immunocytochemistry. Figure 3.2.25A demonstrates that URB 597 (1 |iM ) significantly 

increased mean Net fluorescence intensity from 196.8 ± 7.6 (mean arbitrary units ± 

SEM) to 269.4 ±7 .1  (p < 0.001, ANOVA, Newman-Keuls Multiple Comparison Test, 

n=6 ). A pi -4 2  had no significant effect on Net expression (mean fluorescence intensity 

195.6 ± 6 .6 ) and in presence o f URB 597 and APi .4 2  Net expression remained 

significantly higher (mean fluorescence intensity 263.0 ± 12.3, p < 0.001, ANOVA, 

Newman-Keuls Multiple Comparison Test, n=6 ). Representative confocal images o f 

Net immunostaining are shown in Figure 3.2.25B. Therefore the effect o f URB 597 on 

Net expression was similar to that observed with AEA.
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Figure 3.2.25: URB 597 significantly increases Net expression and which is

persistent in APi. 4 2  co-treated neurons at 6  hours

Cortical neurons were treated with Api.42(2|iM) in the presence or absence o f URB 597 

(1 |o,M) for 6  hours. Net expression was assessed by immunocytochemistry. A: URB 

597 (1 |xM) significantly increased Net expression and this was persistent in APi.4 2  

(2^M) co-treated cells. Results displayed as mean arbitrary units ± SEM (***p < 0.001, 

ANOVA, Newman-Keuls Multiple Comparison Test, n=6 ). B: Representative confocal 

images o f neurons treated with (i) vehicle control, (ii) APi.4 2 , (iii) URB 597 and (iv) 

Api-4 2 and URB 597 (scale bar 10 (im).
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3.2.26 URB 597 induced increase in Net is a post transcriptional process.

The AEA-induced increase in Net was due to post transcriptional modification. I 

investigated whether the change on Net expression evoked by URB 597 correlated with 

any change in Net mRNA expression. Cultured neurons were exposed to URB 597 (1 

|jM ) in presence or absence o f A Pi .42 ( 2  ^M ) for 6  hours and samples were analyzed for 

Net mRNA by real time polymerase chain reaction (RT-PCR). Figure 3.2.26 

demonstrates that URB 597 (1 |aM) had no effect on Net mRNA, signifying that the 

URB 597 induced increase in Net protein is due to post transcriptional modification. In 

the control group Net mRNA RQ value was 1.00 ± 0.05 (mean ± SEM) which was no 

different from cells treated with URB 597 (RQ value 1.09 ± 0.02). Neither APi.42 (RQ 

value 1.051 ± 0.02858) nor APi.42 and URB 597 co-treatment (RQ values 1.02 ± 0.03) 

had any significant effect on Net mRNA expression.
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Figure 3.2.26: URB 597 induced increase in Net is a post transcriptional process

C ortical neurons w ere treated w ith A p i .4 2  (2nM ) in the presence or absence o f  URB 597 

(1 |iM ) for 6  hours and N et m R N A  expression was assessed using RT-PCR . N either 

A p i_42 (2 |iM ) nor URB 597 (1 |aM) had any significant effect on N et m RN A . Results 

displayed as m ean RQ values ±  SEM , (A N O V A , n= 6 )



3.2.27 URB 597 significantly increases C B Fl reporter activity at 6 hours.

Since URB 597 enhanced N otch-1 cleavage and increased nuclear NICD migration, I 

investigated whether this enhanced NICD was sufficient to increase expression o f 

downstream N otch-1 target genes. I assessed CBFl reporter activity as a readout o f 

URB 597 induced transcriptional activation o f N otch-1 pathway. Primary cortical 

neurons were transfected with duel reporter 4xw t-CBF-l-luc and pGL3-luc for 48 

hours. Following plasmid transfection, cells were treated with URB 597 (1 |iM ) with or 

without APi-42 (2|iM ) for 6  hours. Figure 3.2.27 illustrates that URB 597 (1 ^iM) 

significantly increased CBFl reporter activation (p < 0.05, ANOVA, Newman-Keuls 

Multiple Comparison Test, n=3), suggesting URB 597 has the potential to induce 

transcription o f N otch-1 target genes. In contrast, APi .4 2  had no effect on CBFl reporter 

activation.
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Figure 3.2.27: URB 597 significantly increases C B Fl reporter activity

Cortical neurons w ere treated with A P i .42  (2 |iM ) in the presence or absence o f  U R B 597  

(1 |aM) for 6  hours. U R B 597 (1 fiM ) m ediated changes in c- prom oter binding factor- 

l (C B F l)  activity w as m easured by duel luciferases reporter assay. N otch  downstream  

signaling w as sign ificantly  increased by U R B  597  (1 |iM ) as evident by an increase in 

C B F l reporter activity in primary cortical neurons at 6  hours. R esults displayed as fold  

luciferase activity com pared to veh ic le  control (m ean arbitrary units ±  SEM , *p <  0 .05 , 

A N O V A , N ew m an -K eu ls M ultiple Com parison Test, n=3).



3.2.28 URB 597 increases H esl mRNA expression which persisted in APi .4 2  co

treated neurons at 6  hours.

1 assessed the effect o f  APi .4 2  and URB 597 (1 |iM ) on neuronal Hesl mRNA 

expression by RT-PCR. Cultured neurons were exposed to URB 597 (1 |iM ) in the 

presence or absence o f A pi .4 2  (2 |iM ) for 6  hours and samples were analysed for Hesl 

mRNA by real time polymerase chain reaction (RT-PCR). Figure 3.2.28 demonstrates 

that URB 597 (1 fxM) significantly increased Hesl mRNA at 6  hours (p < 0.05, 

ANOVA, Newman-Keuls Multiple Comparison Test, n=6 ) that persisted in presence o f 

A pi -42 (2 |iM). in control cells Hesl RQ values was 0.91 ± 0.2 (mean RQ values ± 

SEM) compared to cells treated with A Pi .4 2  (RQ value 0.79 ± 0.04). In cells treated with 

URB 597 in the presence o f APi.4 2 , Hesl mRNA remained significantly increased (RQ 

value 1.48 ± 0.08, p < 0.001, ANOVA, Newman-Keuls Multiple Comparison Test, 

n=6 ).
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Figure 3.2.28: URB 597 increases H esl mRNA expression which persisted in APi. 

42 co-treated neurons at 6 hours

Cortical neurons w ere treated w ith A p i .4 2  (2 |iM ) in the presence or absence o f  URB 597 

(1 |iM ) for 6  hours and H esl m R N A  expression w as assessed using R T-PCR . W hile 

A P i_42 (2 |iM ) had no effect on H esl m RN A , URB 597 (1 |iM ) significantly  increased 

H esl m R N A  expression. R esults displayed as m ean ±  SEM  (**p < 0.01, A N O V A , 

N ew m an-K euls M ultiple C om parison Test, n= 6 )



3.2.29 URB 597 increases Hes5 expression and this is persistent in APi . 4 2  co-treated 

neurons at 6  hours.

Following the finding that URB 597 significantly increased Hesl expression, 1 decided 

to assess the expression profile o f  Hes5 which is another transcriptional target o f C B Fl. 

Cultured neurons were exposed to APi .4 2  (2 |iM ) with or without URB 597 (1 i^M) for 6  

hours. Hes5 mRNA expression was assessed by RT-PCR and protein expression by 

immunocytochemistry. Figure 3.2.29A demonstrates that Hes5 mRNA expression was 

significantly increased following treatment with URB 597 (1 |jM ) and this effect 

persisted in the presence o f APi .4 2  (2 mM; p < 0.001, ANOVA, Newman-Keuls Multiple 

Comparison Test, n=5). In control cells Hes5 mRNA RQ values was 1.24 ± 0.34 and 

following URB 597 (1 |jM) treatment it significantly raised to 3.31 ± 0.39. Whilst RQ 

values o f Hes5 mRNA in APi .4 2  (2 (jM) treated group was 1.47 ± 0.19, it remained 

increased in cells treated co-treated with URB 597 (1 |iM ; RQ value 3.28 ± 0.24). 

Figure 3.2.29B demonstrates Hes5 protein expression following same treatments. Hes-5 

immunoreactivity was significantly increased in cells treated with URB 597 (I |iM ) and 

this effect persisted in the presence o f A Pi .4 2  (2 |aM; p < 0.001, ANOVA, Newman- 

Keuls M ultiple Comparison Test, n=6 ). Thus in control cells, mean Hes5 fluorescence 

intensity was 414.8 ± 12.9 (mean arbitrary units ± SEM) and in A Pi .4 2  (2 |iM ) treated 

cells it was 400.6 ± 14.9. On the contrary mean Hes5 fluorescence intensity o f cells 

treated with URB 597 (1 |iM ) significantly increased to 490.0 ± 8 . 8  and this persisted in 

presence o f APi .4 2  (2 |jM; 481.1 ± 14.7). Representative confocal images o f Hes5 

immunostaining are shown in Figure 3.2.29C. These results signify that URB 597 

positively regulates the Notch-1 pathway even in presence o f APi.4 2 .
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Figure 3.2.29: U R B  597 increases Hes5 expression and this is persistent in A P i .4 2  

CD-treated neurons at 6 hours

Cortical neurons were treated with A Pi .4 2  (2fj.M) in the presence or absence o f  URB 597  

(1 |o,M) for 6  hours. Hes5 m RNA expression was assessed by RT-PCR (A ) and protein 

by immunocytochemistry (B, C). A: URB 597 (1 p,M) significantly increase Hes5 

m RNA expression and that was persistent in A Pi_42 (2^M ) co-treated cells (n=5). B: 

Hes5 protein expression as measured by immuncytochemistry (n==6 ). Results displayed 

as mean ±  SEM; **p < 0.01 and ***p < 0.001 respectively, A N O V A , Newm an-K euls 

Multiple Comparison Test. C: Representative confocal im ages o f  neurons treated with 

(i) vehicle control, (ii) A pi.4 2 , (iii) URB 597 and (iv) APi_4 2 and URB 597 (scale bar 10 

^m).
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3.2.30 2-AG and URB 602 have no effect on Notch-1 receptor cleavage at 6 hours.

N europrotective concentration o f  anandam ide up-regulated N o tc h -1 receptor cleavage 

(Section 3.2.1). So, 1 also exam ined w hether the endocannabinoid, 2-A G  had an im pact 

on N o tch -1 cleavage and dow nstream  signaling. The ability  o f  URB 602 that prevents 

2-A G  degradation and thus enhances 2-A G  tone was also assessed. To assess N o tc h -1 

receptor cleavage prim ary cultures neurons w ere treated w ith 2-A G  (10 nM ) or URB 

602 (100 |iM ) in the presence or absence o f  A P i .4 2  (2 ^M ) for 6  hours. N uclear N IC D  

staining was used to m onitor N o tc h -1 receptor cleavage (Figure 3.2.30). In control cells 

constitu tive notch intracellular dom ain (N ICD ) expression w as observed. C ells treated 

w ith 2-A G  (10 nM ) or URB 602(100 f^M) failed to exert an influence on N o tc h -1 

receptor cleavage as nuclear N IC D  staining was com parable in control and treated 

groups.
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Figure 3 2 3 0 : 2-AG and URB 602 have no effect on Notch-1 receptor cleavage at 6 

hours

Cortical neurons w ere treated  w ith 2-A G  (10 nM ) or U RB 602 (100 |iM ) in the 

presence or absence o f  A P i_42 (2|a,M) for 6  hours. N uc lear transloca tion  o f  notch 

in tracellu lar dom ain (N IC D ) was m onitored as a m easure o f  N o tc h -1 recep tor cleavage 

by im m unocytochem istry. Sam ple confocal im ages o f  N IC D  im m unostain ing  o f  cells 

treated w ith (i) veh icle control, (ii) 2-A G , (iii) U RB 602, (iv) A P 1.4 , (v) A P i_42 and 2- 

A G, (vi) A P i_42 and URB 602. 2-A G  or URB 602 had no observab le effec t on N o tc h -1 

receptor cleavage at 6  hours (scale bar lOfxm).
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3.2.31 2-AG and URB 602 have no effect on Notch-1 receptor cleavage at 24 hours.

Having found that 2-A G  and URB 602 have no significant effect on N o tc h -1 receptor 

cleavage at 6  hours, 1 decided to investigate the consequence o f  treatm ent w ith 2-A G  

and URB 602 on N o tch -1 receptor cleavage at a longer tim e point o f  24 hours. Prim ary 

neurons w ere treated  w ith 2-A G  (10 nM ) or URB 602(100 in the presence or 

absence o f  A P i .4 2  (2 |jM ) for 24 hours. N uclear N IC D  staining w as used to m onitor 

N o tch -1 cleavage (F igure 3.2.31). In control cells constitutive notch intracellular 

dom ain (N IC D ) expression w as observed. C ells treated w ith 2-A G  (10 nM ) or URB 

602(100 (ilVI) failed to exert an influence on Notch-1 receptor cleavage as nuclear 

N IC D  staining was com parable in control and treated  groups.
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Figure 3.231: 2-AG and URB 602 have no effect on Notch-1 receptor cleavage at 

24 hours

Cortical neurons w ere treated  w ith 2-A G  (10 nM ) or URB 602 (100 |iM ) in the 

presence or absence o f  A P i - 4 2  (2 ^M ) for 24 hours. N uclear translocation o f  notch 

in tracellu lar dom ain (N IC D ) w as m onitored as a m easure o f  N o tc h -1 receptor cleavage 

by im m unocytochem istry . Sam ple confocal im ages o f  N IC D  im m unostain ing o f  cells 

treated w ith (i) vehicle control, (ii) 2-A G , (iii) U RB 602, (iv) A P i . 4 2  , (v) A(3i_42 and 2- 

AG, (v i) A P i - 4 2  and URB 602. 2-A G  or URB 602 had no observable effect on Notch-1 

receptor cleavage at 24 hours (scale bar 10)o,m).
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3.2.32 2-AG and URB 602 has no effect on C B Fl reporter activity at 6 hours.

To determine the effects o f 2-AG (10 nM) and URB 602 (100 |aM) on CBFl reporter 

activation primary cortical neurons were transfected with duel reporter 4xw t-CBF-l-luc 

and pGL3-luc for 48 hours.

In the first set o f  experiments, following plasmid transfection, cells were treated with 2- 

AG (10 nM) with or without A Pi .42 ( 2 |liM )  for 6  hours. Figure 3.2.32A demonstrates 

that 2-AG had no significant effect on CBFl reporter activation (p >0.05, ANOVA, 

Newman-Keuls Multiple Comparison Test, n=3) in the presence or absence o f APi.42 

(2^M ).

Next I investigated the potential o f URB 602 (100 |jM ) to bring about any changes in 

CBFl reporter activity. 4xw t-CBF-l-luc and pGL3-luc plasmid transfected primary 

neurons were treated with URB 602 (100 |jM ) for 6  hours. According to Figure 

3.2.32B, URB 602 failed to induce any significant change in CBFl reporter activity (p 

> 0.05, ANOVA, Newman-Keuls Multiple Comparison Test, n=3), which is consistent 

with a lack o f effect on N otch-1 cleavage.
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F ig u re  3.2.32: 2 -A G  a n d  U R B  602 h as no effec t on  C B F l re p o r te r  a c tiv ity  a t  6  

h o u rs

C ortical neurons were treated w ith A P i .4 2  (2 |iM ) in the presence or absence o f  2-A G  (10 

nM ; A ) o r URB 602 (100 ^M ; B) for 6  hours. 2 -A G  or URB 602 m ediated changes in 

c- prom oter binding fac to r-1 (C B F l) activity  w as m easured by duel luciferases reporter 

assay. 2-A G  or URB 602 had no significant effect on notch dow nstream  signaling in 

prim ary cortical neurons at 6  hours. R esults displayed as fold luciferases activity  

com pared to vehicle control (m ean arbitrary units ±  SEM , A N O V A , N ew m an-K euls 

M ultiple C om parison Test, n=3).



3.2.33 2-AG fails to prevent the APi. 4 2  mediated reduction in H esl expression at 6  

hours.

N ext,  w e  assessed  the  abili ty  o f  2 -A G  ( lO n M ) to p reven t A P i .4 2  (2 | iM )  m ed ia ted  

reduction  o f  neu rona l  H e s l  express ion . C u ltu red  neu ro n s  w e re  ex p o sed  to A P i .4 2  w ith  

or  w ith o u t  2 -A G  fo r  6  hours  and H e s l  p ro te in  exp ress ion  w as  assessed  by 

im m u n o cy to ch em is try  and  W este rn  im m unob lo t .  F igure  3 .2 .33A  dem o n s tra te s  tha t APi_ 

42  s ign if ican tly  red u ced  H e s l  p ro te in  exp ress ion  (p <  0.05, A N O V A , N e w m a n -K e u ls  

M ultip le  C o m p ar iso n  Test,  n = 6 ). 2 -A G  (10 nM ) a lone  had  no e ffec t on neurona l  H e s l  

exp ress ion  an d  it fa iled  to  p reven t  the A P i .4 2  m ed ia ted  reduc tion  in H e s l  (p >  0.05, 

A N O V A , N e w m a n -K e u ls  M ultip le  C o m p ar iso n  Test,  n = 6 ). T hus ,  in contro l cells, m ean  

H es l  f luo rescence  in tensity  w as  355 .7  ±  19.9 (m ean  a rb itrary  units  ±  S E M ) w hich  

reduced  to  277.1 ±  12.5 fo l low ing  trea tm en t  w ith  A P i . 4 2 . F o l lo w in g  co - trea tm en t  o f  2- 

A G  and  A P i .4 2  (2 ^iM) it w as  277 .6  ±  16.4. T h is  sign if ies  tha t 2 -A G  fails to  preven t 

A P i _42 m ed ia ted  reduc tion  in H e s l  exp ress ion  at 6  hours. R epresen ta t ive  confocal 

im ages o f  H e s l  im m u n o cy to ch em is try  are  sh o w n  in Figure 3 .2 .33B  and  W estern  

im m u n o b lo t  in Figure 3 .2 .33C
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Figure 3.233: 2-AG fails to prevent the APi.4 2  mediated reduction in Hesl

expression at 6 hours

Cortical neurons were treated with APi.4 2  (2)aM) in the presence or absence of 2-AG (10 

nM) for 6  hours. Hesl protein expression was assessed by immunocytochemistry (A, B) 

and Western immunoblot (C). A: APi.4 2  (2|xM) significantly decreased Hesl 

immunoreactivity. 2-AG (10 nM) failed to prevent A pi .4 2  (2^M) mediated reduction of 

Hesl expression. Results displayed as mean arbitrary units ± SEM, (*p < 0.05, 

ANOVA, Newman-Keuls Multiple Comparison Test, n=6 ). B: Representative confocal 

images o f neurons treated with (i) vehicle control, (ii) APi_4 2 , (iii) 2-AG and (iv) APi.4 2  

and 2-AG (scale bar 10 p,m). C: Representative Western immunoblot showing APi.4 2  

decreased Hes-1 and this was not prevented by 2-AG. Actin was used as a loading 

control and the sample immunoblot is representative o f 6  independent experiments.



3.2.34 2-AG has no effect on Hes5 expression at 6 hours.

Follow ing the finding that 2-AG  failed to prevent the A P i .4 2  m ediated reduction in H esl 

expression at 6  hours we investigated the effects 2-A G  on Hes5 expression. C ultured 

neurons w ere exposed to A P i .4 2  (2 |jM) w ith or w ithout 2-A G  (lO nM ) for 6 hours and 

Hes5 protein expression w as assessed by im m unocytochem istry. F igure 3 .2 .34A 

dem onstrates that 2-A G  failed affect Hes5 expression either in the presence or absence 

APi_42(2 |iM ). Thus, in control cells m ean Hes5 fluorescence intensity  w as 414.8 ±  12.9 

(m ean arbitrary  units ±  SEM ) w hich w as no different from  cells treated w ith 2-A G  

(m ean fluorescence intensity 389.7 ±  21.7; p > 0.05, A N O V A , N ew m an-K euls M ultiple 

C om parison Test, n= 6 ). N either A p i .4 2  (400.6 ±  14.9) nor A P i .4 2  and 2-A G  co-treatm ent 

(365.8 ±  15.40; p > 0.05, A N O V A , N ew m an-K euls M ultiple C om parison Test, n= 6 ) 

had any significant effect on neuronal Hes5 expression. R epresentative confocal im ages 

o f  Hes5 im m unocytochem istry are show n in Figure 3.2.34B.
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Figure 3 .234 2-AG has no effect on Hes5 expression at 6 hours

Cortical neurons were treated with APm2(2^M) in the presence or absence of 2-AG (10 

nM) for 6 hours. Hes5 expression was assessed by immunocytochemistry. A: 2-AG (10 

nM) failed to increase Hes5 protein expression. Results displayed as mean arbitrary 

units ± SEM, ANOVA, Newman-Keuls Multiple Comparison Test, n=6). (B) 

Representative confocal images o f neurons treated with (i) vehicle control, (ii) APi_4 2 , 

(iii) 2-AG and (iv) Api.4 2 and 2-AG (scale bar 10 )am).
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3.2.35: URB 602 has no effect on Hes5 expression at 6 hours.

Follow ing the finding that 2-A G  failed to increase Hes5 expression we investigated on 

the effects o f  URB 602 on Hes5. C ultured neurons w ere exposed to A P i .4 2  (2 |iM ) with 

or w ithout URB 602 (lOOjxM) for 6  hours and Hes5 protein expression w as assessed by 

im m unocytochem istry. F igure 3.2.35A  dem onstrates that w ithin physiological dose 

range URB 602 failed to have an effect on Hes5 expression (p > 0.05, A N O V A , 

N ew m an-K euls M ultiple C om parison Test, n= 6 ). N either A P i .4 2  (400.6 ±  14.9) nor A pi. 

4 2  and 2-A G  co-treatm ent (p > 0.05, A N O V A , N ew m an-K euls M ultiple C om parison 

Test, n= 6 ) had any significant effect on neuronal Hes5 expression. R epresentative 

confocal im ages o f  Hes5 im m unostaining are show n in Figure 3 .2 .35B.
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Figure 3.235 URB 602 has no effect on Hes5 expression at 6 hours

Cortical neurons were treated with APi.42(2|a,M) in the presence or absence o f URB 602 

(100|aM) for 6  hours. Hes5 expression was assessed by immunocytochemistry. A: URB 

602 (lOO^iM) had no effect on Hes5 protein expression. Results displayed as mean 

arbitrary units ± SEM, ANOVA, Newman-Keuls Multiple Comparison Test, n=6 ). (B) 

Representative confocal images o f neurons treated with (i) vehicle control, (ii) APi.4 2 , 

(iii) URB 602 and (iv) APi-4 2 and URB 602 (scale bar 10 |o,m).
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3.2.36 2-AG has no impact on the s2 cleavage o f full length Notch-1 receptor to 

generate NEXT.

Previously 1 demonstrated that AEA can promote s2 cleavage o f full length N otch-1 

receptor to generate NEXT (Figure 3.2.4) Here I investigated whether 2-AG had any 

effect on s2 cleavage o f full length N otch-1 receptor. Cultured cortical neurons were 

treated with 2-AG (10 nM) in the presence or absence o f APi.42 (2|aM) for 24 hours and 

NEXT expression was measured by W estern immunoblot. Figure 3.2.36A demonstrates 

that 2-AG (10 nM) had no significant impact on s2 cleavage o f full length N otch-1 

receptor to generate NEXT. Data from densitometry analysis revealed that in control 

group NEXT expression w'as 58.96 ± 9.7 (mean arbitrary units ± SEM) and following 

treatment with 2-AG (10 nM) it was 37.42 ± 11.11 (p > 0.05, Student’s t-test, n=6 

observations). APi.42 had no significant effect on NEXT expression or following co

treatment with 2-AG (10 nM) (p > 0.05, Student’s t-test, n= 6  observations). A 

representative Western immunoblot image o f NEXT expression following different 

treatment is shown in Figure 3.2.36B
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F igure 3.2.36: 2-A G  has no im pact on the s2 cleavage o f  full length Notch-1  

receptor to generate N E X T

Cortical neurons were treated with APi.42(2|jM ) in the presence or absence o f  2-AG (10 

nM) for 24 hours. NEXT expression was assessed by Western immunoblot. A: 2-AG  

had no significant effect on NEXT expression. Results are displayed as mean arbitrary 

units ±  SEM (Student’s t-test, n= 6  observations). (B) Representative Western 

immunoblot o f  NEXT expression. Lane 1 , 2 , 3  and 4 represents groups treated with 

control medium, APi.4 2 , AEA and A EA+ A Pi . 4 2  respectively. Actin was used as a 

loading control and the sample immunoblot is representative o f  6  independent 

experiments.
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3.2.37 2-AG and URB 602 prevents the APi . 4 2  mediated increase in Nb mRNA  

expression at 6  hours.

M y previous findings dem onstrate that A p i .4 2  significantly  increased cellu lar N b m RN A  

expression and co-treatm ent w ith A EA  or URB 597 prevented that increase in N b 

m RN A  expression (Figure 3.2.5 and 3.2.23). I therefore also investigated w hether 2-AG 

and URB 602 had any effect on A ^-m ediated  effects on Nb. C ultured neurons w ere 

exposed to  APi.42(2 (ilVl) in presence or absence o f  2-A G  (lO nM ) for 6  hours. In further 

experim ents UBR 602 (100 ^M ) was used instead o f  2-A G . Sam ples w ere analyzed for 

Nb m RN A  by real tim e polym erase chain reaction (R T-PC R ). F igure 3.2.37A 

dem onstrates that APi.42(2 |iM ) significantly  increased N b m RN A  expression and that 

this w as prevented by co-treatm ent w ith 2-AG (10 nM ; p < 0.05, S tudent’s t-test, n= 6 ). 

Thus, in control cells RQ value for N b m R N A  was 7.69 ± 3.05 (m ean RQ values ± 

SEM ) and th is w as significantly  increased to 16.62 ±  0.99 in cells exposed to A Pi.4 2 . 

This was significantly  decreased to 11.48 ± 2.59 in cells exposed to A P i -4 2  in the 

presence o f  2-A G  (p < 0.05, S tudent’s t-test, n= 6 ).

Figure 3.2 .37B dem onstrates that URB 602 (100 |xM) co-treatm ent also prevented APi_ 

4 2  (2 |iM ) induced increase in cellu lar Nb. In control cells RQ value for N b m R N A  was 

11.53 ±  2.93 (m ean RQ values ±  SEM ) and this was significantly  increased to  23.75 ± 

1.15 (p < 0.01, S tudent’s t-test, n= 6 ) in cells exposed to A P m 2 . This was significantly  

decreased to 17.69 ±  2.44 in cells exposed to A p i .4 2  in the presence o f  URB 602 (p < 

0.05, S tudent’s t-test, n= 6 ).
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F ig u re  3 .2 .37: 2 -A G  a n d  U R B  602 p rev en ts  th e  A P i .4 2  m ed ia ted  in c re a se  in N b 

m R N A  ex p ressio n  a t  6  h o u rs

A: C ortical neurons w ere treated w ith A P i .4 2  (2 |iM ) in the presence or absence o f  2-A G  

(10 nM ) for 6  hours and N b m R N A  expression was assessed using R T-PCR. A Pi .4 2  

(2nM ) significantly  increased N b m R N A  expression and th is w as prevented by co 

treatm ent w ith 2-A G . B: Cortical neurons w ere treated w ith A P i .4 2  (2 |iM ) in the 

presence or absence o f  URB 602 (100 |jM ) for 6  hours and N b m R N A  expression was 

assessed using RT-PCR. A Pi .4 2  (2fiM ) significantly increased N b m R N A  expression 

and this w as prevented by co-treatm ent w ith 2-A G . R esults are displayed as m ean RQ 

values ±  SEM , (*p <  0.05 and **p < 0 .0 1 , Students t-test, n= 6 ).



3.2.38 2-AG prevents the A pi . 4 2  mediated increase in Nb protein expression at 6  

hours.

Since  A P i .4 2  s ign if ican tly  increased  neurona l  N b  m R N A  express ion  and  2 -A G  (10 nM ) 

co - trea tm en t  p reven ted  that, I n ex t  inves t iga ted  w h e th e r  the  change  in m R N A  

express ion  trans la ted  into an a lte rna tion  in pro te in  exp ress ion . C u ltu red  neu ro n s  w ere  

ex p o sed  to  A P i .4 2  (2 fiM) in p resence  o r  ab sen ce  o f  2 -A G  ( lO n M ) for 6  hou rs  and  N b  

express ion  w as  assessed  by im m u n o c y to c h e m is try  and W este rn  im m unob lo t .  F igure 

3 .2 .38A  d em o n s tra te s  th a t  in contro l ce lls  m ean  N b  f luo rescence  in tensity  w as  350.1 ±  

19.2 (m ean  arb itra ry  un its  ±  S E M ) w h ich  w as  s ign if ican tly  increased  to  467.1 ± 2 1 . 9  in 

A P i -42  t rea ted  cells  (p<0 .001 , A N O V A , S tuden ts  N e w m a n  K euls , n = 6 ). C o - trea tm en t  

w ith  2 -A G  s ign if ican tly  reduced  m ean  N b  fluo rescence  in tensity  to 330 .0  ±  11.7 (p <  

0 .001 , A N O V A , S tuden ts  N e w m a n  K euls , n = 6 ). T h is  s ignifies tha t 2 -A G  (10  nM ), 

w ith in  its n eu rop ro tec t ive  concen tra t ion  range, n eg a tive ly  regu la tes  N b  expression . 

R epresen ta t ive  confoca l  im ages  o f  N b  im m u n o s ta in in g  are sh o w n  in F igure  3 .2 .38B 

and W este rn  im m u n o b lo t  in F igure 3 .2 .38C.



Figure 3.2J8: 2-AG prevents the APi. 4 2  mediated increase in Nb protein

expression at 6  hours

Cortical neurons were treated with Api_42(2|xM) in the presence or absence of 2-AG (10 

nM) for 6  hours. Nb expression was assessed by immunocytochemistry (A, B) and 

Western immunoblot (C). A: APi.4 2  (2^.M) significantly increases neuronal Nb 

expression and this is prevented by co-treatment with 2-AG (10 nM). Results are 

displayed as mean arbitrary units ± SEM, (***p< 0.001, ANOVA, Newman-Keuls 

Multiple Comparison Test, n=6 ). B: Representative confocal images o f neurons treated 

with (i) vehicle control, (ii) APi_4 2 , (iii) 2-AG and (iv) APi.4 2  and 2-AG (scale bar 10 

(j.m). C: Representative Western immunoblot, an upregulation o f Nb protein by APi_42 

which is prevented by AEA (10 nM). Actin bands were used to confirm equal protein 

loading. The Western immunoblot is representative o f 6  independent experiments.



3.2.39 URB 602 prevents the APm 2 mediated increase in Nb protein expression at 6 

hours.

H aving  obse rved  tha t  2 -A G  reduced  N b  pro te in  exp ress ion  (F igure  3 .2 .38), 1 

inves tiga ted  the  exp ress io n  profile  o f  N b  pro te in  fo l lo w in g  ex p o su re  o f  cells  to  U R B  

602 (1 0 0  nM ).  C u ltu red  neu ro n s  w ere  ex p o sed  to A P i .4 2  (2 |aM) in p resence  o r  absence  

o f  U R B  602 (100  | iM )  for  6  hours  and  N b  express ion  w as  a ssessed  by 

im m u n o cy to ch em is try .  F igure  3 .2 .39A  dem o n s tra tes  tha t  in control cells  m ean  N b  

fluo rescence  in tensity  w as  350.1 ±  19.2 (m ean  a rb itra ry  units  ±  S E M ) w h ich  w as  

s ign if ican tly  increased  to  467.1 -t 21 .9  in A P i .4 2  t rea ted  ce lls  (p <  0 .001 , A N O V A , 

S tuden ts  N e w m a n  K euls ,  n = 6 ). C o - trea tm en t  w ith  U R B  602  (100  | iM )  s ign if ican tly  

reduced  m ean  N b  f luorescence  in tensity  to 375 .0  ±  11.5 (p < 0 .01 , A N O V A , S tudents  

N e w m a n  K euls, n = 6 ). T h is  sign if ies  tha t aug m en ta t io n  o f  2 -A G  tone  by  inh ib iting  its 

deg rada tion  by U R B  602 p reven ts  A P i .4 2  m ed ia ted  increase  in N b  express ion  

R epresen ta t ive  confoca l  im ages  o f  N b  im m u n o s ta in in g  are  sh o w n  in F igure  3 .2 .39B.
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Figure 3.2.39: URB 602 prevents the APi.4 2  mediated increase in Nb protein 

expression at 6  hours

Cortical neurons were treated with APi.4 2  (2nM) in the presence or absence o f URB 602 

(100 |xM) for 6  hours. Nb expression was assessed by immunocytochemistry. A: APi.4 2  

(2}j,M) significantly increases neuronal Nb expression and this is prevented by co

treatment with URB 602 (100 |j.M). Results are displayed as mean arbitrary units ± 

SEM, (**p < 0.01 and ***p < 0.001 respectively, ANOVA, Newman-Keuls Multiple 

Comparison Test, n= 6  observations). B: Representative confocal images o f neurons 

treated with (i) vehicle control, (ii) APi.4 2 , (iii) URB 602 and (iv) APi.4 2  and URB 602 

(scale bar 1 0  jim).

Page I 157



3.2.40 2-AG has no effect on Net expression at 6 hours.

F ollow in g m y observation that 2 -A G  reduces cellular N b expression  com parable to that 

brought about by A E A  but yet did not have any effect on N o tc h -1 cleavage, 1 decided to 

determ ine the expression  profile o f  N et fo llo w in g  treatment w ith 2 -A G  (10  nM ). 

Cultured cortical neurons w ere treated with 2 -A G  (10  nM ) in the presence or absence o f  

A P i-42 (2 fiM ) for 6 hours and N et expression  m easured by fluorescence  

im m unocytochem istry (Figure 3 .2 .4 0 B ) and W estern im m unoblot (Figure 3 .2 .40C ). 

Figure 3 .2 .4 0 A  dem onstrates that 2 -A G  (10  nM ) had no sign ificant effect on N et 

expression . Thus, in control ce lls  m ean N et fluorescence intensity w as 159.5 ±  9.4  

(m ean arbitrary units ±  SEM ) and fo llo w in g  2 -A G  (10  nM ) treatment it w as 187.1 ±  

10.6 (p >  0 .0 5 , A N O V A , N ew m an-K euls M ultiple Com parison T est, n=6 observations). 

A P i-42  had no sign ificant effect on N et expression  (m ean fluorescence intensity 159.4 ±  

13.84) and fo llo w in g  co-treatm ent w ith 2 -A G  (10  nM ) N et expression  w as 179.7 ±  9.4  

(p >  0 .05 , A N O V A , N ew m an-K euls M ultiple C om parison Test, n=6 observations). This 

results again place em phasis on the fact that N et up-regulation is a crucial facet in A EA  

and UR B 597 m ediated N o tc h -1 receptor cleavage and failure o f  2-A G  to up-regulate 

N et expression  could explain the lack o f  effect o f  2 -A G  on N o tc h -1 receptor cleavage.
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Figure 3.2.40: 2-AG has no effect on Net expression at 6 hours

Cortical neurons were treated with APi^2 (2 |J.M) in the presence or absence of 2-AG (10 

nM) for 6  hours. Net expression was assessed by immunocytochemistry (A, B) and 

Western immunoblot (C). A: 2-AG had no significant effect on Net expression. Results 

are displayed as mean arbitrary units ± SEM (ANOVA, Newman-Keuls Multiple 

Comparison Test, n= 6  observations)). B: Representative confocal images o f neurons 

treated with (i) vehicle control, (ii) APi.4 2 , (iii) 2-AG and (iv) A pi .4 2  and 2-AG (scale bar 

10 |im). (C) Representative Western immunoblot, illustrating no change in expression 

o f Net following 2-AG (10 nM) treatment at 6  hours. Actin was used as a loading 

control and the sample immunoblot is representative o f 6  independent experiments.
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3.2.41 URB 602 has no effect on Net expression at 6 hours

I investigated whether enhancing 2-AG tone by inhibiting its degradative enzyme 

MAGL by URB 602 had any effect on Net expression at 6  hours. Cultured cortical 

neurons were treated with URB 602 (100 |aM) in the presence or absence o f APi .4 2  

(2|iM ) for 6  hours and Net expression measured by fluorescence immunocytochemistry 

Figure 3.2.41 A demonstrates that URB 602 (100 |aM) had no significant effect on Net 

expression. Thus, in control cells mean Net fluorescence intensity was 196.8 ± 7.6 

(mean arbitrary units ± SEM) and following exposure to URB 602 (100 |jM ) it was 

186.6 ± 12.8 (p > 0.05, ANOVA, Newman-Keuls Multiple Comparison Test, n= 6  

observations). APi .4 2  had no significant effect on Net expression (mean fluorescence 

intensity 195.6 ± 6.556) or following co-treatment with 2-AG (10 nM) it was 177.3 ± 

9.372 N = 6  (p > 0.05, ANOVA, Newman-Keuls Multiple Comparison Test, n= 6  

observations).
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Figure 3^.41: URB 602 has no effect on Net expression at 6 hours

Cortical neurons were treated witii APi.4 2  (2|o,M) in the presence or absence o f URB 602 

(100 |4,M) for 6  hours. Net expression was assessed by immunocytochemistry. A: 602 

(100 |iM) had no significant effect on Net expression. Results are displayed as mean 

arbitrary units ± SEM (ANOVA, Newman-Keuls Multiple Comparison Test, n= 6  

observations)). B: Representative confocal images o f neurons treated with (i) vehicle 

control, (ii) APi.4 2 , (iii) URB 602 and (iv) APi.4 2 and URB 602 (scale bar 10 (xm).



3.2.42 2-AG and URB 602 have no effect Net mRNA expression at 6 hours.

I assessed the effect o f  2-A G (lO nM ) and URB 602 (100 |iM ) on N et m R N A  

expression. C ultured neurons were exposed to 2-A G  (10 nM ) in the presence or absence 

o f  A p i -42 (2 |iM ) for 6  hours and sam ples w ere analyzed for N et m RN A  by real tim e 

polym erase chain reaction (R T-PC R). F igure 3 .2 .42A dem onstrates that 2-A G  had no 

significant effect on N et m RN A  expression. In control cells the N et m RN A  RQ value 

w as 1.00 ±  0.05 (m ean RQ value ±  SEM ) w hich was no different from cells treated w ith 

2-A G (R Q  values 1.06 ±  0.03; p >  0.05, A N O V A , N ew m an-K euls M ultiple 

C om parison Test, n= 6  observations). N either A P i .4 2  (RQ value 1.05 ± 0.03) nor A P i .4 2  

and 2-A G co-treatm ent (RQ value 1.04 ±  0.06; p > 0.05, A N O V A , N ew m an-K euls 

M ultiple C om parison Test, n = 6  observations) had any significant effect on N et m R N A  

expression.

In a second experim ent cultured neurons w ere exposed to URB 602 (100 |iM ) in the 

presence or absence o f  A P i .4 2  (2 |iM ) for 6  hours and sam ples w ere analyzed for N et 

m RN A  by R T-PCR . Figure 3.2.42B dem onstrates that URB 602 had no significant 

effect on N et m R N A  expression. Thus, in control cells the N et m RNA RQ value w as 

1.00 ± 0.05 (m ean RQ value ±  SEM , n= 6 ) w hich was no different from  cells treated 

w ith URB 602 (RQ  values 0.97 ± 0.02; p > 0.05, A N O V A , N ew m an-K euls M ultiple 

C om parison Test, n= 6  observations). N either A P i .4 2  (RQ  value 1.05 ±  0.03) nor A P i .4 2  

and URB 602 co-treatm ent (RQ value 1.08 ±  0.03; p > 0.05, A N O V A , N ew m an-K euls 

M ultiple C om parison Test, n= 6  observations) had any significant effect on N et m R N A  

expression. Taken together these results dem onstrate that 2-A G  and URB 602 have no 

effect on transcrip tion and translation o f  N et.
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Figure 3.2.42: 2-AG and URB 602 have no effect Net mRNA expression at 6 hours

Cortical neurons were treated with APi_42(2nM) in the presence or absence o f 2-AG (10 

nM; A) or URB 602 (100 |iM; B) for 6 hours and Net mRNA expression was assessed 

using RT-PCR. Neither 2-AG (10 nM) nor URB 602 (100 |iM) had any significant 

effect on Net mRNA. Results are displayed as mean RQ values ± SEM, n=6.
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3.2.43 2-AG reduces neuronal PS-1 expression.

N ext, 1 investigated w hether 2-A G  has any effect on neuronal PS-1 expression. 

Cultured cortical neurons w ere treated w ith 2-A G  (10  nM ) in the presence or absence o f  

A P i -42 (2 |iM ) for 24  hours and PS-1 w as expression  m easured by W estern im m unoblot. 

Figure 3 .2 .43  dem onstrates that 2-A G  reduced neuronal expression  o f  PS-1. Data from  

densitom etry analysis revealed that in control group PS-1 expression w as 4 .1 9  ±  0.5  

(m ean arbitrary units ±  SE M ) and fo llow in g  exposure w ith 2-A G  (10  nM ) it w as  

sign ifican tly  reduced to 2.3 ±  0.3 (p < 0 .01 , Student’s t-test, n= 6  observations). A P i .42 

had no sign ificant effect on P S -1 expression or fo llo w in g  co-treatm ent w ith 2-A G  (10  

nM ) (p >  0 .05 , Student’s t-test, n= 6  observations). A  representative W estern  

im m unoblot im age o f  PS-1 expression  fo llow in g  different treatment is show n in Figure 

3 .2 .4 3 .
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F ig u re  3 .2 .43 : 2 -A G  red u ces  n e u ro n a l PS-1 ex p ressio n

C ortical neurons w ere treated w ith A p i .4 2  (2nM ) in the presence or absence o f  2-A G  (10 

nM ) for 24 hours. PS-1 expression was assessed by W estern im m unoblot. A: 2-A G  

reduced PS-1 expression in cultured neurons. R esults are displayed as m ean arbitrary 

units ±  SEM  (** p < 0.01, S tudent’s t-test, n= 6  observations). (B) R epresentative 

W estern im m unoblot o f  P S -1 expression. Lane 1, 2, 3 and 4 represents groups treated 

w ith control m edium , A Pi.4 2 , 2-A G  and 2-A G  + A P i .4 2  respectively. A ctin was used as a 

loading control and the sam ple im m unoblot is representative o f  6  independent 

experim ents.
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3.2.44 2-AG does not alter neuronal PS-2 expression.

The influence o f  2-A G  on neuronal PS-2 expression was assessed next. C ultured 

cortical neurons w ere treated w ith 2-A G  (10 nM ) in the presence or absence o f  A P i .4 2  

(2|.iIVl) for 24 hours and PS-2 expression was m easured by W estern im m unoblot. Figure

3.2.44 dem onstrates that 2-A G  (10 nM ) had no significant im pact on neuronal PS-2 

expression. D ata from  densitom etry analysis revealed that in control group PS-2 

expression was 0.95 ±  0.2 (m ean arbitrary units ±  SEM ) and follow ing treatm ent with 

2-AG (10 nM ) it w as 0.77 ± 0 . 1  (p > 0.05, S tuden t’s t-test, n= 6  observations). A P i .42  

had no significant effect on PS-2 expression or follow ing co-treatm ent w ith 2-A G  (10 

nM ) (p >  0.05, S tudent’s t-test, n= 6  observations). A representative W estern 

im m unoblot image o f  PS-2 expression follow ing different treatm ent is show n in Figure

3.2.44
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Figure 3.2.44: 2-AG does not alter neuronal PS-2 expression

Cortical neurons were treated with Ap|.42(2|^M) in the presence or absence o f  2-AG (10 

nM) for 24 hours. PS-2 expression was assessed by Western immunoblot. A: 2-AG had 

no significant impact on PS-2 expression. Results are displayed as mean arbitrary units 

± SEM (Student’s t-test, n= 6  observations). (B) Representative Western immunoblot o f 

PS-2 expression. Lane 1, 2, 3 and 4 represents groups treated with control medium, APi. 

4 2 , -2-AG and 2-AG + APi.42 respectively. Actin was used as a loading control and the 

sample immunoblot is representative o f 6  independent experiments.
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3.2.45 2-AG has no effect on neuronal Aph-1 (Aph-la and Aph-lb) expression.

H aving found that 2-A G  can reduce neuronal PS-1 expression  I investigated on the 

im pact o f  2 -A G  on A p h -la  and A p h -lb . Cultured cortical neurons w ere treated w ith 2- 

A G  (10  nM ) in the presence or absence o f  A P i .4 2  (2f.iM) for 24  hours and A p h -la  and 

A p h -lb  expression  w as m easured by W estern im m unoblot. Figure 3 .2 .4 5 A  

dem onstrates that 2-A G  (10  nM ) had no sign ificant im pact on neuronal A p h -la  

expression  (p >  0 .05 , Student’s t-test, n= 6  observations). A P i .4 2  had no significant effect 

on A p h -la  expression or fo llow in g  co-treatm ent w ith 2 -A G  (10  nM ) (p >  0 .05 , 

Student’s t-test, n= 6  observations). A  representative W estern im m unoblot im age o f  

A p h -la  expression fo llo w in g  different treatment is show n in Figure 3 .2 .45B

N o sign ificant difference in A p h -lb  expression  w as observed either (Figure 3 .2 .45C ; p 

>  0 .0 5 , Student’s t-test, n= 6  observations). A P i .4 2  had no significant effect on A p h -lb  

expression  or fo llow in g  co-treatm ent w ith 2-A G  (10  nM ) (p >  0 .05 , Student’s t-test, 

n= 6  observations). A  representative W estern im m unoblot im age o f  A p h -lb  expression  

fo llo w in g  different treatment is show n in Figure 3 .2 .45D .
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Figure 3.2.45: 2-AG does not alter neuronal Aph-1 (A ph-la  and A ph-lb) 

expression.

Cortical neurons were treated with A Pm 2 (2|jM ) in the presence or absence o f  2-AG (10 

nM) for 24 hours. A ph-la  (A and B) and A ph-lb  (C and D) expression was assessed by 

Western immunoblot. A: 2-AG had no significant effect on A ph-la  expression. Results 

are displayed as mean arbitrary units ± SEM (Student’s t-test, n= 6  observations). (B) 

Representative Western immunoblot o f A ph-la  expression. Lane 1, 2, 3 and 4 

represents groups treated with control medium, A Pm 2 , 2-AG and 2-AG + ApM 2 

respectively. (C) 2-AG had no significant effect on A ph-lb  expression. Results are 

displayed as mean arbitrary units ± SEM (Student’s t-test, n= 6  observations). (D) 

Representative Western immunoblot o f A ph-lb  expression. Lane 1, 2, 3 and 4 

represents groups treated with control medium, A pi.42 , 2-AG and 2-AG + APi-42 

respectively. Actin was used as a loading control and the sample immunoblot is 

representative o f 6  independent experiments.



3.3 Discussion

In this chapter the impact o f  A Pi .4 2  on the N otch-1 pathway in an in-vitro model o f  AD  

was investigated. A lso, the potential o f  neuroprotective concentrations o f  the 

endocannabinoids to modulate this pathway was examined. My results demonstrate that 

AEA, acting via the CBi receptor, can positively regulate the N otch-1 pathway via 

engagement o f  Net (Figure 3.3.1). Similar changes were observed when AEA was 

pharmacologically up-regulated by the FAAH inhibitor, URB 597. Furthermore, APi .42  

dampens N otch-1 signaling and this was reversed by AEA. However, the 2-AG  branch 

o f  the endocannabinoid system failed to influence N otch-1 signaling at its 

neuroprotective concentration. The data also suggest that AEA can reduce y-secretase 

mediated generation o f  APi.4 0 .

ABi-42 mediated regulation of the Notch-1 pathway

APm 2 negatively regulates several aspects o f  N otch-1 signaling. When primary cortical 

neurons were exposed to A ^ \a 2 for 6  and 24 hours, constitutive nuclear NICD  

expression was reduced as evident by immunostaining. However, Western immunoblot 

for NICD at 24 hours suggested a minimal reduction in NICD in neurons exposed to 

APi-4 2 , which failed to reach statistical significance. An investigation into the possible 

mechanisms for this reduction in N otch-1 cleavage revealed a concomitant increase in 

the expression o f  cellular Nb, the endogenous negative regulator o f  the N otch-1 

signaling. Previously, Chan and colleagues (2002) reported that when cultured rat 

hippocampal cells had been exposed to 7.5|iM  to APi.42  for 12 - 24 hours there was 

marked increase in cellular Nb expression, which remained elevated throughout a 24 

hour treatment period. Cell death increases twofold under these conditions (Guo et al., 

1999) and an upregulation o f  Nb therefore precedes the majority o f  cell death in the 

hippocampal cultures. The concentration o f  Ap selected for all experimental work 

carried out in this thesis was 2|aM. Previous studies in this lab have established that 

even this low  concentration o f  Ap is sufficient to induce significant levels o f  neuronal 

apoptosis within 72 hours (Boland and Campbell, 2003). Although an increase in 

neuronal Nb expression has been reported to occur at 12 hours, a reduction in 

constitutive NICD expression at 6  hours prompted me to investigate the expression  

profile o f  Nb at this time point. In the current study, I observed an increase in cellular 

Nb expression occurring at the earlier time point o f  6  hours and this correlates with the 

reduction in constitutive NICD expression during that time. As reported earlier (Chan et



al., 2002), immunocytochemical analysis revealed that Nb localized to the cytoplasm 

and neurites. It also emerged that A Pm 2 induced an increase in Nb mRNA. These 

observations occur at a time point upstream o f the AP-mediated neurodegeneration that 

we have previously reported (Boland and Campbell, 2003).

The negative regulatory effect o f A Pm 2 on downstream Notch-1 signaling was also 

evident by its impact on downstream Hes-1. Following processing o f the N otch-1 

receptor by the y-secretase, NICD migrates to the nucleus and forms a complex with 

CBF-1 to promote CBF-1 dependent transcription o f  Hes genes. A reduction in Notch- 

1 cleavage following A P 1-42 treatment accompanied the reduction in H esl expression in 

primary neuronal culture at 6  hours. However, exposure o f neurons to A Pi.42 treatment 

was not associated with any significant change in Hes5 expression at 6  hours. The half- 

life o f H esl protein is approximately 16 minutes (Kobayashi et al., 2009). Hes-5 has 

half-life that is approximately 4 times longer (1.05 hours) than that o f H esl (Sharova et 

al., 2009). The longer half-life o f Hes5 could account for as to why no significant 

difference in Hes5 expression was observed at an earlier time point o f  6  hours. It has 

been also reported in the literature that targeted disruption o f  the H esl locus results in 

an over expression o f in Hes5 (Ishibashi et al., 1995). If exposure to A Pm 2 resulted in 

an isolated reduction o f  H esl expression, I would have expected to observe an increase 

in Hes5 in A Pm 2 exposed neurons compared to control group. In fact, Hes5 expression 

failed to increase above its basal expression. Given the longer half-life o f  Hes5, this 

phenomenon can be explained if  a common target up-stream in the Notch-Hes pathway 

is affected. Although no significant reduction in CBF-1 luciferase reporter activity 

following exposure o f  neurons to APi.42 was observed, this can attributed to the 

technical difficulties encountered in primary neuronal transfection with plasmid DNA. 

Primary neurons are less transfectable than cell lines which reduces the sensitivity o f 

the assay. Apart from this, since ApM 2 only reduced constitutive NICD expression (in 

immunostaining study) and reduction o f NICD was minimal (as measured by Western 

immunoblot), could also account for the fact as to why no significant reduction in CBF- 

1 reporter activation was observed following exposure o f  neurons to APi.42 . As A Pm 2 

treatment increased Nb expression and reduced H esl expression, we can hypothesise 

that Apt ̂ 2  negatively regulates these aspects o f N otch-1 signaling.



AEA-mediated modulation of the Notch-1 pathway

A body o f literature suggests the different mechanism engaged by the endocannabinoid, 

AEA to promote neuroprotection (Khaspekov et al., 2004, Lee et al., 2005, Mackie and 

Hille, 1992, Marsicano et al., 2003, Peng et al., 2009, Ramirez et al., 2005, Zhuang et 

al., 2005). My observation that A Pi.42 can negatively regulate several aspects o f the pro

survival Notch-] pathway prompted whether AEA had any impact on this pathway. 

Previous work in our lab established the maximum neuroprotective and neurotoxic dose 

ranges o f endocannabinoids. In all the experimental works carried out in this thesis, 

previously established neuroprotective concentration ranges for the endocannabinoids 

(AEA and 2-AG) and drugs that prevent degradation o f endocannabinoids (URB 597 

and URB 602) were used (Noonan et al., 2010). AEA and 2-AG when used between 1- 

100 nM concentrations did not affect cellular viability in those experiments. Higher 

concentrations were shown to be toxic (PhD thesis, Dr. Janis Noonan, University o f 

Dublin).

When primary cortical neurons were exposed to AEA for 6  hours, N otch-1 cleavage 

was significantly increased compared to control groups, as evident by increased nuclear 

NICD immunostaining. At 24 hour the stimulatory effect o f AEA on the N otch-1 

cleavage increased further. This stimulatory effect o f  AEA on N otch-1 cleavage 

persisted in the presence o f  A(3i-42. An increase in the uncleaved N otch-1 product, 

NEXT, was also observed suggesting a positive regulatory effect o f AEA on s2 

cleavage o f the N otch-1 receptor. However, in cells treated with neuroprotective dose o f 

2-AG (10 nM) there was no observable change in constitutive nuclear NICD or in 

NEXT expression. An observation o f the cytoplasmic NICD expression revealed that, 

although APi-42 reduced cytoplasmic NICD at 24 hours, in presence o f  2-AG, the 

cytoplasmic NICD expression remained at a level comparable to that o f control group.

Interestingly, when expression o f the endogenous inhibitor o f Notch signaling, Nb was 

investigated, both AEA and 2-AG prevented A Pm 2 mediated increase in cellular Nb 

expression at 6  hours. Nb expression has been reported to be modulated by different 

ligands that act through G-protein coupled receptors (GPCRs; Dho et al., 2006). So, it is 

possible that AEA and 2-AG regulate Nb via engagement with the G-protein coupled 

CB receptors. AEA and 2-AG also have the potential to modulate Nb expression at the 

transcription level as they prevented the Ap-mediated increase in Nb mRNA



expression. However, further studies need to confirm whether they also cause any 

switch in different Nb isoforms, some o f  which can be more neurotoxic (Chan et al., 

2002, Roncarati et al., 2002).

Exposure o f  cells to AEA alone had no effect on Nb, indicating that the up-regulation o f  

NICD was not due to an alteration in the negative regulator o f  N otch-1. This result 

prompted me to investigate an alternative mechanism for NICD up-regulation. Net 

overexpression has been reported to confer resistance to cytotoxic chemotherapy and 

anti-nicastrin antibodies are able to decrease N otch-1 signaling in tumour cells 

(Filipovic et al., 2011; Harrison et al., 2010; Pannuti et al., 2010). I observed that 

exposure o f  neurons to AEA significantly enhances neuronal Net expression and this 

persisted in the presence o f  APi.4 2 . Neither APi.4 2 nor the reverse peptide AP42-1 had any 

effect on Net expression on their own. Furthermore, when cellular Net was depleted 

using a RNA interference approach, AEA failed to increase N otch-1 cleavage and this 

highlights a role for Net in the AEA-mediated induction o f  N otch-1 cleavage. Net 

knockdown also resulted in a reduction in neuronal H esl expression. Recently work by 

Frampton and colleagues suggest that AEA can induce N otch-1 signaling by recruiting 

a y-secretase that is rich in presenilin-1 (Frampton et al., 2010). However, we did not 

observe any significant change in presenilin-1 expression mediated by AEA. The 

difference in experimental conditions and dose o f  AEA used (10 |iM  compared to 10 

nM used in the current study) could account for the difference in the findings. The 

positive regulatory effect o f  AEA on N otch-1 signaling appears to be mediated through 

its action on the CB| receptor, as the CBi antagonist AM  251 abolished the enhanced 

N otch-1 receptor cleavage by AEA.

Subsequently, I investigated the consequence o f  enhanced N otch-1 receptor cleavage on 

downstream signaling. AEA significantly increased CBFl reporter activity and this 

translated into an upregulation o f  cellular H esl and Hes5 expression, which persisted in 

presence o f  A Pi^ 2 - Immunocytochemical analysis revealed H esl and Hes5 to be 

localized in both cytoplasm and nucleus. After generation o f  H esl and Hes5 mRNA, 

the translation and maturation o f  the proteins occurs in the cytosolic compartments. The 

proteins recruit to the nuclear compartments as transcriptional repression o f  different 

proneural genes such as M ashl, Math and Neurogenin. Thus, it prevents premature 

differentiation o f  neural stem cells, which acts a long lasting source o f  cells for adult 

neurogenesis (Iso et al., 2003, Kageyama and Ohtsuka, 1999). The cytoplasmic H esl



and Hes5 represent the pool o f Hes proteins that go to the nucleus for transcriptional 

repression o f target genes.

When I enhanced AEA tone by preventing its degradation by URB 597 (IfiM ), I 

observed a similar increase in Notch-1 cleavage at 6  hours. It prevented the A Pm 2 

mediated increase in Nb expression. It also increased cellular Net. Enhanced N otch-1 

cleavage resulted in an increase in CBFl transcriptional activity with subsequent 

increase in H esl and Hes5 expression. All these changes persisted in presence o f  APi.

4 2 -

Impact o f 2-AG on Notch-1 pathway

The concentration o f 2-AG used in this study was chosen after a concentration 

response analysis o f Notch-1 cleavage and 10 nM was found to align Notch-1 

cleavage with the concentration o f endocannabinoids that we previously established 

to confer neuroprotection (Noonan et al., 2010).

Treatment with 2-AG (10 nM) was not associated with any change endogenous 

N otch-1 cleavage. Though it prevented APi.42 mediated increase in Nb expression it 

had no impact on downstream N otch-1 signaling (i.e. on CBF-1, Hes-1 and Hes-5 

expression). When cells were co-treated with A Pm 2 , 2-AG failed to prevent the Ap 

mediated changes on N otch-1 target genes. Although 2-AG is a full agonist at the 

CBi and CB2 receptors, it was interesting to observe that it did not have any 

significant effect on N otch-1 cleavage at its neuroprotective 10 nM concentration, 

when AEA, a partial agonist could have such a profound positive regulatory effect on 

the same pathway at its previously established neuroprotective concentration o f 1 0  

nM. O f the endocannabinoids, 2-AG has the highest efficacy whereas AEA has the 

highest affinity. 2-AG binds approximately 24 times less potently to CBi receptor 

than AEA. In the dose response experiment (Figure A.4, in appendix), a positive 

effect o f 2-AG on N otch-1 receptor cleavage was observed when 2-AG was used at 1 

|iM  concentration. However this higher concentration o f 2-AG was not used in 

subsequent experiments as previous work in our lab by Dr. Janis Noonan suggested 

that this high concentration o f 2-AG effects basal neuronal viability and can induce 

apoptosis.



One o f  the interesting finding follow ing 2-AG (10 nM) treatment was it reduced PS-1 

expression in cultured cortical neurons. It is well established that y-secretase 

processing o f  different substrate is very much dependent on the y-secretase 

components present in it. Downregulation o f  PS-1 prevents N otch-1 signaling (Zhang 

et al., 2011, Subramaniam et al., 2012, Takagi-Niidome et al., 2013). At higher toxic 

doses 2-AG (10 ^iM) can induce and recruit PS-2 in the active y-secretase that 

induces Notch signaling (Frampton et al., 2010). Thus it is possible that though 2-AG  

is a full agonist at C B l receptor, at low  concentration (10 nM) due to reduction in PS- 

1 it fails to upregulate N otch-1 expression. At higher concentration (1 |xM) the 

upregualtion o f  Notch-1 signaling that I observed was due to an induction o f  PS-2 

that can promote N otch-1 cleavage. Further studies are required to address these.

Enhancement o f  2-AG tone by preventing its degradation by URB 602 (100|aM) was 

not associated with any significant change in N otch-1 cleavage. Though Nb over 

expression was prevented (also in presence o f  APi.4 2), it was not associated with any 

increase in Net expression, again signifying the importance o f  Net in 

endocannabinoid mediated regulation o f  the Notch pathway. URB 602 did not induce 

any change in CBFl transcriptional activity or N otch-1 target genes like H esl and 

Hes5. When cells were co-treated with APi.4 2 , URB 602 failed to prevent Ap 

mediated changes on N otch-1 target genes.

A E A  reduces y-secretase mediated generation of ABi-in

I sought to investigate if  AEA could impact on y-secretase to affect APP processing in 

parallel with N otch-1 receptor processing as this would have implications for the 

generation o f  AP species. APi.4 0  is the major secreted form o f  Ap (Naslund et al., 

1994). I observed no effect o f  AEA on secreted APi .38  or APi .42  at 24 hours, but the 

amount o f  secreted Api^o in the medium was reduced by AEA. This suggests that AEA  

differentially affects y-secretase processing o f  APP and N otch-1, and preferentially 

cleaves Notch-1 as evident by a reduction in secreted APi .4 0  that accumulates in the 

medium over 24 hours. The cysteine residues at position 195, 213, 230 and 248 in the 

ectodomain o f  Net are relatively preserved over different species (Yu et al., 2000b). 

Recently Pamren and colleagues reported that mutations in cysteine residues at 213 and 

230 resulted in the formation o f  functionally active y-secretases that are capable o f  

processing APP and Notch. However, the mutants showed significantly reduced APP



processing compared to wild type variants. The Notch processing was relatively 

preserved in both cell lines (Pamren et al., 2011). Mutations in the conserved 312-369  

domain o f  Net can strongly modulate y-secretase cleavage o f  APP, whereas only 

weakly affecting Notch cleavage (Chen et al., 2001). Thus, depending on the type o f  

Net that associates with the y-secretase the processing o f  APP and Notch can be 

differentially regulated. I have observed an up-regulation in N otch-1 signaling and a 

parallel reduction in secreted A|3|.4o over 24 hours by AEA, suggesting a preferential 

processing o f  Notch over APP. It would be interesting to investigate what other 

mechanisms are driving the process, as I did not observe any change in N et m RNA, 

suggesting a post-translational modification o f  Net. Since modifications in Net can 

cause differences in APP and Notch processing (Pamren et al., 2011), it is also possible 

that post-translational modification o f  mature Net by AEA plays a role in substrate 

recognition by y-secretase.

In this study whether AEA could promote a shift in y-secretase substrate processing that 

cleaves N otch-1 over APP was not directly assessed. However, studies suggest that 

activation o f  endogenous Notch signaling in primary neurons with ligands like delta can 

cause a dose-dependent decrease in total AP secretion (Berezovska et al., 2001). The 

opposite experiment confirmed that overexpression o f  APP in neuronal cultures derived 

from APP695Sw- overexpressing mice can lead to a reduction in Notch signaling 

(Berezovska et al., 2001). To validate whether different cleaving enzymes are involved  

in the process, Kimberly and colleagues (2003) used an in-vitro  y-secretase activity 

assay that cleaved both Notch and APP-based substrate. Using this approach, it was 

evident that these substrates compete and prevent each other’s cleavage, which strongly 

suggested that the same y-secretase com plex was for the processing o f  both substrates. 

Subsequent studies suggested that NICD, the active signaling portion o f  N otch-1 that 

does not require y-secretase can also down-regulate A(3 production (Lleo et al., 2003, 

Kim et al., 2006). In the am yloidogenic pathway, APP processing leads to generation o f  

A (3 m o / i -42 and AICD. Given that an up-regulation o f  N otch-1 signaling can reduce y- 

secretase mediated APP processing, an in-vitro  y-secretase activity assay that measures 

the NICD: AICD ratio will be suitable to address whether AEA promotes a shift in y- 

secretase substrate processing that preferentially cleaves N otch-1 over APP.



Possible consequence of enhanced Notch-1 via engagement of Net signaling in AD

Both in vertebrates and invertebrates, Notch signaling is crucial for long term 

memory formation. Interestingly, it appears that Notch signaling can function as a 

bidirectional modulator of long term memory formation, since the over-expression of 

wild-type Notch can facilitate formation of long-term memory (Ge et al., 2004). In 

moderate stage of AD long term memory, which was previously intact becomes 

impaired (Forstl and Kurz, 1999). Again, CBi-knockout mice exhibit various 

behavioural abnormalities and multiple defects in synaptic plasticity (Katona et al., 

2006, Kawamura et al., 2006). These results raises the possibility that enhancement of 

endogenous Notch signaling by manipulating the cannabinoid system could be used 

as therapeutic aids for cognitive disorders such as AD.

Neurogenesis in the adult brain is thought to contribute to the plasticity of the 

hippocampus and olfactory system. Impaired neurogenesis, on the other hand, may 

compromise plasticity and neuronal function in these areas and exacerbate neuronal 

vulnerability (Lazarov and Marr, 2010). Regulated Notch signaling is essential for 

neural progenitor cells (NPC) maintenance in the adult brain and for prolonged 

neurogenesis throughout life. Recent observations raise the possibility that 

dysregulation of Notch signaling might contribute to attenuated neurogenesis, and 

impaired hippocampal function during aging (Imayoshi and Kageyama, 2011). 

Compromised neurogenesis is another arm in the pathogenesis o f AD, which 

presumably takes place earlier than onset o f hallmark lesions or neuronal loss. It is 

proposed to play a role in the initiation and progression of the neuropathology in AD. 

Enhanced Notch signaling in early stage of AD is suggested to compensate for this 

neuronal loss, which ultimately abolishes as the disease progresses with widespread 

neuronal apoptosis that is far beyond repairable (Costa et al., 2005).

Reports suggest that Net is dispensable for y-secretase activity (Zhao et al., 2010). 

However, others suggest that Net upregulation can promote cell survival by reducing 

p53 transcriptional activity and by reducing pro-apoptotic caspase-3 (Pardossi- 

Piquard et al., 2009). In breast cancer cells Net overexpression have been reported to 

confer resistance against chemotherapy (Filipovic et al., 2011). In fact, cancer cells 

with enhanced Notch signaling are chemotherapy resistant as the enhanced Notch 

signaling helps in the maintenance o f cancer stem cells (Harrison et al., 2010, Pannuti



et al., 2010). Findings of my study place Net at the very heart of the pathway, as 

AEA-mediated enhanced Notch-1 receptor cleavage was abolished following Net 

knockdown. Subsequently, Net downregulation also resulted in reduction in cellular 

Hesl expression. Net has recently been reported to have cytoprotective effects that do 

not require the participation of y-secretase (Pardossi-Piquard et al., 2009). Studies in 

chapter 4 aim to investigate the effects of upregulation of Net by AEA on p53 

transcriptional activity and caspase-3 activity, as they are key players in the apoptotic 

cascade that is observed in AD (Castro et al., 2010, Fogarty et al., 2010, Stanga et al., 

2010 ).

Given that endocannabinoids can confer neuroprotection in models of 

neurodegeneration (Khaspekov et al., 2004, Lee et al., 2005, Mackie and Hiile, 1992, 

Marsicano et al., 2003, Peng et al., 2009, Ramirez et al., 2005, Zhuang et al., 2005) 

and considering our findings that AEA and its pharmacological enhancement have the 

proclivity to enhance Notch-1 signaling in an in-vitro model of AD, the possibility of 

an endocannabinoid-based therapy to alleviate symptoms and delay progression of 

neurodegeneration via the Notch pathway warrants further investigation.
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Figure 3.3.1: The endocannabinoid AEA positively regulates the Notch-1 pathway.

Upregulation of Net by AEA plays a central role in AEA mediated regulation of the 

Notch pathway in cultured cortical neurons.



Chapter 4 

Effects of Net, induced by 

AEAon neuronal viability in 

an in-vitro model of AD



4.1 Introduction

Apoptosis is a basic biological phenomenon fundamental for development and the 

regulation of tissue homeostasis. However, an imbalance in apoptosis has important 

implications in pathology of neurodegenerative disorders such as AD (Knight and 

Melino, 2011). Cell death by apoptosis occurs following the activation o f specific 

pathways that result in a series of well defined morphological events leading to the 

cleavage of specific proteins, cell shrinkage, membrane blebbing, nuclear condensation 

and DNA fragmentation (Kerr et al., 1972). The key enzymes involved in orchestrating 

apoptosis are the caspases, a family of cysteine-aspartate proteases which are crucial 

intracellular signal transducers and executioners of apoptosis. They are responsible for 

the apoptotic morphology and internucleosomal fragmentation of DNA (Martin and 

Green, 1995).

Apoptosis has been implicated as one o f the mechanisms behind the neuronal cell loss 

seen in AD. Amyloid beta (AP), which plays a key role in the pathogenesis o f the 

disease, has been shown to induce apoptosis in neuronal cells in vivo (Loo et al., 1993). 

In concurrence with this is the finding that AP can exert neurotoxic effects in vitro and 

in vivo by mechanisms that involve the generation o f intracellular oxidative stress 

(Eckert et al., 2010, McLellan et al., 2003) and increases in intracellular Ca^^ 

(Kuchibhotla et al., 2008), both o f which can trigger apoptosis in susceptible cells 

(Yuan and Yankner, 2000). Markers for caspase activation and apoptosis have been 

shown in brains of Alzheimer's disease (AD) patients (Shimohama et al., 1999). 

Furthermore, several groups have reported that Ap induces the activation of caspase-3 

in vitro (Boland and Campbell, 2004, Tanzi, 1999). Caspase-3 also contributes to the 

pathogenesis of AD by increasing the production o f Ap through the direct cleavage of 

APP, and through the cleavage of the presenilins, PSl and PS2 (Barnes et al., 1998, 

Hedskog et al., 2011, Kim et al., 1997). It has been suggested that in presenilin 

knockout cells, when caspase cleaved presenilin-1 (PSl-caspCTF) is co-expressed with 

PSl N-terminal fragment, they form an active gamma secretase complex that induces 

apoptosis (Hansson et al., 2006). Tau protein is also a substrate for caspase 3; cleavage 

of tau at its C-terminus promotes tau hyper-phosphorylation and accumulation o f NFTs. 

Moreover, Ap-induced caspase 3 activation causes abnormal processing o f the tau



protein in models o f  A D  (Noble et al., 2009).Thus, preventing the occurrence o f  

inappropriate apoptosis and maintaining the proper balance o f  cell survival and cell 

death is key to preventing the neuronal cell loss that occurs in AD.

Mutations in PS that cause familial Alzheim er’s disease (FAD) increase Ap production 

and trigger p53-dependent cell death (A lves da Costa et al., 2006). It is also suggested 

that APP derived amyloid intracellular domain (AICD) fragments (AICDC59 and 

AICDC50) trigger p53-dependent cell death and increase p53 activity and p53m RNA  

(Checler et al., 2007). Another mechanism by which AP can induce apoptosis is through 

enhanced lysosomal membrane permeability. Previous work from this laboratory has 

shown that, AP induces phosphorylation o f  p53 on serine 15 (one o f  the active states o f  

p53). It also increases the association o f  phospho-p53^®' '̂  ̂ with the lysosom al 

compartment and this correlates with the destabilization o f  the lysosom al membrane. 

Lysosomal destabilization results in cytosolic release o f  different lysosom al enzym es 

including cathepsin-I. and cathepsin-D, events that are up-stream o f  executioner 

caspase-3 activation and subsequent apoptosis (Fogarty et al., 2010, Noonan et al., 

2010).

The endocannabinoids are emerging as natural brain protective substances which exert 

potentially beneficial effects in several neurological disorders by virtue o f  their anti- 

apoptotic, immunomodulatory, hypothermic, vascular and antioxidant actions. The 

brain up-regulates endocannabinoids upon damage (Mechoulam et al., 2002). 

Hippocampal levels o f  2-AG are increased in response to stereotaxic injection o f  Ap  

into the rat cortex, possibly in an attempt to protect against AP-induced neurotoxicity. 

Moreover, when 2-AG uptake is inhibited by V D M -II, Ap-induced neurotoxicity and 

memory impairment are reversed, thus suggesting that pharmacological enhancement o f  

endocannabinoids may offer protection against the deleterious effects o f  Ap (van der 

Stelt et a l., 2 0 0 6 ). Pre-treatment with URB602 to prevent the degradation o f  2-AG  

and hence increase 2-AG in a model o f  neonatal hypoxic inchaemic brain injury in rats, 

significantly reduced brain damage and improved functional outcome (Carloni et al., 

2012). WIN 55212-2 (a non-selective cannabinoid receptor agonist) can attenuate AP- 

induced neuroinflammation and neurodegeneration in the rat hippocampus via 

engagement o f  CBi, CB2 and PPAR-y receptors (Fakhfouri et al., 2012). AP is believed  

to be responsible for the synaptic failure that occurs in AD and the hippocampal C A l



pyramidal neurons are very vulnerable in this regard. ACEA, a CBi receptor agonist 

can rescue amyloid P-induced alterations in behavior and intrinsic electrophysiological 

properties of this region (Haghani et al., 2012). In-vitro  studies also suggest the 

neuroprotective properties o f  endocannabinoids against A(3- m ediated toxicity 

(M ilton, 2002). The endocannabinoid AEA and 2-AG have the proclivity to prevent 

lysosomal membrane permeability in primary neurons by preventing the A^-mediated 

up-regulation o f the p53 and hindering the association of phospho-pSS^®" '̂  ̂ with the 

lysosomal membrane. This, in turn, reduces the lysosomal release of hydrolases and 

also dampens the active caspase-3 and hence apoptosis (Noonan et al., 2010).

The neuro-regulatory and neuro-protective roles of Net are emerging. In the embryonic 

period, Net-null mice demonstrate severe growth retardation with mortality beginning 

at embryonic age 10.5 days. These mice have marked developmental abnormalities 

indicative of a severe Notch phenotype, with specific apoptosis particularly in the 

developing brain and the heart (Nguyen et al., 2006). Again, down-regulation of critical 

components o f y-secretase, like presenilin and Net, leads to reduced Notch activation 

and induces apoptosis in cancer cells (Subramaniam et al., 2012). Others suggest that 

the p53-dependent Aph-1 and Pen-2 anti-apoptotic phenotype is abolished in Net 

depleted cells (Dunys et al., 2007). In a model of postnatal forebrain-specific Net 

conditional knock-out (cKO) mice, where Net is inactivated selectively in mature 

excitatory neurons of the cerebral cortex, mice display progressive impairment in 

learning and memory and exhibit age-dependent cortical neuronal loss, accompanied by 

astrocytosis, microgliosis, and hyperphosphorylation of the microtubule-associated 

protein Tau. The number of apoptotic neurons were grossly increased in this model of 

neurodegeneration suggesting an essential role of Net in the execution of learning and 

memory and the maintenance of neuronal survival in the brain (Tabuchi et al., 2009). 

An interesting recent observation is that, in the adult cerebral cortex, cKO of Notch is 

not associated with any neuronal degeneration upto 2 years of age, whereas conditional 

inactivation of PS or Net using the same aCaMKIl-Cre transgenic mouse caused 

progressive, striking neuronal loss beginning at 4 months of age, suggesting a PS and 

Net dependent neuroprotective role o f Notch (Zheng et al., 2012).

Indeed, a complex interaction exists between caspase-3, p53 and cellular apoptosis. 

Results from the chapter 3 suggest that AEA can induce Net in primary neurons and 

this plays a key role in the AEA mediated regulation of Notch-1 signaling. In this



chapter, I aimed to investigate whether the AEA mediated up-regulation o f Net has any 

role to play on neuronal viability. Since caspase-3 and p53 are two prime mediators of 

the apoptotic pathway and Net seems to play a regulatory role on their activation states, 

I also investigated whether manipulation of Net has any impact on AEA-mediated 

neuroprotection.



4.2.1 AEA prevents the APi.4 2 . induced increase in caspase-3 activity.

A ctivated caspase-3 plays a key role in the apoptotic pathw ay evoked by A p (Boland 

and C am pbell, 2004). Previous w ork in the lab suggested that A P i .40 (2 ^M ) can 

induces caspase-3 and apoptosis in cultured cortical neurons at 48 hours that can be 

prevented by the caspase-3 inhibitor Z -D E V D -FM K  (N oonan et al., 2010). The ability 

o f  A EA  to prevent the A Pi.4 2 -  induced activation o f  caspase-3 w as assessed. C ultured 

cortical neurons w ere treated w ith A EA  (10 nM ) in the presence or absence o f  A P i .42 (2 

|.iM) for 48 hours and assessed for caspase-3 activity  by fluorogenic activ ity  assay 

w here the rate o f  release o f  the substrate, A C -D E V D -pN A , is proportional to the 

am ount o f  active caspase-3 in the sam ples. F igure 4.2.1 dem onstrates that A EA  

prevented the A P i .42 - induced increase in caspase-3 activation (p<0.01, A N O V A , 

Students N ew m an Keuls, n=4). In control cells, caspase-3 activ ity  was 0.125 ±  0.005 

pmol pNA produced/m g protein / m inute (m ean ±  SEM ), and this was significantly 

increased to 0.196 ±  0 . 0 1 2  pm ol pNA produced/m g protein / m inute in cells exposed to 

A P |.42 (p<0.001, A N O V A , Students N ew m an Keuls, n=4). H ow ever, A EA  prevented 

the A Pi-42 induced increase in caspase-3 activ ity  and caspase-3 activity  rem ained at 

0.1481 ±  0.003 pm ol pN A  produced/m g protein / m inute (p<0.01, A N O V A , Students 

N ew m an Keuls, n=4). This result highlights a neuroprotective role for A EA  against 

A P i_42 m ediated toxicity.



] Control

F igure 4.2.1 A E A  prevents the A P i .4 2  - induced increase in caspase-3 activity

Cortical neurons w ere exposed  to A P i .4 2  (2 nM ) in the presence or absence o f  A E A  (10  

nM ) for 48  hours. C aspse-3 activity w as assessed  by m onitoring the release o f  the 

substrate, A C -D E V D -p N A  from the sam ples. A P i .4 2  sign ificantly  increased caspase-3  

activity in this neuronal preparation. A E A  prevented the A P i .4 2  induced increase in 

caspase-3  activation. R esults are displayed as m ean ±  SE M , (**p<0.01 and ***p <  0.001  

respectively , A N O V A , N ew m an-K euls M ultiple Com parison Test, n=4).



4.2.2 A bility o f  A E A  to prevent the induction o f  caspase-3 by A P i . 4 2  is abrogated  in 

cells treated w ith N icastrin  (N et) siRNA.

N ext, I investigated the role played by N et on caspase-3 activation. R esults from  section 

3.2.7 and 3.2.8 suggested that A EA  can induce N et expression and this positive 

regulatory effect o f  A EA  on N et persisted in the presence o f  A P i.4 2 . To evaluate the role 

o f  N et in the control o f  caspase-3 activity, cultured neurons w ere transfected  w ith either 

non-target siRN A  or N et siRN A  (100 nm ol) for 72 hours fo llow ing w hich cells were 

treated  with A EA  (10 nM ) in the presence or absence o f  A p i .4 2  (2^M ) for 48 hours. 

A ccording to section 3.2.17 this transfection protocol can achieve approxim ately  60%  

reduction in cellu lar N et content and prevents A EA  m ediated upregulation o f  N et in 

prim ary neuronal cultures. C aspase-3 activity was accessed by fluorogenic activity 

assay w here the rate o f  release o f  the substrate, A C -D E V D -pN A , is proportional to the 

am ount o f  active caspase-3 in the sam ples. Figure 4.2.2 dem onstrates that A P i .4 2  

increases the pro-apoptotic caspase-3 activity and th is is prevented by AEA. The ability 

o f  AEA to prevent the induction o f  caspase-3 is abrogated in cells treated with N icastrin 

(N et) siRN A (p<0.01, A N O V A , Students N ew m an Keuls, n=4). D ow n-regulation o f  

N et resulted in an increase in basal caspase-3 activity  (p<0.05, A N O V A , Students 

N ew m an Keuls, n=4). In control cells transfected w ith non-target siRN A , caspase-3 

activity  was 0.126 ± 0.005 pm ol pN A  produced/m g pro tein / m inute (m ean ±  SEM ), and 

this was significantly  increased to 0.143 ±  0.004 pm ol pN A  produced/m g protein/ 

m inute follow ing dow n-regulation o f  N et in control cells (p<0.05, A N O V A , Students 

N ew m an K euls, n=4). A p i .4 2  increased caspase-3 activ ity  in non-target siRNA 

transfected cells ((p < 0 .0 0 l, A N O V A , Students N ew m an K euls, n=4). H ow ever, when 

N et was depleted A Pi .4 2  - m ediated caspase-3 activity  w as further enhances (please refer 

to table 4.2.1 for table o f  significance). N o change in basal caspase-3 activity  was 

observed in presence o f  AEA . H ow ever, w hen N et was depleted, A E A  failed to  prevent 

the A Pi-42 m ediated increase in caspase-3 activity. Thus, in non-target siRN A 

transfected neurons follow ing treatm ent with A EA  and A pi.4 2 , caspase-3 activity  w as 

0.148 ± 0.003 pm ol pN A  produced/m g protein/ m inute, and this w as significantly 

increased to 0.2 ±  0.016 pm ol pN A  produced/m g protein / m inute (p<0.01, A N O V A, 

Students N ew m an K euls, n=4) in N et depleted neurons treated w ith A EA  and A Pi.4 2 .



This suggests an important role played by N et in the control o f  pro-apoptotic caspase-3 

activity.

Table 4.2.1 Caspse-3 activity, level of significance between different treatment 

groups

Group 1 

Non-target 

siRNA

Group 2 

Non-target 

siRNA

Group 3 

Net siRNA

Group 4 

Net siRNA

Level o f  

significance 

(*,p<0.05; 

**,p<0.01 and

***, p<0.001)

Control Control *

Control A p l-4 2 ***

Control A EA + A p l-4 2 ***

A p l-4 2 Control **

Control A E A +  A P 1-42 ***

Control A p l-4 2 **

AEA + A p l - 4 2 AEA + A p l-4 2 **

A p i-4 2 A E A +  A P 1-42 **

A p i-4 2 AEA **

A EA A p l-4 2 *

A p i-4 2 A EA **

A p l-4 2 AEA *



s

. i  ^
n 3 

1  

=■ <  w)
C5 Zu 

"̂o
Ec.

0.2-

0.1-

O.QJ

Vehicle A p i-42

non-target siR N A  

N et siR N A

AEA AEA +  
API-42

Figure 4.2.2 A bility  o f A E A  to prevent the induction o f  caspase-3 by A P i . 4 2  is 

abrogated  in cells treated w ith N icastrin  (N et) siR N A

Cortical neurons w ere transfected w ith non-target siRN A  or N et. siRN A  (lOOnM) for 

72 hours follow ed by treatm ent w ith A EA  (10 nM ) for 48 hours in the presence or 

absence o f  A Pi.4 2 . A P i .42 up-regulated pro-apopto tic caspase-3 activ ity  and th is was 

prevented by A EA . H ow ever, follow ing silencing o f  the N et gene expression the 

protective effect o f  A EA  against A P i-42 induced caspase-3 activity  w as abolished 

(*p<0.05 and **p<0.01, m ean ±  SEM , A N O V A , N ew m an-K euls M ultiple C om parison 

Test, n=4).
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4.2.3 AEA prevents the APi.4 2 - induced increase in phospho-p53*"’  ̂expression.

Previous work from our lab suggested that the tumour suppressor protein, p53, plays a 

role in the induction o f the apoptotic pathway (Fogarty et al., 2010). The stability and 

transactivation o f  p53 is regulated by post translational phosphorylation on serine 15 

and APi.4 ocan significantly induce phospho-p53^^'^'^ expression, which can be prevented 

by AEA (Noonan et al., 2010). In this experiment the impact o f APi_4 2 on the expression 

o f phospho-pSS^^"^'^ was examined. 1 further examined the impact o f AEA on phospho- 

p^ 3 seri5  foiiQ\Yjng exposure o f  neurons to APi.4 2 . Thus, cultured cortical neurons were 

exposed to APi . 4 2  (2|iM ) in the presence o f  absence o f AEA (lOnM) for 6  hours. 

Phospho-p53^'^'^'^ expression was assessed by immunocytochemistry. Figure 4.2.3A 

demonstrates that A pi . 4 2  induces phospho-p53^^'^'^ expression and this was prevented by 

AEA. in control cells, phospho-p53^^'^'^ expression was 552.5 ± 35.9 (mean arbitrary 

units ± SEM), which was significantly increased to 847.8 ± 39.9 in APi . 4 2  treated cells 

(p<0.001, ANOVA, Students Newman Keuls, n= 6 ). Co-treatment with AEA 

significantly reduced mean phospho-p53^'^'^'^ fluorescence intensity to 502.2 ± 46.2 

(p<0.001, ANOVA, Students Newman Keuls, n= 6 ). Representative confocal images o f 

phospho-p53^^'^'^ are shown in Figure 4.2.3B. This finding provides evidence for the 

endocannabinoids targeting p53 pathway as a potential mechanism contributing to AEA 

mediated neuroprotection.
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Figure 4.2.3 AEA prevents the APi.4 2  . induced increase in phospho-p53*®*̂ *® 

expression

Cortical neurons were exposed to with APi.4 2  (2^,M) in the presence or absence o f AEA 

(10 nM) for 6  hours. Phospho-p53^^’̂ '̂  expression was assessed by 

immunocytochemistry. A: APi.4 2  increased phospho-p53^^'^'^ immunoreactivity and

AEA prevented the APi.4 2  induced increase in phospho-pSS^^" '̂^ expression. Results are 

displayed as mean arbitrary units ± SEM, ***p< 0.001, ANOVA, Newman-Keuls 

Multiple Comparison Test, n=6 ). B: Representative confocal images o f neurons treated 

with (i) vehicle control, (ii) A(3i_42,(i>') AEA and (iv) APi-4 2 and AEA (scale bar 10 |xm).
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4.2.4 A bility  o f  A E A  to prevent the induction o f phospho-p53*''^'* by A . ^ \ a i  is 

abrogated  in cells treated w ith N icastrin  (N et) siRNA.

T h e ro le  p lay ed  by  N e t in c o n tro llin g  phospho-p53^^'^'^ ac tiv ity  w as assessed . R esu lts  

from  sec tio n  3 .2 .7  an d  3 .2 .8  su g g ested  th a t A E A  can  induce  N e t e x p re ss io n  and  th is 

po sitiv e  reg u la to ry  e ffec t o f  A E A  on N e t p e rs is ted  in the  p resen ce  o f  A P i.4 2 . To 

ev a lu a te  the  ro le  o f  N e t in the  co n tro l o f  phospho-p53*^'^'^ ac tiv ity , cu ltu red  n eu ro n s 

w ere  tran sfec ted  w ith  e ith e r n o n -ta rg e t s iR N A  o r N e t siR N A  (100  n m o l) fo r  72 hours 

fo llo w in g  w h ich  ce lls  w ere  trea ted  w ith  A E A  (10  nM ) in the  p resen ce  o r  ab sen ce  o f  

A P i -42  (2 ^ M ) fo r 48  hou rs. A cco rd in g  to  sec tio n  3 .2 .17  th is  tran sfec tio n  p ro to co l can 

ach iev e  ap p ro x im a te ly  6 0 %  red u c tio n  in c e llu la r  N e t co n ten t and  p rev en ts  A E A  

m ed ia ted  u p reg u la tio n  o f  N e t in p rim ary  n eu ro n a l cu ltu res. Phospho-p53^^'^'^ ex p ressio n  

w as assessed  by im m u n o cy to ch em is try . F igu re  4 .2 .4  d em o n stra te s  th a t in n o n -ta rg e t 

s iR N A  tran sfec ted  ce lls , A P i .4 2  increases  th e  p ro -ap o p to tic  phospho-p53^^'^'^ ac tiv ity  and  

th is  is p rev en ted  by A E A  (p lease  re fe r to  tab le  4 .2 .2  fo r tab le  o f  s ig n ifican ce ). T he 

ab ility  o f  A E A  to  p rev en t the induc tio n  o f  phospho-p53'*^'^'^ is ab ro g a ted  in ce lls  trea ted  

w ith  N icas trin  (N et) s iR N A . D o w n -reg u la tio n  o f  N e t had no im p act on  basal ph o sp h o - 

p53® '̂ '̂  ̂ e x p ressio n . D ep le tio n  o f  N e t re su lted  in sig n ifican t increase  in c e llu la r  to x ic ity  

m ed ia ted  A P i .4 2  as m easu red  by  increase  in phospho-p53^^'^'^ im m u n o reac tiv ity  

co m p ared  to  n o n -ta rg e t s iR N A  tran sfec ted  ce lls  ex p o sed  to  A P i .4 2  (p < 0 .0 5 , A N O V A , 

S tu d en ts  N ew m an  K eu ls, n = 6 ). N o  ch an g e  in basal phospho-p53^®'^'^ ac tiv ity  w as 

o b serv ed  in p resen ce  o f  A E A . H o w ev er, w hen  N e t w as dep le ted , A E A  fa iled  to  p rev en t 

th e  A P i-42  m ed ia ted  increase  in phospho-p53®^'^'^ ex p ressio n . T hus, in n o n -ta rg e t siR N A  

tran sfec ted  n eu ro n s fo llo w in g  trea tm en t w ith  A E A  and  A P i.4 2 , phospho-p53^^'^'^ 

ex p ressio n  w as 502 .2  ±  46 .2  (m ean  a rb itra ry  u n its  ±  S E M ), and  th is  w as s ig n ifican tly  

increased  to  788 .8  ±  35 .6  w h en  N e t d ep le ted  n eu ro n s w ere  ex p o sed  to  A E A  and  A P i .4 2  

(p < 0 .0 0 1 , A N O V A , S tu d en ts  N ew m an  K eu ls, n = 6 ). T h is  su g g ests  a key  ro le  p lay ed  by 

N e t in the  co n tro l o f  p ro -ap o p to tic  p h o sp h o -p 5 3 ^" '^  activ ity .



Table 4.2.2 Phospho-p53 expression, level of significance between different 

treatment groups

Group 1 

Non-target 

siRNA

Group 2 

Non-target 

siRNA

Group 3 

Net siRNA

Group 4 

Net siRNA

Level of 

significance 

(*,p<0.05; 

**,p<0.01 and

***, p<0.001)

Control APi-42 ***

Control APl-42 ***

Control AEA + APi-42 ***

Api-42 Control ***

Control APl-42 ***

Control AEA + APi-42 ***

AEA A P i-42 ***

AEA APl-42 * * *

AEA AEA + APi.42 ***

AEA + APi-42 APl-42 ***

APl-42 AEA + APi-42 ***

AEA + APi-42 AEA + APi-42 ***

APl-42 AEA ***

APl-42 AEA ***

AEA AEA + AP).42 ***

APl-42 AEA + AP|.42 ***

APl-42 APl-42 *
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Figure 4.2.4 Ability o f AEA to prevent the induction o f phospho-p53“ '̂ *® by APi.4 2  

is abrogated in cells treated with Nicastrin (Net) siRNA

C ortical neurons w ere transfected with non-target siR N A  or N et. siR N A  (lOOnM ) for 

72 hours fo llow ed  by treatm ent w ith A E A  (10  nM ) for 6  hours in the presence or 

absence o f  APi.4 2 . A: APi.4 2  up-regulated pro-apoptotic phospho-p53^®'^'^ activity and 

this w as prevented by A E A . H ow ever, fo llo w in g  silencing  o f  the N et gen e expression  

the protective effect o f  A E A  against A P i .4 2  induced phospho-pSS^®"^'^ activ ity  w as 

abolished. R esults are displayed as m ean ±  SEM  (*p < 0 .05  and ***p < 0 .001 , A N O V A , 

N ew m an -K eu ls M ultiple C om parison T est, n= 6 ). B: R epresentative confocal im ages o f  

neurons treated with (i) v eh ic le  control, (ii) A P i.4 2 , (iii) A E A  and (iv ) A P i .4 2  and A E A , 

(v ) N et siR N A  +  veh ic le  control, (v i) N et s iR N A  +  APi_4 2 , (v ii) N et siR N A  +  A E A  and 

(v iii) N et s iR N A  + APi_4 2 and A E A  (sca le  bar 10 |xm).
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4.2.5 A E A  prevents A pi.4 2 -  induced increase in apoptosis.

N euronal apoptosis is a hallm ark event in the pathogenesis o f  different 

neurodegenerative d isorder including A lzheim er’s disease. Based upon m y finding that 

AP, .4 2  can induce the pro-apoptotic caspase 3 and phospho-p53®‘̂ '̂ '̂  in cultured neurons 

and AEA has the potential to prevent this induction, I decided to investigate on the 

im pact o f  A P i .4 2  on neuronal apoptosis and w hether A EA  can m odulate any change 

evoked by A Pi.4 2 . One o f  the key elem ents in the apoptotic cascade is DNA 

fragm entation and this can be assessed by the T U N E L technique. N ucleus o f  apoptotic 

neurons (T U N E L -positive) stain dark brown. T U N E L -positive neurons w ere counted 

and expressed as a percentage o f  the total num ber o f  cells exam ined. To exclude the 

possibility  that the num ber o f  living cells present on the coverslip  had an affect on the 

T U N E L -positive ratio, the sam e num ber o f  cells (~ 500) w ere counted for each 

treatm ent. C ultured cortical neurons w ere exposed to A p i .4 2  (2 ^M ) in the presence o f  

absence o f  AEA (10 nM ) for 48 hours and assessed for DNA fragm entation by TU N EL 

technique. F igure 4.2 .5A  dem onstrates that A p i .4 2  induced DNA fragm entation and 

AEA  prevented the A Pi .4 2  induced increase in DNA fragm entation. Thus, in control 

cells, the percentage o f  DNA fragm entation w as 14.38 ± 2 %  (m ean ±  SEM ) and this 

was significantly  increased to 38.52 ± 4.76 %  in cells exposed to A P i .4 2  (p<0.001, 

A N O V A , Students N ew m an Keuls, n= 6 ). In cells exposed to A P i .4 2  in the presence o f  

A EA , the percentage o f  DNA fragm entation was significantly  decreased to 14.80 ± 1.4 

%  (p<0.001, A N O V A , Students N ew m an Keuls, n= 6 ). This observation suggests that 

A EA  (10 nM ) evokes neuroprotection against A P i .4 2  -  induced cell death. 

R epresentative TU N ES stained neurons are show n in F igure 4 .2 .5B.
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Figure 4.2.5 AEA prevents APi.4 2 -  induced increase in apoptosis

Cortical neurons were treated with APi.4 2  (2)o.M) in the presence or absence o f AEA 

(lOnM) for 48 hours. Cell viability was assessed using TUNEL technique. A: APi.4 2  

significantly increased the percentage o f TUNEL positive cells. AEA abolished the APi, 

4 2  -  induced increase in DNA fragmentation. Results are displayed as mean ± SEM 

(***p<0.001, ANOVA, Newman-Keuls Multiple Comparison Test, n=6 ). B: Sample 

TUNEL stained neurons treated with (i) control, (ii) APi.4 2 , (iii) AEA, (iv) APi.4 2  and 

AEA. Arrows indicate few o f the cells with fragmented DNA (scale bar 10 |xM)
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4.2.6 A bility o f  A E A  to prevent the induction o f  apoptosis by A Pi . 4 2  is abrogated in 

cells treated w ith N icastrin  (N et) siR N A .

Results from  section 4.2.2 and 4.2.4 suggested that A EA  m ediated neuroprotection 

against A P i .4 2  w ith  respect to caspase-3 and phospho-pSS^^"^'^ is abolished w hen N et is 

dow n-regulated in cortical neurons. This prom pted me to investigate the consequence o f  

N et dow n-regulation on overall neuronal viability and apoptosis. To evaluate the role 

o f  N et on neuronal viability, cultured neurons w ere transfected w ith either non-target 

siRN A  or N et siR N A  (100 nm ol) for 72 hours follow ing w hich cells w ere treated w ith 

AEA  (10 nM ) in the presence or absence o f  A p i .4 2  (2 |,iM) for 48 hours. A ccording to 

section 3.2.17 this transfection  protocol can achieve approxim ately  60%  reduction in 

cellu lar N et content and prevents A EA  m ediated upregulation o f  N et in prim ary 

neuronal cultures. DNA fragm entation w as assessed by TU N E L technique. Figure 

4.2.6A  dem onstrates that w hen N et is depleted and cells are exposed to A Pi.4 2 , cells 

undergoing apoptosis is significantly  h igher com pared to cells w ith intact expression o f  

N et (please refer to table 4.2.3 for table o f  significance). Thus, in N et depleted cells, 

follow ing exposure to A p i .4 2  the percentage o f  DN A  fragm entation w as 66.58 ± 6.47 

com pared to 38.52 ±  4.76 in cells w ith norm al level o f  endogenous N et expression 

(p<0.01, A N O V A , Students N ew m an K euls, n= 6 ). The neuroprotective property o f  

A EA  to prevent A Pi.42-in d u ced  apoptosis abolished when N et w as depleted from  the 

cells. In this case, in N et dow n-regulated  cells, in A EA  and A p i .4 2  exposed cells the 

percentage o f  DNA fragm entation  was 47.54 ±  4.48 com pared to 14.80 ± 1.4 in cells 

w ith norm al N et expression (p < 0 .0 0 l, A N O V A , Students N ew m an Keuls, n= 6 ). 

H ow ever in presence o f  A EA , in N et depleted cells, the am ount o f  cells undergoing 

apoptosis follow ing exposure to A P i .4 2  is low er com pared to  cells w hich w ere not 

treated w ith A EA  (p<0.01, A N O V A , Students N ew m an Keuls, n= 6 ).



Table 4.2.3 Neuronal apoptosis, level of significance between different treatment 

groups

Group 1 

Non-target 

siRNA

Group 2 

Non-target 

siRNA

Group 3 

Net siRNA

Group 4 

Net siRNA

Level of 

significance 

(*,p<0.05; 

**,p<0.01 and

***, p<0.001)

Control APi-42 ***

Control APi-42 ***

Control AEA + APi-42 * * *

AEA + APi-42 APl-42 * * *

AEA + APi-42 AEA + APi-42 * * *

APl-42 AEA + AP|.42 * * *

AEA APl-42 ***

AEA AEA + APi-42 ***

APl-42 AEA ***

APi-42 AEA ***

AEA AEA + APi-42 ***

APi-42 AEA *

Control APl-42 ***

Control AEA + APi_42 ***

Apl-42 Control *

A Pi-42 A P i-42 * * *

A P i-4 2 AEA + APi-42 * *
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Figure 4.2.6 Ability o f AEA to prevent the induction of apoptosis by APi . 4 2  is 

abrogated in cells treated with Nicastrin (Net) siRNA

Cortical neurons were transfected with non-target siRNA or Net. siRNA (lOOnM) for 

72 hours followed by treatment with AEA (10 nM ) for 48 hours in the presence or 

absence o f  APi.4 2 . A: APi .4 2  significantly increased the percentage o f  TUNEL positive 

cells and this was prevented by AEA. However, following silencing o f  the Net gene 

expression the protective effect o f  AEA against A Pi .4 2  induced apoptosis was abolished. 

Results are displayed as mean ± SEM (**p<0.01 and ***p<0.001, ANOVA, Newman- 

Keuls M ultiple Comparison Test, n= 6 ). B: Sample TUNEL stained Net depleted 

neurons treated with (i) control, (ii) APi.4 2 , (iii) AEA, (iv) APi .4 2  and AEA. Arrows 

indicate few o f  the cells with fragmented DNA (scale bar 10|xM).



4.3 Discussion

The aim o f  this study was to examine the neuroprotective properties o f  the 

endocannabinoid, AEA in an in-vitro model o f  AD and to investigate the role Net in 

this aspect. The results from these experiments suggests that A(3 m 2  (2 |iM ) up-regulates 

the pro-apoptotic pathway as evidenced by enhanced caspase-3 activity and increased 

phosphorylation o f  p53 on serine 15. APi . 4 2  mediated toxicity results in an increase in 

apoptosis o f  primary cortical neurons. AEA (10 nM) had the proclivity to prevent the 

induction o f  these pro-apoptotic markers and hence apoptosis. However, when Net was 

down-regulated by a siR NA mediated approach the neuroprotective potentials o f  AEA  

was abolished.

Inappropriate apoptosis underlies the pathological loss o f  neuronal cells in AD. In this 

study an in-vitro  model o f  AD was used which consisted o f  primary cortical neurons 

prepared from one day old Wistar rats, grown in culture and exposed to APm 2 - The 

viability o f  the neurons was monitored and the impact o f  AEA on Ap- mediated toxicity  

was assessed. The concentration o f  Ap selected for all experimental work carried out in 

this thesis was 2 jalVI. Previous work from this lab established that APi.4 0 , used at this 

concentration, is sufficient to induce significant level o f  neuronal apoptosis within 72 

hours o f  treatment (Boland and Campbell, 2003). APi . 4 2  is considered more toxic than 

APi . 4 0  and keeping concentration the same, I investigated the impact o f  the more toxic 

Ap species at an earlier time point o f  48 hours on Caspase-3 activation and DNA  

fragmentation. The concentrations o f  AEA (10 nM) used in this study were chosen 

following a concentration response analysis on Notch-1 cleavage (Figure A.3, shown is 

appendix) and 10 nM was found to align N otch-1 cleavage with the concentration o f  

endocannabinoids that we have previously established to confer neuroprotection 

(Noonan et al., 2010).

TUNEL-positive neurons are robustly detected in post-mortem samples o f  Alzheim er’s 

disease brains compared with controls, and activated caspases can be detected 

immunohistochemically in the hippocampus (Cotman, 1998, Gastard et al., 2003). 

Gene expression studies suggest that there is an upregulation o f  both initiating and 

executioner caspases in the brains o f  patients with Alzheim er’s disease (Matsui et al., 

2006). Although caspase activation in the Alzheim er’s disease brain is well established.



the mechanisms o f  activation and its consequences are still subject o f  intense research. 

Result from previous study (Noonan et al., 2010) and this study suggest that the 

endocannabinoid, AEA, can prevent AP- induced caspase-3 activation. I observed that 

the ability o f  AEA to prevent the induction o f  caspase-3 by APi .4 2  is abrogated in cells 

treated with Nicastrin (Net) siRNA, suggesting a possible mechanism by which AEA  

can confer this neuroprotection. Pardossi-Piquard and colleagues reported that over

expression o f  Net can prevent staurosporine and thapsigargin induced caspase-3 

activation. This effect o f  Net on caspase-3 is dependent on p53 and Net lowers p53 

phosphorylation, transcriptional activity and promoter transactivation to achieve this 

effect. The protective function o f  Net is abolished by p53 deficiency and inhibition o f  

the PI3K-Akt survival pathway. Interestingly, this protective function o f  Net persists in 

the absence o f  PSl and PS2, suggesting that the caspase-3 and p53 regulatory role o f  

Net can be an independent action o f  Net without its requirement in the y-seeretase 

(Pardossi-Piquard et al., 2009).Basal caspase-3 expression is known to regulate various 

cellular pathways (D'Am elio et al., 2010). In my experiment, when Net was down- 

regulated the basal caspase-3 activation in control group was significantly increased, 

suggesting a link between cellular level o f  Net and caspase-3 activity. W hile exposure 

o f  neurons to APi .4 2  increased caspase-3 activity, following neuronal Net was depletion 

no further increase in caspase-3 activity was observed following exposure o f  neurons to 

APi.4 2 . In the presence o f  AEA, depletion o f  neuronal Net had no impact basal caspase- 

3 activity, but in the presence o f  APi.4 2 , AEA could no longer confer neuroprotection in 

Net depleted neurons.

Another possible mechanism by which Net can prevent the AP- induced caspase-3 

activation is by activation o f  the pro-survival N otch-1 signaling pathway. Aberrant 

activation o f  the N otch-1 signaling has been associated with the development o f  

different cancers (Dang, 2012, M iele, 2006). Curcumin can inhibit oesophageal cancer 

growth through activation o f  the caspase-3 dependent apoptotie pathway which in turn 

is dependent on N otch-1 signaling. It reduced cellular Net and PS which dampened 

N otch-1 signaling and a reduced N otch-1 signaling was co-related to enhanced caspase- 

3 activity, which resulted in increased apoptosis o f  cancer cells (Subramaniam et al., 

2012). 3,5-Bis (2,4-Difluorobenzylidene)-4-piperidone, a derivative o f  curcumin can 

prevent cancer growth by activating the same caspase dependent apoptosis. Net 

dependent N otch-1 signaling is suggested to play a key role in the process



(Subramaniam et al., 2011). Results from chapter 3 suggest that AEA mediated 

upregulation o f  Net is vital for enhanced Notch-1 signaling. Thus it is possible that the 

neuroprotective role o f  AEA with respect to caspase-3 activity could be due the 

intrinsic property o f  Net to prevent caspase-3 activation and also due to an enhancement 

o f  the anti-apoptotic N otch-1 signaling.

As mentioned earlier, Net can regulate almost all aspects o f  p53 biology. Whilst 

overexpression o f  Net significantly reduces p53 promoter transactivation and protein 

activation, Net deficient cells display significant increases in p53 expression and 

transcriptional activity (Pardossi-Piquard et al., 2009). Several mechanisms are 

proposed by which Net achieves this. It increases the expression o f  PI3-K/ Akt survival 

pathway dependent Mdm2, a protein involved in p53 ubiquitination and proteasomal 

degradation (Mayo and Dormer, 2001, Mayo and Donner, 2002). It also down-regulated 

expression o f  phosphorylated p53 and its nuclear translocation (Pardossi-Piquard et al., 

2009).

In the recent years, an intriguing link between p53 and N otch-1 pathway has emerged. 

It is suggested that N otch-1 signaling pathway is a downstream target o f  p53 (Alimirah 

et al., 2007, Secchiero et al., 2009). In primary chronic lymphocytic leukaemia (CLL) 

the cancer cells have dysregualted p53 activity. Treatment o f  primary CLL cells with 

nutlin 3 results in elevation o f  both p53 and Notch 1. Furthermore, y-secretase 

inhibitors, which block the generation o f  the active N otch-1 proteins augment the 

cytotoxicity o f  nutlin 3 (a p53 elevating agent, which prevents the ubiquitination o f  

p53), compatible with the interpretation that induction o f  Notch 1 expression by p53 

initiated an antiapoptotic feedback mechanism that limits the cytotoxic actions o f  nutlin 

3. This suggest that Notch-1 is a key antiapoptotic target o f  p53, and that blockade o f  

Notch induction by y-secretase inhibitors or by antisense approaches may therefore be 

o f  therapeutic value in the treatment o f  CLL by p53-elevating agents including nutlin 3 

(Secchiero et al., 2009). The findings o f  my study support this hypothesis. When 

neuronal Net was depleted and hence constitutive Notch signaling was reduced, 

phospho-p53^ '̂^*  ̂ expression in response to Ap was further enhanced compared to cells 

with stable expression o f  Net. When Net depleted neurons were exposed to AP in 

presence o f  AEA, the ability o f  AEA to prevent the induction o f  phospho-p53^®'^’  ̂ by 

APM2 was abolished.



When neuronal viabiUty was assessed, it was evident that in APm 2 exposed neurons, 

when N et was depleted the number o f  apoptotic cells was significantly higher compared 

to neurons basal Net expression. While AEA could prevent A^- induced apoptosis in 

control cells, following Net knockdown, the AEA-mediated protection was abolished. 

However, apoptotic neurons in this group were significantly lower than the group 

exposed solely to APi.4 2 . This could possibly due to other non-Nct dependent 

neuroprotective pathways modulated by AEA.

In conclusion, the findings from chapter 3 and 4 provide some insight in to the 

mechanism o f  AEA-mediated neuroprotection. I observed that AEA induced N et in 

primary neurons, an effect that persists in presence o f  APi.42 . Increased cellular Net 

augmented the pro-survival N otch-1 signaling. AEA-mediated enhanced cellular Net 

and N otch-1 signaling can promote neuronal survival by negatively regulating caspase- 

3 and p53 activity. Following depletion o f  endogenous Net the positive role o f  AEA on 

neuronal survival was abolished as evident by enhanced caspase-3 activation, p53 

phosphorylation on serine 15 and hence enhanced apoptosis. These findings add further 

to our knowledge on the different complex mechanism by which AEA can promote 

neuroprotection. Thus the therapeutic potential o f  AEA in alleviating the symptoms and 

pathology o f  A D  needs careful evaluation.



CJiapter 5 

Effects of aging and chronic 

treatment with URB 597 

on the Notch-1 pathway



5.1 Introduction

Aging is a multidimensional process associated with accumulation of changes in an 

organism over time (Bowen and Atwood, 2004). Aging brings changes to the brain and 

although the neuronal loss is minor after 20 years of age, there is a 10% reduction each 

decade in the total length of the brain’s myelinated axons and a cumulative decrease of 

45% from the age of 20 to 80 years. The marked loss of myelinated nerve fibers with 

normal aging could explain some of the cognitive decline seen in the elderly (Mamer et 

al., 2003).

Neurogenesis (birth of neurons) is the process by which neurons are generated from 

neural stem cells. In the past it had been considered to occur only during embryonic 

development, and no new neurons were thought to be born and integrated to the adult 

nervous system. However, in the past decade this dogma has been revised as results for 

a vast body of research suggest that constitutive production of new neurons occurs both 

in the developing and adult brain (Gage, 2000, Imayoshi et al., 2008, Kriegstein and 

Alvarez-Buylla, 2009, Ming and Song, 2005, Temple, 2001). In the adult brain neural 

stem cells reside in two distinct regions, the subventricular zone (SVZ) of the lateral 

ventricle and the subgranular zone of the hippocampal dentate gyrus, and neurogenesis 

occurs continuously in these two regions (Alvarez-Buylla et al., 2001, Doetsch, 2003). 

Although, neurogenesis persists during normal aging in rats, it has been reported to be 

drastically reduced in the aged brain compared to brains in young adult rats (Verret et 

al., 2007). A decline in neurogenesis in the hippocampus may underlie age-related 

memory impairment in rats and humans. The stem cell pool in the subventricular zone 

(SVZ) o f the lateral ventricle and the subgranular zone of the hippocampal dentate 

gyrus are reported to be sensitive to changes in Notch signaling (Lugert et al., 2010). It 

has been shown that Notch signaling regulates stem cell number in-vitro and in-vivo 

and thus plays an important role in neurogenesis in the adult brain (Androutsellis- 

Theotokis et al., 2006, Chambers et al., 2001, Hitoshi et al., 2002, Mason et al., 2005, 

Mizutani et al., 2007).

A recent report suggests that administration of a nonpsychoactive dose o f a synthetic 

endocannabinoid receptor agonist (WIN-55,212-2) for 3 weeks promotes neurogenesis



in aged rats. This suggests the potential therapeutic efficacy of endocannabinoid 

receptor stimulation in stimulating neurogenesis from proliferation to engraftment 

during normal aging in-vivo (Marchalant et al., 2009).

Net is expressed in the highest amount during embryonic development and its 

expression is there after reduced to basal level in most parts of the adult brain. 

However, its expression remains relatively high in selective neuronal population within 

the basal forebrain, cerebral cortex, hippocampus, amygdale, thalamus, hypothalamus, 

cerebellum and brainstem (Kodam et al., 2008). Though it is known that Net expression 

remains high is these selective areas o f adult brain, no study has investigated Net 

expression in the aged brain.

The experimental work carried out in this section aimed to investigate the consequence 

o f normal aging on Notch-1 signaling i.e. on Notch-1 cleavage and downstream 

signaling. Based on the finding from chapter 3 that AEA positively regulates several 

aspects of Notch-1 signaling, I conducted an in-vivo study to investigate whether any 

age-related changes in the Notch-1 pathway could be modulated by chronic 

administration of URB 597 to up-regulate the endocannabinoid, AEA tone. Finally, 

since Notch-1 signaling is closely linked with adult neurogenesis, a quantitative study 

that investigates differentiation of proliferating cells to neurons and astrocytes in young 

and aged rat brain was carried out.

The in-vivo experiments described in this thesis was part o f a collaborative study 

carried out by researchers from the laboratory o f Prof Marina A Lynch, Dr. Aine M 

Kelly and Prof. Veronica A Campbell. Prof. Lynch and her group investigated the 

impact of aging and chronic treatment of URB 597 on the different inflammatory 

markers and on long term potentiation (Murphy et al., 2012). Researchers of Dr. Kelly’s 

group conducted the behavioural studies and analysed brain samples for possible 

changes in different neurotropins. Mr. Micheal McDonald (current PhD student in Prof. 

Campbell’s laboratory) looked into the number of proliferating cells (BrD-U positive) 

in the hippocampus of the rats. Dr. Janis Noonan and Dr. Aoife Gowran from Prof. 

Campbell’s lab investigated the changes in different pro-apoptotic markers in those 

brain samples. The Western immunoblot samples for this study were provided by Dr. 

Janis Noonan. Dr. Niamh Murphy kindly provided the samples for PCR. However, due



to prioritization o f  some experiments by the other groups, a Hmited amount o f brain 

slices were available for immunocytochemical staining. Thus, only a qualitative 

analysis was carried out to determine the expression profile o f the proliferating cells in 

the young and aged brain.
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5.2.1 Aging reduces Notch-1 receptor cleavage in the rat cortex and this is 

prevented by chronic treatment with URB 597 (1 mg/kg).

Our in-vitro results suggest that AEA and URB 597 positively regulate the N otch-1 

pathway. In this section 1 investigated the effects o f aging on the N otch-1 pathway and 

then evaluated the effects o f chronic pharmacological enhancement o f  AEA tone (by 

preventing its degradation by inhibitor o f FAAH, URB 597 [Im g/kg]) on the Notch-1 

pathway in-vivo. Figure 5.2.lA  demonstrates that notch intracellular domain (NICD) 

expression was significantly reduced in the cortex o f the aged vehicle (DM SO) control 

group compared to the young vehicle (DM SO) control group (p<0.01. Student’s t-test, 

n=6) and this was prevented in the aged rats treated with URB 597 (p<0.05. Two-way 

ANOVA, Bonferroni posttests, n=6). Thus, data from densitometry analysis revealed 

that in the young vehicle control group NICD expression was 21.53 ± 3.70 (mean 

arbitrary units ± SEM) which reduced significantly to 8.12 ± 1.26 in the aged vehicle 

control group (p<0.01, Student’s t-test, n=6). Chronic treatment with URB 597 

prevented this reduction o f NICD expression (18.53 ± 2.66). This signifies that aging 

reduced N otch-1 receptor cleavage which was prevented by chronic treatment with 

URB 597. Figure 5 .2 .IB shows a representative Western immunoblot which reveals a 

reduction o f NICD in the cortex o f the aged vehicle control group that was prevented 

when aged rats were treated with URB 597.
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Figure 5.2.1 Aging reduces Notch-1 receptor cleavage in the cerebral cortex and

this is prevented by chronic treatment with URB 597 (1 mg/kg)

Young and aged rats were treated with either DMSO or URB 597 (1 mg/kg) and notch 

intracellular domain (NICD) expression was assessed in cortex by Western 

immunoblot. A: aging significantly reduced NICD expression (**p<0.01, Student’s t- 

test, n=6) and this was prevented when aged rats were chronically treated with URB 

597 (1 mg/kg) (*p<0.05. Two-way ANOVA, Bonferroni post-tests, n=6). Results are 

displayed as mean arbitrary units ± SEM. B: Representative Western immunoblot 

shows that NICD expression was reduced in cortex o f  aged vehicle control rats (lane 3) 

when compared to young vehicle control rats (lane 1). While chronic URB 597 

treatment had no significant effect on young rats (lane 2) it prevented aged related 

reduction o f NICD expression in aged rats (lane 4).
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5.2.2 Aging reduces Notch-1 receptor cleavage in the rat hippocampus and this is 

prevented by chronic treatment with URB 597 (Img/kg).

The subventricular zone (SVZ) o f the lateral ventricle and the subgranular zone o f the 

hippocampal dentate gyrus are two main areas in the adult brain where neurogenesis 

has been reported to occur continuously in the presence o f appropriate stimuli (Alvarez- 

Buylla et al., 2001, Doetsch, 2003). Since results from section 5.2.1 suggested that 

aging reduced NICD expression in the aged cortex and chronic treatment with URB 597 

has the potential to reverse this age related deficit, 1 was interested to investigate the 

expression profile o f Notch-1 signaling in the hippocampus, as an augmented Notch-1 

signaling in this area can have a positive regulatory effect on the neural stem cell pool 

residing in this zone (Lugert et al., 2010). Figure 5.2.2A demonstrates that notch 

intracellular domain (NICD) expression was significantly reduced in the hippocampus 

o f the aged vehicle (DMSO) control group compared to the young vehicle (DMSO) 

control group (p<0.05. Student’s t-test, n=6) and this was prevented in the aged rats 

treated with URB 597 (p<0.05, Two-way ANOVA, Bonferroni posttests, n=6). Thus, 

data from densitometry analysis revealed that in young vehicle control group NICD 

expression was 0.53 ± 0.05(mean arbitrary units ± SEM) which reduced significantly to 

0.32 ± 0.04 in the aged vehicle control group (p<0.05, Student’s t-test, n=6). Chronic 

treatment with URB 597 prevented this reduction o f  NICD expression (0.46 ± 0.03). 

This signifies that aging reduced N otch-1 receptor cleavage in the hippocampus and this 

was prevented by chronic treatment with URB 597. Figure 5.2.2B shows a 

representative Western immunoblot which reveals a reduction o f NICD in the 

hippocampus o f the aged vehicle control group that was prevented when aged rats were 

treated with URB 597.
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Figure 5.2.2 Aging reduces Notch-1 receptor cleavage in the rat hippocampus and

this is prevented by chronic treatment with URB 597 (Im g/lig)

Young and aged rats were treated with either DMSO or URB 597 (1 mg/kg) and notch 

intracellular domain (NICD) expression was assessed in the hippocampus by Western 

immunoblot. A: aging significantly reduced NICD expression (**p<0.05, Student’s t- 

test, n=6) and this was prevented when aged rats were chronically treated with URB 

597 (1 mg/kg) (*p<0.05, Two-way ANOVA, Bonferroni post-tests, n=6). Results are 

displayed as mean arbitrary units ± SEM. B: Representative Western immunoblot 

shows that NICD expression was reduced in the hippocampus o f aged vehicle control 

rats (lane 3) when compared to young vehicle control rats (lane I). While chronic URB 

597 treatment had no significant effect on young rats (lane 2) it prevented aged related 

reduction o f NICD expression in aged rats (lane 4).
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5.2.3 Aging and  chronic  tre a tm e n t w ith  URB 597 does not effect Nb expression.

In the light o f the finding that chronic treatment with URB 597 (1 mg/kg) reversed the 

age- related decline in NICD expression in the rat cortex, I investigated the expression 

profile o f Nb, which is the endogenous inhibitor o f N otch-1 signaling. Nb mRNA 

expression was analysed by RT-PCR and protein by Western immunoblot. Figure 

5.2.3A demonstrates that neither aging nor chronic treatment with URB 597 had any 

significant effect on Nb mRNA expression. In the young vehicle (DM SO) control group 

RQ value fo rN b  mRNA was 1.13 ± 0.21 (mean RQ values ± SEM) and in aged vehicle 

(DM SO) control group it was 1.41 ± 0.09 (p= 0.34, Student’s t-test, n=6). In the young 

treated with URB 597 Nb mRNA was 1.13 ± 0.20. Although aged rats treated with 

URB 597 had reduced expression o f Nb mRNA (1.03 ± 0.09) compared to the aged 

vehicle control group, it failed to reach statistical significance.

Data from densitometry analysis (Figure 5.2.3B) revealed that neither aging nor chronic 

treatment with URB 597 any significant effect on Nb protein expression in rat cortex. In 

the young ras treated with vehicle Nb protein expression was 1.06 ± 0.18 (mean 

arbitrary units ± SEM) and in the aged rats treated with vehicle it was 1.01 ± 0 .1 4  (p= 

0.8086, Student’s t-test, n=6). In the young rats treated with URB 597, Nb protein 

expression was 1.35 ± 0.18. Nb expression in the aged rats treated with URB 597 was 

comparable to (0.97 ± 0 .1 4 ) to the aged rats treated with vehicle.
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Figure 5.2.3 Aging and chronic treatment with URB 597 does not effect Nb 

expression

Young and aged rats were chronically treated with either DMSO or URB 597 (1 mg/kg). 

Cortical Nb mRNA (A) expression was assessed by RT-PCR and protein expression by 

W estern immunoblot (B). Neither aging nor chronic treatment with URB 597 (1 mg/kg) 

had any effect on Nb mRNA or protein expression. Results are displayed as mean ± 

SEM.
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5.2.4 Aging reduces Net expression in the rat cortex and this is prevented by 

chronic treatment with URB 597 (1 mg/kg).

Net is expressed in relatively high amounts during embryonic development and its 

expression reduces to basal level in most parts o f the adult brain (Kodam et al., 2008). 

In the light o f my in-vitro findings, whereby AEA and URB 597 significantly increase 

Net expression and subsequent enhancement o f  N otch-1 signaling, I decided to look at 

the expression profile o f  Net with aging and the effects o f chronic treatment with URB 

597 on Net.

Figure 5.2.4A demonstrates that Net expression was significantly reduced in the cortex 

o f the aged rats compared to the young rats (p<0.05, Student’s t-test, n=6) and this was 

prevented when the aged rats were treated with URB 597 (p<0.05. Two-way ANOVA, 

Bonferroni post-tests, n=6). Data from densitometry analysis revealed that in the young 

rats Net expression in the cortex was 1.97 ± 0.54 (mean arbitrary units ± SEM) which 

reduced significantly to 0.81 ± 0 .1 5  in the cortex o f  aged rats. Chronic treatment with 

URB 597 prevented the age-associated reduction o f Net expression (1.62 ± 0.23). This 

signifies that aging reduces Net expression and this was prevented by chronic treatment 

with URB 597. Figure 5.2.4B shows a representative Western immunoblot which 

reveals a reduction o f  Net in the cortex o f the aged rats treated with vehicle which is 

prevented by chronic treatment with URB 597.
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Figure 5.2.4: Aging reduces Net expression and this is prevented by chronic 

treatment with URB 597 (Im g/kg)

Young and aged rats were treated with either DMSO or URB 597 (Im g/kg) and Net 

expression was assessed in cortex by W estern immunoblot. A: aging significantly 

reduced Net expression (*p<0.05, Student’s t-test, n=6) and this was prevented when 

aged rats were chronically injected with URB 597 (Im g/kg) (*p<0.05, Two-way 

ANOVA, Bonferroni post-tests, n=6). Results are displayed as mean arbitrary units ± 

SEM. B: Representative Western immunoblot shows that Net expression was reduced 

in cortex o f  aged vehicle control rats (lane 3) when compared to young vehicle control 

rats (lane 1). While chronic URB 597 treatment had no significant effect on young rats 

(lane 2) it prevented the age- related decline o f Net expression (lane 4).
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5.2.5 Chronic treatment with URB 597 increases H esl mRNA in the cortex o f aged 

rat.

Based on my finding that aging reduced N otch-1 cleavage and this was prevented with 

chronic treatment with URB 597, I investigated the expression o f one o f the N otch-1 

target genes, H esl. Hes-1 mRNA expression in rat cortex was assessed by RT-PCR. 

According to Figure 5.2.5, aging had no significant effect on Hesl mRNA expression in 

rat cortex but it was significantly increased with chronic treatment with URB 597 

(1 mg/kg) (p<0.05. Two-way ANOVA, Bonferroni post-tests). Thus, in the young rats, 

Hesl mRNA RQ value was 1.59 ± 0.19 (mean RQ value ± SEM) and in the aged rats it 

reduced to 1.25 ± 0.23, but failed to reach statistical significance (p= 0.14, Student’s t- 

test, n=6). Whilst chronic treatment with URB 597 (Im g/kg) had no significant effect 

on Hesl mRNA expression in the cortex o f young rats (1.83 ± 0.18), in aged rats 

exposed to URB 597, Hesl mRNA expression significantly increased to 1.93 ± 0.22 

(mean RQ value ± SEM) compared to aged rats exposed to vehicle (p<0.05. Two-way 

ANOVA, Bonferroni post-tests, n=6). This experiment demonstrates that chronic 

treatment with URB 597 (1 mg/kg) has the potential to induce Hesl mRNA in the aged 

cortex.
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Figure 5.2.5: Chronic treatment with URB 597 increases Hesl mRNA in the rat 

cortex

Young and aged rats were chronically injected with either DMSO or URB 597 

(1 mg/kg). Cortical Hesl mRNA expression was assessed by RT-PCR. Chronic 

treatment with URB 597 (Im g/kg) significantly increased Hesl mRNA in the cortex o f 

aged rats (*p<0.05 Two-way ANOVA, Bonferroni post-tests, n=6), compared to aged 

rats exposed to vehicle (DMSO treated). Results are displayed as mean RQ values ± 

SEM.
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5.2.6 Aging reduces Hes5 mRNA in the rat cortex and this is prevented by chronic 

treatment with URB 597 (1 mg/kg).

Following my finding that chronic treatment with URB 597 increased Hesl mRNA 

expression in the aged cortex, I investigated the expression o f another N otch-1 target 

gene, Hes5. Hes-5 mRNA expression in rat cortex was assessed by RT-PCR. Figure

5.2.6 demonstrates that Hes5 expression was significantly reduced with aging (p<0.01, 

Student’s t-test, n=6) and this was prevented by chronic treatment with URB 597 

(1 mg/kg; p<0.01, Two-way ANOVA, Bonferroni post-tests). Thus, in the cortex o f the 

young rats, FIes5 mRNA RQ value was 1.53 ± 0.19 (mean RQ value ± SEM) which 

significantly reduced to 0.52 ± 0.12 in the aged rats. Whilst chronic treatment with 

URB 597 (1 mg/kg) had no significant effect on Hes5 mRNA expression in the cortex o f 

young rats (1.170 ± 0.2215) compared to young vehicle control group; in the aged rats 

treated with URB 597, Hes5 mRNA was significantly increased to 1.99 ± 0.47 (mean 

RQ value ± SEM) compared to aged rats treated with vehicle (p<0.01. Two-way 

ANOVA, Bonferroni post-tests, n=6). This experiment demonstrates that chronic 

treatment with URB 597 (1 mg/kg) prevents age related reduction o f Hes5 expression.
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Figure 5.2.6: Aging reduces Hes5 mRNA in the rat cortex and this is prevented by 

chronic treatment with URB 597 (Im g/kg)

Young and aged rats were chronically injected with either DMSO or URB 597 

(1 mg/kg). Cortical Hes5 mRNA expression was assessed by RT-PCR. Aging reduced 

Hes5 mRNA (**p<0.01, Student’s t-test, n=6) and chronic treatment with URB 597 

(1 mg/kg) prevented this decline in the cortex o f aged rats (**p<0.01, Two-way 

ANOVA, Bonferroni post-tests, n=6). Results are displayed as mean RQ values ± SEM.
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5.2.7 Newly proliferating cells differentiate into both astrocytes and neurons 

following chronic treatment with URB 597 (1 mg/kg).

R esults from  section 5.2.1 and 5.2.2 suggests that aging negatively  im pacts upon N otch- 

1 signaling and chronic treatm ent w ith URB 597, w hich augm ents the endogenous 

anandam ide tone, restores the N o tc h -1 signalling in the aged rats. Previous w ork by 

Mr. M icheal M cD onald (personal com m unication, unpublished data) suggested that 

chronic treatm ent w ith URB 597 increased the num ber o f  Brd-U  positive cells in the 

hippocam pal region o f  these aged rats. S ince Notch-1 signaling can regulate stem  cell 

fate (A ndroutsellis-T heotokis et al., 2006, M ason et al., 2005, M izutani et al., 2007), I 

decided to  investigate the expression profile o f  these new ly proliferating cells and 

w hether the stem cells follow ed an astrocytogenic or a neurogenic fate. Double 

im m unocytochem ical staining was carried out on frozen sections o f  h a lf  brains from 

different treatm ent groups and the hippocam pal region was analysed for differentiation 

o f  new ly proliferating cells. The thym idine analogue brom odeoxyuridine (B rd-U ) is a 

nuclear proliferation m arker, w hich incorporates into the new ly synthesized DNA 

during the S-phase. G FA P is a well characterized astrocytic m arker. Thus, co 

localization (yellow , arrow ed) betw een Brd-U (green, arrow ed) and G FA P (red, 

arrow ed) is suggestive o f  new ly proliferating  astrocytes. N eu-N  is neural m arker and a 

nuclear transcrip tion factor. It is usually cytoplasm ic but can localize in the nucleus o f  

proliferating  neuron (Lind et al., 2005). Thus, a co-localization (yellow ) betw een Brd-U 

(green) and N eu-N  (red) is suggestive o f  new ly proliferating neuron. R epresentative 

im ages from  different treatm ent group are show n in Figure 5.2.7 A (Brd-U  and G FAP) 

and 5.2.7 B (Brd-U  and N eu-N ). Q ualitative analysis suggested that in young rats, 

follow ing treatm ent with either D M SO  or URB 597 there w ere both Brd-U  and GFAP, 

Brd-U and N euN  double positive cells, suggesting that new ly proliferating  cells 

d ifferentiate into both astrocytes and neurons respectively. In aged rats sim ilar 

expression profile was observed. From  the lim ited num ber o f  brain slices that w ere 

exam ined in this experim ent, though it appeared that the am ount o f  Brd-U  and NeuN  

double cells w ere m ore in aged rats treated w ith URB 597 com pared to aged rats that 

received D M SO , no conclusion could be draw n w hether URB 597 treatm ent prom oted 

neurogenesis.
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5.2.7 Newly proliferating cells differentiate into both astrocytes and neurons 

following chronic treatment with URB 597 (1 mg/kg).

Young and aged rats were chronically injected with either DMSO (vehicle) or URB 597 

(I mg/kg). Differentiation o f hippocampal stem cells into (A) astrocytes was assessed by 

Brd-U and GFAP double immunocytochemical staining and into (B) neurons was 

assessed by Brd-U and NeuN double immunocytochemical staining. A: Quantitative 

analysis suggested that in young and aged rats regardless o f the treatment they received 

(DMSO or URB 597), the newly proliferating cells (Brd-U positive, green) were also 

positive for GFAP (red). B: Quantitative analysis suggested that in young and aged rats 

regardless o f the treatment they received (DMSO or URB 597), the newly proliferating 

cells (Brd-U positive, green) were also positive for NeuN (red). Representative 

confocal images from the hippocampal region of (i) young rats treated with DMSO, (ii) 

aged rats treated with DMSO, (iii) young rats treated with URB 597 and (iv) aged rats 

treated with URB 597 are illustrated. (DAPI in blue, Scale bar 10 jam).
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5.3 Discussion

The aim o f this section was to establish the consequence o f normal aging on the Notch- 

1 pathway in the brain. Based on the findings from chapter 3 that enhancement o f 

endogenous AEA tone can positively modulate Notch-1 signaling, the consequence o f 

chronic treatment with URB 597 on the N otch-1 signaling in the cortex and 

hippocampus o f  young and aged rats was established. The results o f these experiments 

indicate that Notch-1 signaling is dampened with normal aging and that chronic 

treatment with URB 597 restores the pathway to that observed in young rats.

Aging is an irreversible natural phenomenon o f all living beings. As the body ages it 

adopts a different physiology to meet the demands. Regarding the N otch-1 signaling. 

Western blot analysis o f cortical and hippocampal samples from young vehicle treated 

rats revealed a relatively high level o f  expression o f  cleaved N otch-1 (NICD). Chronic 

treatment o f young rats with URB 597 had no significant effect on N o tch -1 cleavage in 

the cortex and the hippocampus. On the other hand, compared to young rats, aged rats 

expressed a significantly reduced cleaved Notch-1 product (NICD) in the cortex and the 

hippocampus. However, chronic treatment o f aged rats with URB 597 reversed this 

effect and NICD expression was restored back to a level comparable to that observed in 

young rats. This signifies a positive modulatory effect o f URB 597 on N otch-1 

signaling in-vivo in aged rats. Franberg and colleagues (2010) reported that the 

production o f intracellular domains, including NICD, by y-secretase are reduced in the 

adult (3 months old) compared to the embryonic rat brain. In line with their findings, 

my results suggest that NICD generation is suppressed further in the aged rats 

compared to young adult rats. The reason for the lack o f increase in Notch-1 cleavage in 

young rats treated with URB 597 is as yet unknown and what could be the molecular 

mechanism behind the enhanced N otch-1 cleavage in aged rats treated with URB 597 

required further explanation. This led me to investigate the expression profile o f Nb and 

Net in the same samples.

Western blot analysis revealed no significant difference in the level o f Nb protein in the 

cortex o f  young or aged rats. Furthermore, chronic treatment with URB 597 failed to 

have any effect on Nb expression. However, Net analysis revealed that aged rats 

expressed a significantly reduced level o f  Net compared to young rats. Interestingly,



chronic treatment with URB 597 upregulated Net expression in the aged cortex but had 

no significant effect on Net expression in the young rats. Based on results from the in- 

vitro data (chapter 3) that Net upregulation is crucial for preferential and enhanced 

Notch-1 cleavage and downstream Notch-1 signaling, it can be speculated that the 

increased Notch-1 cleavage that we observed in aged rats exposed to URB 597 occurs 

as a consequence o f the upregulation of Net.

In the embryonic rat brain all components of y-secretase are expressed in highest 

amounts and in young adult rat brain these reduce significantly. This parallels with a 

reduction of y-secretase generated intracellular domains including NICD (Franberg et 

al., 2010). Kodam et al. (2008) reported that in the adult cerebral cortex Net 

expression remains relatively high. Net immunoreactive neurons can be detected in 

most layers of the neocortex with varying degrees of staining intensity. Its expression 

is relatively high in layers IV-VI, moderate in layers II-II and relatively low in layer I. 

Adult Sprague-Dawley rats used in that study were relatively young, weighing 

between 225-275 grams, comparable to my young group. Thus, my finding o f a 

higher level of Net in the cortex o f young rats is consistent with the finding of Kodam 

and colleagues. However, I also report that this expression reduces further in aged 

cortex compared to young adult cortex. Compiling the finding of the above two 

studies and my study, it appears that Net is expressed in highest amount in the 

embryonic cortex, reduces in the young adult cortex and reduces further in the aged 

cortex.

Conditional forebrain inactivation o f Net results in progressive memory impairment 

and age related neurodegeneration (Tabuchi et al., 2009). We can speculate that a 

reduction of Net that was observed in aged rats can result in such decline in cognitive 

and memory processes. With chronic treatment with URB 597 this was prevented that 

can possibly circumvent the cognitive decline that is observed with aging.

Regarding the expression o f Notch-1 target gene, H esl, I did not observe any 

significant difference in Hesl mRNA between young or old vehicle treated rats. 

Chronic treatment with URB 597 was associated with a significant increase in Hesl 

mRNA in the cortex of aged rats compared to aged rats treated with vehicle. This can 

be explained by the previous observation that chronic URB 597 treatment upregulated



Notch-1 cleavage. Chronic treatment with URB 597 had no significant effect on 

Hesl mRNA expression in young rats. This co-relates with my finding that chronic 

URB 597 treatment had no significant effect on Notch-1 cleavage and hence no effect 

o f downstream target gene.

Interestingly when I investigated the other Notch-1 target gene, Hes5, I found that 

Hes5 mRNA expression was significantly reduced in the cortex of aged rats 

compared to young rats. This corresponds to my previous observation of the reduced 

NICD expression in the aged group and signifies that a reduction in Notch-1 cleavage 

in older rats translates into a reduction Hes5 expression in them. This partially 

explains the relatively preserved Hesl mRNA expression in the same group, which 

might be attempting to compensate for the loss (Ishibashi et al., 1995). Chronic 

treatment with URB 597 significantly increased and restored Hes5 mRNA to a level 

that is comparable to young rat cortex.

It was interesting to observe that although both Api .4 2  {in-vitro study) and aging {in- 

vivo study) reduced Notch-1 signaling they had a different impact on down-stream 

Hes-1 and Hes5 expression. In the in-vitro experiments exposure of neurons to APi.4 2  

resulted in reduced Hes-1 expression with relatively preserved Hes5 at 6  hour time 

point. However, in the in-vivo experiments aging was associated with reduced Hes5 

expression with relatively preserved Hesl expression. Apparently, Hesl and Hes5 are 

functionally redundant, and when either gene is present. N otch-1 can still function. 

Inactivation of either Hesl or Hes5 leads to premature neuronal differentiation, and 

therefore both genes have a similar function; inhibition of premature neurogenesis. 

However, these two genes do not seem to be functional equivalents, since the severity 

o f the mutant phenotypes is totally different: Hesl-null mutation leads to embryonic 

or postnatal lethality with neural tube and eye defects even in the presence of an 

upregulation of Hes5 (Ishibashi et al., 1995; Tomita et al., 1996), whereas Hes5-null 

mice, with preserved Hes-1 expression were morphologically normal in spite of 

premature neuronal differentiation at embryonic day 10.5. Thus, the phenotypes of 

Hes5 mutation seem to be mostly compensated by other genes, but those of Hesl 

mutation do not. Therefore, Hesl rather than Hes5 may be a major component for the 

Notch-1 pathway in-vivo (Ohtsuka et al., 1999). Another possibility behind relatively 

preserved Hesl expression despite reduced Notch-1 signaling in aged vehicle control



rats could by the fact that H esl expression is controlled by additional upstream 

regulatory regions besides the RBP-J sites (Takebayashi et al., 1994; Issack and Ziff, 

1998). A Pi-42 can reduce Notch-1 signaling in-vitro  via an upregualtion o f  the 

endogenous negative regulator o f  N o tch -1 signaling, Nb. N et expression was 

relatively preserved in neurons in-vitro. A ge related reduction in N otch -1 signaling 

was possibly due to a reduction o f  endogenous Net. The difference in the mechanism  

o f  reduction in N otch -1 signaling could be another reason behind the differential 

regulation o f  H esl and Hes5. Future studies need to address this and investigate 

whether Nb overexpression has any impact on the upstream regulatory regions that 

can control Hes genes.

The com plexity o f  the in-vivo  micro-environment where neurons and glia are in 

constant interaction with each other may go in a way to explain the differences 

observed with regards to expression profile changes o f  H esl and Hes5 in-vitro  and in- 

vivo. Beatus and colleagues have suggested that Notch-3 can act as a repressor o f  Hes 

expression and has the potential to differentially regulate Hes expression in-vivo 

(Beatus et al., 1999).

The effect o f  aging, a natural process o f  neurodegeneration on Net expression and 

N otch -1 signaling was clearly evident in this thesis. However, a pilot study carried out 

on 3 month old rats which received intra-ventricular Ap cocktail via osm otic mini-pump 

showed disappointing results. N o difference in the expression o f  any target (N otch-1, 

Nb and Net) was observed follow ing exposure to Ap cocktail or with URB 597. This 

discrepancy between the in-vitro  and in-vivo  results can be explained by the fact that the 

young brain could have a robust mechanism to deal with an Ap and AEA load. This 

possibly raises the issue that even w e often find Ap to be enormously toxic to cells in- 

vitro, it is not so toxic against the healthy young brain. One o f  the key differences 

between the young and aged brain is that aging is associated with progressive 

mitochondrial dysfunction with resultant generation and accumulation o f  oxidative 

stress (Miquel et al., 1980, Sastre et al., 2003). The mechanism to deal with increased 

oxidative stress is very robust in the healthy young brain that has very efficient cellular 

repair and molecular degradative machineries (Dubey et al.,1996; Navarro et al., 2002). 

The autophagy and lysosom al pathway o f  the healthy young brain deals with any insult 

very prompty. However, in the aged brain the cells become less able to respond to stress



(Stranahan and Mattson, 2012). Autophagy deficiency with aging results in progressive 

accumulation o f ubiquitinylated and misfolded proteins that increases cellular 

vulnerability to further toxic insults (Martinez—Vicente et al., 2010; Wong and Cuervo, 

2010; Komatsu et al., 2007).

Results from chapter 4 suggest that, APi . 4 2  induces apoptosis in cultured cortical 

neurons. In the control environment -15%  cells undergo apoptosis at any given time 

(Figure 4.2.5). A -56%  increase in caspase-3 and -  53% increase in phospho-pSS^^" '̂^ 

induced by APi . 4 2  increased apoptosis to -39%  in culture. Dr. Janis Noonan in our 

laboratory looked in to the changes in several apoptotic markers in those Ap injected 

young rats. No significant change in the expression o f caspase-3, cathepsin D and L, 

phospho p53*̂ '̂ '̂  or overall apoptosis was evident between the rats that received Ap or 

the ones that received URB 597 (personal communication, un-published data). This 

again reiterates the fact that even though Ap can be very toxic in in-vitro culture 

system, it fails to provoke such changes in the healthy young brain. Some degree of pre

vulnerability is needed for Ap to propagate its toxic effects in-vivo. While normal aging 

can be one such state, others might include genetic susceptibility, traumatic or acquired 

brain injury and vascular risk factors (Fleminger et al., 2003; Bertram et al., 2008; 

Bertram et al., 2004 Stefanova et al., 2012).

What may be the consequence of enhanced Notch-1 signaling evoked by URB 597 in 

the aged rat brain? Apart from upregulation of Net by URB 597 in the aged brain, 

which can potentially enhance the learning and memory processes, the enhanced Notch- 

1  cleavage and downstream signaling that 1  observed may have a positive influence on 

cognition, learning and memory. Notch anti-sense (NAS) mice which overexpress 

Notch-1 antisense mRNA have -50%  of the normal level o f Notch mRNA and protein 

in the hippocampus (Wang et al., 2004). These animals fail to display long-term 

potentiation (LTP) in response to high-frequency stimulation and have enhanced long

term depression (LTD) at the synapses indicating that the reduction of N otch-1 levels 

leads to an alteration of long-lasting plasticity. Importantly the LTP deficits seem to 

result specifically from deficits in Notch signaling. This deficit in formation of LTP in 

response to high frequency stimulation can be rescued by application of N otch-1 ligand 

like Jagged 1, which increases Notch-1 signal. In my study the aged rats showed a 

significant reduction in neuronal Notch-1 signaling compared to young rats. This was



recovered by chronic treatment with URB 597, signifying the potential o f this drug to 

enhance and rescue long term memory in older rats. In fact in a parallel study to mine 

conducted in the Trinity College Institute of Neuroscience, it was observed that the 

aged rats used in this study did indeed have deficits in LTP, and this was restored when 

the aged rats were chronically treated with URB 597 (Murphy et al., 2012). Apart from 

the anti-inflammatory properties exerted by AEA, augmentation of Notch-1 signaling 

may represent a possible explanation for the improvement in LTP observed in aged rats 

treated with URB 597.

Another possible mechanism by which the enhanced Notch-1 signaling can provide 

beneficial effects on cognition, learning and memory process is by potentiating 

neurogenesis in the aged brain. Using the same rats that I used in this study, a parallel 

study, conducted by Mr. Michael McDonald and Dr. Aine Kelly (personal 

communication and unpublished data), investigated the number of proliferating cells 

within the hippocampus, it was observed that in aged rats, the number of proliferating 

cells was significantly reduced whilst chronic treatment with URB 597 significantly 

increased the number of proliferating cells in the hippocampus o f aged rats. When 

comparisons were made between young rats treated with vehicle and those treated 

with URB 597; URB 597 seemed to have no significant effect in the number of 

proliferating cells. These observations prompted me to investigate into the expression 

profile o f the proliferating cells into neurons or astrocytes. However, due to limitation 

o f samples that could be obtained for these experiments only a qualitative study was 

performed. I observed that following treatment with URB 597 proliferating cells in 

the hippocampal region differentiate into both astrocytes and neurons in young and 

aged rats as assessed by qualitative immunocytochemistry. Future in-vitro study aims 

to investigate the consequence URB 597 mediated enhanced Notch-1 signaling on 

neuronal stem cell differentiation pattern.

Although neurogenesis continues during normal aging in rats, it reduces drastically in 

the aged rats (Marchalant et al., 2009, Verret et al., 2007). A recent study by 

Marchalant and colleagues revealed that WIN-55,212-2, which is a synthetic 

endocannabinoid receptor agonist, partially restores neurogenesis in the aged rat brain 

(Marchalant et al., 2009). We can hypothesis that the molecular mechanism behind 

this restoration of neurogenesis is enhanced Notch-1 signaling, as HesI and Hes5



helps to maintain the neural stem cell pool for long-lasting neurogenesis in the adult 

brain. Also supporting this hypothesis is the finding that the transient increase o f 

Notch ligands increases the number o f newly generated neuronal precursor cell in 

adult brain (Androutsellis-Theotokis et al., 2006).

Age-related neurodegeneration is a multi-factorial complex process. Cognitive 

decline and reduced neurogenesis precedes the age-related neurodegeneration. 

Reduced N otch-1 signaling and Net expression plays a key role in this whole cascade. 

My results suggest that pharmacological augmentation o f the endogenous AEA tone 

has the proclivity to enhance Notch-! signaling, Net expression and thus restore 

cognitive performance (M urphy et al., 2012). The promising findings o f this study 

form a firm basis for other future studies that aims to investigate the effects o f 

manipulation o f the endocannabinoid tone on the N otch-1 pathway and its molecular 

targets in an in-vivo model o f A lzheim er’s disease.
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6.1 Conclusions and Future Directions

Until the last 10 years AD has been largely managed, rather than treated, with a variety 

of community supports for the informal carers often culminating in a move into nursing 

home care. Pharmacotherapy has been limited to the use o f tranquillisers and 

antidepressants, used outside o f their licensed indications to control behavioural 

disturbances. AD is a complex neurodegenerative disorder and now after years of 

research we can at least tackle some of the symptoms with some rational treatment 

options. We now have drugs licensed to treat AD like donepezil, rivastigmine, 

galantamine and memamtine, which have not only provided clinicians with a rational 

treatment, but also provided an incentive to more accurate diagnosis (Ballard et al., 

2008, Beier, 2004, Cummings et al., 2010, Raskind et al., 2000). Unfortunately after 

considerable hope many other contenders in this battle have failed. Oestrogens (Craig 

and Murphy, 2010), statins , steroids (McGuinness et al., 2010), non-steriodal anti

inflammatory drugs (Lichtenstein et al., 2010) including the y-secretase modulators, 

antioxidants like vitamin E, and the amyloid anti-aggregant homotaurine (Swanoski, 

2009) have not shown benefits against placebo in well-designed trails. Other anti

amyloid strategies like the use of vaccines or monoclonal antibodies to remove amyloid 

plaque are under investigation (Shah and Federoff, 2011). None of the potentially 

disease modifying treatments has yet been shown to be clinically effective and we await 

ongoing trails results with hope. It seems likely that in time, as in other complex 

disorders, we will have a combination of treatments, aimed at modulating 

neurotransmitter release, excititoxicity, removal of misfolded proteins, reducing 

neuroinflammation, oxidative stress and stabilizing other molecular aspects o f the on

going pathology. Interesting, as our understanding of the endocannabinoid system has 

improved over the last couple o f years, it appears that endocannabinoid based therapy 

can modulate several aspects of the AD pathology.

The focus of this thesis was to consider the effects of the endocannabinoids on the 

Notch-1 pathway in an in-vitro model o f AD and with normal aging (Figure 6). The 

rationale for this study is that aberrant Notch-1 signaling has recently emerged as a 

possible mechanism o f altered neurogenesis, tau hyperphosphorylation, synaptic loss 

and neuronal loss in AD (Anderton et al., 2000, Lathia et al., 2008, Woo et al., 2009).



G iven that N o tc h -1 mutants show  behavioral deficits com parable to that observed in 

A D , it has been proposed that altered N o tc h -1 signaling could be a key m echanism  

behind the cogn itive decline, learning and m em ory deficits in A D  (C osta et a!., 2003 , 

Saura et al., 2 0 0 4 , Yu et al., 2 0 0 1 ). The anti-inflam m atory and neuroprotective  

properties o f  endocannabinoids are em erging (K haspekov et al., 2004 , Lee et al., 2005 , 

M ackie and H ille, 1992, M arsicano et al., 2 0 0 3 , Peng et al., 2009 , Ram irez et al., 2005 , 

Zhuang et a!., 2 0 05). Som e o f  the studies report the beneficial e ffects o f  m odulation o f  

the endocannabinoid tone in learning and m em ory (Katona et a!., 2006 , Kawamura et 

al., 2006). N o  study to date has looked into the effects o f  the endocannabinoid at their 

established neuroprotective concentration on the N o tc h -1 pathway. This study aim ed to 

bridge that gap in our understating o f  how  endocannabinoids m ight influence N o tc h -1 

signaling  in A D  and with normal aging.

1 observed that in an in-vitro  m odel o f  A D , A P i .4 2  negatively  regulates several aspects  

o f  N otch-1 signaling in neurons. It enhanced the expression  o f  N b  and this w as  

prevented by both A E A  and 2-A G . A P i .4 2  has been reported to cause sw itch  a betw een  

different N b isoform s som e o f  w hich are m ore neurotoxic (Chan et al., 2 0 02). A p  

prom otes production o f  an isoform  o f  N b w hich contains a short phosphotyrosine  

binding dom ain. This isoform  has the potential to dysregulate cellular calcium  

h om eostasis and prom ote cell death (Chan et al., 2 0 0 2 ).A gain, ex cess  cellular N b  binds 

the A PP and regulates the trafficking and processing o f  A PP (Roncarati et al., 2002). 

Thus a v ic iou s cycle  is triggered by A p that drives the cell death pathw ays. I observed  

the endocannabinoid A E A  and 2-A G  prevented the A p i .4 2  _ m ediated induction in N b  

expression . The answ er as to w hether the endocannabinoids can prevent the sw itch  in 

N b  isoform s evoked  by A P i .4 2  needs further evaluation. S ince N b  expression  has been  

reported to be regulated by G -protein coupled  receptors (G PC R s), it is possib le that 

endocannabinoids acting via  the G -protein coupled  CB receptors prevents the A p- 

m ediated induction o f  N b  (D ho et al., 2 0 0 6 ).

O ne o f  the major finding o f  this study w as that up-regulation o f  N et by A E A  caused an 

increase in N o tc h -1 receptor cleavage, s ign ify in g  form ation o f  an isoform  o f  y-secretase  

that e ffic ien tly  processes and c leaves N o tc h -1 to augm ent downstream  N o tc h -1 

signaling. Later, it w as also observed that A E A  differentially affects y-secretase  

processing o f  A PP and N otch -1 , as ev ident by a reduction in secreted A P i .4 0  that



accumulates in the medium over 24 hours. Apart from mature Net, AEA at its 

neuroprotective concentration range did not alter expression o f  any o f  the other 

components o f the y-secretase that were examined. Recently Pamren and colleagues 

reported that mutations in cysteine residues at 213 and 230 results in formation o f 

functionally active y-secretases that are capable o f processing APP and N otch-1. 

However, the mutants showed significantly reduced APP processing compared to wild 

type. The N otch-1 processing was relatively preserved in both cell lines (Pamren et al., 

2011). Mutations in the conserved 312-369 domain o f  Net can strongly modulate y- 

secretase cleavage o f  APP, whereas only weakly affecting N otch-1 cleavage (Chen et 

al., 2001). Thus, depending on the type o f Net that associates with the y-secretase the 

processing o f APP and N otch-1 can be differentially regulated. Thus, it would be 

interesting to investigate whether exposure to AEA induces any such changes in the Net 

that associates with the y-secretase to preferentially cleave N otch-1 receptor. My future 

study aims to address this issue.

Net over-expression enables cancer cells to become resistant to chemotherapy because 

excess Net activates different pro-survival pathways (Farnie and Clarke, 2007, Sahlgren 

et al., 2008, Rizzo et al., 2009, Polyak and W einberg, 2009). I observed that the AEA- 

mediated up-regulation o f Net dampens the caspase-3 and p53 dependent cellular 

apoptotic pathway to confer neuroprotection. I would be interested in future 

experiments to investigate whether the enhanced Net can promote neuronal viability by 

engaging other pro-survival pathways such as the Akt-dependent pathway.

The Wnt pathway is involved in stabilizing glycogen synthase kinase 3p (GSK-3P) 

activity and thus prevents hyperphosphorylation o f tau protein, a neurotoxic marker in 

AD brain. The N otch-1 pathway plays a synergistic role to augment the W nt pathway 

m ediated stabilization o f GSK-3P (Anderton et al., 2000, Artavanis-Tsakonas et al., 

1999, Cook et al., 1996). Tabuchi and colleagues (2009) reported that conditional 

forebrain inactivation o f Net resulted in hyperphosphorylation o f tau proteins. Based on 

my findings that Net is one o f the key regulators o f enhanced N otch-1 signaling, 1 

speculate based on experiments carried out by Tabuchi and colleagues (2009), that the 

reduction in Net resulted in a reduction o f  Notch-1 signaling with potential reduced 

efficacy o f the Wnt pathway to stabilize GSK-3p. It would be interesting to investigate



the effects of enhanced Notch-1 signaHng by AEA on GSK-Sp stabilization and tau 

phosphorylation in models o f AD.

The results of the in-vivo study that investigated into the effects of normal aging on the 

Notch-] pathway illustrates that aging is associated with reduced Notch-1 signaling. 

There was an associated reduction in Net. Chronic treatment with URB 597 (1 mg/kg) 

for 28 days restored Notch-1 signaling and Net expression to a level that was 

comparable to young rats. Reduced neurogenesis is a feature of the aged brain that is 

linked to impairments in cognition, learning and memory. Although it could not be 

firmly concluded from this study that chronic treatment with URB 597 restored 

neurogenesis in aged rats, the parallel study carried out by Murphy and co-workers 

suggests that the augmented AEA tone restores LTP in aged rats, apart from the role of 

AEA to reduce neuroinflammation observed in that study (Murphy et al. 2012).

Finally, in order to ascertain the beneficial effects o f endocannabinoid mediated 

enhanced Notch-1 signaling in AD, my future work aims to repeat this study in an in- 

vivo model of the disease.

6.2 Concluding remarks

Notch-1 signaling is crucial for long term memory formation since the over

expression of wild-type Notch-1 can facilitate formation of long-term memory (Ge et 

al., 2004). In the moderate stages of AD long term memory becomes impaired (Forstl 

and Kurz, 1999 ). My results suggests the possibility that enhancement o f endogenous 

Notch-1 signaling by manipulating the cannabinoid system could be used as 

therapeutic aids for cognitive disorders such as AD. Neurogenesis in the adult brain is 

thought to contribute to the plasticity of the hippocampus and olfactory system. 

Regulated Notch-1 signaling is essential for neural progenitor cells (NPC) 

maintenance in the adult brain and for prolonged neurogenesis throughout life. 

Recent observations raise the possibility that dysregulation of N otch-1 signaling 

might contribute to attenuated neurogenesis, and impaired hippocampal function 

during aging (Imayoshi and Kageyama, 2011). Compromised neurogenesis is another 

arm in the pathogenesis of AD, which presumably takes place earlier than onset of 

hallmark lesions or neuronal loss. It is proposed to play a role in the initiation and



progression o f the neuropathology in AD. Given that endocannabinoids can confer 

neuroprotection in models o f neurodegeneration (Khaspekov et al., 2004, Ramirez et 

al., 2005) and considering my findings that AEA and its pharmacological 

enhancement have the proclivity to enhance N otch-1 signaling in an in-vitro model of 

AD and in the aged brain, the possibility o f  an endocannabinoid-based therapy to 

alleviate symptoms and delay progression o f neurodegeneration warrants further 

investigation.
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Figure A .l Structure o f DAPI (4'6-diainidino-2-phenylindole)
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Figure A.2 Structure of Alexa fluorescent dyes
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Figure A.3: AEA-NICD dose response

Cortical neurons were exposed to different concentrations o f  AEA (0 nM , 0.01 nM , 0. 
nM, 1 nM, 10 nM and 100 nM). AEA induced nuclear NICD expression at 0.01 nM 
concentration, that persisted up to 100 nM concentration.
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Figure A.4: 2-AG-NICD dose response

Cortical neurons were exposed to different concentrations o f  2-AG (0 nM, 0.01 nM, 0.1 
nM, 1 nM, 10 nM , 100 nM and l|iM ). 2-AG induced nuclear NICD expression only at 1 
|iM  concentration.

Page I 280



Cell culture solutions

70% EtOH (1 litre)
700 m l EtO H  
300 ml CIH2 O

IXPBS ( 1  litre)
100 ml D u lb ecco ’s m odified phosphate buffered  saline 
900 ml d dH 20

Trypsin inhibitor solution
Soyabean trypsin  inhibitor (0.03 m g/m l)
D N ase (0.02 m g/m l)
MgS04(0.1 M)
10 ml I x P B S

Supplemented neurobasal solution
Heat inactivated  horse serum  (50 m l) 
P enicilliin /strep tom ycin  (100 U /m l)
G lu tam ax (2m M )
8 2 7 ( 1 % )
B uerobasal m edium  (440 ml)

Cell harvesting solutions

Lysis buffer, pH 7.4 (harvesting total protein)
H EPES (25 m M )
M gC l2 (5m M )
ED TA  (5m M )
PM SF (2m M )
Leupeptin  (10 |ig /m l)
Pepstatin  (6 .25 |ig /m l)
A protin in  (10 |jg /m l)

SDS-PAGE solutions

Tris buffered saline-Tween (TBS Tween), pH 7.4
T ris HCl (20m M )
N a C l(1 5 0  m M )
T w een 20 (0 .1% )

Sample buffer, pH 6.8
Tris-H cl 
G lycerol 
SDS (10% )
P -M ercaptoethanol



Bromophenol blue

Stacking gel (4%,  pH 6.8)
Acrylam ide/bis-acrylam ide (30%  stock, 13% (v/v)) 
d H 2 0  60%
Tris-NaCl (0.5 mM)
SDS (2% (w/v))
APS (0.5%  (w/v))
TEM ED (0.5% (v/v))

Seperating gel (12%, pH 8.8)
Acrylam ide/bis-acrylam ide (30%  stock, 13% (v/v)) 
d H 2 0  33%
Tris-NaCl (0.5 mM)
SDS (2%  (w/v))
APS (0.5%  (w/v))
TEM ED (0.5% (v/v))

Electrode running buffer
Tris-Base (25mM )
Glycine (200mM )
SDS (0.1%)

Transfer buffer
Tris-Base (25mM )
Glycine (192mM )
SDS (0.05%)
MeOH (20%)

Fluorogenic assay solution

Lysis buffer (caspase-3 assay, pH 7.4)
HEPES (25 mM)
M gC b (5 mM)
Dithiothreitol (5 mM)
EDTA (5 mM)
PM SF (2 mM)
Leupeptin (10 ng/ml)
Pepstatin (6.25 |ig/m l)
Aprotinin (10 ^ig/ml)

Incubation buffer (caspase-3 assay, pH 7.4)
HEPES (50 mM)
Dithiothreitol (10 mM)
Glycerol (20% (v/v))



Confocal Microscopy

Switch system on in the following order:

1. Hand pad (“system” then “com ponents”- wait 5 seconds)
2. Computer hard drive tower- no need to log in, Click “OK”.
3. Lamp box (green button)

* to shut down, switch o ff lasers and follow steps above backwards

1. Double click on LSM 510 program to open and select expert mode.
2. Select “Acquire” and working across the icons from left to right in the

window which appears, check every aspect o f  the setting before proceeding
to look and image samples.

3. Under “Laser” turn on only the laser you need, ensure to put on the Argon lamp on 
“standby” before pressing “on” . Put Argon laser output to 50%, resulting in a tube 
current o f  between 6.1-6.3 A. Then “Close” .

4. Under “microscope Control” select the appropriate objective lens and reflector.
5. Under “Configuration” choose either a “single track” (one label) or “multi track” (two 

labels) scan. Choose a configuration from the drop down menu as appropriate. Select 
“Apply and then “Close” .

6. Under “Scan”, in “M ode” ensure the default 512 x 512 resolution is selected and leave 
the scanner speed at 9 for the first crude image check, bringing it down to 6 for the 
optimum image. Leave the “Pixel” at 8-bit and for “Scan Direction” choose (. For 
the mode choose “ line”, the m ethod choose “m ean” and the num ber choose four.

7. In “Channels”, the “Channel setting” is green for Alexa 488, red for Alexa 546 and
blue for DAPL Ideally the pinhole size is <1 |^m (use sliding bar). The detector gain
and am plifier offset will be autom atically set toa value by the configuration chosen, but 
are usually adjusted to ensure the fluorescence captured in the images is within the 
range o f real detection and to improve contrast with the background. The “Amplifier 
gain” stays at 1. The excitation is 5% for 488, 50% for 543.

8. W hen scanning a sample, first focus on it quickly under the white light in visible “VIS” 
mode with no refection on, by pressing the “HAL” button on the right hand side o f  the 
microscope.

9. To view  fluorescence down the m icroscope, switch o ff  the “HAL” and switch on the 
appropriate reflector, e.g. for green colour fluorescent the reflector is “FSetlO w f’ and 
press the “PL” button on the right hand side o f  the m icroscope. When finally focused 
turn o ff “PL” by pressing it again, switch o ff  the reflector to none setting and select the 
“LSM ” mode instead o f  “VIS” mode.

10. To scan the image, double-check all the settings, click “new” to open a new image 
window and select “Single scan” to acquire the image.
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Background: Notch-1 signaling is dysregulated in Alzheimer disease (AD).
Results: Anandamide (AEA) augments Notch-1 signaling in primary neurons and in the cortex of aged rats.
Conclusion: AEA can promote a shift in ■y-secretase substrate processing to favor processing of Notch-1 over amyloid precursor 
protein.
Significance: Up-regulating Notch-1 signaling with a parallel reduction in amyloid precursor protein processing might restore 
neurogenesis and cognition in AD.

Aberrant Notch signaling has recently emerged as a possible 
mechanism for the altered neurogenesis, cognitive impairment, 
•nd learning and memory deficits associated with Alzheimer 
disease (AD). Recently, targeting the endocannabinoid system 
in models of AD  has emerged as a potential approach to slow the 
progression of the disease process. Although studies have iden
tified neuroprotective roles for endocannabinoids, there is a 
paucity of information on modulation of the pro-survival Notch 
pathway by endocannabinoids. In  this study the influence of the 
endocannabinoids, anandamide (AEA) and 2-arachidonoylglyc- 
crol, on the Notch-1 pathway and on its endogenous regulators 
were investigated in an in vitro model of AD. W e report that 
AEA up-regulates Notch-1 signaling in cultured neurons. W e  
•Iso provide evidence that although A P i_ 4 2  increases expres
sion of the endogenous inhibitor of Notch-1, numb (Nb), this 
can be prevented by AEA and 2-arachidonoylglycerol. Interest
ingly, AEA up-regulated Net expression, a component of 
y-.<iecretase, and this was found to play a crucial role in the 
enhanced Notch-1 signaling mediated by AEA. The stimulatory 
effects of AEA on N otch-1 signaling persisted in the presence of 
^P l-42- AEA was found to induce a preferential processing of 
Notch-1 over amyloid precursor protein to generate AP,_^q. 
Aging, a natural process o f neurodegeneration, was associated 
with a reduction in Notch-1 signaling in rat cortex and hip
pocampus, and this was restored with chronic treatment with 
URB 597. In summary, AEA has the proclivity to enhance 
Notch-1 signaling in an in vitro model of AD, which may have 
relevance for restoring neurogenesis and cognition in AD.

The Notch pathway is a highly conserved arbiter of cell fate 
decisions and is intimately involved in developmental processes 
(1, 2). Besides its pivotal role in neural development, it is also 
involved in the control of neurogenesis, neuritic growth (3), 
neural stem cell maintenance (4), synaptic plasticity (5), and

*  This work Is supported by Health Research Board Ireland.
'T o  whom correspondence should be addressed. Tel.: 353-1-896-1192; 

E-mail: vacmpbll@tcd.ie.

long term memory (6) both in the developing and adult brain. 
There is a growing body of research demonstrating the lack of 
neurogenesis and memory impairment in AD^ (7 -10 ). Possible 
roles of Notch signaling in the pathogenesis of AD  have been 
investigated (7, 8, 11). There is evidence supporting a role for 
Notch in the pathogenesis of AD  as presenilin-1/y-secretase, 
which is responsible for cleaving amyloid precursor protein 
(APP) to generate amyloid P (A/3), can also cleave Notch to 
generate the notch intracellular domain (N IC D ) (12). W ith  the 
onset of neurodegeneration in the adult brain, the Notch sig
naling pathway becomes activated, possibly as a means to com
pensate for neuronal loss by promoting neuronal growth. How 
ever, in advanced stages of neurodegeneration, Notch signaling 
is reduced (13).

Notch signaling regulates stem cell number in vitro and in 
vivo and thus plays an important role in neurogenesis in the 
adult brain (4, 14). Neurogenesis has been reported to be dras
tically reduced in the aged brain compared with the brains of 
young adult rats (16), and a decline in neurogenesis in the hip
pocampus is proposed to underlie age-related memory impair
ments in rats and humans.

Upon ligand binding (e.g. delta, jagged), the membrane-teth
ered full-length Notch receptor becomes susceptible to prote
olysis at site 2 (A D A M  cleavage) that generates Notch extracel
lular truncation (N E X T ) (17, 18). The membrane-associated 
remnant is then cleaved via y-secretase (site 3), and N IC D  is 
subsequently released into the cytosol (19). N IC D  translocates 
to the nucleus to associate w ith the c-promoter binding factor 1 
(CBF-1) family of transcription factors, resulting in transcrip
tional control of Hes genes {e.g. Hesl and Hes5) (20). These

 ̂The abbreviations used are: AD, Alzheimer disease; APP, amyloid precursor 
protein; A^, amyloid P; NEXT, notch extracellular truncation; NICD, notch 
intracellular domain; CBF-1, c-promoter binding factor; Hesl, Hairy and 
enhancer o f split-1; Hes5, Hairy and enhancer o f split-5; Nb, numb; PS-1, 
presenilin-1; PS-2, presenilin-2; Net, nicastrin; Aph-la , anterior pharynx 
defective 1 a; Aph-1 b, anterior pharynx defective-1 b; CB, cannabinoid; AEA, 
anandamide; 2-AG, 2-arachidonoylglycerol; FAAH, fatty acid amide hydro
lase; ANOVA, analysis o f variance.
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genes interact in a complex way to regulate neural stem  cell 
differentiation and brain morphogenesis (21-23).

Num b (Nb), the negative regulator of the N otch pathway, 
makes neurons more vulnerable to  the deleterious effects of 
by altering calcium homeostasis (24) and up-regulating the p53 
tum or suppressor protein (25,26), signaling events that we have 
previously described to be pertinent in the neurodegeneration 
evoked by A/3, the neuropathological peptide that accumulates 
in AD (27).

The -y-secretase is composed of four members; presenilins 
(PSl and PS2), nicastrin (Net), presenilin enhancer-2 (Pen-2), 
and anterior pharynx defective (A ph-la and A ph-lb). Net, a 
com ponent of the -y-secretase, is a type 1 transm em brane pro
tein that acts as a receptor site for substrate recognition, m atu
ration, and stabilization of the 7 -secretase (28 -32). Loss of Net 
has been shown to elicit an apoptotic phenotype in mouse 
embryos (33), and conditional forebrain inactivation of Net 
results in a pattern of neurodegeneration consistent with that 
observed in AD, suggesting an essential role for Net in the 
m aintenance of neuronal survival (34).

The endoeannabinoid system has emerged as a potential new 
target for neuroprotective therapy in AD (35). This system 
comprises the G protein-coupled cannabinoid (CB) receptors 
CBj and CB; ,̂ their endogenous ligands, anandam ide (AEA), 
2-arachidonoylglycerol (2-AG), and the associated degradative 
enzymes fatty acid amide hydrolase (FAAH) and monoacyl 
glycerol lipase (36, 37). Recently, an opposing action of endo- 
cannabinoids on cholangiocarcinoma growth via the differen
tial activation of Notch signaling has been reported (38). How
ever, no study to date has investigated the effects of 
endocannabinoids on the pro-survival Notch pathway in an in 
vitro model of AD. This prom pted us to investigate herein 
whether the endoeannabinoid system impacts on N otch signal
ing and how cannabinoids may modulate aberrant Notch sig
naling in AD. W e also investigated the effects of aging on the 
N otch-1 pathway and evaluated the effects of chronic pharm a
cological enhancem ent of AEA tone by preventing its degrada
tion using the FAAH, URB 597.

EXPERIMENTAL PROCEDURES

Culture o f Cortical Neurons—Primary cortical neurons were 
prepared as described previously (27). Briefly, 1-day-old male 
W istar rats were decapitated in accordance with institutional 
and national ethical guidelines, and their cerebral cortices were 
removed. The dissected cortices were incubated in phosphate- 
buffered saline (PBS, Sigma) containing trypsin (0.3%) for 25 
min at 37 °C. The tissue was then triturated (X5) in PBS con
taining soybean trypsin inhibitor (0.1%(w/v)), DNase (0.2 
mg/ml), and magnesium sulfate (0.1 m ) and gently filtered 
through a sterile 40-/xm mesh filter. After centrifugation at 
2000 X g  for 3 m in at 20 °C, the pellet was resuspended in 
neurobasal medium (Invitrogen) supplem ented with heat-inac
tivated horse serum (10%), penicillin (100 units/ml), strepto
mycin (100 units/ml), GlutaMAX (2 m M ), and B27 (l%(v/v)). 
Suspended cells were plated out at a density of 0.25 X 10® cells 
on circular 13-mm diam eter glass coverslips, coated with poly- 
L-lysine (60 /i,g/ml), and incubated in a humidified cham ber 
containing 5% CO j, 95% air at 37 ”C. After 48 h, 5 ng/ml cyto-
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sine-arabino-furanoside was included in the culture medium to 
prevent proliferation of non-neuronal cells. Culture medium 
was exchanged every 3 days, and cells were grown in culture for 
5 days before treatm ent.

Drug Treatment—A/3i_42 (EZBiolab) and (Invitro
gen) was made up as a 200 jiM stock solution in PBS and double
deionized water and allowed to aggregate for 48 h at 37 °C. For 
treatm ent of cortical neurons, diluted to a final
concentration of 2 /iM in prewarmed neurobasal medium. Con
trol cells were exposed to the reverse peptide, A p^ 2 - i  (2 M^), 
which we previously dem onstrated to lack toxicity (39). Cells 
were exposed to Aj3j_42 in the presence or absence of the endo
cannabinoids, AEA (10 nM ; Sigma) or 2-AG (10 nM ; Sigma) to 
assess their ability to modulate N otch-1 signaling. The concen
trations of AEA and 2-AG used in this study were chosen after 
a concentration response analysis on Notch cleavage (data not 
shown), and 10 nM  was found to align Notch cleavage with the 
concentration of endocannabinoids that we previously estab
lished to confer neuroprotection (27). In some experiments, the 
hydrolysis of AEA and 2-AG was prevented by incubation with 
an inhibitor of fatty acid amide hydrolase, URB 597 (1 and
monoaeyl glycerol inhibitor, URB 602 (100 /xm), respectively 
(40, 41) (Cayman). The role of CB, receptor on AEA-mediated 
regulation of the N otch-1 pathway was evaluated using the CB, 
receptor antagonist AM 251 (5 /j .m ) (42) (Tocris).

siRNA Transfection—ON-TARGET/?/«i small interfering 
RNA (siRNA; 100 nM , Custom  ON-TARGET/?/ms Smart Pool 
siRNA containing a mixture of 4 SMART selection) targeting 
mouse N et were purchased from Dharmacon. ON-TARGET- 
plus  non-targeting siRNA control (Dharmacon) was used as a 
negative control. siRNAs were transfected into primary neu
rons using D harm aFect 3 (Dharm acon). O n day 4 in culture 
the prim ary neurons were transfected  w ith N et siRNA (100 
nM ) for 72 h. Knockdown efficiency was determ ined by 
im m unocytochem istry.

Aging Study—Young  (3 months; 250-350  g) and aged 
(26-30  months; 5 5 0 -6 0 0  g) male W istar rats (B&K Universal, 
Hull, UK) were housed in a controlled environm ent (tem pera
ture, 2 0 -2 2  °C; 12:12 h light/dark cycle) in the BioResources 
Unit, Trinity College, Dublin. W ater and food were provided at 
libitum  and were m aintained under veterinary supervision for 
the duration of the experiment. Young and aged rats were ran
domly divided into those that received subcutaneous injections 
of the FAAH inhibitor URB 597 (1 mg/kg; dissolved in 30% 
DMSO, saline) every second day and vehicle controls that 
received subcutaneous injections of 30% DMSO saline every 
second day for 28 days. All experiments were carried out under 
license from the D epartm ent of Health and Children (Ireland) 
and with ethical approval from the Trinity College Ethical 
Committee.

Immunocytochemistry—After treatm ent, cells were fixed 
with methanol for 10 min at —20'C, permeabilized with T riton  
X-100 (0.1%), and refixed with m ethanol for 5 min. The follow
ing antibodies were used overnight: NICD (1:100 dilution; 
ab8925; Abeam), Net (1: 150 dilution; se-25648; Santa Cruz 
Biotechnology), Nb (1:400 dilution; 2756; Cell Signaling), H esl 
(1:100 dilution; ab71559; Abeam), and Hes5 (1:100 dilution; 
sc-25395; Santa Cruz). After primary incubation, immunoreac-
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tivity was detected using an appropriate biotinylated secondary 
•ntibody. Cells were then incubated with Alexa Fluor 488^ 
avidin conjugate for a half-hour (1:1000 dilution; Invitrogen), 
•n d  the nucleus was stained with Hoechst (1:1000 dilution; 
Invitrogen) for 15 min at room temperature. Im m unofluores
cence was visualized and captured using a Zeiss LSM 510 meta- 
confocal m icroscope (Zeiss). Images were processed using LSM 
5 image exam iner (Zeiss).

Luciferase A ssays— Primary cortical neurons were seeded at a 
cell density o f  2 X 10® cells/well in 24-well plates (1 ml/well). 
After incubation at 37 °C for 96 h, neurons were then trans
fected with 400 ng o f a CBF-1 firefly luciferase reporter con
struct (4xw t-C B F-l-luc) using 2 /xl o f the Genejuice transfec
tion reagent (M erck). To control for transfection efficacy, 50 ng 
o f a constitutively active pGLS- Renilla-luciferase construct 
were also included in each transfection. Empty vector DNA  
(pcDNA3.1) was included where needed to maintain constant 
D NA  concentrations (575 ng per transfection). The medium  
was removed from the cells 48 h post transfection. Neurons 
were stimulated with a different treatment for 6 h, and subse
quently luciferase activity was measured using the reporter 
microplate lum inom eter (Thermo Scientific). CBF-1 firefly 
luciferase activity was corrected for corresponding pGL3-Re- 
nilla luciferase activity to normalize for transfection efficiency. 
All transfections were carried out in triplicate, and data are 
expressed as -fold induction relative to control levels for a rep
resentative o f a m inim um  of three separate experiments.

Western B lotting—Primary neuronal cultures were lysed 
using lysis buffer (30 ^1/well; HEPES (25 m M ), MgS0 4  (5 m M ), 
dithiothreitol (DTT; 5 m \i) ,  PMSF (2 m M ), leupeptin (2 /J,g/ml), 
pepstatin (10 ^g/m l), aprotinin (2 jiig/ml), pH 7.4; Sigma) on 
ice. In the case o f in vivo studies, brain samples were resus
pended in lysis buffer (HEPES (25 m M ), MgS0 4  (5 m M ), DTT (5 
m M ), PMSF (2 m M ), leupeptin (2 p.g/ml), pepstatin (10 fj,g/ml), 
aprotinin (2 /ng/ml), pH 7.4; Sigma), and the supernatant co l
lected was the w hole cell protein. Normalized volum es o f sam 
ples were resolved in 4-10%  SDS-PAGE and transferred to  
nitrocellulose m em brane. The following antibodies were used 
overnight: full-length N otch-1 (1:1000 dilution; 3268; Cell Sig
naling), cleaved N otch l/N E X T  (m l711) (1:200 dilution; 
sc-23307; Santa Cruz Biotechnology), NICD (1:1000 dilution: 
ab8925; Abeam), Nb (1:1000 dilution; 2756; Cell Signaling), 
presenilin 1 (1:1000 dilution; ab76083; Abeam), presenilin 2 
(1:5000 dilution; ab51249; Abeam), N et (1: 1000 dilution; 3632; 
Cell Signaling), A p h -la  (1:1000 dilution; abl2104; Abeam), 
A p h -lb  (1:1000 dilution, ab ll6657; Abeam). After incubation  
w ith primary antibodies, the membrane was incubated with the 
appropriate secondary antibody (1:2,000 to 1:20,000, The Jack
son Laboratory), exposed to chem ilum inescent detection  
chemical (Supersignal, Pierce), and read under the lum inescent 
image analyzer (LAS-4000, Fujifilm, Medical System Stamford, 
CT). Corresponding ^-actin was measured, and the ratio o f a 
protein band to corresponding total ^-Actin was quoted using 
arbitrary units.

Quantification o f  Secreted —To
determine whether AEA had any impact on APP processing 
and generation o f  different A)B peptides, a sandwich im m uno
assay (that enables detection o f AjS 40/42/38) using the M eso
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Scale Discovery Sector Imager 6000 was used to quantify 
secreted Aj3 peptides in the conditioned medium. All reagents 
were from M eso Scale Discovery if not stated otherwise. Briefly, 
on day 5 in culture, the medium was rem oved from the primary 
neuronal culture and washed with prewarmed medium. Cells 
were incubated with fresh medium or medium containing AEA 
(10 nM ) for 24 h before analysis o f the conditioned medium. The 
medium was removed and subjected to ruthenylated 4G8 
(SULFO-TAG^’̂ ) at room temperature for 2 h before all plates 
were washed. All antibodies were diluted in 1% blocking buffer. 
For detection, M eso Scale Discovery Read buffer was added, 
and the light em ission at 620 nm was measured after electro
chemical stimulation. The corresponding concentrations o f A fi 
peptides in the samples were calculated using the A/3 peptide 
standard curves. Experiments were performed in duplicate and 
repeated five times.

Statistica l A nalysis—Data are reported as the means ±  S.E. of 
the number o f experim ents indicated in each case. Depending  
upon experimental design, statistical analysis was carried out by 
using either one-way or two-way analysis o f variance (ANOVA) 
followed by post hoc Student-Newm an-K euls or Bonferroni 
post-tests w hen significance was indicated. W hen comparison 
was made between two treatments, an unpaired Student’s t  test 
was performed to determ ine whether significant differences 
existed between the conditions, p  <  0.05, p  <  0.01, and p  <  
0.001 were considered significant. All statistical analysis was 
carried out using Graphpad Prism Software (Version 5.0).

RESULTS

A nandam ide Up-regulates Notch-1 Signaling in Cultured  
C ortical N eurons—The effect o f endocannabinoids on N otch -1 
receptor processing and down-stream signaling in cortical neu
rons was evaluated. Primary cultured neurons were treated 
with AEA (10 nM ) or 2-AG (10 nM ) for 6 and 24 h. In other 
experim ents neurons were exposed to the FAAH inhibitor, 
URB 597 (1 fiM), or monoacyl glycerol lipase inhibitor, 
URB 602 (100 /i m ), for 6 and 24 h to up-regulate endocannabi- 
noid tone. Exposure o f neurons to AEA resulted in an increase 
in site 2 cleavage o f the full-length N otch -1 receptor and 
enhanced cellular content of NEXT (Fig. 1 4̂). Subsequently it 
was evident that AEA also up-regulated the y-secretase-m edi- 
ated generation o f  NICD in cortical neurons (Fig. IB). To vali
date further, nuclear NICD im munoreactivity was used to 
access the effects o f the endocannabinoids on N otch -1 receptor 
processing. Sample NICD im m unofluorescence images are 
shown in Fig. 1C (6 h) and ID  (24 h). In control cells constitutive 
nuclear NICD was observed, and both AEA and URB 597 
increased N o tch -1 receptor cleavage and nuclear NICD as evi
dent by enhanced nuclear NICD im m unostaining at 6  h. This 
positive regulatory effect o f AEA and URB 597 on the N otch -1 
pathway persisted at the 24-h tim e point. A  sample im m uno- 
blot o f full-length N otch -1 receptor is shown in Fig. IE, indic
ative o f its reduction after exposure o f neurons to AEA 
(although it failed to reach statistical significance). In contrast, 
treatment with 2-AG or URB 602 was not associated with any 
change in nuclear NICD at any of the tim e points examined.

T he increase in generation and nuclear NICD transloca
tion  triggered by AEA and URB 597 translated into a signif-
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FIGURE 1. AEA up-regulates Notch-1 receptor cleavage to enhance cellular NEXT and NICD. A, cortical neurons were exposed to  AEA (10 niw) or 2-AG (10 
nM )for24 h, and cellular NEXT was assessed by Western innmunoblot. AEA enhanced site 2 cleavage o f fu ll-length Notch-1 receptor and enhanced generation 
o f NEXT (*,p  <  0.05 v'ersus control, ANOVA, n =  6). 6, AEA (lOnM) augmented subsequent site 3 cleavage by 7-secretase and generated NICD as measured by 
Western im m u nob lo t(**,p<0 .01  versus control, ANOVA, n =  6). C, cortical neurons were exposed to  AEA (10 nM), URB 597 (1 hm), 2-AG(10nM),orURB 602 (100 
fi.M) for 6 h. Nuclear translocation o f NICD was assessed as a measure o f Notch-1 receptor cleavage by immunocytochemistry. Exposure o f neurons to  AEA or 
URB 597 up-regulated NICD generation and its nuclear translocation. Sample confocal images o f NICD immunostaining o f cells treated w ith control medium 
(0, AEA (//X URB 597 {Hi), 2-AG (/V), and URB 602 (v) fo r6 h are shown. In control cells constitutive nuclear NICD was observed. D, the positive regulatory effects 
o f AEA and URB 597 on Notch-1 receptor cleavage and its nuclear translocation in cortical neurons persisted at 24 h. Sample confocal images o f NICD 
immunostaining o f cells treated w ith control medium (/), AEA (//), URB 597 (Hi), 2-AG (iV), and URB 602 (v) fo r 24 h are shown. Arrows indicate nuclear NICD 
expression. Scale bar, 10 ^Ltn, n =  6.E, exposure to  AEA (10 nM) reduced (not statistically significant, p =  0.07, n =  6) fu ll-length Notch-1 receptor in neurons 
possibly as a result o f its enhanced processing.

icant increase in CBF-1 reporter activation (p < 0.05, 
ANO VA , n = 5), as measured by CBF-1 dual luciferase 
reporter assay (Fig. 2A) that measures the luciferase activity 
under the control of CBF-1, thereby suggesting that AEA has 
the potential to induce the transcription of Notch-1 target 
genes. Thus, in control-treated cells CBFl luciferase activity 
was 1 ±  0.1 (-fold induction ±  S.E.), and this was signifi
cantly increased to 1.6 ±  0.2 by AEA and to 1.5 ±  0.1 by 
URB 597 {p < 0.05, A NO VA , n =  5). Downstream of CBF-1

reporter activation, Hes5 protein expression was increased 
in cells exposed to AEA and URB 597 (Fig. 2B). Thus, in 
control-treated cells, mean Hes5 fluorescence intensity was 
414 ±  13 (mean arbitrary units ±  S.E.), and this was signifi
cantly increased to 512 ±  \&(p < 0.01, ANO VA , n =  6) after 
treatment with AEA (10 nM, 6 h). Similarly, URB 597 (1 ;xm, 
6 h) also significantly increased HesS expression to 490 ±  9 
(p < 0.01, A NO VA , « =  6). However, neither 2-AG nor 
URB 602 had any effect on HesS expression.
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□  C ontrol

□  Control

FIGURE 2. AEA augments Notch-1 downstream signaling. A, CBF-1 is a 
dow nstream  signaling molecule in the  NICD pathway that binds to  the pro
m oter of different Notch target genes. Cortical neurons were transfected with 
a CBF-1 luciferase reporter construct and then exposed to AEA (10 nivi), 
URB 597 (1 ^m), 2-AG (10 nM), or URB 602 (100 îM) for 6 h. CBF-1 activity was 
m easured by dual luciferase reporter assay. CBF-1 reporter activity was signif
icantly increased by AEA (10 nM ;6h;*,p <  0.05 versus control, ANOVA, n =  5). 
Exposure of neurons to URB 597 (1 hm; 6 h) also enhanced CBF-1 reporter 
activity (*,p <  0.05 versus control, ANOVA, n =  5). In contrast, neither 2-AG nor 
URB 602 had any effect on CBF-1 reported activity. 6, downstream  to  CBF-1, 
Hes5 expression w as measured, and exposure of neurons to AEA increased 
Hes5 expression (**, p  <  0.01 versus control, ANOVA, n =  6), and a similar 
increase was observed after exposure of neurons to URB 597 (**, p <  0.01 
versus control, ANOVA, n =  6). Neither 2-AG nor URB 602 had any effect on 
Hes5 expression. Data expressed as mean ±  S.E.

Nicastrin Is Involved in the AEA-induced Enhancement o f 
N otch-1 Signaling—W e examined whether the up-regulation in 
the -y-secretase-mediated NICD that was observed after treat
m ent with AEA correlated with a change in the com ponents of 
■y-secretase and investigated into the expression profile of PS-1, 
PS-2, Net, A ph-la , and A ph-lb . AEA significantly increased 
m ean Net fluorescence intensity from 160 ±  9 (mean arbitrary 
units ±  S.E.) in  control cells to 237 ±  16 (Fig. 3A, p  <  0.01, 
ANOVA, n =  6). N ext we determ ined N et levels at a later tim e 
point of 24 h. Thus, in control-treated cells N et expression was 
348 ±  15 fluorescence units (mean arbitrary units ±  S.E.), 
which increased to 505 ±  29 when cortical neurons were 
exposed with AEA (Fig. 3C, p  < 0.001, ANOVA, n =  6). In 
contrast, 2-AG had no effect of Net at 6 h or at 24 h. It is of note 
that basal N et expression increased between the 6 and 24 h 
incubation tim e points. This may reflect a change in Net 
expression over days in vitro, which may reflect a developmen
tal influence of basal N et expression (43). W estern imm unoblot 
confirms that AEA increased m ature N et in cultured cortical 
neurons (Fig. 3 , B and D). The increase in Net after treatm ent 
with AEA is a post-transcriptional process as we observed no 
change in Net mRNA at any of the tim e points examined (data 
not shown).

The changes in other com ponents of "y-secretase were inves
tigated. After treatm ent with 2-AG (Fig. 3£), a reduction in 
PS-1 was observed {p <  0.05, ANOVA, n =  6). However, no

significant difference in the expression of PS-2, A ph-la, and 
A ph-lb  was observed when neurons were exposed to AEA or 
2-AG as m easured by W estern im m unoblot (Fig. 3£).

To determ ine whether N et was required for the enhanced 
N otch-1 receptor cleavage by AEA, we used an RNA interfer
ence approach to  down-regulate N et expression by ~60%  (Fig. 
3f). In cells exposed to Net siRNA, the induction of NICD by 
AEA was prevented (Fig. 3G), signifying a central role of N et in 
the AEA-mediated enhancem ent of N o tch-1 receptor process
ing. Next we assessed the impact of Net knock down on H esl 
immunoreactivity. In the non-target siRNA-treated cells, mean 
H esl fluorescence intensity was 265 ±  20, which significantly 
increased to 411 ±  8 after treatm ent with AEA (Fig. 3H; p  <  
0.001, ANOVA, n =  6). However, in cells transfected with Net 
siRNA, H esl was unaffected by AEA (Fig. 3H), dem onstrating a 
critical role for N et in mediating the AEA-induced increase in 
H esl expression.

Negatively Regulates Notch-1 Signaling in Cultured  
Cortical Neurons, and  This Is Reversed by AEA—Next, we 
investigated the effects of A ^ , _ 4 2  on Notch-1 signaling. Pri
mary cultured neurons were exposed to  (2 Mm) in the
presence or absence of AEA (10 nM) for 6 h (Fig. 4v4) or 24 h (Fig. 
4, B  and C). Nuclear NICD (Fig. 4B) was used as an indication of 
N otch-1 receptor processing and was further validated by 
W estern im m unoblot (Fig. 4C). In cells treated with AjS, ,j2  for 
6 h, constitutive nuclear NICD immunoreactivity was reduced 
(Fig. 4Aii) com pared with control neurons (Fig. 4Ai). However, 
in the presence of AEA, the A/3i_42-mediated reduction in 
NICD was reversed, and enhanced N otch-1 receptor cleavage 
and nuclear NICD was evident (Fig. 4Aiii). This positive regu
latory effect of AEA on the N otch-1 pathway persisted at the 
24-h time point (Fig. 4, Biii and C).

To investigate the molecular mechanism underlying the 
reduced N otch-1 receptor cleavage after exposure of the neu
rons to  A|3,_42> we examined the expression profile of Nb, the 
endogenous negative regulator of the N otch pathway. A/3i_42 
(2 h m ) significantly increased Nb expression in cultured corti
cal neurons, and this was prevented by both AEA and 2-AG. In 
control neurons, m ean Nb fluorescence intensity was 350 ± 1 9  
(mean arbitrary units ±  S.E., Fig. 4D), which significantly 
increased to  467 ±  22 in cells treated with Aj3i_42 (F ig .4 D ,/j<  
0.001, ANOVA, n = 6). Such an increase in Nb expression may 
account for the reduced N otch-1 receptor cleavage after expo
sure of neurons to

AEA prevented the A ^ i„ 4 2 -m ediated induction of Nb 
expression (Fig. 4D, 388 ±  14,p  <  0.01, ANOVA, n = 6). 2-AG 
also prevented the A/3i_42-mediated induction in Nb expres
sion (Fig. 4D, 330 ±  12, p <  0.001, ANOVA, n =  6). W e then 
investigated the expression profile of N et in neurons exposed to 
A/3i_42 in the presence of AEA and observed that A/3,_42 on its 
own had no effect on basal expression level of Net, and the 
AEA-mediated increase in N et described in Fig. 3 persisted in 
A ^ i _ 4 2  (2 (xM )-co-treated neurons (Fig. 4£). A fter exposure to 
A/3i_42, mean N et fluorescence intensity was 159 ±  14, expo
sure of cortical neurons to AEA significantly increased Net 
expression to 237 ±  16 (p <  0.001 versus control, ANOVA, n = 
6), and this up-regulation of N et persisted in the presence of 
A/3i_42 (221 ±  11,p  <  0.01, ANOVA. n = 6). Although 2-AG
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prevented the A/3i_42 induced increase in Nb, it had no effect 
on N et (Fig. 4£). Fig. 3 demonstrates that the siRNA-mediated  
down-regulation o f N et prevents AEA from enhancing N otch-1  
processing. The fact that exposure o f neurons to both AEA and 
2-AG prevents the A P i_ 4 2 -induced increase in Nb but that nei
ther cannabinoid alone reduces Nb basal expression may reflect 
that Nb has a role to play in the Aj3i_42 mediated reduction in

N otch-1 signahng, whereas in AEA co-treated
neurons N et plays a central role in enhanced N otch -1 signaling 
as discussed in Fig. 3.

Having observed that AjB, _ 4 2  could reduce the generation of 
NICD in parallel to an induction o f Nb expression, w e exam 
ined the consequence on downstream signaling such as H esl 
and Hes5 expression. Exposure o f neurons to A/3i_42 signifi-
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cantly reduced H esl imm unoreactivity (Fig. 4F,p <  0.05 versus 
control, ANOVA, « =  6 ), and AEA reversed this effect of 
|A ^ i _ 4 2  to restore H esl expression (Fig. 4 f, p  < 0.001 versus 
A p i_ 4 2 , ANOVA, n = 6 ). 2-AG failed to prevent the negative 
regulatory effect of H esl.

W ith regard to  Hes5, it has been reported that any reduction 
in H esl may be com pensated by an associated increase in Hes5 
(44) and vice versa. Exposure of neurons to A/3j_42 had no 
effect on Hes5, although in the presence of AEA, Hes5 expres
sion was significantly elevated (Fig. 4G ,p <  0.01 versus control, 
ANOVA, n = 6 ), and this elevation persisted in the presence of 
A^i_42(Fig.4G,/> <  0.01, ANOVA,« =  6 ). Because exposure to 
A ^ , _ 4 2  resulted in a reduction of H esl (Fig. 4F), a parallel 
increase in Hes5 was anticipated. However, Hes5 expression 
failed to increase above its basal expression in neurons exposed 
to  A/3i_42i suggesting tha t neurons had possibly lost their abil
ity to  achieve an optim um  up-regulation of Hes5. All of the 
negative regulatory effects of A/3i_42 on N otch-1 signaling were 
reversed by AEA, signifying that the stimulatory effect of AEA 
on the N otch-1 pathway persists even in the presence of the A^.

Up-regulation o f Notch-1 Signaling by AEA Is Dependent on 
the CBj Receptor—CB, and CB2  are the two main receptors 
types through which endocannabinoids mediate their actions. 
Cortical neurons were incubated with AM 251 (5 ^im) for 30 
m in after which they were exposed to  either vehicle control or 
AEA (10 nM) for 6  h. AM 251 (5 ptM) prevented the AEA-medi- 
ated up-regulation in nuclear NICD (Fig. 5/4). Thus, in control 
cells, mean nuclear NICD was 377 ±  22 (mean arbitrary units ±  
S.E.), and this was significantly increased to 1335 ±  67 (p < 
0.001, ANOVA,« =  6 ) by AEA. This induction in nuclear NICD 
was reduced to  520 ±  W (p <  0.001, ANOVA, « =  6 ) after 
pretreatm ent of neurons with AM 251 (5 /xm), signifying that 
AEA-mediated up-regulation of N otch-1 signaling is mediated 
in part through the CBj receptor.

AEA Promotes a Shift in y-Secretase Substrate Processing 
That Preferentially Cleaves Notch-1 over APP—Finally, we 
investigated whether enhancem ent of N otch-1 receptor cleav
age by 7 -secretase is associated with any concom itant increase 
in APP processing, which would be expected to lead to a gen
eration of secreted A^. There was no significant difference in 
the am ount of A/3i_j8 (Fig. 5B) or A ^ j _ 4 2  (Fig- 5 Q  generated 
after exposure of neurons to AEA for 24 h. However, after a 
24-h treatm ent w ith AEA, the am ount of secreted was
significantly reduced (p <  0.05, Student’s t  test, n =  5). These 
results suggest that after exposure of cultured cortical neurons

to AEA, there is an isoform shift in the y-secretase that prefer
entially cleaves N otch-1 over APP, resulting in an enhanced 
generation of NICD and reduced production of APP-derived 
A Pi_ 4 o species.

Chronic Treatment with URB 597 Prevents the Age-related 
Reduction in Notch-1 Signaling and  N et Expression—O ur in 
vitro results suggest that AEA positively regulates the N otch-1 
pathway and that an up-regulation of N et plays a central role in 
the AEA-mediated enhancem ent of N otch-1 signaling. We 
attem pted to investigate the effects of aging on N otch-1 signal
ing and also to evaluate the effects of chronic pharmacological 
enhancem ent of AEA tone by adm inistration URB 597 on the 
N otch-1 pathway in vivo.

NICD was significantly reduced in the cortex (Fig. 6^4) of the 
aged vehicle control group compared with the young vehicle 
control group (p <  0.01, Student’s t  test, n = 6 ), and this was 
prevented in the aged rats treated with URB 597 (p <  0.05, 
two-way ANOVA, Bonferroni post-tests, n = 6 ). Thus, data 
from densitom etry analysis revealed that in the young vehicle 
control group, NICD was 21 ±  4 (mean arbitrary units ±  S.E.), 
which reduced significantly to 8  ±  1 in the aged vehicle control 
group. Chronic treatm ent with URB 597 prevented this reduc
tion in NICD (18 ±  3). This signifies that aging reduces N otch-1 
receptor cleavage, which can be reversed by chronic treatm ent 
with URB 597.

Net expression was also significantly reduced in the cortex of 
the aged vehicle control group com pared with the young vehi
cle control group (Fig. 6 B; p  <  0.05, Student’s t test, n = 6 ), and 
this was prevented in the aged rats treated with URB 597 (p < 
0.05, two-way ANOVA, Bonferroni post-tests, n =  6 ). Data 
from densitom etry analysis revealed that in the young vehicle 
control group N et expression was 2 ±  0.5 (mean arbitrary 
units ±  S.E.) which reduced significantly to 0.8 ±  0.2 in the aged 
vehicle control group. Chronic treatm ent with URB 597 
reversed the reduction in N et expression signifying that aging is 
associated with reduced N et expression that can be prevented 
by chronic treatm ent with URB 597. No change was observed in 
the expression of Nb in any of experimental groups (Fig. 6 C).

DISCUSSION

O ur results dem onstrate that AEA, acting via the CBj recep
tor, can positively regulate the N otch-1 pathway via engage
m ent of N et (Fig. 7). Similar changes were observed when AEA 
was pharmacologically up-regulated by the FAAH inhibitor, 
URB 597. Furtherm ore, A/3j_42 reduces N otch-1 signaling, and

FIGURE 3. Net is involved in the AEA-mediated enhancement of NICD generation./A, cortical neurons were exposed to  AEA (10 nvi) or 2-AG (10 nw) for 6 h, 
and Net expression was assessed byimmunocytochemistry. AEA (10 nM) significantly increased Net expression ( * * ,p <  0.01 versus control, ANOVA, n  =  6). 2-AG 
had no effect on Net expression at 6 h. 6, shown Isa sam ple Western im m unoblot image of m ature N ctof cells treated with control medium, AEA, and 2-AG for 
6 h further validates immunoeytoehemistry results. C, after exposure of cortical neurons to  AEA (10 nM) or 2-AG (10 nM) for 24 h, the  stimulatory effect of AEA 
on Net expression persisted (***,p <  0.001 versus control, ANOVA), 2-AG had no effect on Net at 24 h.D, a sample Western im m unoblot image of m ature Nctof 
cells treated with control medium, AEA, and 2-AG for 24 h further validates immunoeytoehemistry results, f, cortical neurons were exposed to AEA (10 nM) or 
2-AG (10 nM) for 24 h, and PS-1 expression was assessed by Western immunoblot. AEA (10 nM) had no impact on basal expression of PS-1. However, exposure 
of neurons to  2-AG (10 nM) reduced PS-1 expression (p <  0.05 versus control, ANOVA). AEA (10 nM) or 2-AG (10 hm ) had no effect on basal expression of PS-2, 
Aph-la, or A ph-lbat 24 h.F, cortical neurons were transfected with NetsiRNA (100 nM)for 72 h. This significantly reduced basal Net expression (# # # ,p <  0.001 
versus control, ANOVA) by ~60% . After down-regulation of Net, AEA failed to  induce Net in Net depleted  neurons ($ $ $ ,p  <  0.001 versus AEA). G, knockdown of 
Net also prevented the  ability of AEA to enhance NICD expression. Representative eonfoeal im ages illustrate nuclear NICD in neurons exposed to control 
medium (/), AEA (//), non-target siRNA {Hi), non-target siRNA -I- AEA (iv), Net siRNA (v), and Net siRNA + AEA (vi), H, as a consequence of enhanced Notch-1 
signaling, Hesl immunoreactivity was increased after exposure of neurons with AEA (10 nM) (***, p  <  0.001 versus control, ANOVA), and knockdown of Net 
significantly prevented the AEA mediated up-regulation of Hesl expression in primary neuronal cultures ($$$, p <  0.001 versus AEA). Data are expressed as the 
mean ±  S.E. Scale bar, 10 /Am, n =  6.
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to  (2 ^m) in the presence o r absence o f AEA (10 nM) or 2-AG (10 nw) for 6 h. Nuclear NICD was assessed as a measure o f Notch-1 receptor processing.

reduced constitutive nuclear NICD, and AEA reversed the A/3, , 4 2  mediated reduction in nuclear NICD. 2-AG had no effect on the constitutive NICD in 
presence o f A fi,. 4 2 . Sample confocal images o f NICDImmunostaining ofcells treated w ith control medium (/), A p ,_ 4 2  (/V), A/3,_42 + AEA (m), and A^ , _ 4 2  +  2-AG 
(iV )fo r6 h.B, the negative regulatory effect o f A p , _ 4 2  on nuclear NICD persisted at 24 h, and this was reversed by AEAbut not by 2-AG. Sample confocal images 
o f NICD immunostaining ofcells treated w ith  control medium (/), A p ,_ 4 2  (//), A/3, . 4 2  -I- AEA (Hi), and A p ,_ 4 2  -I- 2-AG ((V) for 24 h. C, shown is a representative 
Western im m unob lot o f NICD expression after exposure o f neurons to  different treatments for 24 h. D, Nb expression was assessed by immunocytochemistry. 
Exposure o f neurons w ith Ap,_4 2 for 6  h increased Nb immunoreactivity (***,p <  0.001 ver%us control, ANOVA). Both AEA (10 niw) and 2-AG (10 nM) prevented 
the A p , _ 4 2  induced increase in Nb immunoreactivity (**,p <  0.01, AEA 4- A p ,_ 4 2  versus A0,_42: * * * ,p <  0.001,2-AG +  A0,_42 versus ANOVA, n =  6).
E, A0,_42 had no impact on neuronal Net, and the AEA-induced increase in Net (***, p <  0.001 versus control, ANOVA) persisted in the presence o f A/3 , . 4 3  (**■ 
p <  0.01 versus A/3,. 4 2 , ANOVA). 2-AG had no effect on the basal expression o f Net either in the presence or absence o f A/3, . 4 2 . F, exposure o f neurons to  A/3 , . 4 2  

reduced basal Hesi immunoreactivity (*,p <  0.05 versus control, ANOVA), whereas AEA increased neuronal Hesi at 6 h (***, p <  0.001 versus control), and this 
persisted in the presence o f A^ , . 4 2  (***,p <  0.001 versus A ^ , . 4 2 >. 2-AG failed to prevent the reduction in Hes1 mediated by A fi , _ 4 2  ($,p <  0.05 versus control). 
G, neurons failed to  increase HesS expression in presence o fA p ,_ 4 2  at 6  h. However, the AEA-mediated increase in Hes5 persisted in the presence o f A ^ , . 4 2 (**, 
p <  0.01 versus A p ,. 4 2 >. 2-AG had no impact on expression o f Hes5. Data are expressed as the mean ±  S.E. Scale bar, 10 >im, n =  6.

this was reversed by AEA. However, the 2-AG branch of the 
endocannabinoid system failed to influence Notch-1 signaling. 
The data also suggest that AEA can promote a shift in "y-secre- 
tase substrate processing to favor processing of Notch-1 over 
APP. When we investigated the effects of aging, a natural pro
cess of neurodegeneration, on this pathway we observed that 
Notch-1 signaling is reduced in the aged brain and that chronic 
treatment with URB 597 restores the pathway to that observed 
in the brain of young rats.

A ^ i_ 4 2  reduced Notch-1 signaling. An investigation into the 
possible mechanisms for this reduction in Notch-1 cleavage

revealed a concomitant increase in the expression of cellular 
Nb, the endogenous negative regulator of the Notch-1 cleavage. 
Previously, Chan et a l  (24) reported that when cultured rat 
hippocampal cells were exposed to for 12- 24 h, there
was a marked increase in cellular Nb that remained elevated 
throughout a 24-h treatment period. Cell death increases 2-fold 
under these conditions, and an up-regulation of Nb, therefore, 
precedes the majority of cell death in the hippocampal cultures 
(24). In this study, we observed an increase in cellular Nb occur
ring at an earlier time point of 6 h, and this correlates with the 
reduction in constitutive N ICD during that time. These obser-
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versus con tro l a t  24 h; S tu d en t's  f te st, n = 5). Data a re  exp ressed  as th e  
m ean  ±  S.E.

vations occur at a time point upstream of the A^-mediated 
neurodegeneration that we previously reported (24). The neg
ative regulatory effect of A/3i_42 on downstream Notch-1 sig
naling was also evident by the reduction in Hesl expression.

When primary cortical neurons were exposed to AEA for 6  h, 
Notch-1 receptor cleavage together with downstream Hesl and

Hes5 expression was significantly increased. At 24 h, when neu
rons were exposed to AEA, the increase in uncleaved N otch-1 
product, NEXT, and cleaved Notch-1 product, NICD, was asso
ciated with a reduction in full-length Notch-1 receptor. The 
enhanced generation of NICD persisted in the presence of 
A ^i^ 4 2 . However, in cells treated with 2-AG, there was no 
observable change in constitutive NICD. In contrast, both AEA 
and 2-AG prevented the A/3i_42-mediated increase in Nb. Nb 
expression has been reported to be modulated by various 
ligands that act through G-protein-coupIed receptors (45). 
Therefore, it is possible that AEA and 2-AG regulate Nb via 
engagement with the CB receptors. AEA and 2-AG also have 
the potential to modulate Nb expression at the transcription 
level as they prevented the A^-mediated increase in Nb mRNA 
expression (data not shown). However, further studies are 
required to confirm whether cannabinoids also cause a switch 
in different Nb isoforms, some of which can be more neurotoxic 
(24,46). Most of cellular amyloid intracellular domain is gener
ated through the amyloidogenic pathway (47). When Notch-1 
competes with APP for 7 -secretase, APP processing and hence 
the generation of A^ and amyloid intracellular domain, are 
reduced. Because NICD has been shown to suppress amyloid 
intracellular domain-mediated reactive oxygen species genera
tion and cell death (9), it is also a possibility that the NICD that 
is generated after exposure of neurons to AEA can be vital in 
neuronal survival (4). Recently, Soltys et al. (48) reported that 
AEA can regulate post-natal neural progenitor cell fate. AEA 
prevented the premature differentiation of post-natal neural 
progenitor cells, which later differentiated into glial cells fol
lowed by differentiation of the remaining of the post-natal neu
ral progenitor cells into neurons. The enhanced Notch-1 sig
naling that promotes the expression of Hes genes may 
represent a mechanism for the maintenance and regulation of 
the neural progenitor cell pool by cannabinoids (21-23).

Exposure of cells to AEA alone had no effect on Nb, indicat
ing that up-regulation of NICD was not due to an alternation in 
this negative regulator of Notch-1. This result prompted us to 
investigate an alternative mechanism for NICD up-regulation. 
Net overexpression has been reported to confer resistance to 
cytotoxic chemotherapy so that anti-nicastrin antibodies are 
able to decrease Notch-1 signaling in tumor cells (49-51). We 
observed that exposure of neurons to AEA significantly 
enhances neuronal Net expression. Furthermore, when cellular 
Net was depleted using a RNA interference approach, AEA 
failed to increase Notch-I cleavage, and this highlights a role for 
Net in the AEA-mediated induction of Notch-1 cleavage. Net 
knockdown also resulted in a reduction in neuronal Hesl 
expression. Recently work by Frampton et al. (38) suggested 
that AEA can induce Notch-1 signaling by recruiting a y-secre- 
tase that is rich in presenilin-1. However, we did not observe 
any significant change in presenilin- 1  expression mediated by 
AEA. The difference in experimental conditions and dose of 
AEA used (10 /x m  compared with 10 n M  used in the current 
study) could account for the difference in the findings. The 
positive regulatory effect of AEA on Notch-1 signaling appears 
to be mediated through its action on the CB, receptor, as the 
CB, antagonist AM 251 abolished the enhanced generation and 
nuclear NICD.
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W e sought to investigate if AEA could im pact on y-secretase 
to  affect APP processing in parallel with N otch-1 cleavage as 
this would have implications for the generation of A/3 species. 
A/3 ,_ 4o is the major secreted form of A/3. W e observed no effect 
of AEA on secreted A/Si.jg or A/3i„42 at 24 h, but the am ount of 
secreted A Pi_4o in the medium  was reduced by AEA. This sug
gests that AEA differentially affects 7 -secretase processing of 
APP and Notch-1 and preferentially cleaves Notch-1 as evident 
by a reduction in secreted that accum ulates in the
medium over 24 h. The cysteine residues at position 195, 213, 
230, and 248 in the ectodom ain of N et are relatively preserved 
over different species (29). Recently Pam ren et al. (52) reported 
that m utations in cysteine residues at 213 and 230 resulted in 
the formation of functionally active 7 -secretases that are capa
ble of processing APP and Notch. However, the m utants 
showed significantly reduced APP processing com pared with 
wild type variants. The N otch processing was relatively pre
served in both cell lines. M utations in the conserved 312-369

domain of Net can strongly m odulate 7 -secretase cleavage of 
APP while only weakly affecting Notch cleavage (53). Thus, 
depending on the type of N et that associates with the y-secre- 
tase, the processing of APP and N otch can be differentially reg
ulated. W e have observed an up-regulation in Notch-1 signal
ing and a parallel reduction in secreted over 24 h by
AEA, suggesting a preferential processing of Notch over APP. It 
would be interesting to investigate what other mechanisms 
driving the process, as we did not observe any change in Net 
mRNA, suggesting a post-translational modification of Net. 
Because modifications in Net can cause differences in APP and 
Notch processing (52), it is also possible that post-translational 
modification of m ature N et by AEA plays a role in substrate 
recognition by 7 -secretase.

Age-related neurodegeneration is a multi-factorial complex 
process. Cognitive decline and reduced neurogenesis precede 
age-related neurodegeneration. In the embryonic ra t brain all 
com ponents of y-secretase are expressed in abundance, and in
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FIGURE 7.Theendocannabinoid AEA positively regulates th e  Notch path
way. U p-regu lation  o f Net by AEA plays a central role in AEA-m ediated re g u 
lation o f  th e  N otch pa th w ay  in c u ltu red  cortical neurons.

the young adult rat brain these reduce significantly. This paral
lels w ith a reduction of the 7 -secretase-generated intracellular 
domains, including NICD (54). In line with their findings, our 
results suggest that NICD generation is suppressed further in 
the aged rats. Kodam et al. (43) reported that in the adult cere
bral cortex, N et expression remains relatively high. Thus, our 
finding of a higher level of N et in the cortex of young rats is 
consistent with the finding of Kodam et al. (43). However, we 
also report that this expression reduces further in aged cortex 
com pared with young adult cortex. This reduction of N et in the 
aged brain could be a possible explanation for the reduced 
N otch-1 signaling that we observed in our in vivo studies. The 
age-related decline in Net and NICD was reversed when rats 
were chronically treated with URB 597.

W hat could be the consequence of enhanced N otch-1 cleav
age in the aged rat brain? N otch antisense mice overexpressing 
Notch-1 antisense mRNA have ~50% that of the norm al level 
of Notch mRNA and protein in the hippocampus (55). They fail 
to display long term  potentiation and have enhanced long term  
depression at the synapses indicating that the reduction of 
N otch levels leads to an alteration of long-lasting plasticity. 
Im portantly the long term  potentiation deficits seem to result 
specifically from deficits in Notch signaling, and this can be 
rescued by application of N otch ligand like Jagged 1, which 
increases N otch signal. In a parallel study to  ours, it was 
observed that the aged rat used in this study had deficits in long 
term  potentiation, and this was restored when aged rats were 
chronically treated with URB 597 (56). Apart from the anti
inflammatory properties exerted by AEA, augm entation of 
N otch-1 signaling may represent a possible explanation for the 
im provem ent in long term  potentiation observed in aged rats 
treated with URB 597.

Both in vertebrates and invertebrates, N otch signaling is cru
cial for long term  memory formation. Interestingly, it appears 
that N otch signaling can function as a bidirectional m odulator 
of long term  memory formation, as the overexpression of wild 
type Notch can facilitate formation of long term  memory (57). 
Because in the m oderate stages of AD long term  memory 
becomes impaired (58), these results raise the possibility that

enhancem ent of endogenous Notch signaling by manipulating 
the cannabinoid system could be used as therapeutic aids for 
cognitive disorders such as AD.

Neurogenesis in the adult brain is thought to contribute to 
the plasticity of the hippocampus and olfactory system. 
Impaired neurogenesis, on the other hand, may com prom ise 
plasticity and neuronal function in these areas and exacerbate 
neuronal vulnerability (59). Regulated N otch signaling is essen
tial for neural progenitor cells m aintenance in the adult brain 
and for prolonged neurogenesis throughout life. Recent obser
vations raise the possibility that dysregulation of Notch signal
ing might contribute to attenuated neurogenesis and impaired 
hippocampal function during aging (60). Com prom ised neuro
genesis is another arm in the pathogenesis of AD that presum 
ably takes place earlier than onset of hallmark lesions or neuro
nal loss. It is proposed to  play a role in the initiation and 
progression of the neuropathology in AD. Enhanced N otch sig
naling in the early stage of AD is suggested to com pensate for 
this neuronal loss, which ultimately abolishes as the disease 
progresses with widespread neuronal apoptosis that is far 
beyond repairable (61).

Given that endocannabinoids can confer neuroprotection in 
models of neurodegeneration (62,63) and considering our find
ings that AEA and its pharmacological enhancem ent have the 
proclivity to enhance N otch-1 signaling in an in vitro model of 
AD and in the aged brain, the possibility of an endocannabi- 
noid-based therapy to alleviate symptoms and delay progres
sion of neurodegeneration via the N otch pathway w arrants fur
ther investigation.
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Cannabinoid receptors 
and neurodegenerative diseases
Riffat Tanveer,  Niamh McGuinness , S tephanie  Daniel , A o i fe  Gowran  
and Veronica A. Campbell*

Neurodegenerative disorders carry a significant social and economic burden, and 
the effective treatm ent of such illnesses rem ains a challenge for neuroscientists 
and neurologists. Although significant advances have been m ade on our 
understanding of the molecular m echanisms underlying neurodegenerative 
diseases, the translation of this knowledge into effective therapeutic treatm ents 
has been limited. There is still a dearth of curative treatm ents for most 
neurodegenerative disorders, with symptomatic relief being the principal target 
for drug action. Endocannabinoids belong to an evolutionary conserved neuro
signaling system and certain endogenous and exogenous com ponents of this 
system are em erging as clinically promising neuroprotective agents due to their 
anti-oxidative, anti-excitotoxic, and anti-inflam m atory properties. The cannabinoid 
system is, therefore, a potential target for several neurodegenerative conditions, 
such as Alzheim er's disease, Parkinson's disease, H untington's disease, and 
amyotrophic lateral sclerosis. Research on the therapeutic potential of drugs that 
modulate endogenous cannabinoid tone is intense. Recent evidence implicates 
the endocannabinoid system as a potential pharmacological target to circumvent 
neurodegenerative disease pathology. © 2012 W ILEY-VCH V erlag  G m bH  & Co. KGaA, 

W einheim .
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INTRODUCTION

Several neurodegenerative disorders display alter
ations in components of the cannabinoid system 

and a cannabinoid-based approach has proven effi
cacious in the reversal of certain neurodegenerative 
events. Common features of neurodegenerative dis
eases include neuronal loss, oxidative stress, and 
neuroinflammation, which can contribute to the dis
ease symptomatology (Figure 1). In this article, three 
neurodegenerative diseases, namely Alzheimer’s dis
ease (AD), Parkinson’s disease, and Huntington’s 
disease, are discussed in the context of disease-related 
alterations in the cannabinoid system and the poten
tial benefit that may be achieved by targeting the 
cannabinoid system to alleviate various features of 
the pathologies. Although these diseases differ in 
their etiology, they share certain common features.

‘ Correspondence to: vacmpbll@tcd.ie
D eparrm ent of Physiology, School of M edicine, T rinity College 
Institute of Neuroscience, Trinity College, Dublin, Ireland

particularly neuroinflammation and neuronal loss, 
which the cannabinoid system can impact upon.

CANNABINOIDS AND ALZHEIMER’S 
DISEASE
AD is a multifactorial age-related neurodegenerative 
condition characterized by progressive cognitive 
decline as a result of chronic synaptic loss and 
neuronal death. The key neuropathological hallmarks 
of AD include deposition of amyloid beta (Afi) 
plaques and the presence of neurofibrillary tangles 
composed of the hyperphosphorylated form of 
the microtubule associated protein, tau. As AD 
is a neurodegenerative cognitive disorder with an 
inflammatory component, the cannabinoid system, 
which influences both the immune system and 
cognition, may have relevance in the treatment of 
AD. Lately, the endocannabinoid system has attracted 
interest as a novel target for AD, as well as other 
neurodegenerative disorders, due to the potential
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FIGURE 1 I Schem atic m odel o f n eu ro deg enera tive  d isorders and possible sites o f In te rven tio n  by drugs th a t  m o d u la te  th e  end ocan nab in o id  
system . M od u la to rs  o f  th e  end ocan nab in o id  system a ffec t th e  function  o f neurones and m icrog lia  to  induce an env iron m ent th a t  is a n ti-in fla m m a to ry  
(purp le  a rro w ) and supportive  o f neurogenesis and  rep a ir (green a rrow ). This approach targets  th e  com m on events associated w ith  th e  selective loss 
o f vu ln erab le  subpopulations o f  neurones th a t  is linked  to  th e  cognitive  ins tab ility  associated w ith  n eu ro deg enerative  disorders. A c tiva tion  o f  the  CB, 
recep to r inhibits exc ito tox ic  g lu tam a te  s ignaling  and  ROS production , w h ils t also enhancing  th e  expression o f  neurotrophic  fac tors  such as BDNF. 
Targeting  th e  CB2 recep to r is m ore app ea lin g  because CB2 agonists lack psychoactiv ity  and  can reg u la te  th e  im m un om od u la to ry  cells o f the  CNS. 
A d d ition a lly  CB, /2  recep to r in d epen den t effects  o f  cannabino ids  m ay be ind icative  for th e  existence o f  undiscovered CB recep to r types capab le  o f 
m ed ia tin g  neuroprotection . CB, cannabino id ; CBD, cannabid io l; eCBS, endocannabinoids; ROS, reactive  oxygen species.

neuroprotective, anti-inflammatory, and neurotrophic 
properties o f cannabinoid compounds.''^

The use o f Dronabinol, a preparation o f the phy- 
tocannahinoid A^-tetrahydrocannabinol (A^-THC), 
has been shown to reduce anorexia, increase body 
weight, and improve behavior in elderly patients.-^ 
More recently, in a p ilo t study performed on five 
AD patients, a low  dose o f Dronabinol significantly 
improved several clinical parameters, such as noctur
nal motor activity and agitation, w ithout undesired 
side effects."' A recent case report also describes the 
ability o f A^-THC  to reduce agitation and aggres
sion in a 72-year-old woman. Remarkably, this effect 
was rapid and dramatic, rendering better results than 
those observed w ith  other antipsychotic medications.^ 
Cannabinoid-based medications may, therefore, assist 
in the management o f the behavioral symptoms o f 
AD. The focus o f this review is on the potential o f 
cannabinoids to target the processes involved w ith the 
disease pathology.

The status o f CBj receptors in the AD brain 
has been the issue o f some debate.^"* Recent reports 
suggest that CBi receptor expression remains intact 
in the postmortem cortex o f AD patients.' However, 
it is also reported that neuronal CBi receptors in 
the hippocampus and basal ganglia are reduced 
in AD and become nitrosylated, thus hampering

G-protein coupling and rendering the receptors 
functionally impaired.*^ Given that functional CB] 
receptors are associated with neuronal survival, a 
reduction in the CBi receptor system would be 
expected to reduce the pro-survival capability o f neu
rones. Recent lipidom ic analyses have revealed that 
levels o f the endocannabinoid anandamide (AEA) 
and its precursor 1-stearoyl, 2-docosahexaenoyl- 
sn-glycerophosphoethanolamine-N-arachidonoyl 
(NA rPE), are significantly reduced in the AD brain 
and that this may be due to plaque burden, since 
A ^ i -42 prevents the synthesis and mobilization of 
AEA.’  The reduction in cortical AEA levels corre
late w ith the reduction in cognitive performance, 
psychomotor speed, and language function in AD 
patients. Interestingly, apart from AEA and its precur
sor NArPE, no other endocannabinoid-related lipid 
species was altered in the cortex o f AD patients. 
The reduced AEA levels correlate specifically w ith 
A^i-42 load and not w ith  the less toxic A^i-40 
amyloid species nor w ith  neurofibrillary tangles or 
ApoE4 genotypes. However, the molecular mecha
nisms engaged by A^i-42 to affect AEA bioavailability 
remain to be resolved. Thus, the combination o f possi
ble alterations in CBi receptors and endocannabinoid 
tone in the AD brain may contribute to changes in 
glutamatergic synaptic function and cell v iab ility .’ ®
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Furthermore, it has been reported that both fatty acid 
amide hydrolase (the endocannabinoid metaboHzing 
enzyme) and cannabinoid CB2 receptors are upreg- 
ulated in neuritic plaque-associated astrocytes and 
microglia respectively, thus linking the endocannabi
noid system to the destructive inflammatory process 
accompanying A D ."

The burden in the AD brain can induce 
excitotoxicity through reduced glutamate re-uptake 
by astrocytes. The synthetic phytocannabinoid, HU- 
211, has been shown to act as a stereoselective 
inh ib ito r of N-methyl-D-aspartate (N M D A ) recep
tors and thereby protect rat forebrain cultures'" 
and cortical neuronal cultures from excitotoxicity.'^ 
Cannabinoids can also upregulate the brain-derived 
neurotrophic factor (BDNF) to confer neuroprotec
tion against e x c ito to x ic ity .G iv e n  that CBi receptors 
are abundant at glutamatergic terminals,'*^ the ability 
o f cannabinoids to thwart excitotoxicity represents 
one aspect o f cannabinoid function that may confer 
neuroprotection. Recent work by Haghani and co- 
workers*”’ has demonstrated that a bilateral injection 
o f A /j into the prefrontal cortex o f Wistar rats reduces 
evoked neural activity in hippocampal C A l pyramidal 
neurons. This deleterious effect o f A/} treatment was 
almost completely prevented when the rats were co
treated w ith ACEA, a selective CB] receptor agonist, 
suggesting that activation o f the CB| receptor can 
overcome changes in neural activity evoked by A ^. 
Given the role o f the hippocampal formation in learn
ing and memory, such an impact o f ACEA on neural 
activity in this brain region may have the potential to 
restore cognitive function in AD.

Targeting the cannabinoid system can also inter
fere w ith  downstream signaling events associated w ith 
neuronal cell death. In this regard, the destabilization 
o f the neuronal lysosomal membrane induced by h.p 
is an early signaling event in apoptosis which leads 
to the release o f cathepsins and subsequent demise of 
the cell. The upregulation o f endocannabinoid tone 
has been shown to prevent the A ^ mediated lyso
somal destabilization in cultured neurons to confer 
n e u ro p ro te c tio n .W h ile  CBi cannabinoid receptor 
activation may restore cognitive function by inh ib it
ing A/3-induced neuronal apoptosis, CB; cannabinoid 
receptor agonist administration during advanced neu- 
rodegeneration may worsen the A/J-induced neuronal 
demise by inh ib iting residual neuronal activ ity.*' New 
concepts are also emerging regarding the role o f the 
endocannabinoid system in driving the disease pro
cess in AD. Evidence suggests that errant retrograde 
2-AG signaling impairs synaptic neurotransmission in 
AD and that disease progression alters 2-AG signaling 
thereby contributing to synaptic silencing in AD.*^

Chronic low-grade neuroinflammation plays 
a central role in driving the progression o f AD. 
The A ^ plaques are a well established trigger for 
m icroglial activation which, upon activation, release a 
range o f pro-inflammatory cytokines and chemokines 
that exacerbate the ongoing neuroinflammation, 
contribute to cell damage and may also drive 
amyloidogenesis.*^’ ®̂ M icroglial CB2 receptors can 
suppress the microglial activation evoked by 
In fact, upregulation o f both CBj and CB2 

receptors have been observed on microglia w ith in  
amyloid plaques,^ possibly in an attempt to reduce 
neuroinflammation, since CB2 receptor activation 
in-vitro has the proclivity to reduce the production 
o f pro-inflammatory cytokines.^^ Administration of 
the selective CB2 receptor agonist, JW H-133, for 
4 months to the Tg APP transgenic mouse model 
o f AD reduces microglial activation, COX-2 protein 
expression, TNF-a mRNA expression and cortical Aft 
levels, and subsequently prevents the deterioration 
in performance in a novel object recognition 
task.^'* Therefore a cannabinoid-mediated reduction 
in neuroinflammation translates into an improvement 
in cognition which would be a useful combination of 
properties for the treatment o f AD.

One o f the beneficial properties o f the phy
tocannabinoid, cannabidiol (CBD), as a therapeutic 
agent is its lack o f psychoactive effects.^'’ CBD can 
decrease the phosphorylation o f the stress-activated 
protein kinase, p38 mitogen activated protein kinase 
(MAPK) induced by Afi, thus preventing the translo
cation o f nuclear factor (NF)-/fB into the nucleus 
and the subsequent transcription o f pertinent pro- 
inflammatory g e n e s . I n  a mouse model of AD, 
which received an intrahippocampal administration 
o f A ^ ]-4 2 , CBD prevented reactive gliosis and the 
release o f proinflammatory m e d ia to rs .C B D  has also 
been shown to dampen A^-induced GSK-3/? activa
tion thereby preventing tau hyperphosphorylation and 
the subsequent formation o f neurofibrillary tangles.^^ 
CBD thus impacts upon a number o f useful targets of 
relevance to AD pathology.

A growing body o f evidence therefore supports 
the role o f cannabinoids in alleviating some 
o f the major neuropathological features o f AD, 
including neuroinflammation, neuronal loss and tau 
phosphorylation.

CANNABINOIDS AND PARKINSON’S 
DISEASE
Parkinson’s disease (PD) is a neurodegenerative illness 
characterised by the selective loss o f dopaminer
gic neurons in the substantia nigra pars compacta
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and the deposition o f a-synuclein aggregates in a 
portion o f the surviving nigral neurons. Thus, PD  
shares certain overarching features w ith  A D ; namely 
neuronal cell loss, neuroinflam m ation and an accu
m ulation o f protein aggregates. How ever, in PD  
the neurodegeneration is restricted to the dopam in
ergic innervation o f the striatum which is respon
sible for the m otor dysfunction symptomatic of 
the disease, for example bradykinesia, rigidity and

29tremor.
The potential causes o f PD have not yet been 

rigidly defined. A  w ealth  o f evidence w ould  suggest a 
key role for oxidative stress and neuroinflam m ation  
in the progression o f the disease. A  recent m icroarray  
study demonstrated an increased expression o f genes 
encoding pro-inflam m atory cytokines and subunits of 
the electron transport chain, and decreased expression 
of anti-oxidative glutathione-related genes in the 
brains o f PD p a t ie n ts .F u r th e r m o re , increased 
microglial activation, as well as higher levels of 
pro-inflam m atory cytokines, were detected in the 
brains o f m utant mice in which the gene for a -  
synuclein was o v e re x p re s s e d .M ic ro g lia l activation  
can play a causal and exacerbating role in both 
neuroinflam m ation and oxidative stress. Recent 
in vivo  and in vitro  studies have shown that 
superoxide anions (O J ) produced by microglial 
N A D P H  oxidase can promote dopaminergic cell 
damage both alone and in concert w ith  nitric  
oxide (in this case generating the free radical 
peroxynitrite, O N O O ') .  The oxidative stress elicited 
by these events can promote neuroinflam m ation.
A  number o f environmental factors that are 
associated w ith  idiopathic PD, such as head traum a, 
systemic infection and exposure to heavy metals 
and neurotoxins, have also been shown to induce 
a neuroinflam m atory and oxidative response. D irect 
evidence that these responses have im portant roles 
to play are presented by the follow ing observations; 
m idbrain dopaminergic neurons are particularly  
sensitive to the deleterious effects o f cytokines 
on neuronal survival, and this area o f the brain 
also been reported to have the highest density o f 
microglia.^*’

The cannabinoid system presents a promising  
target for the treatm ent o f degenerative, inflam m atory  
disorders o f the central nervous system. Several studies 
have shown that CB j receptor expression and avail
ability is reduced in both the true disease state^'^ and in 
the 6-hydroxydopam ine (6 -O H D A )-ind uced  nigros- 
triatal terminal lesion animal model o f PD.^^ Evidence 
suggests that elements o f the cannabinoid system may 
play a neuroprotective role in PD via inhibition o f

oxidative and inflam m atory processes. The pheno
lic ring moieties that cannabinoids contain display 
anti-oxidant properties and have been shown to pro
tect against glutamate excitotoxicity in vitro?^  The  
CB] receptor has also been shown to protect nigros- 
triata l dopaminergic neurons against the deleterious 
effects of the neurotoxin M P T P  through the inhibition  
of microglia-mediated oxidative s tress .In te res tin g ly , 
the neuroprotective action o f cannabinoids does not 
seem to be entirely dependent on cannabinoid recep
tor activation. The phytocannabinoid cannabidiol and 
the synthetic cannabinoid, A M 4 0 4 , have little or 
no affinity for cannabinoid receptors and have been 
shown to attenuate the reduction o f m R N A  levels 
of the anti-oxidant superoxide dismutase following  
6 -O H D A  administration.^* Furthermore, CB D and 
A ^ -T H C  have been shown to reduce the produc
tion o f the pro-inflam m atory cytokines interleukin-1  
interleukin-6 and interferon-^ from  BV-2 microglial 
cell lines, and C B D alone was shown to reduce the 
activity o f the pro-inflam m atory NF-acB pathway, all 
independently o f CB i or CB 2 receptor involvement.'^^ 
This may prove advantageous in the treatment o f PD, 
as it has been found that long-term agonism o f the CBj 
receptor in particular can exacerbate m otor dysfunc
tion. Aside from  developing cannabinoid therapies 
that are CB | receptor independent, the CB2 recep
tor presents another target in the treatment o f the 
disease. An lipopolysaccharide insult in mice has been 
shown to upregulate CB2 receptor expression in nigral 
parenchyma, and selective activation of these recep
tors protects dopaminergic neurons from resulting 
inflammation.^^ These data suggest that exploitation  
of the anti-oxidant and anti-in flam m atory elements 
o f the cannabinoid system may present a promising  
pharmacological target in the treatm ent o f PD, w ith  
particular focus on the CB 2 receptor subtype.

THE CANNABINOID SYSTEM 
AND HUNTINGTON’S DISEASE
H untington ’s disease (H D ) is an autosomal dom i
nant, inherited, progressive, neurodegenerative disor
der, characterized by m otor disturbances, cognitive 
loss and psychiatric manifestations. H D  is caused by 
a m utation in exon 1 o f the IT 1 5  gene coding the 
huntingtin protein on chromosome 4. This m utation  
affects a specific region o f neurons in the striatum and 
cerebral cortex resulting in m otor dysfunction and 
cognitive loss, respectively.

Several studies have reported a loss o f CBi 
receptors and reduced endocannabinoid levels in 
animal models of H D .^^’^* Rats injected w ith  3- 
nitropropionic acid (3 -N P ), a toxin which selectively
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damages stria ta l GABAergic efferent neurons, p ro 
duces an animal model o f H D , w ith  a decrease in 
s tria ta l levels o f AEA and 2-AG.^^

A  study by Blazquez and colleagues"*® investi
gated the impact o f the loss o f CB] receptors in the 
basal ganglia in an animal model o f H D  and found 
that receptor deletion exacerbates the H D -like  symp
toms and neuropathology,"*® w h ils t adm in istra tion 
o f A ^ -T H C  ameliorated the disease-related events. 
B D N F has been im plicated in the pathophysio logy o f 
H D  and is crucial fo r sustaining neuronal survival. 
In vitro and in vivo studies in H D  models support 
a C B i receptor-dependent upregulation o f striatal 
BD N F  expression w h ils t a deficiency in  CB| receptors 
correlates w ith  a reduction in BDNF."*®

Scotter and co-w orkers"" have reported that 
C B i receptor ac tivation by the synthetic cannabinoid 
agonists, H U 210 and W IN 55212-2 , protects against 
m utant huntingtin-induced cell death. The C B i recep
to r may, therefore, represent a therapeutic target in 
H D , however, its protective potentia l may be lim ited 
by prom iscuous coup ling  to Gs, the stim u la tion  o f 
cA M P  form ation  and increased hunting tin  aggregate 
fo rm ation , therefore suggesting that therapies selec
tive to the Gi/o, ERK pathw ay may be o f most benefit 
in H D .

A dm in is tra tion  o f A ^ -T H C  and CBD-enriched 
botanical extracts attenuates the dow n-regula tion 
o f the C Bi receptor induced by 3-NP, in add ition  
to  attenuating 3-NP-induced G ABA deficiency, loss 
o f Nissl-stained neurons, reduced IGF-1 expression, 
and up-regulation o f calpain expression."*^ A dd itiona l 
effects included an attenuation o f p ro-in flam m atory  
markers, such as inducible n itr ic  oxide synthase, and 
the actions o f A ^-T H C  and CBD occurred in a CB] 
and CB2 receptor-independent manner. This study 
provides preclin ical evidence tha t cannabis-based 
medicine, in particu la r Sativex, has a neuroprotective 
effect in an anim al model o f H D , encouraging the 
commencement o f clin ica l tria ls in the area.

O w ing  to  the dow n-regula tion o f C Bi recep
tors in striatal neurons in H D  and the fact tha t C Bi
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The fatty acid amide hydrolase inhibitor URB597 
exerts anti-inflammatory effects in hippocampus 
of aged rats and restores an age-related deficit in 
long-term potentiation
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A bstract

Background: Several factors con tribu te  to the deterioration in synaptic plasticity w h ich accompanies age and one 
o f these is neuroinflam m ation. This is characterized by increased microglial activation associated w ith  increased 
production o f proinflam m atory cytokines like interleukin-1 (3 (IL-ip). In aged rats these neuroinflam m atory changes 
are associated w ith  a decreased ability o f animals to  sustain long-term  potentia tion (LTP) in the dentate gyrus. 
Importantly, treatm ent o f aged rats w ith  agents which possess anti-in flam m atory properties to  decrease microglial 
activation, improves LTP. It is known that endocannabinoids, such as anandamide (AEA), have anti-in flam m atory 
properties and therefore have the potentia l to decrease the age-related m icroglial activation. However, 
endocannabinoids are extremely labile and are hydrolyzed quickly after production. Here we investigated the 
possibility that inh ib iting the degradation o f endocannabinoids w ith  the fatty acid am ide hydrolase (FAAH) 
inhib itor, URB597, could ameliorate age-related increases in m icroglial activation and the associated decrease in LTP.

Methods: Young and aged rats received subcutaneous injections o f the FAAH inh ib itor URB597 every second day 
and controls which received subcutaneous injections o f 30% DMSO-saline every second day for 28 days. Long-term 
potentia tion was recorded on day 28 and the animals were sacrificed. Brain tissue was analyzed for markers o f 
microglial activation by PGR and for levels o f endocannabinoids by liquid chrom atography coupled to  tandem 
mass spearom etry.

Results: The data indicate tha t expression o f markers o f microglial activation, MHCII, and CD68 mRNA, were 
increased in the hippocampus o f aged, compared w ith  young, rats and that these changes were associated w ith  
increased expression o f the proinflam m atory cytokines interleukin (IL)-ip and tum or necrosis factor-a (TNFa) which 
were attenuated by treatm ent w ith  URB597. Coupled w ith  these changes, we observed an age-related decrease in 
LTP in the dentate gyrus which was partially restored in URB597-treated aged rats. The data suggest that 
enhancement o f levels o f endocannabinoids in the brain by URB597 has beneficial effects on synaptic funa ion , 
perhaps by m odulating microglial activation.

Keywords: Age, Long-term  potentia tion (LTP), Endocannabinoids, Anandamide m icroglial activation. Hippocampus, 
Fatty acid amide hydrolase (FAAH)
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Introduction
Endocannabinoids are lipid-derived molecules which, 
in the brain, are synthesized by both astrocytes and 
microglia [1,2]. The two m ost studied endocannabi
noids are anandam ide (AEA) which is hydrolyzed by 
fatty acid amide hydrolase (FAAH) and 2-arachido- 
noylglycerol (2-AG), which is hydrolyzed by FAAH 
and monoacylglycerol lipase (MAGL) [3,4], FAAH 
also catalyzes the hydrolysis of the A^-acylethanola- 
mines, N-palmitoyl ethanolam ide (PEA), and A/-oleoyl 
ethanolam ide (OEA) [5], which, though not them 
selves endocannabinoids, can com pete with AEA as 
substrates for FAAH and therefore increase AEA 
levels via the so-called ‘entourage effect’ [6 ], To date, 
two cannabinoid receptors have been cloned; in the 
brain, CBi receptors are expressed predom inantly on 
neurons, whereas CB2  receptors are expressed mainly 
on im m une cells, including microglia [7], Constitutive 
expression of CBj on neurons has been described, but 
expression of CB2  in the brain is low under resting 
conditions. However CB2  receptor expression on 
microglia increases markedly in conditions where 
neuroinflam m atory changes occur for example in 
multiple sclerosis and A lzheim er’s disease [8,9] and in 
the lesioned striatum  in an animal model of H unting
to n ’s disease [10]. Interestingly, increased CB2  receptor 
expression has been demonstrated on the microglia that 
surround amyloid-^ (Ap)-containing plaques in Alzheimer’s 
disease [8 ,1 1 ].

The neuroprotective effects of endocannabinoids 
have been carefully described by several groups, for 
example following neurotoxic stim uli [12,13] and A^ 
treatm ent [14]. The ability o f cannabinoids to m odu
late the adaptive and innate branches of the im m une 
system has been recognized for several years [15] 
and, in the context of the CNS, a great deal of em 
phasis has been placed on evaluating the effects of 
cannabinoids in m ultiple sclerosis and particularly 
the animal model, experim ental au to im m une enceph
alomyelitis (EAE; [16]). The ability o f the cannabin
oid delta(9)-tetrahydrocannibinol (THC) to decrease 
inflam m ation in the spinal cord of anim als in which 
EAE was induced, was reported  over two decades 
ago [17] and several studies have supported  this 
finding with recent evidence indicating tha t sym p
tom s and inflam m atory changes, including microglial 
activation, were m ore profound in CB2  receptor 
knockout mice [18]. The cannabinoid agonist, (R)- 
(+)-[2, 3-dihydro-5-m ethyl-3-(4-m orpholinylm ethyl)- 
pyrro lo[l,2 ,3 -de-l,4benzoxazin-6-y l]-l-naphthalenyl- 
m ethanone mesylate (WIN-55,212-2) has been shown to 
attenuate the microglial activation observed in brain of 
animals which received an intracerebraventricular injec
tion of AP2 5 - 3 5  and it also attenuated the A^-associated

decrease in neuronal proteins and deficits in spatial 
learning [1 1 ]. Consistently, a num ber of in vitro s tud
ies have dem onstrated that endocannabinboids and/or 
synthetic cannabinoids attenuate microglial activation 
induced by interferon-y (IFNy) [19], A^ [11], or lipo- 
polysaccharide (LPS) [20,21].

A good deal of evidence indicates that microglial acti
vation increases with age and this is closely linked with 
the age-related deficit in synaptic plasticity, particularly 
long-term potentiation (LTP) [22,23] and it has been 
shown that LTP is sustained in aged rats by interven
tions which decrease microglial activation [22,24,25]. An 
age-related deficit in spatial learning, which is another 
form of synaptic plasticity, has also been reported and 
interestingly, when aged rats were treated with WIN- 
55,212-2, performance in a spatial learning task 
improved and this was correlated with a decrease in the 
num ber of activated microglia in CAS but not in the 
dentate gyrus [26].

W e hypothesized that administration of the FAAH in
hibitor, URB597, which, by decreasing AEA hydrolysis, 
would increase endocannabinoid tone and therefore de
crease the age-related microglial activation and conse
quently enable aged rats to sustain LTP. The data indicate 
that administration of URB597, increased brain tissue con
centrations of AEA, and other N-acylethanolamines, atte
nuated the increased expression of several markers of 
microglial activation in aged animals and improved the abil
ity of aged rats to sustain LTP.

Materials and methods
Anim als
Young (3 months; 250-350 g) and aged (26-30 months; 
550-600 g) male W istar rats (B&K Universal, Hull, UK) 
were housed in a controlled environment (temperature 
20-22°C; 12:12 h light/dark cycle) in the BioResources 
Unit, Trinity College, Dublin. Animals had free access to 
food and water and were maintained under veterinary 
supervision for the duration of the experiment. Young and 
aged rats were randomly divided into those which 
received subcutaneous injections of the FAAH inhibitor 
URB597 (1 mg/kg; dissolved in 30% DMSO, saline) every 
second day and controls which received subcutaneous 
injections of 30% DMSO-saline every second day for 28 
days. All experiments were carried out under license from 
the Department of Health and Children (Ireland) and with 
ethical approval from the Trinity College Ethical 
Committee.

Analysis o f LTP in vivo
Rats were anaesthetized by intraperitoneal injection of 
urethane (1.5 g/kg) and the absence of a pedal reflex was 
considered to be an indicator of deep anesthesia; in 
some animals a top-up dose of urethane (to a maximum
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of 2.0 g/kg) was required to establish deep anesthesia. 
The ability of rats to sustain LTP in perforant path-gran- 
ule cell synapses in response to tetanic stimulation of 
the perforant path was assessed as previously described 
[27]. Briefly, a bipolar stimulating electrode was stereo- 
taxically positioned in the perforant path (4.4 mm lateral 
to Lambda) and a unipolar recording electrode was 
placed in the dorsal cell body region of the dentate gyrus 
(2.5 mm lateral and 3.9 m m  posterior to Bregma). Fol
lowing a period of stabilization, test shocks were deliv
ered at 30-s intervals and responses were recorded for 
10 min to establish stable baseline recordings. LTP was 
induced by delivering three trains of high-frequency 
stimuli (250 Hz for 200 ms; 30 second inter-train inter
val). Recording at test shock frequency resumed for the 
remainder of the experiment. The slope of the excitatory 
post-synaptic potential (EPSP) was used as a measure of 
excitatory synaptic transmission in the dentate gyrus.

At the end of the experiment, rats were killed by cer
vical dislocation and brain tissue was dissected free. Tissue 
was snap-frozen and used to prepare mRNA for PCR ana
lysis or for the quantification of endocannbinoids.

Real-time PCR analysis of cytokines and cell surface 
markers
Total RNA was extracted from snap-frozen hippocampal 
and cortical tissue using a NucleoSpin® RNAII isolation 
kit (Macherey-Nagel Inc., Germany) according to the 
manufacturers instructions. RNA integrity and total RNA 
concentration were assessed, and cDNA synthesis was 
performed as described previously [28]. Real-time PCR 
was performed using Taqman Gene Expression Assays 
(Applied Biosystems, Germany) which contain forward 
and reverse primers, and a FAM-labeled MGB Taqman 
probe for each gene of interest. The assay IDs for the 
genes examined in this study were as follows: M HC ll 
(Rn01768597_ml), CD40 (Mm00441895_ml), C D llb  
(Mm001271265_ml), CD68 (Rn01495631_gl), /I-iyS 
(Rn00580432_ml), TN Fa (Mm00443258_ml), and lL-6 
(Mm00446191_ml). All real-tim e PCR was conducted 
using an ABI Prism 7300 instrum ent (Applied Biosys
tems, Germany). A 20 |il volume was added to each 
well containing 8 |il of cDNA (1:4 dilution), 1 (il of 
target gene primer, and 10 jil of Taqman® Universal 
PCR M aster Mix). Samples were assayed in duplicate 
in one run (40 cycles), which consisted of three 
stages, 95°C for 10 min, 95°C for 15 s for each cycle 
(denaturation), and finally the transcription step at 
60°C for 1 min. ^-actin was used as endogenous con
trol to normalize gene expression data, and ^-actin 
expression was conducted using a gene expression 
assay containing forward and reverse prim ers (prim er 
limited) and a VIC-labeled MGB Taqman probe from 
Applied Biosystems (Germany; Assay ID: 4352341E).

Gene expression was calculated relative to the endogenous 
control samples and to the control sample giving an RQ 
value (2 - DDCt, where CT is the threshold cycle).

Q uantitation of endocannablnolds and N- 
acylethanolam lnes In cerebellar tissue using liquid 
chrom atography  coupled to  tandem  m ass spectrom etry  
(LC-MS/MS)
Brains from the young and aged, vehicle or URB597 trea
ted rats were removed rapidly and the cerebellum was 
gross-dissected (average weight of tissue samples = 158.26 
mg), snap-frozen on dry ice and stored at -80° C prior to 
extraction and determination of the concentrations of 
the endocannabinoids anandamide (AEA) and 2-arachi- 
donoyl glycerol (2-AG) and the related A/-acylethanola- 
mines A^-palmitoyl ethanolamide (PEA) and A/-oleoyl 
ethanolamide (OEA) by liquid chromatography coupled 
to tandem mass spectrometry (LC-MS/MS) as described 
previously [29,30]. Each tissue sample was first homoge
nized in 400 nL 100% acetonitrile containing known fixed 
am ounts of deuterated internal standards (0.014 nmol 
AEA-d8, 0.48 nmol 2-AG-dS, 0.016 nmol PEA-d4, 0.015 
nmol OEA-d2). Homogenates were centrifuged at 14,000 
g for 15 min at 4°C and the supernatant was collected 
and evaporated to dryness in a centrifugal evaporator. 
Lyophilized samples were re-suspended in 40 |iL 65% 
acetonitrile and 2 |^L were injected onto a Zorbax® C18 
column (150x0.5 mm internal diameter) from a cooled 
autosampler maintained at 4°C (Agilent Technologies 
Ltd, Cork, Ireland). Mobile phases consisted of A (HPLC 
grade water with 0.1% formic acid) and B (acetonitrile 
with 0.1% formic acid), with a flow rate of 12 jiL/min. 
Reversed-phase gradient elution began initially at 65% B 
and over 10 min was ramped linearly up to 100% B. At 
10 min, the gradient was held at 100% B up to 20 min. At 
20.1 min, the gradient returned to initial conditions for a 
further 10 min to re-equilibrate the column. The total 
run time was 30 min. Under these conditions, AEA, 2- 
AG, PEA, and OEA eluted at the following retention 
times: 11.36 min, 12.8 min, 14.48 min, and 15.21 min, re
spectively. Analyte detection was carried out in electro- 
spray-positive ionization mode on an Agilent 1100 HPLC 
system coupled to a triple quadrupole 6460 mass spec
trom eter (Agilent Technologies Ltd., Cork, Ireland). In
strum ent conditions and source parameters including 
fragmentor voltage and collision energy were optimized 
for each analyte of interest prior to assay of samples. 
Quantitation of target endocannabinoids was achieved by 
positive ion electrospray ionization and multiple reactions 
monitoring (MRM) mode, allowing simultaneous detec
tion of the protonated precursor and product molecular 
ions [M + H+] of the analytes of interest and the deuter
ated forms of the internal standards. Quantitation of each 
analyte was performed by determining the peak area
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Figure 1 Age-related microglial activation in hippocampus is attenuated by URB597. URB597 attenuated  th e  age-related increase in MHCII 
mRNA, CD68 mRNA, and CDl 1b mRNA in hippocam pal tissue and th e  analysis revealed a significant age x trea tm en t in te raa ion  for MHCII mRNA 
(F(i,22) = 8.84, **P <  0.01; 2-way ANOVA; a), CD11 b mRNA (F(,^2) = 6.22, 'P  <  0.05; b), and CD68 mRNA (F(,,22) = 4.80, *P <  0.05; c). A significant age 
e ffe a  was observed in the  case of CD40 mRNA (F (u ,)=  14.09, '^*^P<0.01; d).

response of each target analyte against its corresponding 
deuterated internal standard. This ratiometric analysis was 
performed using M asshunter Quantitative Analysis Soft
ware (Agilent Technologies Ltd., Cork, Ireland). The 
am ount of analyte in unknown samples was calculated 
from the analyte/internal standard peak area response 
ratio using an 11-point calibration curve constructed 
from a range of concentrations of the non-deuterated 
form of each analyte and a fixed am ount of deuterated in
ternal standard. The values obtained from the M asshun
ter Quantitative Analysis Software are initially expressed 
in ng per mg of tissue by dividing by the weight of the 
punched tissue. To express values as nmol or pmol per 
mg the corresponding values are then divided by the 
molar mass of each analyte expressed as ng/nm ole or pg/ 
pmole. Linearity (regression analysis determined 
values of 0.99 or greater for each analyte) was determined 
over a range of 75 ng to 71.5 fg except for 2-AG which 
was 750 ng to 715 fg. The limit of quantification was 1.32 
pmol/g, 12.1 pmol/g, 1.5 pmol/g, and 1.41 pmol/g for 
AEA, 2-AG, PEA, and OEA, respectively.

Statistical analysis
Prism GraphPad® was used for statistical analysis. Data 
were analyzed using analysis of variance (ANOVA) with 
Newman Keuls post-hoc test to determ ine which condi
tions were significantly different from each other. Data 
are expressed as means with standard errors.

Results
MHCII, CD68, and CDl lb  mRNA were increased in hip
pocampal tissue prepared from aged, compared with young, 
rats and the evidence indicates that these measures of 
microglial activation were decreased in tissue prepared 
from aged rats which were treated with URB597. A signifi
cant age X  treatment interaction was observed for MHCII 
mRNA (F(i_2 2 ) = 8.84, **P<0.01; Figure la), C D llb  mRNA 
(P(i^2 ) = 6.22, *P < 0.05; Figure lb) and CD68 mRNA 
(F(i,22) = 4.80, *P < 0.05; Figure Ic), whereas a significant 
age effect was observed in the case of CD40 mRNA 
(F(i,2 i) = 14.09, **P<OM;  Figure Id).

Activated microglia are a major source of inflammatory 
cytokines and, here, we assessed whether the age-related
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Figure 2 URB597 treatm ent attenuates the age-related increase in 
inflammatory cytokines in hippocampus. IL-1(3, TNFa, and IL-6 mRNA 
were increased in hippocampal tissue prepared from aged, compared 
with young, rats; a significant age x treatment effea  was observed for IL- 
1 p and "mFa = 5.096, **P <  0.01; and F(,;,„ =  16.i 6, " P  <  0.01; 2- 
way ANOVA; a and b, respectively) and a significant age effea  was 
observed in the case of IL-6 (F(,j ,)  = 29.98, *^P<0.001; c).

increase in microglial activation was associated with evi
dence of increased production of inflammatory cytokines. 
There was an increase in IL-ip, TNFa, and lL-6 mRNA in 
hippocampal tissue prepared from aged, compared with 
young, rats; a significant age x treatment effect was 
observed in both IL-ip and TNFa (F(i,2 2 ) = 5.096, *‘P 
<0.01; 2-way ANOVA; Figure 2a and F(i,2 i) = 16.16, *"P
< 0.01; Figure 2b, respectively) whereas a significant age ef
fect was observed in the case of IL-6 (F(i_2 i) = 29.98, **P
< 0.01; 2-way ANOVA; Figure 2c).

Similar age-related increases in expression of MHCIl, 
CD68, CD40, and CD 11b mRNA were observed in cor
tical tissue. Analysis of the data indicated a significant 
age X treatm ent interaction in the case of MHCIl mRNA 
(F(i,2 3 ) = 9.11, **P<0.01; 2-way ANOVA; Figure 3a) 
whereas significant age effects were observed in the case 
of C D llb  (F(i,2 0 ) = 44.86, <0.001-, Figure 3b), CD68
(F(i,2 2 )= 14.81, 0.001; Figure 3c), and CD40
mRNA (F(i,2 0 ) = 5.62, ‘̂ P<0.05; Figure 3d). In parallel 
with the changes in hippocampus, expression of IL- 
ip , TN Fa, and IL-6 mRNA were increased in cortical 
tissue prepared from aged, com pared with young, 
rats. A significant age effect was observed in the case 
of IL-ip (F(i,2 2 ) = 5.97, *P<0.05; 2-way ANOVA;
Figure 3e), TNFa (F(i,2 3 ) = 9.98, '*^'^P<0.01; Figure 3f) and 
IL-6 {F(i,2 6 ) = 20,91, **P<0.01; Figure 3g). URB597 had 
no significant effects on the age related increases in the 
expression of IL-ip, TNFa, or IL-6 mRNA in the cortex 
(Figure 3e, f, and g).

A key question was to assess whether URB597, by modu
lating microglial activation, might improve the ability of 
aged rats to sustain LTP. Delivery of a high frequency train 
of stimuli to the perforant path induced an immediate and 
sustained increase in EPSP slope in young control-treated 
rats (Figure 4a) whereas the initial increase in EPSP slope 
in aged control-treated rats was temporary and the mean 
value returned to baseline after about 10 min. However 
aged rats which received URB597 sustained LTP to the 
same extent as young control-treated rats and URB597 
enhanced the ability of young rats to sustain LTP. Analysis 
of the mean data in the 5 min immediately following tetanic 
stimulation revealed a significant age effect (F(i,g)= 16.73, 
'^'^P<0.01; 2-way ANOVA; Figure 4b) while analysis of 
the data in the last 5 min of recording indicated that there 
was a significant age x treatm ent interaction (F(i_g) = 444.1, 
***P< 0.001; 2-way ANOVA; Figure 4c) indicating that 
treatm ent of aged animals with URB597 attenuated the 
impairment in LTP.

Tissue concentrations of endocannabinoids and 
related A/-acylethanolamines in the cerebellum  were 
assessed by liquid chrom atography coupled to tandem  
mass spectrometry and analysis of the data obtained for 
AEA revealed a significant treatment effect (F(i,2 3 ) = 6.29, *P
< 0.05; *P < 0.05; 2-way ANOVA; Figure 5a). Similarly,
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(See figure on previous page.)
Figure 3 URB597 treatm ent attenuates age-related changes in cortex. Increased expression o f MHCII, CDl 1 b, CD68, and CD40 mRNA were 
observed in cortex o f aged, compared w ith  young, rats. A significant age x treatm ent e ffe a  in the  case o f MHCII mRNA (F(,,2 3) = 9.1 i ,  **P < 0.01 ; 
2-way ANOVA; a) and significant age effeas were observed in the case o f CDl lb  (F(,,20) =  44.86, 0.001; b), CD68 (F(,,2 j )=  14.81,
*P < 0 .00^ : c) and CD40 mRNA (F(,2o) = 5.62, *P <0.05; d). Significant age effeas were also observed in IL-1(3 (F(i,2 2) = 5.97, *P < 0 .05 ; 2-way 
ANOVA: e), TNFa (F„,23) = 9.98, + + P < 0 .0 1 :f i and IL-6 (F(,,26) = 20.91, *+P <0.01; g).

analysis o f the data obtained for OEA and PEA indicated 
that there were significant treatment effects in both cases 
(F(i;2 3) = 35.30, 0.001; 0.001; 2-way ANOVA;
Figure 5b and c). No significant treatment effect was 
observed in the case of 2-AG (Figure 5d).

Discussion
The aim of this study was to assess whether the age-related 
increase in microglial activation and the associated decrease

in LTP were attenuated by chronic administration o f the 
FAAH inhibitor, URB597. The data show that URB597 
increased AEA, OEA, and PEA and that this was accom
panied by a URB597-associated attenuation of the age- 
related neuroinflammatory changes and also the age-related 
impairment in LTP. 

Increased expression o f M H C II, C D l lb , CD68, and 
CD40, which are commonly-used markers o f microglial 
activation, were observed in hippocampus and also the
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Figure 4  URB597 treatment attenuates the age-related decrease in LTP in dentate gyrus, (a) Delivery o f a high frequency train o f stimuli to the 
perforant path at time 0 induced an immediate and sustained increase in EPSP slope in control young rats and this effect was markedly decreased in 
control aged rats. Aged rats treated w ith URB597 sustained LTP in a manner similar to  young animals, (b) Tlie mean changes in EPSP slope in the 5 min 
immediately following tetanic stimulation revealed a significant age effect {F(,^)= 16.73, + + P <  0.01; 2-way ANOVA; b) and analysis o f the data in the last 5 
min o f recording indicated that there was a significant age x treatment interaction (F;,^)=444,1, »*»p< 0.001; 2-way ANOVA; c).
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cortex  o f aged, com pared  w ith young rats. T his concurs 
w ith p reviously-reported  findings w hich dem onstra ted  
tha t these, and o th er m arkers o f m icroglial activation, 
w ere increased  w ith age [24,31,32]. O ne o f the m ost sig
nificant findings o f th is study is th a t these changes w ere 
a ttenua ted  in h ippocam pal and cortical tissue prepared  
from  aged rats w hich received URB597. C annabinboids 
are know n to  m odulate certain  aspects o f m icroglial 
function  in vitro; for instance th e  phytocannabinoid  
T H C  and  the non-hydrolyzable analogue o f anandam ide, 
m ethanandam ide, decreased L PS-induced cytokine p ro 
duction  from  rat cortical glial cells [21,33], while AEA 
and 2-A G, as well as a num ber o f synthetic cannabi- 
noids, inhibited  the LPS-induced release o f T N F a [20] 
and the generation  of n itrites [34] from  cu ltu red  glial 
cells. A t least in som e studies [20,33], the actions o f the 
cannabinoids were no t CB receptor m ediated. T here are 
o ther reports o f a sim ilar m odulatory  effect o f synthetic 
cannabinoids on microglial activation in vitro including 
their ability to  attenuate  the A TP-induced increase in 
intracellular calcium  concentration  [34] and the neu ro tox 
icity induced by A ^-treated  m icroglia [11], Similarly the 
LPS-induced release o f T N F a and  IL -ip  from  cu ltu red

astrocytes was a ttenuated  by both  anandam ide and the 
anandam ide uptake inhibitor, UCM 707 [35]. In addition to 
these effects in vitro, it has been show n that the increase in 
microglial activation induced by the central adm inistration 
of LPS to  rats for 21 days [26] o r by daily intracerebroven- 
tricular injection of AP2 S-35 for 7 days [11] was attenuated 
by subcutaneously- o r centrally-administered WIN55,212- 
2 , respectively.

W hile a num ber of cells produce inflam m atory cyto
kines, activated microglia are considered to be a prim ary 
source o f cytokines such as IL -ip , IL-6 , and T N F a in the 
brain. T he present data indicate th a t the age-related in 
crease in m arkers o f microglial activation are accom panied 
by an increase in these cytokines confirm ing earlier reports 
o f a similar parallel [36]. T he increase in cytokine produc
tion was m arkedly reduced in hippocam pal tissue prepared 
from aged rats w hich received URB597 providing evidence 
o f an anti-inflam m atory effect o f the FAAH inhibitor. 
URB597 treatm en t has been show n to decrease LPS- 
induced PGE2 production  in cultured  microglia though it 
did not a ttenuate the increases in COX2 and iNOS [37], 
Intra-peritoneal injections o f URB597 have also been 
show n to reduce LPS induced increases in IL -ip  in the
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^ P <  0.001; P <  0.001; c) and a significant age x treatm ent in te raa ion  was
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hypothalamus in Sprague-Dawley rats [38]. The synthetic 
cannabinoid, dexanabinol, which facilitated recovery and 
decreased cell death, reduced hippocampal expression o f 
T N F a  and IL - ip  in the hippocampus after traum atic brain 
in ju ry  [39]. Perhaps in contrast w ith  this is the report that 
the CB2 agonist JWH-133, which decreased infarct volume 
fo llow ing m iddle cerebral artery occlusion, did not attenu
ate the increase in TN F  or IL - ip  in ischaemic brain tissue 
[40].

In the past few years, it  has become increasingly clear 
tha t neuroinflam m ation negatively impacts on neuronal 
plastic ity [36] and specifically that LTP is decreased when 
m icroglia l activation and/or in flam m atory cytokine p ro 
duction is increased in hippocampus [24,36,41], The 
present findings provide support fo r this inverse corre l
ation, specifically demonstrating that LTP was decreased 
in  dentate gyrus o f aged rats. Significantly, the age-related 
defic it in  LTP was attenuated by treatm ent w ith  URB597 
in  parallel w ith  its ab ility to decrease the expression o f 
several markers o f m icroglia l activation and the produc
tion  o f in flam m atory cytokines in the hippocampus. These 
changes concur w ith  the findings o f previous studies 
which indicated that when the age-related increase in 
m icroglia l activation is attenuated, for example w ith  m ino
cycline [25], the anti-in flam m atory cytokine lL -4  [23], the 
polyunsaturated fatty acids EPA and DPA [32], the choles
terol-low ering H M G C oA  reductase, atorvastatin [41], and 
the PPARy activator, rosiglitazone [42], then the ab ility  o f 
aged rats to sustain LTP is improved.

A  facilitatory effect o f cannabinoids on other forms o f 
synaptic plasticity has also been reported. Thus the syn
thetic cannabinoid, W lN55,212-2, attenuates the impaired 
spatial learning observed in rats which received AP2 5 -3 5  

intracerebroventricularly for 7 days [11]. This effect was 
coupled w ith  changes in  neuronal markers calbindin and 
a -tubulin  in  tissue prepared from  the frontal cortex o f mice. 
Similarly intraperitoneal administration o f W lN55,212-2 or 
cannabidiol for 3 weeks attenuated the cognitive im pair
ment induced by a single in jection o f A ^, although the 
CB2 agonists, 1,1-d im ethylbutyl-l-deoxy-A^-te trahydro 
cannabinol [JWH-133] and 4-[4-(l,l-d im ethylheptyl)-2 ,6- 
dimethoxyphenyl] -6 ,6 -dimethyl-bicyclo [3.1.1] hept-2-ene-2- 
methanol [HU-308] did not [34]; in  this case the A ^- 
induced increase in IL - 6  was attenuated by W IN55,212-2 
or cannabidiol prom pting the authors to  conclude that the 
effect o f the cannabinoids resulted from  m odulation o f glial 
activation. The correlation between glial activation and 
spatial learning is not absolute since it has been reported 
that while the increase in microglial activation induced by 
the central administration o f LPS for 21 days was attenu
ated by WIN55,212-2, treatment w ith  W IN55,212-2 exacer
bated the deficit in  spatial learning [26]. However the same 
group reported that when aged rats were treated w ith  
W lN-55,212-2, performance in a spatial learning task

improved and this was correlated w ith  a decrease in the 
number o f activated microglia in  CA3 but not dentate 
gyrus [26].

The effect o f URB597 in the present study can be a ttribu 
ted to its ability to increase the concentration o f endocan- 
nabinoids in the brain. The data indicate that the 28-day 
URB597 treatm ent regime used here increases concentra
tions o f AEA, as well as two other fatty acid ethanolamides, 
PEA and O EA in the brain. The anti-in flam m atory effects 
o f AEA have been well documented both in vitro  and 
in vivo [20,43-46] and both PEA and O EA possess anti-in- 
flam m atory properties [47,48]. W hile  PEA appears to lack 
CBi receptor b inding activity, it interacts w ith  the CB2  re
ceptor which probably mediates its analgesic and anti-in- 
flam m atory effects [48-50]. In contrast, OEA may not 
interact w ith  either C B j or CB2  receptors, but rather engage 
one o f the recently-described G protein-coupled orphan 
receptors [51]. I t  is possible that any o f these endocannabi- 
noids/Af-acylethanolamines, that are increased following 
URB597 treatment, may contribute to the anti-in flam m a
tory effects described in the present study.

One o f the challenges in neuroscience is to iden tify  
the age-related changes in the bra in w h ich  present the 
most s ign ificant risks fo r developm ent o f neurodegen- 
erative diseases and to  reduce these changes. In  addition 
to the find ings presented here, a good deal o f evidence 
suggests that neuro inflam m ation, probably functiona lly  
linked w ith  m icrog lia l activation, is one such change. 
W e dem onstrate tha t increasing endocannabinoid tone 
provides a mechanism by w h ich the age-related m ic ro 
glial activa tion and de fic it in  synaptic p lastic ity can be 
attenuated.
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Neuronal cell loss underlies the pathological decline in cog
n ition  and memory associated w ith Alzheimer disease (AD). 
Recently, targeting the endocannabinoid system in AD has 
emerged as a promising new approach to treatment. Studies 
have identified neuroprotective roles for endocannabinoids 
against key pathological events in  the AD brain, including cell 
death by apoptosis. Elucidation o f the apoptotic pathway 
evoked by p-amyloid (A/J) is thus important for the develop
ment o f therapeutic strategies that can thwart A/3 toxicity and 
preserve cell viability. We have previously reported that lyso
somal membrane permeabilization plays a distinct role in  the 
apoptotic pathway initiated by A fi. In  the present study, we 
provide evidence that the endocannabinoid system can stabi
lize lysosomes against A^-induced permeabilization and in 
tu rn  sustain cell survival. We report that endocannabinoids 
stabilize lysosomes by preventing the A/J-induced up-regula- 
tion  o f the tum or suppressor protein, p53, and its interaction 
w ith  the lysosomal membrane. We also provide evidence that 
in tracellu lar cannabinoid type 1 receptors play a role in  stabi
liz ing lysosomes against AP toxicity and thus highlight the 
functionality o f these receptors. Given the deleterious effect o f 
lysosomal membrane permeabilization on cell viability, stabili
zation o f lysosomes w ith  endocannabinoids may represent a 
novel mechanism by which these lip id modulators confer 
neuroprotection.

Alzheimer disease (AD)^ is a debilitating illness o f the brain 
defined by the progressive deterioration o f cognition and 
memory as a result o f selective neuronal loss in the h ip 
pocampus and surrounding areas o f the cerebral cortex (1). 
There is substantial evidence to suggest that at least a subset 
o f neurons in the AD brain die by apoptosis (2). The principal 
neuropathological hallmark o f the disease, ^-amyloid peptide 
(A ^), has been shown to induce apoptosis in neuronal cells in 
vivo and in vitro  (3, 4) through a variety o f enzymatic path
ways that include activation o f caspase-3 (5), calpain (6, 7), 
and lysosomal cathepsins (8, 9).

*T h ls  w o rk  was supported  by th e  Health Research Board Ireland.
' To w h o m  correspondence shou ld  be addressed: Dept, o f Physio logy, T rin 

ity  College, D ub lin  2 , Ireland. Tel. 353-1-896-1192; E-mail: vacmpbll@> 
tcd.ie.

^ The abbrev ia tions  used are: AD, A lzheim er disease; Ap, ^ -a m y lo id ; AEA, 
anandam ide; 2-AG, 2-arachidonoylg lycero l;C B , cannabino id ; LMP, lyso
somal m em brane perm eab ilization ; AO, acrid ine orange; Z-, benzyloxy- 
carbonyl-; FMK, flu o ro m e th y l ketone; Sue-, succin im idyl; ANOVA, analysis 
o f variance; RFU, re la tive  fluorescence unit(s); p -p 5 3 ^ ''” , p53 phosphor- 
y la ted  on  Ser-15; p-ERK’ ^'"'^” , ERK phosphoryla ted  on Tyr-205.

Recently, the lysosomal system has been implicated in AD 
pathogenesis (9, 10). Neurons o f AD  patients demonstrate 
alterations in  the lysosomal system, including the cellular 
pathways that converge on it, namely endocytosis and auto- 
phagy (10, 11). Such alterations include an increase in the size 
and number o f endosomes (10. 12), autophagosomes (13) and 
lysosomes (10) and an increase in the gene expression and 
synthesis o f all classes o f lysosomal hydrolases, including 
cathepsins (14). In  addition to their role in  the digestion of 
cellular waste, it  has become clear that partial and selective 
lysosomal membrane permeabilization (LMP), followed by 
the release o f lysosomal enzymes into the cytosol, can induce 
apoptotic cell death (15). Cathepsins D and L are among the 
lysosomal proteases that have been implicated in  apoptosis by 
virtue o f their ability to activate apoptotic effectors, such as 
m itochondrial uncoupling and caspases (16).

Among the agents that are capable o f destabilizing lyso
somes, AP  has emerged as an inducer o f LMP (17). Cultured 
primary neurons are able to internalize A/3 from the culture 
medium where it accumulates w ith in  lysosomes, resulting in 
the loss o f lysosomal membrane integrity and activation o f the 
apoptotic cascade (18). We have recently identified that A fi 
destabilizes lysosomes early in  the apoptotic cascade in a 
manner involving the tum or suppressor protein, p53, and its 
transcription target, Bax (9). However, the precise mechanism 
by which A/3 causes lysosomes to become vulnerable to LMP 
has not yet been resolved.

The endocannabinoid system has emerged as a promising 
new target for neuroprotective therapy in AD (19), This sys
tem comprises the G protein-coupled cannabinoid (CB) re
ceptors, CBj and CBj, the ir endogenous ligands, anandamide 
(AEA) and 2-arachidonoylglycerol (2-AG), and their degrada- 
tive enzymes (20). Among the ir numerous functions, endo
cannabinoids are believed to play a role in the cell death/sur
vival decision and thus govern cell fate (21). Numerous 
studies have identified neuroprotective roles o f the endocan
nabinoid system against excitotoxicity (22), oxidative stress 
(23), and inflammation (24), all key pathological events in the 
AD brain. Moreover, endocannabinoids have been directly 
implicated in the protection o f neurons against A/3 toxicity 
(25, 26). Recently, i t  was reported that CB, receptors can be 
targeted to lysosomes via the adaptor protein, AP3. and are 
capable o f mediating signal transduction while located at the 
lysosomal compartment (27). This spatial compartmentaliza- 
tion suggests a mechanism for diversity in  CB, receptor sig
naling and indicates a functional role for CB, receptors at the 
lysosome. This has prompted us to investigate herein whether
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Endocannabinoids Prevent Lysosomal Destabilization

the neuroprotective capacity o f the endocannabinoid system  
is based on its abihty to stabilize lysosom es and thus block the 
lysosomal branch of the apoptotic pathway.

The results from this study indicate that endocannabinoids 
have the ability to stabilize lysosom es against A^-induced  
LMP and thus may represent a novel target for therapeutic 
intervention in AD.

EXPERIMENTAL PROCEDURES

Culture o f  C ortical Neurons—Primary cortical neurons 
were established as described previously (28). Briefly, 1-day- 
old male W istar rats were decapitated in accordance with in
stitutional and national ethical guidelines, and their 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 (X5) in PBS 
containing soybean trypsin inhibitor (0.1%) and DNase (0.2 
m g/m l) and gently filtered through a sterile mesh filter. Fol
lowing centrifugation, 2000 X g  for 3 min at 20 °C, the pellet 
was resuspended in neurobasal m edium, supplem ented with 
heat-inactivated horse serum (10%), penicillin (100 units/m l), 
streptomycin (100 units/m l), and GlutaMAX (2 m M ). Sus
pended cells were plated out at a density o f 0.25 X 10* cells on  
circular 13 mm diameter coverslips, coated with poly-i.-lysine 
(60 fAg/ml), and incubated in a humidified chamber contain  
ing 5% CO 2 , 95% air at 37 *C. After 48 h, 5 ng/m l cytosine- 
arabino-furanoside was included in the culture medium to 
prevent proliferation of non-neuronal cells. Culture medium  
was exchanged every 3 days, and cells were grown in culture 
for 5 days prior to treatment.

Drug T reatm ent—A ^ (l-4 0 )  (BioSource International Inc.) 
was made up as a 200 /xM stock solution in PBS and double
deionized water and allowed to aggregate for 48 h at 37 °C.
For treatment of cortical neurons, A/3 was diluted to a final 
concentration of 2  /lim  in prewarmed neurobasal medium. 
Control cells were exposed to the reverse peptide, A ^ (4 0 - l )
(2 jLiM), which we have previously demonstrated to lack toxic
ity (8). Cells were exposed to A/3 in the presence or absence of 
the caspase-3 inhibitor, Z-DEVD-FMK (10 /am ) (29) (Tocris 
Bioscience), to  assess whether the apoptotic pathway was acti
vated in A^-induced cell death. Cells were then exposed to 
A p  in the presence or absence o f the endocannabinoids, AEA 
(10 nM ; Sigma-Aldrich) or 2-AG (10 nM ; Sigma-Aldrich) to 
assess their neuroprotective capacity. The dose o f AEA and 
2-AG used was based on dose response experim ents using the 
TUNEL technique. 10 nM  was subsequently chosen because 
that concentration had no effect on basal cell viability. In 
som e experim ents, the hydrolysis o f AEA and 2-AG was pre
vented by incubation with an inhibitor o f fatty acid amide 
hydrolase, URB 597 (1 /x m ) (30) (Cayman). The role o f calpain 
in A ^-induced toxicity was assessed using an inhibitor of its 
activity, MDL 28170 (10 f iu )  (6) (Merck). The involvem ent of 
CBj receptors in endocannabinoid-m ediated neuroprotection  
was investigated using various antagonists, SR 141716A (1 
fi,M) (31) (gift from Dr. David Finn at The National University 
of Ireland, Galway. Original source: The National Institute of 
Mental Health’s Chemical Synthesis and Drug Supply Pro
gram), hem opressin (10 /x m ) (32, 33) (Tocris), and AM 251

(10 fiM) (34) (Tocris). In all cases, the concentration o f inhibi
tors used was in agreement with the literature or based on 
previous publications, as indicated.

The water-soluble CBj receptor agonist, 0 -2 5 4 5 , was used 
as a positive control to demonstrate the ability o f hem opres
sin to block surface CBj receptor activity. Finally, a neutraliz
ing cathepsin L antibody (1 /lim ) (Merck) was used to assess 
the toxicity o f cathepsin L released into the culture medium.

Phospho-pS3^‘’'''^/ERK’ '̂''̂ "'' Im m unocytochem istry an d  
Lysosomal Localization o f  Phospho-p53^‘̂ '''̂ —̂ Following 
treatment, cells were fixed with paraformaldehyde (4%) for 30 
min at 37 °C, permeabilized with Triton X-100 (0.2%), and 
refixed with 4% paraformaldehyde for 10 min. Cells were in 
cubated overnight at 4 °C with a rabbit polyclonal antibody 
(p53; recognizes p53 phosphorylated on serine 15 
(p-p53® '̂ '̂*®); 1:100 dilution in 10% serum; Cell Signaling 
Technologies) or with a m ouse polyclonal antibody (ERK; 
recognizes ERK phosphorylated on tyrosine 205 
(p-ERK^’"''̂ °®); 1:200 dilution in 20% serum; Santa Cruz Bio
technology, Inc. (Santa Cruz, CA)). Immunoreactivity was 
detected using a biotinylated goat anti-rabbit IgG 
(p-p53*"'*®) and a biotinylated horse anti-m ouse 
(p-ERK^’'‘' “ ®). Cells were then incubated with Alexa Fluor 
488^'^’ avidin conjugate for 1 h (1:2000 dilution in 10% serum; 
Invitrogen), and the nucleus was stained with Hoechst (1:1000 
dilution in 5% serum; Invitrogen) for 15 min at room tem per
ature. In order to assess colocalization o f p-p53®^'' *® with ly
sosom es, the fluorescent probe, LysoTracker^*^ Red (Invitro
gen), was used to visualize lysosom es in intact cells. Cells were 
exposed to prewarmed neurobasal medium containing Lyso- 
Tracker^'^ Red (700 nM ) for 25 min prior to exposure to cell 
treatments and p-p53*'‘̂ '*® im munocytochem istry.

Cells were viewed under X63 magnification using a confo- 
cal m icroscope (Zeiss LSM 510 META). The multitrack 
FITC/rhodamine channel configuration was selected (for A l
exa 488, excitation at 488 nm  and em ission at 520 nm; for 
LysoTracker^”̂  probe, excitation at 543 nm and em ission at 
599 nm).

Lysosom al Integrity Assay; Acridine Orange (AO) 
R elocation—The  lysosomal integrity assay was carried out as 
described previously (9). Briefly, cells were exposed to pre
warmed supplem ented neurobasal medium containing acri
dine orange (5 /tg/ml; Invitrogen) for 10 min at 37 “C. Cells 
were rinsed in neurobasal medium, exposed to cell treatm ents 
for 6 h, and viewed by confocal microscopy. Visualization of 
the fluorophore was achieved using the 488-nm  argon laser in 
the A m ode, where em ission over the 4 9 9 -6 7 0  nm range was 
collected. The configuration parameters were as follows: 1) 
filters (Ch3-BP, 5 8 5 -6 1 5  nm; Ch2-BP, 50 5 -5 3 0  nm, and 
C hSl, 4 9 9 .3 - 670.7 nm); 2) beam splitters (HFT 488 nm); 3) 
scan zoom  1. For each digital image, 512 X 512 pixels were 
used. The leakage o f AO from the lysosom e produces a de
crease in the 633 nm em ission, and this parameter was used 
as an index o f lysosomal integrity, as reported previously (35). 
The average cellular fluorescence at 633 nm was measured  
from at least 200 cells for each treatment, from at least four 
independent experiments.
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Cathepsin D  Localization—To assess the intracellular dis
tribution o f cathepsin D, neurons were incubated with 
BIODIPY FL-pepstatin A (1 /x m ; Invitrogen) for 1 h at 37 °C. 
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-m ethylheptanoic acid), covalently conjugated with 
the Boron dipyrromethene difluoride fluorophore (BODIPY). 
Following treatment, the incorporated fluorophore was exam 
ined with a confocal m icroscope (LSM-510 META, Zeiss), as 
described previously (36).

Cathepsin L A ctiv ity—Cathepsin L activity was measured 
using a com m ercially available fluorogenic assay under condi
tions that inactivate other thiol proteases, such as cathepsin B. 
Culture medium was used from cells treated with A/3 in the 
presence or absence o f AEA and 2-AG and incubated with the 
cathepsin L substrate, Z-Phe-Arg, conjugated to aminofluoro- 
coumarin (200 /am; Alexis Biochemicals) and the reaction 
buffer (20 mM N aOAc, pH 5.0, 4 mM EDTA, 8 mM DTT, and 
0.4 M urea) for 1 h at 37 ”C in a reaction volum e o f 100 /xl. The 
amount o f free aminofluorocoumarin produced was assessed  
by spectrofluorom etry (excitation, 400 nm; emission,
505 nm).

Caspase-3 A nalysis—Cleavage o f the fluorogenic caspase-3 
substrate (DEVD-aminofluorocoumarin; Alexis Corp.) to its 
fluorescent product was u.sed to measure caspase-3 activity. 
Following treatment, cultured neurons were lysed in buffer 
(25 mM HEPES, 5 mM MgCl^, 5 niM DTT, 5 mM EDTA, 2 mM 
PMSF, 10 ftg/m l leupeptin, 10 /xg/m l pepstatin; pH 7.4), soni
cated for 2 s, and centrifuged at 10,000 rpm for 10 min at 4  °C. 
Samples of supernatant (90 /xl) were incubated with the 
DEVD peptide (500 /xm; 10 /xl) for 1 h at 30 °C. Incubation 
buffer (900 ;xl; 50 mM HEPES, pH 7.4, containing 2 mM 
EDTA, 20% glycerol, 10 mM DTT) was added, and fluores
cence was assessed (excitation, 400 nm; em ission, 505 nm). 
Results are expressed as the -fold change in caspase-3 activity 
induced by Afi.

Calpain A ctiv ity—Calpain 1 and 2 activity was assessed as 
described previously (8). Briefly, cleavage of the fluorogenic 
calpain substrate, Suc-LLVY-AMC, was used to assess calpain 
activity in cell lysates. Samples were incubated with Suc- 
LLVY-AMC for 15 m in at room temperature, and the amount 
of AMC released upon cleavage with calpain was measured 
fluorometrically at an excitation wavelength o f 360 nm and an 
em ission wavelength o f 440 nm.

TUNEL—A poptotic cell death was assessed using the Dead 
End^*^ colorimetric apoptosis detection system (Promega 
Corp.). Cells were treated with A/3 for 48 h in the presence or 
absence o f Z-DEVD-FMK, AEA, 2-AG, or URB 597. Cells 
were then fixed with 4% paraformaldehyde and permeabilized 
with Triton X-100 (0.1%), and the biotinylated nucleotide was 
incorporated at 3 '-O H  D NA  ends using the enzym e terminal 
deoxynucleotidyltransferase. Horseradish peroxidase-labeled 
streptavidin then bound to the biotinylated nucleotide, and 
this was detected using the peroxidase substrate H 2 O 2  and the 
chromogen diam inobenzidine. Cells were viewed under light 
microscopy at X 40 magnification, where the nuclei of 
TUNEL-positive cells stained brown. Apoptotic cells 
(TUNEL-positive) were counted and expressed as a percent

age o f the total number o f cells examined. To exclude the pos
sibility that the number of living cells present on the coverslip  
had an affect on the TUNEL-positive ratio, the sam e number 
of cells (~ 5 0 0 ) were counted for each treatment.

Statistics—DsXdi are reported as the mean ±  S.E. o f the 
number o f experim ents indicated in each case. Statistical 
analysis was carried out using one-w ay analysis o f  variance 
(ANOVA) followed by the p o st hoc, Student-Newm an-K euls, 
test w hen significance (at the p  <  0.05 level) was indicated. 
W hen comparisons were being made between tw o treat
ments, an unpaired Student’s t test was performed, and p  <  
0.05, p  <  0.01, and p  <  0.001 were considered significant.

RESULTS

Endocannabinoids M edia te  N europrotection—Cultured 
cortical neurons were exposed to Afi (2 /XM; 48 h) w ith or 
w ithout Z-DEVD-FMK (10 /xm) and assessed for apoptosis 
(Fig. lA ). A/3 significantly increased the percentage o f  apopto
tic cells from 2.7 ±  0.4% (mean ±  S.E.) in control cells to  
22.38 ±  2.5% (p <  0.001, ANO VA, n =  5), and this was pre
vented by the caspase-3 inhibitor, Z-DEVD-FMK (p <  0.001, 
n =  5, ANO VA). Neurons were also exposed to A fi ±  2-AG  
(10 nM), AEA (10 nM), or the fatty acid amide hydrolase inhib
itor, URB 597 (1 jXM). Fixed cells were assessed for apoptosis 
(Fig. IB), and cell lysates were analyzed for caspase-3 activity 
(Fig. ID). A/3 evoked a significant increase in the m ean per
centage o f apoptotic cells from 7.8 ±  0.7% (m ean ±  S.E.) in 
control cells to 24.5 ±  0.9% (p <  0.001, « =  5, ANO VA ), and 
this was significantly inhibited by 2-AG and AEA {p <  0.01,
« =  5, ANOVA). URB 597 also significantly inhibited the A/3- 
induced increase in DNA fragmentation {p <  0.05, ANO VA,
« =  5). Sample TUNEL staining o f control-treated (i), A(i- 
treated (ii), A/3- and 2-AG-treated (»»), A fi- and AEA-treated 
((V), and A|3- and URB 597-treated (v) neurons is show n in 
Fig. 1C. In parallel, 2-AG, AEA, and URB 597 all significantly 
inhibited the stimulatory effect o f A/3 on proapoptotic 
caspase-3 activity (Fig. ID). Thus, in control cells, caspase-3  
activity was 30 ±  5 pmol o f p-nitroanilide produced/fig/m in  
(mean ±  S.E.), and this was significantly increased to 87 ±  24 
pm ol of /7-nitroanilide producedZ/Ag/min by A)3 {p <  0.01,
« =  5, ANOVA). AEA, 2-AG, and URB 597 significantly in
hibited the A ^-m ediated increase in caspase-3 activity {p <  
0.01, ANO VA, n =  5).

Endocannabinoids Prevent A ^ -m ed ia ted  D estabiliza tion  o f  
Lysosomes a n d  Cathepsin Release—Lysosom al destabilization  
has been reported as an upstream event in A/3-mediated neu
rotoxicity (9). W e tested the hypothesis that endocannabi
noids could thwart the apoptotic pathway and confer neuro
protection by preventing lysosomal destabilization. Cells were 
loaded with AO prior to treatment w ith A/3 (2 fiM; 6 h) with  
or without 2-AG (10 nM), AEA (10 nM), or URB 597 (1 jam)
(i.e. prior to onset o f DNA fragmentation), and em ission  at 
633 nm was assessed as an index of lysosomal integrity (Fig. 
2A). A p significantly reduced the fluorescence em ission at 
633 nm from 133 ±  18 fluorescence units (m ean ±  S.E.; arbi
trary units) to 52 ±  10 {p <  0.05, ANO VA, n =  5), indicative 
of a loss in lysosomal integrity. Exposure to A/3 in the pres
ence o f AEA or 2-AG restored the fluorescence em ission at
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FIGURE 1. Endocannabinoids m ed iate neuroprotection . A, th e  involve
m ent o f th e  apopto tic  pathw ay In A p-induced cell death  was assessed 
by the  TUNEL techn ique in cultured cortical neurons exposed to  Afi (2 
/am) for 48 h in th e  presence or absence  of th e  caspase-3 inhibitor 
Z-DEVD-FMK (10 /x m ). In cells exposed to  Afi, th e  p ercen tage  of DNA 
fragm entation  was significantly increased (***, p <  0.001 versus control), 
and th is was p revented  by Z-DEVD-FMK (***, p <  0.001 versus Afi).
B, 2-AG, AEA (**, p <  0.01 versus Afi), and URB 597 ( ', p <  0.05 versus Afi) 
significantly prevented  th e  A ^-induced increase In ONA fragm entation  
(***, p  <  0.001 versus control). C, represen tative TUNEL im ages of corti
cal neurons exposed to  control (/), Afi (ii), A fi and 2-AG {Hi), A fi and AEA 
(;V), and Afi and URB 597 (v). The arrows indicate cells with fragm ented  
DNA (scale bar, 10 >im). D, Afi significantly increased caspase-3 activity 
(**, p <  0.01 versus control), and this was preven ted  by 2-AG, AEA, and 
URB 597 (-H -, p <  0.01 versus Afi). n = 5. Error bars, S.E.

633 nm  to 124 ±  10 and 117 ±  10 fluorescence units, respec
tively {p <  0.05, ANOVA), dem onstrating a stabilizing effect 
of both endocannabinoids on lysosomes. The fatty acid amide 
hydrolase inhibitor, URB 597, also restored lysosomal integ
rity because emission at 633 nm  was com parable with control 
values in cells exposed to A/3 in the presence of URB 597 
(130 ±  18 fluorescence units, n = 5). Thus, in control cells 
(Fig. 2B, i), the AO staining displayed a punctate pattern  of 
fluorescence due to  its accumulation within acidic lysosomal 
vesicles, indicative of intact lysosomal membranes. In con
trast, the pattern of AO staining in A ^-treated cells (Fig. 2B, 
ii) had shifted to a diffuse cytosolic green fluorescence, re
flecting the release of AO from lysosomes into the cytosol. In 
cells exposed to  Aj3 in the presence of 2-AG (Fig. 2B, Hi), AEA 
(Fig. 23, iv), or URB 597 (Fig. 2B, v), the punctate pattern of 
AO staining was restored.

The stabilizing effect of endocannabinoids on lysosomes 
was confirmed with BODIPY FL-pepstatin A staining (Fig. 
2C), which dem onstrates that the punctate staining in control 
cells (Fig. 2C, i), indicative of intact lysosomes containing ca- 
thepsin D, becomes more diffuse in cells exposed to  A/3 (Fig. 
2C, ii), indicating a loss of lysosomal cathepsin D into the cy
tosol. In cells exposed to  A/3 in the presence of 2-AG (Fig. 2C, 
Hi), AEA (Fig. 2C, iv), or URB 597 (Fig. 2C, v), the punctate 
pattern of BODIPY FL-pepstatin A staining was restored. The 
frequency distributions of BODIPY FL-pepstatin A pixel in
tensity were com pared for control and A ^-treated  cells. Four 
data sets per group were averaged and statistically compared 
with the Kolmogorov-Smirnov test. Exposure to  A ^ was asso
ciated with a flattening of the high intensity frequency peak, 
and the curves were significantly different {p <  0.001), repre
senting the A ^-induced change in cathepsin D distribution 
(data not shown).

To further dem onstrate a loss of lysosomal stability, we 
measured cathepsin L activity in the culture medium  of 
treated cells (Fig. 2D) and thus examined its extracellular re
lease. A p  (2 /A M , 6 h) significantly increased cathepsin L activ
ity in the culture medium from 3.7 ±  0.9 relative fluorescence 
units (RFU; mean ±  S.E.) to 7.6 ±  1.2 RFU {p <  0.05,
ANOVA, n =  5), and this was inhibited when cells were 
treated with A/3 in the presence of AEA {p <  0.05, ANOVA, 
com pared w ith cells treated with A/3, « =  5) or 2-AG (p <  
0.05, ANOVA, compared with cells treated with A/3, n = 5). 
To assess w hether the cathepsin L release evoked by A/3 could 
be neurotoxic to neighboring neurons, the medium  from A/3- 
primed cells was incubated with naive cells, and apoptosis was 
assessed (Fig. 2E). The medium from A/3-primed cells evoked 
a significant increase in the percentage of apoptotic cells from 
7 ±  1% (mean ±  S.E.) t o 2 2 ± 2 % { p <  0.001, ANOVA, n =
5), and this was significantly reduced to 14 ±  2% apoptotic 
cells (p <  0.05, ANOVA, w =  5) following co-treatm ent w ith 
the cathepsin L-neutralizing antibody (1 / x m ) .  This suggests 
that the cathepsin L released from the lysosomes by Aji  is still 
active and capable of inducing apoptosis in  neighboring cells, 
thus highlighting the importance of blocking this lysosomal 
aspect of A/3 neurotoxicity.
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FIGURE 2. Endocannabinoids prevent A/3-mediated destabilization of lysosomes and cathepsin release. A, cells were loaded w ith  AO and exposed to 
A ^ (2  ^̂ M) fo r 6 h In the presence or absence o f 2-AG (10 nM), AEA (10 nM), or the fatty acid amide hydrolase inhib itor, URB 597 (1 /xm ), and lysosomes were 
viewed w ith  confocal microscopy, A decrease in emission at 633 nm was indicative o f LMP. In cells exposed to Ap, emission at 633 nm was significantly de
creased (*, p <  0.05 versus control), and this was prevented by 2-AG, AEA, and URB 597 (+ ,p  <  0.05 versus Ap). B, representative AO-stained neurons depict
ing intact lysosomes (pink) in control cells (/) and Aj3-induced leakage o f AO into the cytosol (diffuse green) (it), which is prevented by 2-AG (Hi), AEA (;V), and 
URB 597 (v). The arrows indicate cells w ith intact lysosomes (scale bar, 10 /xm). C, representative images o f cortical neurons loaded w ith  BODIPY FL-pepsta- 
tin  A depicting punctate staining in control cells (0, indicative o f intact lysosomes containing cathepsin D and A/3-induced redistribution o f cathepsin D into 
the cytosol (ii), which is prevented by 2-AG (Hi), AEA (/V), and URB 597 (v). D, cathepsin L activity was significantly increased in the culture medium o f cells 
exposed to  A/3 (*,p  <  0.05 versus control), and this was prevented by 2-AG and AEA (+ ,p  <  0.05 versus A/3). E, the A(3-primed medium, rich in cathepsin L, 
induced a significant increase in DNA fragmentation in cortical neurons (***,p  <  0.001 versus control), and this was prevented upon the addition o f a ca
thepsin L-neutralizing antibody (*, p <  0.05 versus A^-primed cells), n =  5. Error bars, S.E.

Endocannabinoids Prevent the A ̂ -m ediated Up-regulation 
of p-p53^" '  ̂a n d - L y s o s o m a l  Interaction—We 
have recently reported that A/3 destabilizes lysosomes in a 
manner involving the interaction of with the lyso

somal membrane. In Fig. 3, we demonstrate that the A^-me- 
diated up-regulation of p-p53*"'** (Fig. 3A) and association 
of p-p53*®' '̂*® with the lysosomes (Fig. 3B) is prevented by the 
endocannabinoids, AEA and 2-AG. In Fig. 3A, the expression
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p-psa’̂ and p-p53 -lysosom al interaction. Cortical neurons were
exposed to A p  (2 piM) for 6 h in the  presence or absence of 2-AG (10 nw) and 
AEA (10 nM) and assessed for p-p53 expression (,4). A/3 increased the 
expression of p-p53^'"'® (/'/} com pared with control (/), and this was pre
vented by 2-AG (;/■/) and AEA (/V). The arrows  indicate p-p53^'''®  immunore- 
activity [scale bar, 10 ;im). B, loading of cortical neurons with LysoTracker™ 
Red dem onstrated the  A/3-induced co-localization of p-p53^'' with lyso- 
somes (//) com pared with control (/). Inset, arrows indicate areas of colocal
ization [purple). This was also prevented by 2-AG (///) and AEA (/V). Scale bar, 
10 /im. n =  5.

of is low in control cells (Fig. 3A, i), whereas
immunoreactivity is increased in cells exposed to 

(2 fiM, 6 h; Fig. 3/1, ii). The A)3-mediated increase in 
p-p53*""'^ immunoreactivity is blocked by both 2-AG (Fig. 
3A, Hi) and AEA (Fig. 3A, iv). In Fig. 3B, cells are loaded with 
LysoTracker^'^ Red to observe lysosomes and probed for p-p- 
p53^®'''‘® immunoreactivity. In control cells (Fig. 3B, i), lyso
somes are intact, and p-p53*®''"*® imm unoreactivity is low. In 
A/3'treated cells (Fig. 3B, ii), p-p53^®'’ '® immunoreactivity is 
increased, and some of the immunoreactivity is co-localized 
with LysoTracker^'^ Red (shown in purple), in accordance 
with our previous findings (9). The co-localization of p-p-
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FIGURE 4. Endocannabinoids prevent A^-induced calpain activation.
A, A p  significantly increased p-p53*''‘”  immunoreactivity (***, p <  0.001 
versus control), and this was prevented by th e  calpain inhibitor, MDL 28170 
[888, p  <  0.001 versus A^). B, in cells exposed to A^, emission at 633 nm was 
significantly decreased (*■**, p <  0.001 versus control), and this was pre
vented by MDL 28170 (###,p <  0.001 versus A/J). C, Aj8 significantly in
creased DNA fragm entation in cultured cortical neurons (***, p <  0.001 ver
sus control), and this was prevented by MDL 28170 (###,p <  0.001 versus 
A/3). D, calpain activity was significantly increased in cultured cortical neu
rons exposed to  A/3 (*, p <  0.05 versus control), and this was prevented by 
2-AG, AEA, and URB 597 (#, p <  0,05 versus A/3), n =  5. Error bars, S.E.

p53^®' '̂^  ̂w ith lysosomes is abolished by 2-AG (Fig. 3B, Hi) 
and AEA (Fig. 3B, iv). These results suggest that the A/3-medi- 
ated up-regulation and association of p-p53®®' '̂^® with lyso
somes are prevented by the endocannabinoid system.

Endocannabinoids Prevent A ^-induced  Calpain 
Activation—In Fig. 44 , we dem onstrate that the A/3-mediated 
increase in p-pSS®"'*® expression is a calpain-dependent 
event. Cells were treated with the selective calpain inhibitor.
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MDL 28170 (10 / x m ) ,  for 1 h prior to exposure to Afi  (2 fiM) 
for 6 h. A fi significantly increased p-p53®" *̂  immunoreactiv- 
ity from  48.1 ± 9 .1  RFU in control cells (mean ±  S.E.) to 
155.3 ±  4.6 RFU (p <  0.001, ANOVA, « =  5), and this was 
prevented by the calpain inhibitor, MDL 28170 (47.05 ±  7.4 
RFU; p  <  0.001, ANOVA, n =  5).

In order to assess whether inhibition of calpain could also 
prevent the effects of A/3 on lysosomal membrane integrity, 
cultured cortical neurons were loaded with AO prior to  treat
m ent with A/3 (2 jLiM; 6 h) with or without MDL 28170 (10 
/x m ) .  Fig. 4B dem onstrates that inhibition of calpain prevents 
LMP evoked by A/3. Thus, AP  significantly reduced the fluo
rescence emission at 633 nm  from 357.2 ±  31.2 in control 
cells to 81.2 ±  16.5 (p <  0.001, ANOVA, n = 5), indicative of 
a loss in lysosomal integrity. Exposure to A/3 in the presence 
of MDL 28170 restored the fluorescence emission at 633 nm 
to 414.1 ±  31.4 {p <  0.001, ANOVA, « =  5).

To dem onstrate the importance of calpain activation in the 
apoptotic pathway evoked by A/3, DNA fragmentation was 
also assessed in cells exposed to A/3 (2 f iM ;  48 h) in the pres
ence or absence of MDL 28170. Fig. 4C dem onstrates that the 
apoptotic pathway evoked by A/3 is dependent upon activa
tion of calpain. Thus, in control cells, DNA fragmentation was 
3.8 ±  0.5% (mean ±  S.E.), and this was significantly increased 
to 24.1 ±  1.4% in cells exposed to A ji (p <  0.001, ANOVA, 
n = 5). However, in the presence of MDL 28170, DNA frag
m entation was significantly decreased to 5.5 ±  0.4%.

Finally, we investigated whether the neuroprotective pro
clivity of endocannabinoids relied on their ability to prevent 
calpain activation. Calpain activity was assessed in cultured 
cortical neurons exposed to A/3 (2 /h m ;  6 h) in the presence or 
absence of 2-AG (10 nM ), AEA (10 nM) or URB 597 (1 /x m ) .

Fig. 4D dem onstrates that modulation of the endocannabi- 
noid system can prevent the A/3-induced increase in calpain 
activation. Thus, A/3 significantly increased calpain activity 
from 5.8 ±  0.3 RFU (AMC release/min/mg) in control cells to 
8.1 ±  0.9 RFU (mean ±  S.E.). This was significantly decreased 
to 4.8 ± 0.4, 4.7 ±  0.9, and 5.2 ±  0.2 RFU by co-treatm ent 
with 2-AG, AEA, and URB 597, respectively. These results 
dem onstrate the role of calpain activation in A ^-induced apo- 
ptosis and the ability of the endocannabinoid system to pre
vent this phenom enon.

Receptor Target fo r  AEA—To investigate the involvement of 
the CBi receptor in endocannabinoid-mediated neuroprotec
tion, cortical neurons were exposed to A/3 (2 / x m ; 48 h) with 
or w ithout 2-AG (10 n M )  or AEA (10 n M )  in the presence or 
absence of the CBj receptor antagonist, AM 251 (10 / x m ) .  Fig. 
SA dem onstrates that AEA, but not 2-AG, provides neuropro
tection against A/3-induced DNA fragmentation in a CBj re
ceptor-dependent m anner. Thus, when neurons were exposed 
to A/3 and 2-AG in the presence of AM 251, 2-AG m aintained 
its ability to  confer neuroprotection. However, AEA was un
able to provide neuroprotection against A ^ while in the pres
ence of AM 251. Subsequent experiments on the role of CB, 
receptors in endocannabinoid-m ediated neuroprotection thus 
focused solely on AEA. To determine whether surface or in
tracellular CBj receptors were required for the neuroprotec
tive effects of AEA on A/3-induced lysosomal destabilization

and apoptosis, we used the cell-permeable CBi receptor an
tagonist, SR 141716A (1 / x m ) ,  which can target both intracel
lular and plasma m em brane CBj receptors, and the cell-im- 
permeable CB, receptor antagonist, hem opressin (10 / x m ) ,  

which can target only plasma m em brane CBj receptors (27). 
Cortical neurons were exposed to A ^ (2 /x m ,  48 h) and AEA 
(10 nM ) in the presence or absence of SR 141716A or hem o
pressin and assessed for DNA fragmentation. Fig. 5B dem on
strates that the neuroprotective effect of AEA against A/3- 
induced DNA fragmentation was blocked by SR 141716A. In 
contrast, AEA m aintained the ability to confer neuroprotec
tion against Ap-induced toxicity while in the presence of he
mopressin, thus providing evidence for the role of intracellu
lar CB, receptors in AEA-mediated neuroprotection. The 
water-soluble CB, receptor agonist, 0-2545, acted as a posi
tive control to dem onstrate the ability of hem opressin to 
block surface CB, receptor activity. Thus, cortical neurons 
exposed to  0-2545  expressed a higher level of p-ERK^’"̂ "̂ ”  ̂
phosphorylation com pared with control cells, and this was 
prevented following co-treatm ent with hem opressin (Fig. 5B, 
inset).

Similarly, SR 141716A, but no t hem opressin, abolished 
the ability of AEA to conserve the integrity  of the lyso
somal m em brane (arbitrary  units; Fig. 5C). Representative 
images of A O -stained neurons trea ted  w ith hem opressin 
contro l (i), hem opressin, A/3 and AEA (ii), SR 141716A 
contro l (Hi), and SR 141716A, A/3 and AEA (iV) are shown 
in Fig. 5D.

DISCUSSION

Endocannabinoids Prevent A ^-induced  Apoptosis—In this 
study, we dem onstrate that endocannabinoids, both directly 
and through pharmacological enhancem ent, are able to  pro
tect primary cerebral cortical neurons from A ^-induced apo
ptosis in vitro. Thus, 2-AG, AEA, and URB 597 prevented the 
A/3-induced increase in DNA fragmentation and caspase-3 
activation, both of which are hallmarks of apoptosis. W hether 
apoptosis is responsible for all of the neuronal cell loss ob
served in AD is a subject of some controversy. The findings of 
our study would suggest that at least a subset of neurons in 
the AD brain are vulnerable to cell death by apoptosis. This is 
in agreem ent w ith a num ber of studies that have reported an 
increase in DNA fragmentation (37, 38) and caspase-3 activa
tion (39) in the AD brain as well as the proclivity of A/3 to  in
duce apoptosis in neuronal cells in vivo (3).

The findings of our study also suggest that m odulation of 
the endocannabinoid system could be therapeutically advan
tageous in preventing the neuronal cell loss associated with 
AD. W e dem onstrate that both direct applications of 2-AG 
and AEA and their pharmacological enhancem ent using URB 
597 are able to provide protection against A/3 toxicity. The 
relevance of the endocannabinoid system to AD treatm ent 
has been contem plated for many years. Several studies have 
reported on its potential neuroprotective capabilities in vari
ous models of AD (25, 26,40) as well as highlighting disease- 
related alterations that occur over tim e (40-42). However, 
certain discrepancies also exist regarding the benefits of endo
cannabinoid therapeutics to AD research, with a num ber of
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FIGURE 5. Receptor target for AEA. A, k f i  significantly increased DNA fragmentation in cortical neurons (***, p <  0.001 versus control), and this was pre
vented by 2-AG and AEA {+  +  + , p <  0.001 versus Ap). In the presence o f AM 251,2-AG maintained the proclivity to  prevent A/3-induced DNA fragmenta
tion {888, p <  0.001 versus A/3). However, in the presence o f AM 251, the neuroprotective effect o f AEA on A/3-induced apoptosis was abolished, and a sig
nificant increase in DNA fragmentation was observed (###, p  <  0.001 versus Ap  and AEA). 6, to  determ ine the involvement o f intracellular and plasma 
membrane CB, receptors, cortical neurons were exposed to  A/3 (2 /am; 48 h) and AEA (10 nw) in the presence o f the cell-permeable CB, receptor antagonist, 
SR 141716A (1 /xm), or the cell-impermeable antagonist, hemopressin (10 jiM), and assessed for DNA fragmentation. DNA fragmentation was significantly 
increased in cells exposed to  Ap (•**, p <  0.001 versus control), and this was prevented by AEA (+  +  + , p <  0.001). In the presence of hemopressin, AEA 
maintained the proclivity to  prevent A ^-induced DNA fragmentation (888, p <  0.001 versus A0). However, in the presence o f SR 141716A, the neuroprotec
tive effect o f AEA was abolished, and a significant increase in DNA fragmentation was observed (§§§, p <  0.001 versus A pand AEA). Inset, the water-soluble 
CB, receptor agonist, 0-2545, was used as a positive control to  demonstrate the inhib itory effect o f hemopressin on p-ERK’ >̂''''̂ °® expression. Representative 
images for p-ERK’ '̂"'̂ ®̂  immunoreactivity are displayed in cells treated w ith  control (/), hemopressin (//), 0-2545 [Hi), and hemopressin and 0-2545 (;V).
C, emission at 633 nm was significantly decreased in cells exposed to  A/j, indicative o f lysosomal destabilization (***,p  <  0.001 versus control), and this was 
prevented by AEA (-(- -I- -I-, p  <  0.001 versus A/3). In the presence o f hemopressin, AEA maintained the proclivity to  prevent A^-induced lysosomal destabili
zation {888, p <  0.001 versus Ap). However, in the presence o f SR 141716A, the stabilizing effect o f AEA on lysosomes was abolished (#, p <  0.05 versus Ap 
and AEA). D, representative images o f AO-stained neurons depicting hemopressin control-treated (/); hemopressin-, A/3-, and AEA-treated (//); SR 141716A 
control-treated {Hi): and SR 141716A-, Ap~, and AEA-treated (/V) neurons. The arrows indicate cells w ith intact lysosomes {scale bar, 10 /Am), n =  5. Error bars, 
S.E.

studies reporting that it has no effect on AD neuropathology 
(43,44). Many of these inconsistencies can be explained by 
the use of different AD models, application of a diverse range 
of endocannabinoid system-modulating drugs {e.g. phyto-, 
endo-, and synthetic cannabinoids), and different drug con
centrations used. Contradictions in results may also be due to 
variable timing of drug application, as was suggested by van 
der Stelt et al. in 2006 (26). Thus, our findings are specific to

an in  v itro  model of AD consisting of primary cerebral corti
cal neurons exposed to toxic concentrations of A ^ and the 
neuroprotective proclivity of co-applied low concentrations of 
endocannabinoids. The concentration of AEA and 2-AG used 
in this study was based on a dose-response experiment using 
the TUNEL technique, whereby 10 nM had no effect on cell 
viability. However, in this experiment, higher concentrations 
(> 2  /AM for 2-AG and >10 /am for AEA) induced a significant
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increase in DNA fragm entation com pared with control cells, 
thus representing the neuroprotection/neurotoxicity paradox 
of endocannabinoid m odulation, which has been the focus of 
a recent review (45).

Consistent w ith our finding, other studies have reported on 
the neuroprotective properties of the endocannabinoid sys
tem  in hippocampal and cortical neurons against a num ber of 
toxic insults, including excitotoxicity (22, 46), ischemia (47), 
and oxidative damage (23), all of which are known to induce 
cell death by apoptosis. This endocannabinoid-m ediated neu
roprotection has been reported to occur through a variety of 
m echanisms, including activation of prosurvival signaling 
pathways like inositol triphosphate (48), P13K (49), focal ad
hesion kinase (50), and ERK (49-50) as well as through inhi
bition of calcium currents and opening of potassium channels 
(51-53). The non-psychoactive com ponent of cannabis, can- 
nabidiol, has a num ber of additional characteristics that high
light the benefits of using cannabinoid-based therapeutics for 
the treatm ent of AD, such as its ability to scavenge reactive 
oxygen species (23), reverse Tau hyperphosphorylation (54), 
and reduce activation of the inflammatory transcription tar
get, nuclear factor-KB (54). This study dem onstrates for the 
first tim e that endocannabinoid-m ediated neuroprotection 
can also occur through stabilization of the lysosomal 
membrane.

Endocannabinoids Prevent A  fi-induced Lysosomal M em 
brane Permeabilization—O ur finding that endocannabinoids 
stabilize lysosomes against Aj3 toxicity is novel and represents 
an early event in the apoptotic pathway that may be targeted 
by the endocannabinoid system to confer neuroprotection. 
LMP, as a distinct event in the apoptotic pathway, is now 
widely accepted (16, 55, 56) and is believed by many to occur 
upstream  of m itochondrial outer m em brane permeabilization 
and caspase-3 activation (57, 58). This is consistent with our 
findings, given that LMP was evoked after 6 h of exposure to 
A^, whereas DNA fragmentation and caspase-3 activation 
typically do not occur at a significant level until 48 h post-A/3 
treatm ent.

Although it is possible that A|3 increased the luminal pH of 
lysosomes, leading to the redistribution of AO into the cy
tosol, our finding that A ^ prom otes the translocation of the 
lysosomal enzymes cathepsin D to the cytosol and cathepsin L 
to the extracellular matrix supports our proposal that A ^ 
evokes permeabilization of the lysosomes. Both of these en
zymes have been implicated in the initiation and execution of 
cell death pathways (15). For example, cathepsin D has the 
proclivity to  activate the proapoptotic protein, Bax, in a Bid- 
independent (59) and Bid-dependent (60) m anner, resulting 
ultimately in m itochondrial outer m em brane permeabiliza- 
tion, whereas cathepsin L is capable of activating caspase-de- 
pendent apoptosis through the cleavage of the proapoptotic 
protein. Bid, and the antiapoptotic proteins Bcl-2 and Bcl-xL 
(61).

The diffuse appearance of BODIPY FL-pepstatin A in Fig. 
2C (li) dem onstrates the ability of A ^ to translocate cathepsin 
D from the lysosomal lumen into the cytosol. It is still un 
known whether all lysosomes within a cell are uniformly sus
ceptible to LMP; however, there is some evidence to suggest

that larger lysosomes may be more vulnerable than smaller 
ones (62). This discrepancy may account for the small am ount 
of punctuate staining that is visible in the A/3-treated neurons. 
A nother possibility is that alterations in the am ount of A/3 
loading into lysosomes may in tu rn  affect the extent of LMP 
that occurs. However, it should be noted that a study by Rob- 
erg e t al. (63) dem onstra ted  tha t m icroinjection  of ca thep 
sin D enzyme into the cytosol is sufficient to  trigger m ito 
chondrial ou ter m em brane perm eabilization and thus 
highlights the im pact o f A/3 toxicity on a single lysosome.

W e also report in this study that cathepsin L activity was 
significantly increased in the cell culture medium concom i
tan t with LMP. Furtherm ore, the A/J-primed cells, rich in 
cathepsin L, were sufficient to induce apoptosis in fresh neu
rons, thus suggesting that the secreted cathepsin L is active 
and capable of initiating apoptosis in neighboring cells. This 
could be of relevance to  AD, a disease characterized by neuro
nal cell loss, because it implies that loss of lysosomal integrity 
in one cell could be enough to trigger cell death in a whole 
population of adjacent neurons. M ost cells secrete small 
am ounts of newly synthesized procathepsin L, but under cer
tain physiological conditions, m ature cathepsin L has also 
been detected in cell culture medium (64). The mechanism of 
this secretion remains to  be determ ined, but there is some 
evidence to suggest that endosomes can become enriched 
with cathepsin L. U nder certain stimuli, cathepsin L is then 
activated and secreted via a distinctive targeting pathway (64). 
O f interest, when cathepsin L is up-regulated, targeting to 
lysosomes continues at a constant level, whereas the addi
tional enzyme produced enters a different targeting pathway 
{e.g. endosomes) (64, 65). W e have previously dem onstrated 
that A/3 can prom ote a time- and dose-dependent release of 
cathepsin L into the cytosol, with cathepsin L release being 
induced 6 h after A/3 treatm ent (8). Thus, it is possible that 
the cytosolic release of cathepsin L is the result of A/3-induced 
LMP, whereas the cathepsin L detected in our cell culture 
medium is a result of its up-regulation and subsequent target
ing to secretory endosomes. Using a cathepsin L-neutralizing 
antibody, we determ ined that cathepsin L in our cell culture 
medium was inducing apoptosis in neighboring cells. How
ever, the effect of the neutralizing antibody was only partial 
and not sufficient to  return  DNA fragm entation to control 
levels. This suggests tha t other lysosomal enzymes may be 
released alongside cathepsin L following exposure to A/3 (e.g. 
the cysteine protease cathepsin B).

Precisely how A/3 induces LMP remains to be clarified. 
Findings from our laboratory would suggest that it may evoke 
structural alterations in lysosome-associated membrane pro
teins, which in tu rn  cause lysosomes to become vulnerable to 
LMP (data not shown). In this study, we report that this 
harmful effect of A/3 on lysosomal integrity is dependent upon 
the phosphorylation of p 5 3 ^ ‘' *̂ .

O ur finding that endocannabinoids have the proclivity to 
stabilize lysosomes is novel and may represent a vital m echa
nism by which these lipid m odulators confer neuroprotection. 
Our results suggest that this stabilizing effect of endocannabi
noids on lysosomal m em branes is based upon their ability to 
prevent A ^-induced alterations in p53*"^''^. Given that the
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neuroprotective effect of endocannabinoids may rely upon 
their early adm inistration (26), and because LMP occurs early 
in the apoptotic pathway, lysosomal integrity may be a pivotal 
point at which endocannabinoids decide between cell death 
and cell survival.

Endocannabinoids Prevent the A ji-induced Up-regulation o f 
p-p53^" ‘^ and  Its Association with the Lysosomal M embrane 
by Inhibiting Calpain Activation—"We report that endocan
nabinoids stabilize lysosomes by inhibiting the A]8-induced 
up-regulation of p-p53*®'''*® and its subsequent translocation 
to  the lysosomal membrane. Based on our previous findings 
that LMP evoked by A/3 is dependent upon p-p53'̂ ®'̂ '*® (9), the 
inhibiting effect of endocannabinoids on p-p53^'‘' ’® up-regu- 
lation may account for their neuroprotective proclivities at 
the lysosomal membrane. Precisely how p-p53*"^ '® impacts 
on the lysosome to induce LMP remains to be elucidated. 
There is some evidence to  suggest tha t p53 forms a complex 
with the adaptor protein, LAPP (lysosome-associated and 
apoptosis-inducing protein pleckstrin homology and FYVE 
domains) to prom ote LMP in a transcription-independent 
m anner (66). p53 has also been reported to associate with the 
lysosomal protein DRAM (damage-regulated autophagy m od
ulator), whereby it induces autophagy (67). Given that A/3 
destabilizes lysosomes, an induction of autophagy at such a 
tim e would probably culminate in lysosomal burden, render
ing the lysosomes vulnerable to LMP. Thus, it is interesting to 
speculate that endocannabinoids inhibit p-p53^®'̂ '*® up-regu- 
lation and lysosomal association in order to prevent an induc
tion of autophagy.

W e also report on the involvement of calpain in the apo
ptotic pathway evoked by A/3. Thus, we dem onstrated that 
A/3 significantly increased calpain activity in our cultured cor
tical neurons, whereas inhibition of calpain prevented A^- 
induced phosphorylation of p-p53^" ‘® and the subsequent 
effects on lysosomal integrity and DNA fragmentation. Con
sistent with our findings that calpain activation may be pivotal 
to  A/3 toxicity, it has been reported that inhibition of calpain 
improves memory and synaptic transm ission in a mouse 
model of AD (68). W ith respect to calpain involvement in 
neuronal cell death, several studies have reported on its role 
in the apoptotic pathway (7, 6 9 -71 ) and its ability to catalyze 
LMP (72, 73). Calpains are non-lysosomal cysteine proteases 
that are activated in response to an increase in intracellular 
Ca^"^ concentration leading to the proteolysis of its target 
proteins and activation of signal transduction pathways. 
Among the protein substrates for calpain is p53. W e have 
dem onstrated in our study that calpain activation is pivotal 
for p-pSS '̂" '̂*® phosphorylation and thus vital for the effects 
of p-pSŜ ®"̂ '̂ ® at the lysosomal membrane. This is in agree
m ent with other studies that have dem onstrated pharm aco
logical inhibition of calpain abrogates LMP (72).

It has been known for some time that intracellular Ca^ ̂  
levels are increased in the aged brain, and on the basis of this 
observation, it has been suggested tha t dysregulation of 
homeostasis may underlie the neurodegeneration that occurs 
in AD. A/3-induced increases in intracellular Ca^"  ̂ concentra
tions have been reported in a num ber of studies (74 -76).
Thus, a possible scenario emerges whereby exposure of corti-
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cal neurons to A ^ results in an increase in intracellular Ca^ ' 
concentration, which in tu rn  leads to calpain activation and 
phosphorylation of p53*®''*®, resulting ultimately in LMP and 
cell death.

A well established neuroprotective property of endocan
nabinoids is their ability to reduce Ca'^'  ̂ influx through the 
CB, receptor by blocking the activity of voltage-dependent 
N-, P/Q-, and L-type Ca^*^ channels and through the presyn- 
aptic inhibition of glutamate release (22). Because a small 
change in intracellular Ca^"^ concentration is sufficient to 
activate calpains, it is a possibility that the capacity of endo
cannabinoids to confer neuroprotection is through their inhi
bition of Ca'^'^ influx. Indeed, we have dem onstrated that en
docannabinoids prevent the A ^-induced increase in calpain 
activity. Given that endocannabinoids are produced in re
sponse to an increase in intracellular Ca^"^ concentration, it is 
possible that under norm al circumstances, this leads to the 
inhibition of calpain and its downstream affects on p53^"'*® 
and lysosomal integrity. However, this regulatory effect may 
be lost in the AD brain. Thus, therapies that modulate endo- 
cannabinoid tone may be advantageous based on their ability 
to prevent a rise in intracellular Ca^"^. In accordance with this 
theory, we have dem onstrated that URB 597 can prevent the 
A/3-induced increase in calpain activation, destabilization of 
the lysosomal membrane, and ensuing cell death.

AEA Targets Intracellular CB, Receptors—O ur findings also 
suggest that AEA, but not 2-AG, mediates its neuroprotection 
in a CBj receptor-dependent m anner. Furtherm ore, the neu
roprotective and lysosome stabilizing effects of AEA were 
dependent upon intracellular and not plasma m em brane CB, 
receptors. Thus, when cortical neurons were exposed to he- 
mopressin, a CBj receptor antagonist that cannot cross the 
plasma m em brane and therefore can only target plasma m em 
brane CB, receptors, AEA still had the proclivity to protect 
against the A/3-induced increase in DNA fragm entation and 
LMP. In contrast, in the presence of SR 141716A, a cell-per
meable CBj receptor antagonist, AEA could no longer confer 
neuroprotection. Hemopressin is a naturally occurring pep
tide that is capable of functionally antagonizing the activity of 
CBj receptors. Recent studies have reported that hemopres- 
sin’s mechanism of action reflects those of the well character
ized CB, inverse agonists, AM 251 and SR 141716A (32, 33).

In this study, we dem onstrated the ability of hem opressin 
to prevent p-ERK^’"'"̂ ®® signaling by the water-soluble CB, 
agonist 0 -2545 and thus exhibit the proclivity of hem opressin 
to antagonize this receptor. Further evidence that hem opres
sin selectively antagonizes CB, receptors comes from the re
cent finding that it can prevent agonist-induced receptor in
ternalization into endosomes (32). However, it should be 
noted tha t Gomes et al. (77) have identified that N-terminally 
extended forms of hem opressin can function as CB, receptor 
agonists, activating a signal transduction pathway distinct 
from that activated by endocannabinoids.

It has recently been reported that the intracellular pools of 
CB, receptors can directly associate with lysosomes and 
moreover that they retain their ability to  couple to  G a, to  ac
tivate ERK (27). Given our finding that intracellular CB, re
ceptors are required for AEA-mediated neuroprotection, it is
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possible that direct signaling of CBj receptors at the iysosom e 
can be attributed to this neuroprotective effect. Furthermore, 
the finding that CB, receptors are trafficked to lysosom es via 
AP-3 (27), the sam e adaptor protein responsible for traffick
ing lysosom e-associated membrane proteins 1 and 2 to lyso
som es, suggests that a far more intimate relationship may ex
ist between the endocannabinoid and lysosomal systems. 
M oreover, given that lysosom es are stores for Câ "̂  (78), it is 
an intriguing possibility that endocannabinoids govern lyos- 
omal integrity by preventing A^-induced lysosomal calcium  
release, a small am ount o f which would be sufficient to acti
vate calpain.

In 2005, Ramirez e ta l . (40) reported that CBi receptor ex 
pression was decreased on neurons rem ote from amyloid 
plaques in post-m ortem  AD brains and suggested that they 
might be extremely vulnerable to the toxic species generated 
by microglia. Similarly, autoradiographic studies with 
[®H]CP55.940 in patients with AD demonstrated that CBj 
receptor density was reduced in the entorhinal cortex, hip
pocampus, and caudate of the latter (41). However, in this 
study, reductions in CBj receptor density were not associated 
with the characteristic neuropathological hallmarks o f AD. 
Recent findings from Cudaback e t al. (79) suggest that canna- 
binoid receptor expression may determ ine their efficacy for 

: activating proapoptotic and prosurvival signals, whereby low  
levels o f cannabinoid receptor expression in astrocytoma sub
clones couple to apoptotic pathways, whereas high levels of 
expression also couple to prosurvival pathways. Thus, it is a 
possibility that endocannabinoids have a direct modulating 
effect on the expression of cannabinoid receptors, w hich in 
turn couple to prosurvival signaling pathways to confer neu
roprotection. Moreover, given that endocytic processes are 
required for the axonal targeting of CBj receptors (80), which 
in turn depend upon an efficient lysosomal system, endocan- 
nabinoid-mediated stabilization of lysosomal membranes may 
in turn affect the expression level o f cannabinoid receptors 
within a given cell.

CB^ receptor expression is increased on microglia within 
amyloid plaques (40, 42), and evidence is emerging in support 
of the neuroprotective actions of CB^ receptor agonists for 
the treatment of neurodegenerative diseases (8 1 -8 3 ). A l
though the results generated from these experim ents were 
obtained with primary cultured neurons, we cannot exclude a 
small contributing role for glia. However, in this study, the 
use of AM630, a selective CB2 receptor antagonist, had no 
effect on the proclivity o f 2-AG or AEA to confer neuropro
tection (data no shown).

In contrast to AEA, the mechanism of 2 -AG-m ediated neu
roprotection was not CBj receptor-dependent. Over the last 
decade, other receptor targets and oxygenation pathways for 
endocannabinoids have been identified. For example, num er
ous studies have now reported on the ability o f 2-AG and 
AEA to activate peroxisome proliferator-activated receptors 
(84 -  86) and putative cannabinoid receptors, such as GPR55 
(87). In addition, 2-AG has been demonstrated to be a natural 
substrate for cyclooxygenase-2 (COX-2) (88, 89); thus, the 
possibility cannot be ruled out that downstream metabolites 
o f 2-AG oxygenation account for the neuroprotective effects

of 2-AG in our m odel o f AD. Further experim ents are re
quired to decipher precisely how 2-AG confers neuroprotec
tion. In light o f these results, we propose that stabilization of 
lysosom es by endocannabinoids may represent a key m echa
nism by which these lipid m olecules can confer 
neuroprotection.
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