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Chapter One

LITERATURE REVIEW

“Mens sana in corpora sano”

1.1 INTRODUCTION

Although taken out of context from their use in tpening line of Juvenal’s
poem, Satire X, from the lat€' tentury, these words have often been repeated to
promote the belief that only a healthy body cardpoe or sustain a healthy mind — a
healthy mind in a healthy body. It is uncertain whivoduced the use of this phrase
with its modern day interpretation; however, itends long before scientific proof
was advanced enough to support such a theory. lyueke are presently in an epoch
that has made, and continues to make, leaps antibani research investigating the
connection between physical and mental health.ellsecompelling evidence that a
healthy mind is often linked to a healthy body.himans it is difficult to interpret
whether a healthy body encourages mental wellbeangyhether a healthy mind
promotes lifestyle choices that encourage fitneksvever, animal studies indicate

that forced or voluntary exercise directly enharmagmitive function.

The concept of this thesis was to explore how efgsef physical and
mental health are connected; particularly focusinghe effects that aerobic exercise
and resveratrol ingestion have on learning and nngnResearch to date indicates
that factors that enhance the metabolic system wdBeve certain elements of
cognitive decline. The extent to which this occigrstill to be determined, with a



vast number of scientists investigating differespects of cognitive decline and
methods of altering metabolism. The aim of thissthés to determine the extent of
cognitive enhancement associated with regular raffied ingestion and aerobic
exercise, and to explore and compare the pathwagtatents that are involved in
these actions. A direct comparison study of thegefactors will be used in order to
highlight more clearly any differences betweenttlaetions on the metabolic system

and the varying outcome on cognition.

The following literature review will discuss thefedts of ageing both
physiologically and neurologically, the growing plem of noncommunicable
diseases, and the therapeutic potential of aerekeccise and resveratrol as tools

against noncommunicable diseases, particularlglation to cognitive decline.



1.2 THE AGEING BODY AND BRAIN

The leading risk factor for physical and neuroladjidegeneration is ageing.
All humans experience some degree of physical aguitve decline as we grow
older; for many these will become debilitating. BEpments in scientific
understanding and medical care have improved betlergl health and average life
expectancy, particularly in developed countrieser@ge worldwide life expectancy
at birth has increased from 48 years in 1955, tyd#ds in 2009, with predictions
that this figure will reach 73 years by 2025 (Wi$898). These values are greater in
developed countries, with life expectancy in Irelaat 80.5 years in 2011 (World
Bank, 2012). Life expectancy is commonly used aseasure of overall population
health, with predicted length of life being indivat of mortality rates at a given
time, and this dramatic improvement in mortalityseen as one of the most notable
achievements of the past century (World Health @iggion, 1998). However, with
these increases in the ageing population, mortabtgs no longer present an
accurate picture of the population’s health stangicators of morbidity, such as the
prevalence of chronic diseases and disabilitieesgt a more appropriate
impression of global health. One attempt to given@e accurate measure of the
global burden of disease is the disability-adjudiiedyear (DALY) that was created
as a measure of overall disease burden, expressagh#ber of years lost due to ill-

health, disability or early death (Murray and Lop&297).

DALY = YLL + YLD
Disability-adjusted Years of Years lived
life year life lost with disability

The swing from high to low mortality was largelycilitated by the
development of immunisations against infectious aadasitic diseases, such as

smallpox, polio and measles; with these previotistyleading causes of disease and



death. Nowadays, the largest global health burdetheé prevalence of chronic
noncommunicable diseases (NCD) (World Health Osgitn, 2011). Although
often associated with ageing, these can affect poting and old, with 25% of
deaths in 2008 attributable to these disordersroocuin people under the age of 60.
However, age is certainly a key risk factor forgbelebilitating and life-threatening
conditions, such as cardiovascular disease, camceneurodegeneration; thus, these
are increasing in prevalence along with lengthdifedexpectancies. It is becoming
increasingly important for future medicine to impeomental and physical health in

old age.

1.2.1 Degeneration of Ageing

Ageing is the most prominent aetiological factdr ghysiological and
neurological decline. It is an accumulation of dging alterations at molecular and
cellular levels that result in increased risk ofrimdity and mortality. Ageing is
defined by (a) the increased probability of motyalith increasing age and (b) the
characteristic changes in phenotype that occult individuals due to the limiting of
certain processes over time (Johnson et al., 1988¢se phenotypic changes
associated with ageing occur to a certain degredl imdividuals of a population;
they are distinct from changes related to diseafemsgeing which affect only a

subset of a population.



Symptoms of Ageing

Associated NCD

Atherosclerosis, arteriosclerosis, hypertension
Loss of brain tissue, memory decline
Demyelination
Reduced gland size, hormone dysregulation
Increased hyperplasia and macromolecular aggre(
Weakening of connective tissue
Reduced bone mineral density
Lung capacity and elasticity lessens
Higher autoimmunity
Decreased metabolism
Muscular atrophy
Anosmia
Presbycusis
Ageusia
Alopecia, canities
Wrinkling of skin

Reduced thermoregulation

Cardiovascular diseases
Neurodegeiverdiseases

Neurodegenerative diseases

Diabetes
Cancer
Rheumatoid arthritis
Osteoporosis

Respiratsgates

Table. 1-1. The phenotypic changes associated with ageing drel Key
noncommunicable disease that they increase thefiaktaining.

Although distinct from disease-related changes f{ktky 2007), these

modifications that occur with ageing leave the bothore susceptible to

noncommunicable diseases and increase the risk asfality. There are direct



correlations between certain symptoms of ageingspetific NCDs, as outlined in
table. 1-1.0ther symptoms of ageing, such as alapmed wrinkling of skin, are
generally thought to be unrelated to an increagddaf mortality, but some argue
that the underlying mechanisms controlling thesec@sses may also affect the
mortality of other organs (Schnohr et al., 199%)eing is a phenomenon that is not
fully understood; here several molecular modelagding that have been developed

in attempts to explain this abating aspect ofwik be discussed.

Age-related autoimmunity

Inflammation is involved in the development of mdsteases because it puts
the entire body under metabolic stress, inducingpggms and causing morbidity.
Targeting altered metabolic pathways in inflammationay enhance our
understanding of disease pathogenesis and pointvélyeto new therapies. The
endogenous inflammatory response is initiated assalt of trauma or infections
which activate cellular mediators, such as macrgpbaThese cells release pro-
inflammatory cytokines, such as interleukins (ILpdatumour necrosis factor-
(TNF-a), which are responsible for the progression of iégponse to a systemic
level. This inflammatory response is designed tstrdg microbial pathogens,
initiate tissue repair processes, and promote w@wrrdb physiological homeostasis
(Gabay and Kushner, 1999). In response to the mpcesef pro-inflammatory
cytokines, a number of transcription factors agulated to promote the synthesis of
the inducible isoform of nitric oxide synthase (iI§Din many cells and produces
large levels of nitric oxide (NO) as a defence nagadm. Induction of INOS usually
occurs in an oxidative environment, allowing the Ni@duced to react with
superoxide (@) to produce the anion, peroxynitrite (ONQCausing cell toxicity
(Fig. 1-1). The activated transcription factorsoafgomote the synthesis of more
cytokines, such as ILBL IL-8 and TNFe..



L-Citrulline

Pro-inflammatory mechanisms

Fig. 1-1. The inflammatory mechanism by which the presence of cy&s
encourages the production of nitric oxide as artgfenechanism in many ce

In a parallel process, cell membrane phospholimds hydrolysed b
phospholipase A(PLA,) to produce arachidonic ac(AA) and lysophospholipic
(Svensson and Yaksh, 2002). AA is then converteadynyooxygenase (COX) 1
prostaglandin K (PGF,), which is a precursor to important biological na¢drs
called prostanoids. Prostanoids, such as prosi@igsand thromboxal, act as pro-
inflammatory molecules (Fig. -2). Non-steroidal antiflammatory drugs
(NSAIDs), such as aspirin and ibuprofen, exertrtlagt-inflammatory effects b
blocking this pathway through the inhibition of COXhe compounds produc:
through thes pathways lead to a number of -inflammatory mechanisms th
protect the body from invading pathogens and eragmirthe body to return
homeostatic normality. As a result of productioming an inflammatory respons

peroxynitrite enhances apoptosand necrosis in order to fight off the invad



pathogen, whilst prostanoids enhance angiogenesis iaduce many of th

symptoms associated with inflammation, such as, peuer, and hypertensic

( PLA: )
NSAIDs

Arachinoid Acid

EAR—N\ )
o

(P GiED
P @

e CFai)
\\ (T
)

Pro- |nflammatory mechanisms

Fig. 1-2. The inflammatory pathway targeted by -steroidal antinflammatory
drugs.

As we age, levels of p-inflammatory mediators typically increase, ever
the absence of acute infection or other stresseisdies investigating levels
antibodies present in healthy elderly people, hfmwend thi levels of no-organ
specific (Manoussakis et al., 1987; Bruunsgaar@lgt2002) and organ speci
(Candore et al.,, 1997) antibodies are much highan tthose found in young
populations, with some antibody levels increasedai@t-fold. The autoimmune
response to ageing is a chronic, low level, subm@dirprocess mediated by the sa
molecules, but differing in degree (Tracy, 2003[thAugh this response is importe

for preventing and neutralising dangerous infediagents, in aged individuait



becomes a meaningful stress leading to altered monegulation and unbalanced
responses. The mechanisms and meaning of autoirynduning ageing is not clear,
but it seems that this is a mere reflection ofadbeanced organ damage taking place
with ageing, resulting in a chronic immune respor@@ee example is the adipose
tissue dysfunction associated with ageing. Thisltesn impairment of adipogenesis
and an accumulation of senescent pre-adipocyteghvditract immune cells that
secrete pro-inflammatory cytokines, such as intdiles and TNFe. This starts a
vicious cycle, as TNkt and IL-6 repress the adipogenic transcription diast
peroxisome proliferator activated receptor gammRA[Ry) and CCAAT/enhancer
binding o (C/EBRy), whose key roles are involved in adipogenesisk{&nd et al.,
2002). Ageing is associated with increased ciraujatievels of TNFe, IL-6,
cytokine antagonists, and acute phase proteinsu(Bgaard et al., 2001). Increased
levels of circulating pro-inflammatory mediators ynbe responsible for many
aspects of degeneration associated with ageind, fedback loops explaining the

gradual increase over time.

The autoimmune process in the brain is unique dubke blood-brain barrier
(BBB). This layer of tightly packed endothelial lsgbrevents the permeation of pro-
inflammatory agents and only allows select nutsesadd small molecules into the
central nervous system (CNS). However, the intggof the BBB becomes
compromised with chronic systemic inflammation ic€d by stimuli such as ageing,
cigarette smoking, and poor diet (Mattson et &02). This allows irritants to enter
the brain, leading to increased production of pftammatory cytokines, such as the
interleukins, I1L-6 and IL-18 which impair neurogeige(Valliéres et al., 2002; Qiu et
al., 2006), and IL-f, IL-6 and TNFe, which damage and destroy existing neurons
(Acarin et al., 2000; Pringle et al., 2001; Grifeeh al., 2002). These biomarkers of
inflammation, in particular IL-6, have been linkidcognitive impairment in healthy
elderly people (Weaver et al., 2002), and patiavite neurodegenerative diseases
(Licastro et al., 2000). A number of complex intelated mechanisms are thought to

contribute to age-related autoimmunity, which Ww# further discussed now.



Oxidative stress

Endogenous reactive oxygen species (ROS) and veactirogen species
(RNS) are predicted to play a key role in molecutalular and structural damage
over time(Harman, 1981). Under normal physiological conadisipROS are formed
as a by-product of oxygen metabolism and have vabkds in signal transduction
cascades by acting as molecular on/off switchesutiir the oxidisation or reduction
of protein cysteine thiol groups (Brandes et a0®. ROS act in concert with
intracellular C&" in signalling pathways that regulate the balande cell
proliferation and cell death (Sauer et al., 20019w levels of ROS serve as
important signalling molecules in processes suclyeage transcription, apoptosis,
and metabolism (Stadtman and Berlett, 1998; Fin&abl Holbrook, 2000;
D’Autréaux and Toledano, 2007). Low concentratioh&NS also play significant
roles as redox active molecules (Moncada et a@Q1)1High levels of ROS and RNS
are toxic and can cause oxidative damage to ddmxywicleic acid (DNA), lipids,
and proteins; putting organisms in a state of dwdastress (Sies, 1991). Severe
oxidative damage eventually leads to apoptosiscalidieath. One example of when
this is beneficial to a cell is production of theeyiously mentioned RNS,
peroxynitrite (ONOQ), through the inflammatory pathway in order torgase cell
toxicity and fight off invading pathogens (Fig. 1-To maintain redox homeostasis
under conditions where ROS concentrations begind@ase, cells utilise a range of
enzymatic and non-enzymatic defence and repaitegies (Brandes et al., 2009).
For rapid ROS detoxification and scavenging, madiscuse a combination of
antioxidant enzymes with very high catalytic adiyisuch as superoxide dismutase
(SOD), catalase, and glutathione peroxidase (G&xqaf high cellular abundance,

such as peroxiredoxins (Rhee et al., 2005).

Accumulating ROS have been shown to directly rdgula number of
transcription factors (Kamata and Hirata, 1999%sthinclude the activator protein-1
(AP-1) and nuclear factor kappa-light-chain-enharafeactivated B cells (NkB)
(Meyer et al.,, 1993). This ability to rapidly adageéne expression to different
environmental conditions is crucial for the grovethd survival of every organism.

Redox regulation of these proteins is mediatedheymodification of one or more



cydeine residues, leading to either the activationnactivation of the respecti
transcription factor (Meyer et al., 1993). With R®8th activating the A-1 and
NF-kB transcription factors directly and indirectly ¢Fil-3), ROS accumulation ce
activae the inflammatory pathway (Fig-1).

—( Reactive Species )

Nucleus

Fig. 1-3. Reactive species directly and indirectly regulateuenber of transcriptio
factors, includingNF-«xB and APi1 which activate genes which upregulate-
inflammatory mechanisms, amongst other pathv

Animals with higher metabolic rates often have &olifespans; howeve
animals that produce fewer ROS and RNS from mesholsuch as birds ar
primates, tend to live longer than would be prestidby their metabolic rates (Ku
al., 1993). This haled to the fre-radical theory of ageing (Harman, 1957). As
age, levels of reactive species increase in masyés (Drew and Leeuwenbur
2002), with levels of antioxidant enzymes, sucls@D, catalase and GPx, show

different expression levebetween studies and tissues (Rao et al., 1990;akfust



al., 1995; inal et al., 2001). Additionally, traesgc Drosophilaoverexpressing SOD
and catalase live 34% longer than controls (Orr @oldal, 1994), whilst conversely,
mice knocked out for genes encoding GPx or SOD atodisplay a phenotype of
rapid ageing (Reaume et al., 1996; Ho et al., 198[Though increased antioxidant
enzyme activity can promote longevity, loss of théactors does not appear to be
detrimental to lifespan. Age-related increases eactive species lead to over-
oxidation and irreversible changes in protein strrecand function. It appears that
progressive oxidative damage is a conserved, demtewhanism of age-related
functional decline (Muller et al., 2007), with margpecies showing an age-
dependent upregulation of oxidative stress-respgeses (Yanker et al., 2008). It is
the damaging effect of increasing oxidant concéiotna that many believe is the
underlying culprit of eukaryotic ageing (Finkel addlbrook, 2000).

The brain is particularly susceptible to oxidatidamage due to its high
oxygen consumption, roughly 20% of the oxygen usethe entire body, and due to
high concentrations of phospholipids which are esjilg prone to oxidative damage
(Wu et al., 2004). With ageing, there is a sigaifitand progressive increase in the
level of oxidatively damaged DNA and lipids in thain (Head, 2009), with dietary
antioxidants shown to prevent oxidative damageheflirain in aged rats and reduce
cognitive decline (Liu et al., 2002; Wu et al., 200

Hormonal imbalance

The endocrine system experiences an age-relatéided@cfunction, with an
imbalance of hormonal production. One hormone ihateases in production with
ageing is the catabolic hormone, cortisol, due teerstimulation of the
hypothalamic-pituitary-adrenal (HPA) axis (Luz elt, a2003). Conversely, the
production of many anabolic hormones decreases waghing. The anabolic

hormones, dehydroepiandrosterone (DHEA), melatoamd growth hormone,



enhance the proliferation and activity of cellutaediators of immunity, with DHEA
also reducing pro-inflammatory cytokine productiinserra et al., 1998). With
ageing, reduction in levels of these hormones, amghrallel increase in cortisol
levels, leads to increased chronic inflammationféBili and Willoughby, 2008). Of
the anabolic hormones, androgens such as oesteogktestosterone in particular,
greatly decline. These hormones have been shownottulate the production of
pro-inflammatory cytokines, such as IL-6 (Pottratzal., 1994), at least partially
through inhibition of NFR<B activity (Keller et al., 1996), and lower levei§ these
hormones is associated with increased productioprofinflammatory cytokines
(Maggio et al., 2006). This interaction occurs mthbdirections, with the immune
system shown to modulate the endocrine system. dbxag cytokines have been
used to highlight the marked change that theseheare on the HPA axis in rats
(Besedovsky et al., 1977; Besedovsky and del R@87)Lland humans (Jablons et
al., 1989; Mastorakos et al., 1993; Spath-Schwellze., 1994).

In the brain, anabolic hormone receptors are disteid throughout and assist
in regulating the transcription of a vast arraygeines involved in cognition and
behaviour. Sufficient activation of these recept@sessential for normal brain
functioning; when hormonal imbalances or deficiescidisrupt this activation,
cognitive deficits occur as a result (Sonntag ¢t24105). Studies in rats suggest that
the hormone, oestrogen, also has the ability totfan directly as a neurotransmitter
in the CNS (Balthazart and Ball, 2006); with in@ed levels of androgens linked to
improved cognitive function (Bagger et al.,, 2005ewinan et al., 2005), and
decreases linked to lower functional capacity (Getigl., 2005; Daniel, 2006). The
connection between these hormones and cognitiviifumappears to be partly due
to the role androgens play in maintaining synapténsity; with hippocampal
synaptic maintenance shown to be androgen-deperft¥adlLusky et al., 2006).
Lower levels of DHEA, which is particularly active the CNS, have also been tied
to impaired cognitive performance; a deficit whichn be improved with DHEA

supplementation (Huppert and Niekerk, 2006).



Mitochondrial dysfunction

Gene expression studies suggest that a reductiothenexpression of
mitochondrial genes with ageing is strongly conedriromC. elegango humans
(Zahn et al., 2007; Yanker et al., 2008). A declmenitochondrial function seems to
be an important modulating factor on the ageing@ss in all species examined, and
it can have positive or negative effects on lifespdepending on the context
(Sedensky and Morgan, 2006). Reduction in mitochahtlnction has been shown
to shorten lifespan in a number of species (Trifuncet al., 2004; Kujoth et al.,
2005; Rea et al.,, 2007), while augmentation of amitmdrial function has been
shown to extend lifespan (Lin et al., 2002; Schrieeal., 2005). Mitochondria are
highly dynamic organelles that fuse and dividedgsponse to environmental stimuli,
developmental status, and energy requirements ¢5ab, 2010). A recent wave of
studies demonstrates the pleiotropic role of theszhanisms in many cellular
processes, such as mitochondrial metabolism, resigralling, maintenance of
mitochondrial DNA (mtDNA), and autophagy (Chan, 80Twig et al., 2008; Seo et
al., 2010; Zorzano et al., 2010). Among other fiord, they provide energy for
anabolic reactions by securing adenosine-5-triphate (ATP) produced from
catabolic reactions (Fig. 1-4). Hydrolysis of ATB adenosine-5'-diphosphate
(ADP) or adenosine-5-monophosphate (AMP) provideergy for most biological
processes making mitochondria essential for nogaklfunction and maintenance

of redox homeostasis and programmed cell deathz@taet al., 2010).
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Fig. 1-4.Mitochondria provide energy, in the form of ATPr fmosynthetic anaboli
reactions by securing ATP produced in en-yielding cdabolic reaction:

In quiescent cells, the fission machinery is actared mitochondria at
present as distinct small spheres or short rodss achinery contributes to tl
elimination of irreversibly damaged mitochondriaciigh autophagy. In respce to
stresses, such as inflammation, a mitochondridt $twvards fusion favours tr
generation of interconnected mitochondria, whichtgbute to a rapid provision «
energy to the cell by maximising ATP synthesis. dugoing fusio-fission cycle
allows mitochondrial functional and genetic complementati@enerating th
appropriate distribution of new organelles duringll cdivision (Fig. :5).
Dysfunctional regulation of these mechanisms isugind to be one of the intrins
causes of mitochondrial cfunction, which contributes to oxidative stress aedl
death during the ageing process (Seo et al., 20AQ).imbalance betwee
mitochondrial fusion, fission, biogenesis and abtayy events may cause substar

changes in mitochondrial number, biom shape and function.
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Fig. 1-5. The mitochondrial fusic-fission cycle. This mechanism alloy
mitochondrial functional and genetic complementatigenerating the approprie
distribution of new organelles during cell divis

As key regulators of dox homeostasis, mitochondria are the main sour
reactive species and, therefore, play a prominel® in oxidative stress, whil
oxidative damage to mitochondrial DNA (mtDNA) retsuin dysregulation of ce
and organ function leading to overall tem decline, recognised as ageing (Bu
al., 2006). Tissues affected by -related mtDNA damage, such as muscle, adi
organs, ovaries and testes, exhibit loss of functuith age (Wei and Lee, 200:
There is a clear decline in mitochondrial funn in humans and other animals w
ageing, particularly in postmitotic tissues (Boifet al., 1994), with a variety ¢
MtDNA alterations, such as point mutations, defetjand oxidative modification
increasing with age (Lee et al., 1997). Althoud remains uncertain as to whetl
mitochondrial dysfunction is the primary cause géiag, with mutations in gen
that confer longevity slowing the accumulation ofDMNA deletions compared 1

wild-type (Melov et al., 199t



Evidently these key theories of ageing can all thkebatable to each other —
autoimmunity, oxidative stress, hormonal imbalaraee mitochondrial dysfunction.
These are four thoroughly entwined mechanismsrtisé similar considerations as
the chicken or the egg causality dilemma, and thportance of investigating

upstream factors.

1.2.2 Memory Decline Associated with Ageing

Cognitive decline does not affect all individuagually; some degree of
cognitivedepreciation as we age is considered normal, ehahis decay becomes
debilitating over time. As stated in the previougct®on, structural and
neurophysiological changes occur in the brain vaitjeing, along with associated
variable decline in cognition. Far from exhibitingiform depreciation, it appears
that all cognitive faculties do not show the same-eelated decline (Fig. 1-6). There
IS much evidence to suggest that certain functiares relatively resistant to the
effects of ageing. Knowledge or facts about the ldyosemantic memory, is
relatively spared in ageing (Light, 1991; Wingfieddd Stine-Morrow, 2000; Beier
and Ackerman, 2001), with some evidence to sugiestolder adults can, in fact,
outperform younger adults on tests of semantic mmgnf{@/egesin, 2000) and
priming (Laver and Burke, 1993). Skill acquisitialso remains intact into old age
(Brown et al., 2009), and it seems that there areage-related effects on skKill
performance, provided the skill is kept in pract{ggampe and Ericsson, 1996).
Contrary to this, episodic and working memoriesdglly show a pronounced age-
related impairment (Salthouse and Babcock, 199Inti& and Nilsson, 1997; Park
et al., 2002). Decline in episodic memory is arhallk of dementia onset, but certain
types of episodic memory tasks have been showretonérkedly impaired with
normal ageing also. Memory for associations isdglty more affected than memory
for item information (Castel and Craik, 2003), asdurce and temporal order
judgements also show increased vulnerability toratgted deficits (Cabeza et al.,
2000). Working memory also declines with age (Doabd Rule, 1989; Park et al.,



2002) with this often being attributed to the iddypiof older adults to actively
inhibit competing information or that which is nonger relevant, rendering them

more susceptible to interference (Hasher and Zd&&8).

( Memory > Age-related decline
No age-related effects
(Working Memory) CLong-Term Memory)
Condltoning

Fig. 1-6.A diagram showing the sub-types of memory, withsthaffected by ageing
highlighted in red.

Whilst adaptations in the brain can be observed @mdpared to young
subjects, it is not always clear whether theseatitens have a degenerative effect on
cognition or if they have occurred to compensatetiie adverse effects of other
modifications. Different studies help to shed lighh which alterations are
debilitating and which are compensatory. It hasnbeleserved that with ageing the
interaction between various brain regions assatiatgh higher-order cognitive
functions becomes less co-ordinated (Andrews-Hagtra., 2007) and that neural
activity becomes less localised in some regionsbhéZa et al., 2002; Park and
Reuter-Lorenz, 2009). Interestingly, aged individuavith delocalised activity
exhibit better cognitive performance than thosehwihore localised activity,
suggesting that this delocalisation is a compemgasponse to less co-ordinated
interactions (Cabeza et al., 2002). Often ageiragsociated with neurodegenerative

diseases, such as Alzheimer's disease, other famdementia and Parkinson’s



disease. Functional magnetic resonance imaging KfMfRudies suggest that
measurements of activity in the hippocampus andcésted cortical regions can
distinguish normal ageing from pathological age{Bgshop et al., 2010). Normal
ageing is associated with reduced metabolic agtivitthe subiculum and dentate
gyrus, whereas reduced activity in the entorhirmtex is thought to be an early
indicator of Alzheimer’s disease (Small et al., 2DONeuronal loss is minimal in
most cortical regions with normal ageing (Morrisord Hof, 1997), and it is thought
that the breakdown in these brain systems may heast partially due to disruption
of myelinated fibres on these connective neuronsd(@ws-Hanna et al., 2007). In
Alzheimer’s disease, there is evident neuronal, Ipssticularly in the entorhinal

cortex and region | cornu ammonis (CA1) of the bigmpus, together with volume
loss in the medial temporal lobe (Braak and Brd##©1; West et al., 1994; Gomez-
Isla et al., 1996; Price et al., 2001; Rodrigue ddaz, 2004). Focussing on
alterations in the brain regions important for teag and memory, and further
distinguishing healthy ageing from abnormal degath@n, will help us further

understand age-related cognitive decline.

The medial temporal lobes and memory

Initial understanding of the function of the mediaimporal lobes came
through studies involving patients with epileptieizires that underwent medial
temporal lobotomy to remove damaged tissue andepteurther seizures. One such
patient, known as H.M., attracted the attentio®odville and Milner (1957) when it
was observed that removal of the medial temporlkedohad little effect on
perceptual abilities, intelligence quotient (1Q), personality, but left H.M. with an
inability to form new memories (Corkin, 2002); H.Mas experiencing anterograde
amnesia. Although exhibiting intact working memairyd long-term memory, H.M.
was no longer able to consolidate explicit infonmatfrom working memory to
long-term memory and, hence, was unable to form m@mories after his surgery.

Based on this work and similar studies (Victor letl@61; Drachman and Ommaya,



1964), it became apparent that the structures mitie temporal lobe were important

for the formation and consolidation of explicit menmes.

Subsequent research has confirmed that damage fispéci to the
hippocampal formation causes deficits in spatial &arning and memory in rats
(Morris et al., 1982), monkeys (Zola-Morgan and i8gu1990; Zola et al., 2000),
and humans (Eichenbaum, 2001). Hippocampal lesiopsir spatial learning and
highlight an essential involvement of the hippocamformation in allocentric
spatial tasks. O’Keefe and Nadel (1978) proposeatl ttie hippocampus mediates a
neuronal representation of the physical environméry termed this “cognitive
mapping”, and it has been found that different $ypé cells interact extensively to
produce this cognitive map in rat®lace cells” were found to fire bursts of action
potentials when an animal occupies a particulaitiposin space (O’Keefe and
Dostrovsky, 1971), “head direction cells” incredseng rates when an animal’'s
head points in a certain direction (Taube et &90), and “grid cells” fire within
spatial firing fields arranged in a triangular gticlought to encode a cognitive
representation of Euclidean space (Hafting et 2005). Dusek and Eichenbaum
(1997) extended the properties of cognitive mappgomgon-spatial dimensions of
memory organisation in animals, indicating that tbke of the hippocampal region
in explicit memory expression may be as generalais as it is in humans. It is
believed that these cells are present in humanshiobit is not yet possible to
determine this. More recently, the hippocampusrieasived increasing attention for
its potential role in energy regulation (Davidsdrak, 2007). Hippocampal damage
interferes with energy and body weight regulatiaith this thought to be due to
disruption of higher-order learning and memory psses contributing to the control

of appetite and consumptive behaviour.

Broadly speaking the hippocampal formation comgrigethe hippocampus
proper, dentate gyrus (DG), subiculum, with sons® ahcluding the presubiculum,
parasubiculum and entorhinal cortex. The hippocaripas four main histological
divisions: region | cornu ammonis (CA1), regiorctirnu ammonis (CA2), region I

cornu ammonis (CA3) and region IV cornu ammonis 4CA-ig. 1-7). Hippocampal



pyramidal cells have extensive apical and basatiites and axons that diverg
sending projections both arior and posterior in the alveus. CAl pyramidal £
mainly project to the septal nuclei, subiculum, vesll as other structures. Tl
subiculum receives afferents mainly from the CAltloé hippocampus and t
entorhinal cortex. Subicular cells project the entorhinal cortex, deep layers
perirhinal cortex, and also to subcortical struesusuch as mammillary bodit
hypothalamus, amygdala and nucleus accumbens. &hemtlary body projection
to the pons may provide an important link betweba hippccampus and the
cerebellum, permitting hippocampal influences ontandoehaviour. The majc
afferents to the hippocampal formation (the denggteis and Ammon’s horn) con
from the entorhinal cortex via the perforant pathwahich in turn receives inpi
from the entire neocortex. Finally, there are comsmisl afferents from th
pyramidal cells of contralateral hippocampus anoimfrcontralateral entorhin

cortex. Spatial memory was found to have manyregions in the hippocampus,

particular the denta gyrus

Fig. 1-7.A diagram showing the key regions of the hippocdrfgranation in the ra
brain, at the designated coronal slice. Adaptedanfiéigure 38 in Paxinos ai
Watson (1998).



Another standard feature linked to classical agpexde mnesia is a loss of
recognition memory, a role designated to the pe@hcortex rather than tf
hippocampus. Studies involving rats and monkeysaghee that the severity
impairment in standard tests of recognition memworythese species is gree
following perirhinal lesions than hippocampal leso The perirhinal cortex
involved in discriminating the familiarity and reteess of items (Davachi, 2004).
lesion to the perirhinal cortex in both monkeys aat$ leads to the impairment
visud recognition memory, disrupting stimu-stimulus associations and ob-
recognition abilities (Murray and Mishkin, 1986;|Z-Morgan et al., 1989; Suzu
et al., 1993; Meunier et al.,, 1993; Buckley and f@af 1998) The role of the
perirhinal cortex inthe formation and retrieval of stimulgsmulus associatior
suggest that it is part of a larger semantic systehis crucial for endowing objec

with meaning (Murray, 2007
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Fig. 1-8. A diagram showing the location of the perirhinatteg in ielation to the
hippocampal formation in the rat brain, at the geated horizontal slice. Adapt:
from Figure 98 in Paxinos and Watson (19



The perirhinal cortex is comprised of two regioBspdmann areas 35 and
36, with both divided into three subdivisions; mmakithis a six-layered structure
(Fig. 1-8). Layer 1V, in area 35, lacks any cell$ie perirhinal cortex projects to
distal CA1 pyramidal cells, overlapping projectiofitem the entorhinal cortex
(Suzuki and Amaral, 1994; van Hoesen and Pandy&)19he same CALl cells
send return projections back to the perirhinal exartinputs from the subiculum
terminate in both superficial and deep layers. Tegority of inputs come from
high-level sensory areas that vary between aninraldie monkey these come from
high-level visual areas, whereas, in rat theseparearily from olfactory and, to a

lesser extent, auditory areas.

Neurogenesis and neurotrophins

One of the key features that differentiates theggbgampus from other brain
regions is an ability to constantly produce newraoas. It is thought that this ability
to renew neurons allows this region to carry ositrdgle in learning and memory.
Although the vast majority of neurons in the mamarabrain are formed prenatally,
parts of the adult brain retain the ability to groew neurons from neural stem cells
in a process known as neurogenesis. Such replicatia normal process for many
cell types, but for many years it was believed tiairons could not replicate (Gage,
2002). This is understandable due to the fact tleafrons in most brain regions
cannot replicate, however, it has been discovehedl neurogenesis can occur in
adult cells in the hippocampus, particularly in tlikentate gyrus and the
subventricular zone. Hippocampal neurogenesis leas shown to occur in birds
(Barnea and Nottebohm, 1994), rodents (Kempermanial.e 1998), monkeys
(Kornack and Rakic, 1999) and humans (Erikssonl.etl898). Neurogenesis has
been measured by immunohistological detection o€ timcorporation of
bromodeoxyuridine (BrdU) into the DNA of prolifenag) cells (Kempermann et al.,
1998) or use of a retroviral vector expressing gréaorescent protein (GFP) to
label dividing cells (van Praag et al., 2002). Tétger method also highlighting the

possibility that these new neurons probably arigsmfprogenitors in the subgranular



zone, and that the newly generated neurons arédnatly similar to mature dentate
granule cells. One of the implications of a roleddult neurogenesis in learning and
memory is that neurogenesis can be regulated byerous factors associated with
an animal's behavioural and cognitive states (Detal., 2010). An animal's
experiences, including hippocampal-dependent IegrnjGould et al., 1999),
environmental enrichment (Nilsson et al., 1999) ardbbic exercise (van Praag et
al., 1999), can affect the rate of neurogenesiseantthnce cognition. Inhibition of
neurogenesis in the rat brain, using low dose iatamh, has been shown to interfere
with hippocampal-dependent memory function (Winoeuel., 2006). With ageing,
the rate of neurogenesis decreases (von BohlerHaitthch, 2010), in parallel to
loss of several aspects of cognitive function. Asegent with BrdU labelling shows
that reduced proliferation in the hippocampus it attributable to a general aged-
related metabolic impairment, because the denditBrdU-positive cells is not
altered in other brain regions with known mitotatigity (Kuhn et al., 1996). Thus,
the age-related decline in neurogenesis can biedela a decreasing proliferation of
granule cell precursors. Although all is not scacleut, with age-related decline in
neurogenesis not always correlated to impairechiegrand memory (Bizon et al.,
2004).

Neurotrophins play an important role in neurogesieas these are a set of
gene products that are required for cell growtholifgration, and cellular
differentiation (Rohrer, 1990). Of these, brainided neurotrophic factor (BDNF)
and its major receptor, tropomyosin receptor kin&s€TrkB), have the most
abundant and widespread expression in the devejagid adult mammalian brain
(Murer et al., 2001); with the highest expressiewvels found in the hippocampus.
BDNF is most widely expressed in the CA2, CA3, démgyrus and cortex (Ernfors
et al., 1990; Schmidt-Kastner et al., 1996) and b@sn shown to promote the
differentiation and survival of neurons during depenent and in the adult brain, as
well as in cultured cells (Memberg and Hall, 199akahashi et al., 1998). BDNF
levels initially increase with age, suggesting tloat top of development, these
neurotrophins regulate the structure and functioth@ mature nervous system (Yan
et al.,, 1992; Friedman et al., 1993; Thoenen, 19BBNF is involved in spine

formation, density and morphology of neurons (Hthad Pasquale, 2005), and has



also been shown to have a critical role in longatgrotentiation (LTP), a form of
synaptic plasticity which is still widely considere cellular model of long-term
memory formation (Bliss and Collingridge, 1993; Maret al., 2000). It is not
possible to induce LTP in BDNF-null mice (Korteadt, 1995) andn vitro studies

have established that BDNF is required for the [g#tase of LTP which requires
synthesis of new messenger ribonucleic acid (mREHAJ protein (Korte et al.,
1998). BDNF is stored in platelets and circulateplasma, with peripheral effects in
angiogenesis observed (Kermani and Hempstead, 2B@v)ronmental enrichment
(Gobbo and O’Mara, 2004) and aerobic exercise (Gabtd O’Mara, 2005) have
been shown to increase BDNF levels in the hippoecampvhilst also showing

memory improvements; similar to studies investiggtieurogenesis.

Other neurotrophins, such as vascular endothelwltly factor (VEGF) and
nerve growth factor (NGF), have also been demotestras critical mediators of
hippocampal neurogenesis and improved cognitiaatis (Fiore et al., 2002; Cao et
al., 2004). Hippocampal gene transfer of VEGF teslin almost twice the rate of
neurogenesis compared to normal rats, with resuliimcreases in cognition.
Furthermore, when VEGF expression was inhibited RNA interference,
neurogenesis levels decreased (Cao et al., 20@gkF/promotes angiogenesis by
initiating a tyrosine signalling cascade in endbé#hecells (Prior et al., 2004).
Binding to VEGF receptor-2 (VEGFR-2) starts a tymeskinase signalling cascade
that stimulates the production of factors, sucleadothelial nitric oxide synthase
(eNOS) which activates NO and stimulates vessemeability, basis fibroblast
growth factor (bFGF) which promotes cell proliféoatsurvival, and cell adhesion
molecules (ICAM and VCAM) which promote migratioand differentiation into
mature blood vessels. Studies show that VEGF acts reurotrophic factor (Jin et
al., 2000; Matsuzaki et al., 2001), and enhancesogenesis (Jin et al., 2002). On
the other hand, NGF is involved in maintenance ipptcampal LTP (Kelly and
Lynch, 1998), with blockade of endogenous NGF redud TP and impairing
spatial memory (Conner et al., 2009). NGF expreski@s a positive correlation to
performance in learning and memory tasks (Phanh,e2@02; O'Callaghan et al.,
2009), whilst infusion of NGF enhances memory its r@dValz et al., 2000). NGF

has been shown to play an important role in hippgzd-dependent memory



(Fischer et al., 1991; Klein et al., 2000; De Resaal., 2005) and consolidation
(Woolf et al.,, 2001) It is thought that NGF cadrieut this beneficial effect on
cognition through its major receptor, tropomyoscaptor kinase A (TrkA) (Woolf
et al., 2001).

Neurotrophins act to upregulate a number of pdrgdhways through
attachment to their major tropomyosin receptor &nérrk) receptors and the p75
neurotrophin receptor (p75NTR). This initiates anfber of cascades in a complex
pathway that promotes cell growth and survival (ldapand Miller, 2000). There is
strong evidence to suggest that BDNF, VEGF and N&Rért a critical role in
consolidation by upregulating the mitogen-activatptbtein kinase (MAPK)
pathway(Matsuzaki et al., 2001; Bozon et al., 2003). Asnsim figure 1-3, this leads
to upregulation of the transcription factors NB-and AP-1, as well as another
important transcription factor, cyclic AMP responstement-binding protein
(CREB). NF«B, AP-1, and CREB are all cellular transcriptiorctéas that bind
certain DNA sequences when activated and causex@erase or decrease in the
transcription of downstream genes; these transenigactors are also implicated in
learning and memory. NkB is understood to be responsible for cytokine
production and cell survival, and has been imp#idah synaptic plasticity (Albensi
and Mattson, 2000; Meffert et al., 2003) and memwmgsolidation (Merlo et al.,
2005). CREB has a well-validated role in neurorasficity and long-term memory
formation (Silva et al., 1998; Bozon et al., 200B).addition to these functions,
these transcription factors also regulate transonpof BDNF (Kassel and Herrlich,
2007; Kairisalo et al., 2009).

Morphological changes associated with ageing irelldss dendritic
branching, reduction in spine and fibre densitiegjgeting into the hippocampus
(von Bohlen und Halbach, 2010). Although it is kaly that one single factor is
responsible for all these age-related changes,otrephins stand out as a critical
factor in this process. Plasma levels of BDNF atlyi increase with ageing, but then
show a marked decrease following middle-age (Lomstdt et al., 2005; Erickson et
al., 2010), with VEGF and NGF levels and expressiothe brain decreasing with



old age (Larkfors et al., 1987; Shetty et al., 200&erestingly, in the hippocampus,
decreases in the expression of trkB are more signif than changes in BDNF

levels with ageing (Webster et al., 2006).

1.2.3 Memory Decline Associated with Noncommunica®lDiseases

“Noncommunicable diseases” (NCD) is an umbrellantdéor diseases that
are non-infectious and non-transmittable betweeroplee (World Health
Organisation, 2011). These are often, but not golel long duration and slow
progression. The four most abundant NCDs leadingiaatality and morbidity are
cardiovascular diseases, cancer, respiratory diseasnd diabetes. Often these
disorders are associated with other afflictionssinaple reminder that all aspects of
our body are thoroughly entwined and working togethFor example, having
diabetes is a risk factor for developing cardiovéacdisease (Elkeles et al., 1998)
and can increase risk of dementia (Ott et al., 199fien associated with old age, an
important aspect to realise about these afflictisrthat they have not only grown in
prevalence due to an ageing population - the gisditagdn of unhealthy lifestyles has
played an equally important role (World Health QOrgation, 2000). Mitochondrial
dysfunction, systemic inflammation, hormonal imioaka, and oxidative stress are at
the root of most NCDs, as well as ageing. Seveleatixe damage, that will
eventually lead to apoptosis and cell death, han lsown to accompany many
pathological conditions, such as cancer, neurodegéne diseases, and diabetes
(Cook et al., 2004; Lowell et al., 2005). Risk fastattributed to the development of
NCDs include unhealthy diets, physical inactivigcohol abuse, and exposure to
tobacco smoke. Although factors such as genetidsagring play an important part,
the above risk factors are all modifiable, andis@s possible that many mortalities
and morbidities associated with NCDs may be praat NCDs, even those not
directly affecting the brain, often show an assecladecline in cognitive function.
This shows the interconnectivity between the paffsvand molecules associated

with these and brain regions associated with higbgnitive function. It may prove



more useful to explore the larger class of NCDspider to further understand

mechanisms involved in neurodegeneration.

Neurodegenerative disorders

Dementia is a term for severe loss of global cogmifunction without
previous impairments, beyond those associated wdaitmal ageing. Alzheimer’s
disease (AD) is the most common form of dementi#) wost cases diagnosed in
people over 65 (World Health Organisation and Aiatee’s Disease International,
2012). The earliest and main symptom of AD is pesgive memory decline, with
symptoms able to be divided into three stages.eSiad’re-dementia stages of the
disease involve mild cognitive impairment (MCtjis decline is no more severe
than with natural ageing but increasing severity madicate the onset of AD. Stage
2. The memory impairment becomes more severe Igadm decline in
independence, requiring need for structure, remgdad assistance with everyday
activities.Stage 3: Late stage AD can be characterised bysaolbepisodic memory,
a reduction in language, and severe impairmentvefadl cognitive function. This
leaves the patient unable to care for themselvabhesrequire intensive care and
support (Teng et al.,, 2007There is a wealth of research indicating that the
pathological hallmarks of Alzheimer's disease, sashsynaptic loss-amyloid
plaques and neurofibrillary tangles of hyperpokdisnicrotubule-associated protein
tau, correlate with cognitive decline (Terry et 4991; Naslund et al., 2000; Cleary
et al., 2004; Nelson et al., 2009); however, sofmibese pathological changes have
also been detected to varying degrees in healtled gueople with no sign of
cognitive decline (Guillozet et al., 200®). Alzheimer’s disease, the hippocampus is
one of the first regions to suffer damage, with mgmloss and disorientation
amongst the early symptoms (De Leon et al., 1989). levels of neurotrophins and
decreased neurogenesis are observed in a varietyanfi disorders, including
cognitive decline (Sugaya et al., 1998; Bizon et 2004) and depression (Schmidt
and Duman, 2007), as well as dementia (Jacobs, &08l0; Karege et al., 2002) and

Alzheimer’s disease (Mattson, 2008). Additionalgsistance to insulin and insulin-



like growth factor (IGF) have been implicated akey part in the progression of

Alzheimer’s disease (Gasparini and Xu, 2003).

Cardiovascular diseases

Cardiovascular disease is the leading cause of idityband mortality
worldwide. Although cases have been declining imettgped countries since the
1960s, they have increased more rapidly in deve{pgountries during this time
(Reddy and Yusuf, 1998). Atherosclerosis and hygpesibn are the most common
antecedents of cardiovascular diseases and begearly life, making primary
preventions against these important. Platelet gggien forms thrombi and leads to
subsequent blockages in blood vessels which cad teatransient ischemia,
myocardial infarction or stroke (Fuster et al., 2P9nterestingly, cardiovascular
disease has been associated to increased levelswhting neurotrophins, such as
BDNF and VEGF, thought to be produced in a rehibiig effort to promote
angiogenesis (Kermani and Hempstead, 2007). Thiseased neurotrophic level
would be expected to correlate with improved membuy cardiovascular disease is
linked to higher incidence of dementia (Newmanlgt2005). This may be due to
lower blood levels reaching the brain due to weddeart function, and targeting of
these neurotransmitters to area of particular neledrt failure, previous vascular
events, presence of plaques in the carotid arferesevidence of atherosclerosis are
all associated with decreases in cognitive perfocagBreteler et al., 1994; Vogels
et al., 2006).

Diabetes

Diabetes, a condition in which the body does noperly process glucose, is
the most common endocrine disease in the worlds Tability to process glucose

properly is due to a lack of insulin production aloetes mellitus type 1) or



functioning (diabetes mellitus type 2) (Biesselslet2008). High-calorie diets cause
numerous pathological conditions including increlggucose and insulin levels
which lead to the development of diabetes and oaadicular disease (Siebler and
Galle, 2006). Due to the high metabolic demandefwergy in the brain, even small
perturbations in glucose metabolism can noticeablyact cognitive performance.
Diabetes has been linked with lower levels of ngopghins (Tomlinsin et al., 1997,
Krabbe et al., 2007) and higher incidence of deragi@tt et al., 1999). Markedly
different patterns of glucose utilisation and braiativity have been observed
between healthy and diabetic/pre-diabetic patiesiag fludeoxyglucose-positron
emission tomography (FDG-PET) (Baker et al., 20B}.od vessels to the brain
become more constricted in diabetic patients, witipaired blood flow, and
increased progression of brain atrophy (Biessel.e2002). All these changes in
the brain have been associated with poor cogngeréormance in diabetic patients
compared to healthy controls, with a greater deckmident with poorly-managed

diabetes compared to well-managed patients (Bessell., 2008).

1.2.4 A Healthy Mind in a Healthy Body

It is evident that physical degeneration is oftankdd to cognitive
degeneration whether through normal ageing or desealated impairment. With
much research in neuropharmacology focussing sotelythe brain and its
functioning, here the concern is raised that it haynecessary to extend this vision
beyond the brain. In order to truly promote a Hwsalife, in both youth and old age,
it is necessary to ensure well-being in both mind body. Let’'s now look at two

potential candidates for ensuring overall health.



1.3 AEROBIC EXERCISE BENEFITS BODY AND BRAIN

Due to the increasing prevalence of chronic noncamaoable diseases, it is
necessary to develop primary preventative intergaatto prolong the period of
healthy life (Everitt et al., 2002). The use of aimilic adjusting factors could,
therefore, have great potential in countering thegemeration of ageing and
debilitation of noncommunicable diseases — botlsjaggically and neurologically.
As outlined in the previous section, there are rcledks between autoimmunity,
oxidative stress, hormonal imbalance, mitochonddgéfunction, and cognitive
decline. Ageing is a process that affects the eriody, and so, it is important to
focus on therapeutic interventions that can berleéitbody as a whole. The rate of
ageing is not inevitable; conserving cognitive Mgce into late life requires early
and aggressive intervention to preserve the braints youthful physical and
functional state (Westendorp, 2006). Clear associatexist between the rate and
severity of cognitive decline and a variety of nf@tile factors, as have been
mentioned above; proactive lifestyle changes andtimnal interventions have been
shown to decrease the rate of intellectual decalyparentially reverse age-related
and NCD-related cognitive decline. Here the evidesapporting the potential
therapeutic use of aerobic exercise for this pwpesl be discussed. A lack of
physical activity is related to a large quantityMEDs. Regular exercise, whether
intense or moderate, is essential for people’stheaid well-being (World Health
Organisation, 2010). Even amongst frail and elderighbility and functioning can be
improved through physical activity (Butler et afl998). Currently, physical
inactivity is the fourth leading risk factor forajdal mortality with 6% of deaths
attributed to a lack of physical activity (World &lth Organisation, 2010).

1.3.1 Therapeutic Action of Aerobic Exercise on Ageg

Ageing is the largest aetiological factor of physgical and neurological
decline through an accumulation of damaging ali@matat molecular and cellular
levels that result in increased risk of morbiditydamortality. Although ageing is a

phenomenon that is not fully understood, it is cligeat the ageing process can be



delayed by undergoing a suitable physical actigitygramme. Exercise has positive

effects on a number of different aspects relatati¢cage-related degeneration.

Targeting the models of ageing

With reduction in mitochondrial function stronglgsciated with ageing and
longevity, aerobic exercise has strong effects aoahondrial biogenesis. Exercise
increases hepatic mitochondrial number (Nisoli let 2005; Lopez-Lluch et al.,
2006) as well as in skeletal muscle. Mitochondpiagenesis in response to exercise
is reliant, at least in part, on adaptive changdse expression of the transcriptional
coactivator, peroxisome proliferator-activated poey coactivator-lalpha (PGC-
la) (Jager et al., 2007). This increased expressioR@C-l is associated with
phosphorylation by 5° AMP-activated protein king@eMPK) (Jager et al., 2007)
and acetylation by the histone deacetylase enzgitest information regulator two
protein 1 (SIRT1) (Nemoto et al., 2005; Rodgeralet2005; Amat et al., 2009). It is
thought that SIRT1 may function, at least partidlly activating AMPK (Zang et al.,
2006; Hou et al., 2008). AMPK in skeletal musclelotes with ageing (Reznick et
al., 2007). Serine-threonine kinase Bl (LKB1) ie ttrincipal AMPK kinase that
activates AMPK by catalysing the phosphorylatioradhreonine residue (THf) in
response to a decrease in energy state, such taprtituced by increased energy
expenditure, such as during exercise (Rudermanl.et2@10). AMPK can be
activated in skeletal muscle during acute boutsxefcise through the modulation of
the AMP/ATP ratio, with SIRT1 activated through ogas in nicotinamide adenine
dinucleotide (NAD) levels within the cell (Fulco et al., 2008). Thometabolic
alterations activate these molecules which theeraat with each other to regulate
the phosphorylation and deacetylation of PGCahd subsequent mitochondrial
biogenesis (Handschin et al., 2003) (Fig. 1-9). phesphorylated PGCelprotein
then enters the cell nucleus and helps transcrilmdear respiratory factor (NRF)
genes and peroxisome proliferator-activated recefl®fPAR) genes. Increased
expression of these proteins leads to increasedration of mitochondrial
transcription factor A (mtTFA) and uncoupling priote(UCP) which enhance

mitochondrial biogenesis (Aubert et al., 1997; Hop@d01). Voluntary exercise can



induce mitochondrial biogenesis in a SIRT1-indegendmanner (Chabi et al.,
2009), which may be due to improved calcium {Tdandling associated with
aerobic exercise (Ferreira et al., 2010). Impro@ed handling leads to upregulation
of the transcription factor, CREB, which transcabBGC-i (Handschin et al.,
2003). CREB is also upregulated by increased AMMPAdtios (Zhang et al., 2004).
Other studies show that activation of SIRT1 andoatibndrial proteins are not

always associated with increased PGCegpression (Suwa et al., 2008).

Aerobic
exercise
0\ avpiate Caz+

CaMKII

Aerobic
exercise

/

LKB1

Nampt gene

Aerobic
exercise

Aerobic
exercise

( NRF1 ) ( NRF2 ) ( PPAR >

Mitochondrial Biogenesis

Fig. 1-9. A diagram showing the action of aerobic exercisetlen AMPK/SIRT1
pathways, leading to increased mitochondrial biegen



Regular aerobic exercise not only increases mitodhal biogenesis, but
also decreases various manifestations of oxidatiress on the brain (Boveris and
Navarro, 2008). With improved €ahandling and increased AMP/ATP ratios
leading to upregulation of CREB, and increasinghgcaiption of PGC-d, this
becomes an important mechanism in the antioxidfiatteof aerobic exercise. The
acetylated PGCs+l protein, before phosphorylation by AMPK and suloseq
acetylation by SIRT1, acts to transcribe the amtiaxt enzymes, SOD and catalase
(St-Pierre et al., 2006) (Fig. 1-10). These enzymesto rapidly scavenge and
detoxify the reactive species, ROS and RNS (Rhe#. e2005). These antioxidant
enzymes can also be upregulated by AMPK and SIR$lthese proteins activate
forkhead box O (FOXO) by phosphorylation by AMPKdasubsequent acetylation
by SIRT1 (Calnan and Brunet, 2008), allowing FOX® ttanscribe SOD and
catalase (Chiribau et al., 2008). FOXO also in@sdasanscription of the PGGrl
protein, thereby additionally feeding into thatlpafy (Rodgers et al., 2005).
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Fig. 1-10. A diagram showing the action of aerobic exercisehlen AMPK/SIRT1
dependent and independent pathways, leading toxatant effects.



Aerobic exercise puts stress on the body and ¢hidsl to increased release of
pro-inflammatory cytokines, although, the cytoknesponse to exercise differs from
that elicited by invading pathogens (Pedersen aoifhtdn-Goetz, 2000). Levels of
TNF-o do not typically increase with exercise, usually6l is the first cytokine
present during exercise (Petersen and Pederseh). Z0& level of circulating IL-6
increases up to 100-fold in response to exercigsk datlines soon after exercise
desists. As marked increases in IL-6 have not achuscle damage in a large
number of studies (Nieman et al., 1998; Ostrowsldle 2000; Starkie et al., 2001),
it appears that this pro-inflammatory cytokine niegve a more important role in
initiating a rehabilitative anti-inflammatory resgpse. Circulating levels of IL-6
stimulate an anti-inflammatory response, increadiemgls of anti-inflammatory
cytokines, such as IL-1 receptor agonist and IL-40¢ lowering levels of pro-
inflammatory cytokines (Petersen and Pedersen,)20biis could potentially occur
through the same mechanisms as those leading tachoitdrial biogenesis and
antioxidant effects. AMPK activity in muscle and i@mbe tissue caused by
swimming is decreased in IL-6 knockout mice (Kedlyal., 2003; Ruderman et al.,
2006), suggesting that IL-6 may be involved in AMB&tivation in several tissues
(Richter and Ruderman, 2010). AMPK activation inmfam skeletal muscle also
correlates closely with IL-6 release during cycliMacDonald et al., 2003). PGC-
la has been shown to promote anti-inflammatory agtivaelieved to be through its
upregulation of antioxidant factors (Handschin &plegelman, 2008). In addition,
PPAR helps lower levels of pro-inflammatory cytasnand COX through negative
regulation of NF«B and AP-1 (Neve et al., 2000).

With the body encountering stress due to exteraatofs and reactive
species, it has developed a number of endogenoubamiems that act rapidly to
counter the harmful effects. Putting the body unidequent, mild stress, such as
with regular aerobic exercise, encourages the aaiv of these pathways. It is
believed that aerobic exercise works to delay apeis these pathways are more
readily activated in response to mechanisms of riEgéion (McArdle and Jackson,
2002).



1.3.2 Therapeutic Action of Aerobic Exercise on Nawommunicable

Diseases

Physical inactivity is the main cause for approxieha21-25% of breast and
colon cancers, 27% of diabetes and 30% of ischabeact disease (World Health
Organisation, 2009, 2010). An individual’'s fitnessvel is a more important
predictor of mortality than established risk fastosuch as smoking, high blood
pressure, high cholesterol, and diabetes (Kodans.,eP009). A regular exercise

regime has therapeutic potential of against a numbleey NCDs.

Cardiovascular diseases

A strong, graded inverse relationship is obsenatdiben energy expenditure
during aerobic exercise and the incidence of casohaart disease (Manson et al.,
1999). Regular exercise promotes weight loss, byeréowering blood pressure
which reduces damaging low-density lipoprotein (DRInd total cholesterol levels
in the blood, whilst increasing beneficial high-diy lipoprotein (HDL) levels in
the blood (Stefanick et al., 1998). Aerobic exerdimis been shown to have direct
benefits on the heart and coronary vasculatureudnay myocardial oxygen
demand, endothelial function, coagulation and icigttactors, and the development
of coronary collateral vessels (Clausen and Tragele 1976; Hambrecht et al.,
2000). The precise mechanism by which exerciseaffyeimproves mortality in
patients with coronary heart disease has not bleeidated fully (Thompson et al.,
2003). When oxygen becomes limiting, as with cardscular disease,
mitochondrial oxidative metabolism is restrictedhisI process can be countered by
the increased oxygen consumption promoted throegbbéc exercise. It is possible
that exercise helps counter cardiovascular disehgesmproving mitochondrial
function, blocking the immune response and lowetitggrelease of reactive species.
Indeed, the action of aerobic exercise on delatliegageing process may also prove
influential in the action against NCDs. Additionalincreased levels of circulating
neurotrophins, such as BDNF and VEGF, are thoughprbmote angiogenesis
(Kermani and Hempstead, 2007), thereby promotingdflow.



Neurodegenerative disorders

Many studies have found that incidence of cognitivgpairment and
dementia are considerably lower in elderly popatadi that undergo a regular
physical activity regime (Laurin et al., 2001; Vkeege et al., 2003; Colcombe et al.,
2004; Larson et al., 2006). Other studies have dahat aerobic exercise can have
rehabilitating effects on dementia (Heyn et alQ£0and AD (Kramer and Erickson,
2007) patients. In fact, an exercise regime isaalyeoften prescribed alongside other
treatments for patients with Alzheimer’'s diseaseqd ather NCDs (Armstrong,
2006). Aerobic exercise has been shown to improDerdlated memory decline in
animal models (Hoveida et al., 2011) and humansartter and Erickson, 2007).
Relating back to the pathways in figures 1-9 artD,1SIRT1 has been reported to
provide neuronal protection in rodents with Alzheis disease (Anekonda and
Reddy, 2006; Kim et al., 2007). AMPK is abnormalgtivated in neurons
displaying AD pathological hallmarks (Vingtdeux at, 2011), believed to be
activated in response fdamyloid exposure (Thornton et al., 2011). With RGC
expression also lower in brains of AD patients cared to healthy controls (Qin et
al., 2009). Upregulation of these pathways throagiobic exercise may explain the
rehabilitative effects against AD. There is alsmrsg evidence for neuroprotective
effects of neurotrophins (Siegel and Chauhan, 2000¢gr et al., 2001; Nagahara et
al., 2009). Additionally, cerebral blood flow iscimeased with regular exercise,
meaning this increased supply of oxygen may helmty the degeneration of these
disorders (Dustman et al., 1984; Scarmeas et@3;2Ainslie et al., 2008).

Diabetes

Since current methods of treating diabetes areemaate, prevention is
preferable (Harris et al., 1998). It is predictdthtt diabetes mellitus type 2 is
preventable (Knowler et al., 1995), as supportedliservational and clinical studies
assessing adjustments of diet, exercise, or boffeaple at high risk of this disease
(Pan et al., 1997; Tuomilehto et al., 2001). Inbdi&c patients, regular exercise
improves the body’s ability to use insulin to cahtglucose levels in the blood. One

study found the incidence of diabetes was reduceds5&% with a lifestyle



intervention involving dietary changes and an eisercegime; with only a 31%
reduction with administration of the anti-diabadimig, metformin (Lifshitz and Hall,
2002). PGC-& and polymorphisms of associated proteins are aftemnregulated
in type 2 diabetes (Ek et al., 2001; Hara et @002 Mootha et al., 2003) as are
neurotrophins (Tomlinson et al., 1997; Krabbe et24107).

1.3.3 Therapeutic Potential of Aerobic Exercise oMemory Decline

Along with the physiological benefits associatedhwnaintaining a regular
exercise regime, there is prevailing research sigge that aerobic exercise
improves cognitive function. Preserving cognitivealth and plasticity during life is
an important public health goal, and it is progresdg more evident that physical
activity can facilitate this (Cotman & Berchtold)@). Human studies have shown
the benefits of exercise on cognitive function,npipally in ageing populations
(Laurin et al., 2001; Verghese et al., 2003; Coloenet al., 2004; Larson et al.,
2006). Physical activity has been shown to haveralds effects on working
memory (Clarkson-Smith and Hartley, 1989), longriememory (Griffin et al.,
2009) and spatial learning (Kobilo et al., 201lyidénce suggests that neurogenesis
in the hippocampus increases in response to aeexgicise (Kempermann, 1998;
van Praag et al., 1999; Cotman and Berchtold, 2@01) this is predicted to result in
overall improvement in learning and memory. Aciwitependent increases in
hippocampal neurogenesis have been proposed talientthe “neurogenic reserve”
hypothesis (Kempermann, 2008; Mirochnic et al., ¥08uggesting that increased
neurogenesis may support adaptation of the hipppabmetwork and aid cognitive
flexibility with ageing (Nithianantharajah and Ham 2009). It is thought that
during running on wheels, rodents may “replay” poesgly learnt spatial maps in
regions such as the hippocampus (Czurko et al,)1I88%use the relevant cognitive
systems have evolved to associate running withdragansition through space
(Nithianantharajah and Hannan, 2009).



Aerobic exercise has been shown to increase neptotr expression and
levels in the rodent hippocampus (Cotman, 2002; Angl., 2003; Griffin et al.,
2009) and circulating levels in humans (Griffinagt 2011). Increased neurotrophin
activity is suggested to be important for cogniteehancement associated with
aerobic exercise (Kramer et al., 2006; Hennigaal.e2007). The beneficial effects
of exercise on cognition may be directly relatedhe duration of exercise, with a
study in rats finding a direct correlation betwekstance run and BDNF expression
(Oliff et al., 1998). As with action against ageinagd NCDs, the AMPK/SIRT1
pathways have important roles in healthy cognifiectioning. SIRT1 (Michan et
al., 2010) and AMPK (Spaset al., 2009) are necessary for healthy cognitidnilst
PGC-.u is downregulated in disorders involving cognitdecline (Qin et al., 2009).
Activity of these pathways and neurotrophins areawmnpletely dissociated. CREB
has been shown to upregulate BDNF (Tao et al., 1888 NGF (Riccio et al.,
1999), whilst PGC-d upregulates VEGF (Arany et al., 2008).

With aerobic exercise causing so many therapeaffects against ageing,
NCDs, and memory decline, it is clear to see therast in discovering orally active
compounds that can evoke similar actions on theybéd the action of aerobic
exercise is so widespread, it is difficult to depekuch activity in one compound.
Fortunately, plants have developed potential comgdsufor us to use, or even

improve. Resveratrol is one of these compounds.



1.4 RESVERATROL ACTION ON BODY AND BRAIN

The benefits of aerobic exercise on general healftke it desirable to
identify orally active agents that would mimic artentiate the effects of exercise in
delaying the degenerative effects of ageing arat & Ds. Plant-derived phenolic
compounds have potential in this area as theyaatewith numerous targets and
signalling pathways that may be useful in the mansnt of metabolic conditions.
Several proposed mechanisms for these effects famugh direct antioxidant
activity, attenuation of cellular stress, blockauepro-inflammatory cytokines, and
blockade of transcription factors related to meliabdiseases. These are similar
mechanisms as already alluded to with aerobic esertMost polyphenols modulate
oxidative stress and inflammatory responses amday be these interactions that
represent potential mechanisms for the preventibnmetabolic disturbances.
Moreover, polyphenols attenuate the metabolic &ffe€ high-fat, high-cholesterol
diets when administered continuously at high dogdthough the mechanisms of
action are not fully understood and clinic trialsthwsuch compounds are only
recently underway, many of these polyphenols adelyiavailable in capsules for

supplementation. These studies will focus on omeqodar polyphenol - resveratrol.

1.4.1 Resveratrol — understanding the compound

Resveratrol (3,5,4’-trihydroxystilbene) is a nafupolyphenol produced by
plants in response to environmental stress (Signaed Ghidoni, 2005). This
polyphenol belongs to the stilbene class of aramaliytochemicals, and exists in
both cis- andtrans form (Fig. 1-11). Therans-form of this compound is found in
significant concentrations in a number of nuts beddies but most abundantly on the
skin of red grapes and, therefore, red wine (Siemamd Creasy, 1992jrans
Resveratrol rose to attention in the mid-90s asssiple explanation for the “French
Paradox” when it was thought that the levels of/eestrol found in red wine may
work to counteract the unhealthy Mediterranean dietorder to explain the
impressive health of elderly people in France (Ka98). The antioxidant effects
and inhibition of platelet aggregation that was estsed with resveratrol ignited



interest in this compound (Frankel et al., 1993t&k et al., 1994 Although this
initial proposition has been dispelled, interestaaveraiol has since grown due
its possible role in the prevention of diverse paibical processes. Produced
plants in response to environmental stress, sudragl infection or injury, it i
thought that resveratrol synthesis is related @adttivaion of the plant’'s defenc
mechanism (Jeandet et al., 1995). Resveratrolsdems to evoke similar defer

mechanisms in animals and hum
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Fig. 1-11. The chemical structures dtrans and cis-resveratrol from the stilber
class of aromatic phytochecals.

1.4.2 Therapeutic Action of Resveratrol on Agein

Most studies investigating the action of resvetalrave focussed on i
action as a CR mimetic. Calorie restriction hasnbeell known since the 193l
(McCay and Crowell, 1934) for its abilitto slow the rate of ageing in mamm
(Weindruch and Sohal, 1997; Koubova and Guareit@3Rand delaying the ons
of numerous NCDs, such as cardiovascular diseaaae(let al., 1999), canc
(Hursting et al., 2003), diabetes (Kelley et al993; Lane t al., 1999) and
neurodegeneration (Mattson et al., 2001). Thislwresa reduction in calorie intal

to a level that has been shown to increase lifespanstres-resistance in multipl



species, without causing malnutrition. Researclestigating resveratrol’s action as
a calorie restriction (CR) mimetic found that tb@mpound has positive effects on a
number of different aspects related to the agdeelalegeneration; mechanisms
which correspond to those evoked through aeroleccese.

Targeting the models of ageing

Resveratrol has been shown to extend the lifesp&n cerevisiagHowitz et
al., 2003),C. elegans(Wood et al., 2004; Viswanathan et al., 2005) ahd
melanogaster(Bauer et al., 2004; Wood et al.,, 2004), but oifilghe gene that
encodes silent information regulator 2 (sir2; tlesest homologue to SIRT1 in these
animals) is present. Resveratrol consistently néadapes the protective effects of
SIRT1 overexpression in cell culture (Howitz et, &003; Araki et al., 2004).
Resveratrol improves the health and extends thsgdn of mice on a high fat diet
but, although showing health benefits in normal anit does not extend lifespan
(Pearson et al., 2008). With reduction in mitoch@dunction strongly associated
with ageing and longevity, resveratrol acts on kinpathways as aerobic exercise to
evoke strong effects on mitochondrial biogenesis.ohe study, the livers of
resveratrol-treated high-calorie mice had conshilgranore mitochondria than those
of high-calorie controls and were not significardijfferent compared to those of the
standard-diet group (Baur et al., 2006). Cultudagcer cells, such as FaO hepatoma
or Hela, in the presence of resveratrol also iregdanitochondrial number, similar
to the reported effect of culturing cells in sertnam calorie restricted rats (Lopez-
Lluch et al., 2006). Acetylated PGG-in resveratrol treated mice was 3-fold lower
than the diet matched controls. Although, as neeia®e in SIRT1 protein levels was
detected, the authors suggested that SIRT1 enayraativity was enhanced by
resveratrol. An alternative proposition has beems itifluence of AMPK in these
effects. Chronic activation of AMPK occurs on aocad restrictive diet and has been
proposed as a longevity strategy for mammals (MgGC&004), with additional
copies of the AMPK gene proving sufficient to exddifiespan inC. elegangApfeld
et al., 2004). Resveratrol has been shown to detéMPK in cultured cells through



an indirect mechanism (Baur et a2006), and AMPKaull mice did not hav
increased insulin sensitivity, glucose toleranceoamondrial biogenesis, or physic
endurance following resveratrol administrationhaltgh wilc-type controls showe
all these improvements (Um et al., 2010). Amber of studies demonstrate t
LKB1 may act as an upstream kinase responsibledsveratrc-induced AMPK
activation (Hou et al., 2008; Shin et al., 2009hilst inhibitors of CAMP-specific
phosphodiesterase 4 (PDE4) have been shown to ntimi@ctiol of resveratrol
through elevated G# levels (Park et al., 2012blResveratrol has been shown
upregulate compounds further down the AMPK/SIRTfhways, such as P(-la
(Lagouge et al., 2006) and MnSOD (Robb et al., 2088&hough the principa
method ly which resveratrol activates these pathways ideangcit clearly has

profound effect on mitochondrial biogenesis (Fi-12).

Resveratrol

Resveratrol

Resveratrol

(NRFl) CNRFZ) (PPAR)

Mitochondrial Biogenesis

Fig. 1-12. A diagram showing the proposed actions of resvaratn the
AMPK/SIRT1 pathways, leading to increased mitcndrial biogenesi



Resveratrol not only increases mitochondrial bi@ges) but also decreas
various manifestations of oxidative strin vitro (Chanvitayapongs et al., 1997) ¢
in vivo (Gupta et al., 2002a). Additionally, resveratroredily scavencs free
radicals (Frankel et al., 1993). With resveratrbbwn to upregulate previous
mentioned proteins in the AMPK/SIRT1 pathways, additional upregulation ¢
FOXO (Chen et al., 2009) and MnSOD (Kitada et2011), the same pathways
in aerobicexercise may be implicated in these antioxidargc$f (Fig. -13).

Resveratrol = PDE4

Caz+ CaKl G AMPIATP

Ac-( FOXO )

Resveratrol

Resveratrol

PGC-1a gene

Resveratral

CusSOD gene
(ZnSOD gene) CCataIase gena (MnSOD geneD

(msoo) (msoo)

Antioxidant Effects

Fig. 1-13. A diagram showing the action of resveratrol on WEIPK/SIRT1
dependent and independent pathways, leading toxagteint effect



Resveratrol has also been reported to act as egwstrogen in some
systems (Gehm et al., 1997). As oestrogen replatetherapy has been shown to
reduce the risk of cardiovascular disease and pstesis in postmenopausal women
(Lobo, 1995), it has been suggested that this ptppéresveratrol might mediate its
cardioprotective effects. However, both the oesnig effects of resveratrat vivo
and the cardioprotective effects of oestrogen osmptent (Hodis et al., 2003;
Bluming, 2004) have since become subjects of delatd a firm connection
remains to be established (Baur and Sinclair, 20@6)s thought that much of
resveratrol’'s action on the body occurs throughegplation of PGC+, whether
through SIRT1, AMPK, or another mechanism.

1.4.3 Therapeutic Action of Resveratrol on Noncommmicable

Diseases

Although resveratrol has clear protective effetitg, exact metabolic targets
remain elusive.ln vitro experiments have universally shown favourable ctdfe
leading to the identification of multiple directg@ts for resveratrol. As referred to in
the previous section, aerobic exercise acts togmteand treat a number of NCDs.
The therapeutic effects of resveratrol treatmentN@Ds will now be compared to
those of aerobic exercise in order to highlight plagential of this compound as an

exercise mimetic.

Cardiovascular diseases

Resveratrol prevents platelet aggregatioritro (Bertelli et al., 1995) anuh
vivo (Zini et al., 1999; Wang et al., 2002) which sugjgetherapeutic potential
against transient ischemia, myocardial infarctiorstwoke by preventing thrombus

formation and subsequent blockages in blood vesshks predicted mechanism for



this preventative method involves its differentadtion on the cyclooxygenases,
COX1 and COX2, because the balance of prostaglangymthesised by these
cyclooxygenase isoforms regulates vascular hom&egtdang et al., 1997; Baur and
Sinclair, 2006). COX1 synthesises thromboxane ARAG) which acts as a potent
inducer of platelet aggregation and as a vasodotstr(Hamberg et al., 1975),
whereas COX2 synthesises prostacyclin which acéamti-platelet aggregator and
vasodilator (Moncada et al., 1976). Resveratrol h&en shown to exhibit
preferential inhibition of COX1 over COX2 activitdang et al., 1997) which,
therefore, promotes blood flow and decreases donhdtion. Oxidation of low-
density lipoprotein (LDL) particles is strongly asgted with the risk of coronary
heart disease and myocardial infarction (Holvo€04). Resveratrol prevents LDL
oxidation in vitro by chelating copper, as welllgsdirectly scavenging free radicals
(Frankel et al., 1993). Treatment of healthy raith wesveratrol does not affect LDL
oxidation (Lobo, 1995), but in stroke-prone rats gignificantly reduces markers of
oxidative stress, such as glycated albumin in seanch8-hydroxyguanosine in urine
(Mizutani et al., 2001). Additionally, resveratrbls proved to be effective at
protecting isolated rat hearts against ischaenmarfesion injury, resulting in
improved recovery of developed pressure and aoftiov, reduction of
malondialdehyde concentrations and reduction oératfsize (Ray et al., 1999;
Bradamante et al., 2000; Sato et al., 2000; FutdhZebatin, 2004). These actions
are thought to take place through activation of N@sSinhibitors of NOS have been
shown to block the protective effects of resvelatrdsolated rat hearts (Hattori et
al., 2002) while hearts from iNOS-null mice are paitected (Imamura et al., 2002).
Increases in the expression of both eNOS and INQ3 et al., 2005), as well as
increases in serum NO (Hung et al., 2000), wereerviesl in mice treated with

resveratrol, demonstrating that this mechanismcbalrelevanin vivo.

Neurodegenerative disorders

With cholinergic neurons and pathways playing wptead roles in the

regulation of learning, memory and cerebral bloewflto the nervous system



(Mesulam et al., 2002), resveratrol has been shimnact through the cholinergic
pathway to alleviate memory decline associated witbheimer’'s disease (AD)
when administered intraperitoneally (i.p.) (Gacaraé, 2011). Recently it was
established that specific binding sites for resvelaxist in the brains of rats, most
densely found in the choroid plexus and subfornazgln of the brain (Han et al.,
2006; Radkar et al., 2008). The primary proteindpaed by the choroid plexus is
transthyretin (TTR) which is the main binding ptatdor p-amyloid, and it is
proposed that activation of TTR production may bmechanism for resveratrol’s
action against AD (Bastianetto et al., 2007). Nwmner studies have raised the
possibility that resveratrol may be useful in potiteg against brain damage
following cerebral ischaemia. Resveratrol admimede intracerebroventricularly
(i.c.v.) during and after transient global cerebsahaemia lowers delayed neuronal
cell death and glial cell activation in the hippogaus (Wang et al., 2002).
Administered intravenously (i.v.), resveratrol dsased ischaemic volume and brain
water content following middle cerebral artery asobn in rats (Wang et al., 2004).
Resveratrol administered i.p. also prevented seiinduced by Feg(Gupta et al.,
2001), kainic acid (Gupta et al., 2002a) or pemtgtetrazole (Gupta et al., 2002b),
and partially restored cognition in rats receivstgeptozotocin i.c.v. (Sharma and
Gupta, 2002). These results suggest that resvkeiatmapable of penetrating the
blood-brain-barrier and exerts strong neuroprotectifects, even at low dosdgats
given resveratrol i.p. for 21 days showed less motgairment and significantly
smaller infarct volume after middle cerebral artecclusion (Sinha et al., 2002).
Similar effects were seen in wild-type, but notRRAR-null mice (Inoue et al.,
2003).

Diabetes

High-calorie fed mice show alterations in plasmeele of markers that
predict the onset of diabetes and a shorter lifgspecluding increased levels of
insulin, glucose and IGF-1 (Baur et al., 2006). Wheated with resveratrol, mice

showed significantly lower levels of these markeks. oral glucose tolerance test



indicated that the insulin sensitivity of the resteol-treated mice was considerably
higher than controls. A number of other studiesehfound similar effects with
resveratrol administration (Ramadori et al., 20K@ada et al., 2011). With PGCal
and polymorphisms of associated proteins (Ek e28D1; Hara et al., 2002; Mootha
et al., 2003) and neurotrophins (Tomlinson et 97; Krabbe et al., 2007) often
downregulated in type 2 diabetes, it may be thraigise pathways that resveratrol
counteracts the symptoms of this disorder.

1.4.4 Therapeutic Potential of Resveratrol on Memaor Decline

Along with the physiological benefits associated thwiresveratrol
administration, there is evidence to suggest thavaratrol penetrates the blood-
brain-barrier and promotes desirable improvemeantognition and memory (Baur,
2010). Resveratrol ingestion can improve perforreancworking memory tasks of
healthy aged rats (Joseph et al., 2008) and agede nwith induced
neuroinflammation (Abraham and Johnson, 2009). Ltengp resveratrol treatment
improved spatial memory in aged animals, assessiad @ Y-maze task (Oomen et
al., 2009).In non-human primates, resveratrol treatment wasvslto enhance both
working and spatial memory using an 18-month regiped-Pan et al., 2011), while
in humans, a single dose of oral resveratrol irsgdaerebral blood flow, but did not
improve cognitive function (Kennedy et al., 201Rgsveratrol potentially enhances
memory by suppressing the formation of inflammatorgtabolic products within
the brain and optimising overall brain metaboliswith dose-dependent
enhancement of cerebral blood flow and oxygenatidimough questions have been
raised over the bioavailability of oral resveratiolvivo (Baur and Sinclair, 2006),
evidence of other orally available compounds thgirove cognitive functioning in
the hippocampus maintain hope (Townsend et al§;20(Hare et al., 2013).



Cognitive enhancement with resveratrol is ofteratesl to action on the
AMPK/SIRT1 pathways. SIRT1-null mice exhibit impadr learning and memory,
suggesting the SIRT1 is of importance in those gsses (Gao et al., 2010; Michan
et al., 2010). However, Michan and colleagues (20@0nd that boosting natural
levels of SIRT1 did not enhance cognition in thRElL-null mice, leading them to
question the cognitive benefit of supplementatiathIRT1 activators. This also
raises the question of how important the SIRT1 enotis in the cognitive
enhancement observed with resveratrol treatmenthilVithe same pathways,
resveratrol has been shown to stimulate AMPK (Dptsgand Milbrandt, 2007) and
PGC-In (Mudo et al., 2012) activity in neurons. Activatiof these pathways may
indeed prove vital for the cognitive enhancemesbeaisted with resveratraGome
studies have also detected increased levels ofbtiephins following resveratrol
administration (Rahvar et al., 2011; Pang and Hang812). With neurotrophins
thought to play an important role in neuronal re@eid plasticity, resveratrol may
enhance memory by encouraging early cell survivddrain regions associated with
learning and memory (Frielingsdorf et al., 2007n Wraag, 2009). Contrary to this,
one study found that resveratrol administereddquld lower levels of BDNF and
inhibit hippocampal neurogenesis (Park et al., 201Zhese results clearly raise
guestions about resveratrol’'s action as an exeroiseetic which must be further
explored. Understanding the principal action ofhba¢robic exercise and resveratrol
action may allow the development of suitable, ptoédlg better, pharmacological
agents which can evoke similar improvements bothysiplogically and

neurologically.



1.5 THESISAIMS AND STRUCTURE

The concept of this thesis was to explore how efgsmef physical and
mental health are connected; particularly focusinghe effects that aerobic exercise
and resveratrol ingestion have on learning and mgniResearch to date indicates
that these factors that enhance the metabolicrayaleo relieve certain elements of
cognitive decline. The extent to which this occigrstill to be determined, with a
vast number of scientists investigating differespects of cognitive decline and

methods of altering metabolism.

The first aim of this thesis was to determine thdemrt of cognitive
enhancement associated with regular resveratr@stran and aerobic exercise in
healthy memory, memory decline associated withrageand AD-related amnesia.
A range ofin vivo techniques were chosen to conduct a direct cosgrastudy of
these two factors in order to highlight more clgathe potential of resveratrol
ingestion as an exercise mimetic. Specific focus \wéaced on the effects of
ingesting a relatively small quantity of resvergtreith the intention of replicating

the action of taking resveratrol tablets as a suppht.

The second aim was to determine the potential nmesims through which
both aerobic exercise and resveratrol ingestion awtyto evoke their beneficial
action on learning and memory. Analysis of endogenproteins involved in the
neurotrophin pathway and the AMPK/SIRT1 pathwayss weonducted in
hippocampal and perirhinal cortex. Further analgéisitochondrial functioning in
tissues that expend large levels of energy and ineghbigher numbers of

mitochondria was carried out.

It was hypothesised that resveratrol ingestion aedbbic exercise would
improve healthy memory, and memory decline assediatith ageing and AD, in a
similar manner. It was expected that activatiothefAMPK/SIRT1 pathways would
be involved in any detected cognitive enhancemdefding to enhanced



mitochondrial functioning. These findings would prate the use of resveratrol and
aerobic exercise in enhancing cognition as well irasdelaying degeneration

associated with ageing and disease.



Chapter Two

AEROBIC EXERCISE AND RESVERATROL
| MPROVE LONG-TERM M EMORY
THROUGH AN AMPK/SIRT1-
| NDEPENDENT PATHWAY

“You can't help getting older, but you don’t haweget old.”

- George Burns

2.1 ABSTRACT

The polyphenol, resveratrol, rose to attention he tmid-1990s as a
possible explanation for the “French Paradox” andshsince attracted further
interest due to discoveries revealing many berafeffects on human end-organ
function. These include antioxidant properties, diaprotection, anti-tumour
effects, enhanced longevity and boosted whole bodygabolism. These
improvements are also elicited through aerobic eiser, leading to the
hypothesis that resveratrol may be considered amoese mimetic. Few studies
have directly compared the action of resveratrolthat of physical activity,
though the results of separate studies indicaté llbéh may act through identical

pathways to produce such similar alterations.



To determine how comparable these mechanismstamasi examined in
healthy young (YG; 3 months) and middle-aged (MA;onths) male Wistar
rats whether a regular oral dose of resveratrol (29/kg; 5 d/week) would have
a similar effect on long-term recognition memorylals treadmill running at 17
m/min (5 d/week), following a 4 week protocol. Bsess this, a novel object
recognition (NOR) task with a 24 h delay was usHte potential underlying
mechanisms facilitating cognitive enhancement wengestigated using

hippocampal and perirhinal tissue samples.

After the 4 week treatment/exercise protocol, Y@ &M rats that
underwent resveratrol treatment and treadmill rurmiperformed significantly
better than sedentary control rats in the NOR td&latein analysis showed that
improved cognitive ability was associated with ated levels of brain-derived
neurotrophic factor (BDNF) and nerve growth fac{olGF), whilst levels of key

proteins in the AMPK/SIRT1 pathways remained stéathyppocampal tissue.

These results indicate that regular 20 mg/kg omdwveratrol treatment
produces similar hippocampal-dependent cognitiieaacement in the NOR task
as regular 1 h treadmill running, in both young amiddle-aged rats. Associated
increases in BDNF and NGF levels suggest that ity rba the action of
resveratrol and exercise on these neurotrophing #lacidate their beneficial
effects on cognition, and perhaps other aspectsnoforgan function. These
findings highlight the potential use of resveratiemhd aerobic training as a
memory aid both in enhancing normal memory andneléorating age-related

decline.



2.2 INTRODUCTION

Chronic noncommunicable diseases (NCDs) are clyrdre leading global
health burden with high morbidity and mortality st Although non-modifiable
factors such as ageing and genetics contributee@tevalence of these afflictions,
globalisation of unhealthy lifestyles has playeah@or role in this rise. Alcohol and
tobacco abuse, physical inactivity, and unhealtigtsdall form modifiable risk
factors for the development of many NCDs, suchiabeles type 2, cardiovascular
diseases, and some cancers (Mendis and Fuster). ZD0@s, making healthier
lifestyle choices in these areas will help preverdany cases of NCD. Lack of
physical activity is related to a large quantityNEDs, with this predicted to be the
main cause for approximately 21-25% of breast aldnccancers, 27% of diabetes
type 2, and 30% of ischaemic heart disease casedd\Mealth Organisation, 2009;
2010). Aerobic exercise is, therefore, a key primareventative intervention for
many of these diseases.

Regular exercise encourages favourable structmcinaetabolic alterations
which improve both endurance and general healtbh Sdaptations are triggered by
a network of molecular pathways that are not yly funderstood. Developments in
research aimed at targeting components predictdaketowolved in this circuitry
have implicated the importance of a number of pnstesuch as silent information
regulator two protein 1 (SIRT1) (Ferrara et al.p&0) 5 AMP-activated protein
kinase (AMPK) (Durante et al., 2002), peroxisomelifgrator-activated receptor
coactivator-1 o (PGC-In) (Handschin and Spiegelman, 2008), manganese
superoxide dismutase (MNnSOD) (French et al., 2@08) neurotrophins (Neeper et
al.,, 1995, 1996; Richardson et al.,, 200®egular aerobic exercise improves
mitochondrial dysfunction, hormonal imbalances lamfmatory mechanisms, and
oxidative stress associated with NCDs as well ath wiormal ageing. These
improvements are thought to occur at least paytittirough increases in the
previously mentioned proteins (Jager et al., 200#h these pathways all
thoroughly entwinedThe benefits of aerobic exercise make it desirablglentify

orally active agents that mimic or potentiate thef$ects.



Plant-derived phenolic compounds, such as resweérave the potential to
treat NCDs and delay age-related degeneration, witmerous studies showing
therapeutic effects against cardiovascular disé¥ger and Nguyen-Duong, 1999;
Ray et al., 1999; Zini et al., 1999), stroke (Guetaal., 2002; Wang et al., 2002;
Inoue et al., 2003)iabetes type 2 (Thirunavukkarasu et al., 2007 u8elska and
Szkudelski, 2010), some cancers (Jang et al., 18&e et al.,, 2002) and
neurodegeneration (Marambaud et al., 2005; Suh,e2@G10). Resveratrol (3,5,4'-
trinydroxystilbene) is a natural polyphenol proddicky plants in response to
environmental stress (Signorelli and Ghidoni, 200bhe trans- form of this
compound is found in significant concentrationsainumber of nuts and berries but
most abundantly on the skin of red grapes andetbes, red wine (Siemann and
Creasy, 1992)transResveratrol rose to attention in the mid-90s aposasible
explanation for the “French Paradox” when it wasught that the levels of
resveratrol found in red wine may work to countethe unhealthy Mediterranean
diet in order to explain the impressive health lofedy people in France (Kopp,
1998). The antioxidant effects and inhibition ofatelet aggregation that was
observed with resveratrol ignited interest in tbampound (Frankel et al., 1993;
Bertelli et al., 1994)Although this initial proposition has been dispd]leterest in
resveratrol has since grown due to discoveriesatenge many beneficial effects on
human end-organ function. Resveratrol has beenshowctivate some of the same
pathways as aerobic exercise, with studies findmgeased activity of SIRT1
(Howitz et al., 2003), AMPK (Um et al., 2010), PA@G-(Lagouge et al., 2006),
MnSOD (Robb et al., 2008) and neurotrophins (Thamwkkarasu et al., 2007,
Rahvar et al.,, 2011). In relation to the similarity these widespread actions,

resveratrol may be considered an exercise mimetic.

Alongside physical adaptations, there is evideneoggssting that aerobic
exercise and resveratrol penetrate the blood-lrairier and promote desirable
improvements in cognition and memory (Joseph et2808; van Praag, 2009).
Although questions have been raised over the biladoility of oral resveratroin
vivo (Baur and Sinclair, 2006), evidence of other gralvailable compounds that
improve cognitive functioning in the hippocampusimn hope (Townsend et al.,

2006; O’Hare et al., 2013). It remains unclear \utpathway either aerobic exercise



or resveratrol act upon that leads to cognitiveaeckment. Many studies have
highlighted that neurotrophins, such as brain-ativeurotrophic factor (BDNF)
and nerve growth factor (NGF), are implicated ie tdognitive enhancement evident
with aerobic exercise. Research shows that levéldhese neurotrophins are
increased with exercise (Neeper et al.,, 1995; Cotraad Berchtold, 2002,
O’Callaghan et al., 2007). Additionally, BDNF (Gnif et al., 2009) and NGF
(Tuszynski et al., 2005) administration alone hasrbshown to enhance memory.
Neurotrophins are thought to play an important mlaeuronal repair and plasticity,
and may enhance cognition by promoting hippocampatogenesis (Frielingsdorf
et al., 2007; van Praag, 200®)ost studies involving resveratrol focus on theact
of this polyphenol on SIRTand, more recently, AMPK, with administration oftho
proteins linked with cognitive enhancement (Michétnal., 2010; Kobilo et al.,
2011). It is possible that both aerobic exercis# r@sveratrol act on these pathways
to enhance hippocampal memory, though both aemtsccise and resveratrol have
wide-spread actions on a number of molecular pagewand their effects on
cognitive enhancement may work through an alteragiathway.

To confirm the beneficial effects on learning andmory, and contrast the
mechanisms of action, a direct comparison of behaviollowing regular aerobic
exercise and oral resveratrol treatment was coeduatith follow up analysis of
biological markers. This should provide greaterights to the pathways through
which aerobic exercise and resveratrol act to ecgnamemory, and the potential use
of resveratrol as an orally active compound agaiN&Ds and age-related
degeneration. For this study, cohorts of young (M@§ middle-aged (MA) male
Wistar rats underwent either a training protocotreadmill running, 1 h increasing
from 10-17 m/min, 5 d/week, or led a sedentarystifke. These groups were again
sub-divided so that half the animals were admiresteesveratrol orally at a dose of
20 mg/kg on training days, a dose shown to causadwerse effects with daily
dosage (Juan et al., 2002). Middle-aged rats wesesaed because loss of cognitive
processing during ageing is a complex processstaats to become evident during
middle-age in humans and rats even in the absehepetific neurodegenerative

diseases (Kluger et al., 199Hollowing a 4 week protocol of regular treadmill



running and resveratrol administration, animalsen@sted in a substitution novel
object recognition (NOR) task. This is a well-validd behavioural measure of
rodent memory useful for evaluating experimentahimalations on cognition and
has been shown to highlight cognitive differencesMeen trained and untrained rats
(Griffin et al., 2009). Using a 24 h delay, effeat$ treatment on long-term

recognition memory was examined.

These results show that, in both young and middeglaats, treatment with
resveratrol and regular aerobic exercise for 4 welekl to significantly better
performance in the NOR task compared to untreatedentary controls. These
findings were paralleled to increased levels of BDAhd NGF in brain regions
associated with learning and memory. AMPK, SIRTIGGPla, and MnSOD
expression in the hippocampus and perirhinal cadidxnot increase with treadmill
running or resveratrol administration, comparedséalentary, untreated controls.
This suggests that aerobic exercise and the pahgdheesveratrol, may act through

an AMPK/SIRT1-independent pathway to enhance cammit



2.3 MATERIALS AND METHODS

2.3.1 Animals

Young (YG; 3 months at study start,= 24) and middle-aged (MA; 14
months at study stam,= 24) male Wistar rats were obtained from the Bisdurces
Unit, Trinity College Dublin. They were housed iaifs (standard hard-bottomed,
polypropylene cages; 44 x 28 x 18 cm) in a tempegatontrolled vivarium (20 to
22 °C), with a 12:12-hour light-dark cycle. Animalgere provided with food and
waterad libitum Experiments were carried out in strict accordanite regulations
laid out by LAST Ireland and were compliant witke tBuropean Union directives on

animal experimentation (86/609/EEC).

2.3.2 Drug and Dosing Regime

All rats were handled for one week pre-drug treatmend fed 0.5 ml of
maple syrup (Maple Joe, Bernard Michaud) to famda them with feeding by
syringe.transResveratrol (>99% purity) from Sigma-Aldrich, UKag administered
orally mixed in a solution of maple syrup. Treatedmals were given an oral dose
of maple syrup and resveratrol suspension (20 mgllag) 5 days per week, with

controls given maple syrup only. Rats were dosethBObefore exercise protocol.

2.3.3 Exercise Programme

Rats ( = 48) were familiarised to motorised treadmillx€E 3/6 treadmill,
Columbus Instruments) by walking on the treadnaitl 5 min (belt speed, 7 m/min)
every other day for one week (3 d). Rats were éwithto YG and MA, and then
sub-divided into 4 groups: sedentary controls (S&dC running controls
(RunCTL), sedentary resveratrol-treated (SedRES) ranning resveratrol-treated
(RUnRES) (=6 in each). YG rats were assigned between gragesrding to
matched performance on the plank walk to ensurenotor differences between



groups; MA rats were assigned between groups afloran(see Psychomotor
Behaviour). The exercise protocol consisted of mgrone hour per day for 5
consecutive days per week (belt speed, graduathe@ased over the training period
from 10 m/min to a maximum of 17 m/min, which isualent to 1 km/h). The
treadmill is equipped with wire loops at one endlod belt through which a mild
electric shock can be delivered; these act to rat#ithe rats to run continuously and
were activated at low levels (on average an intgmdithree on a scale of 0-10; this
represents a current of 1 mA with an inter-pulseeriral of 2 s) throughout all
exercise sessions. Rats were observed while ekgyci® ensure they ran
continuously and also to monitor for signs of streSedentary rats were placed on
stationary treadmills with shock loops activatedoat levels for the same duration.
Training in the NOR task began on the final dayhef exercise programme, during

the 4th week, following 18 days treadmill running.

2.3.4 Psychomotor Behaviour

Before treadmill running and dosing began, all natye assessed in their
ability to undertake the plank walk task. Balanoe @o-ordination were measured
by exposing the rats to one trial on each of thaézontal planks (wide = 30 mm,
medium = 25 mm, narrow = 15 mm), all 1 m in lengtid placed 30 cm above the
table top. These complex motor behaviours shouleXgellent in young healthy rats
and steadily decline with ageing (Shukitt-Hale ket #998). However, none of the
MA rats were able to balance on the narrow planié €0 no data is recorded for
them. The order of plank widths was randomiseda@muhterbalanced across groups.
Latency to fall (max score = 60 sec) and numbetuohs on the planks were

recorded and averaged for each trial.



2.3.5 Open Field Exploration

An open-field test was conducted in a black cincolgen field (diameter, 90
cm; height, 45 cm) placed in a dimly lit-room. Ratsre examined in this empty
arena on their first day of habituation (followid® days treadmill running and
treatment) to measure for general exploration gathteneous behaviour in response
to a novel environment. Observation of such behasigs of particular importance
in drug trials as these compounds may have unexgeaxt previously undiscovered
behavioural effects (KrSiak and Borgesova, 1972fsRvere allowed to move freely
for 5 min with tracks recorded and analysed usicgraputer-based tracking system
(Ethovision, Noldus Co. Ltd., The Netherlands). Hadtion and reactions to spatial
changes were evaluated by the exploration of abjecthe same open field arena
during the initial 5 min NOR training trial. Thisas to examine the sensitivity of the
rats to an environmental change, by recordingnteraction each rat made with the
individual objects.

2.3.6 Novel Object Recognition Task

Rats were well-handled and habituated to the ewymrial apparatus (see
Open Field Exploration), with 20 min of explorationthe absence of objects each
day for 2 days before the task was performed. @bjeere constructed from toy
bricks and were fixed to the floor of the opendiel5 cm from the walls. Objects
and arena were cleaned thoroughly between triadéhsoire the absence of olfactory
cues. Scoring for exploration was strictly basedotive exploration, where rats had
to be touching the object with at least their noges object substitution task was
used to assess non-spatial recognition memorytheotraining phase, three distinct
objects (A, B and C) were positioned in the opaidfin a room with prominent
extramaze cues which could be used for efficieloicahtric orientation. Rats were
allowed to explore the objects for 3 x 5 min trialish an intertrial interval (ITI) of 5
min. For the testing phase, 24 h later, object G veplaced with novel object D
(Fig. 2-1). Rats were reintroduced to the opendfi@r a single 5 min trial.
Measurement of the time spent exploring each obyastrecorded and expressed as



a discrimination ratio (novel object interactionéointeraction with all objects)
(Bevins and Besheer, 2006). Object recognitiorefiected by spending more time
interacting with the novel object D over familiaojects A and B, shown here with

an object discrimination ratio above 0.333.

Training Testing (24 h)
3 x5 min (5 min ITl) 1x5min

Fig. 2-1. Overview of novel object recognition task used &sess long-term
recognition memory. Rats were exposed to an arentining 3 distinct objects for
three 5 min periods. Following a 24 h delay, ra¢semeintroduced to the same arena
with 2 of the same objects in the same locationar{é B) and one object substituted
with another distinct object (C with D).

2.3.7 Tissues and Serum Samples

Rats were sacrificed by decapitation 1 h followthg testing phase of the
NOR task. Their brains were removed and tissue telesn from the dentate gyrus
(DG), remainder of hippocampus (HIPP) and perirthanatex (PC). These samples
were homogenised in lysis buffer, with a small jortseparated for mRNA

analysis, and stored at -80°C until further analysi



2.3.8 Analysis of Protein Levels by Enzyme-Linkedrhmunosorbent
Assay (ELISA)

Samples homogenised in lysis buffer were thawedayesl for protein
content using a Micro BCA Protein Assay Kit (Ther@oientific, Hampshire, UK),
and quantified using a  NanoDrop ND-1000  spectropheter
(NanoDropTechnologies, Rockland, Delaware, US&amples were all diluted to a
final volume of 100 ul to equalise for protein cemtand then stored at -20°C until

further analysis.

BNDF levels in dentate gyrus, hippocampus and Ipeaf cortex were
quantitatively assessed usi@pemikind™ BDNF Sandwich ELISA kit (Millipore
S.A.S., Molsheim, France). NGF levels in dentaterugy hippocampus, and
perirhinal cortex were quantitatively assessed gu€demikiné™ Nerve growth
factor Sandwich ELISA kit (Millipore S.A.S., Molshme, France). All ELISAs were
conducted according to instructions provided by thanufacturer. All samples
assayed by ELISA were done in triplicate.

2.3.9 Analysis of Protein Expression by Real-Time dbymerase
Chain Reaction (RT-PCR)

Total RNA from brain tissue was extracted from sfragen samples using
the NucleoSpin RNA 1l isolation kit (Machery-Nag#ic., Germany) following
manufacturer’'s instructions, and quantified using NanoDrop ND-1000
spectrophotometer (NanoDrdmchnologies, Rockland, Delaware, USA&or RT-
PCR, total RNA was retro-transcribed to cDNA. cDNynthesis was performed on
1 - 2 pg RNA using a High Capacity cDNA RT Kit (Amu Biosystems, USA).
Following this, total cDNA was submitted to RT-PCBr SIRT1, AMPKul,
AMPKa2, PGC-, MnSOD, BDNF and NGF. Rap-actin was used as an
endogenous control (cDNA samples were not nornthligeor to RT-PCR) and
expression was conducted using a gene expressgaly agntaining forward and



reverse primers and a VIC-labelled MGB TagMan pr¢Beplied Biosystems,
USA). All RT-PCR measurements were conducted usingABI Prism 7300
instrument (Applied Biosystems, USA). Forty cyclesre run as follows: 10 min at
95 °C and for each cycle, 15 sec at 95 °C and laing0 °C. Fluorescence was read
during the annealing and extension phase (60 “@ughout the program and gene
expression was calculated relative to the endogencentrol. Analysis was
performed using the 2*CT method. Data are presented as mean relativéegtiot
(RQ) values that represent fold changes relativbeéanean value for controls using
StepOné& Software v2.1 (Applied Biosystems, USA).

2.3.10 Statistical Analysis

All data was analysed using GraphPad Prism (Grapld¥edtware, Inc.) and
Statistical Package for the Social Sciences (SPO8g-way ANOVA, two-way
ANOVA or unpaired two-tailed Student’s t-test weanducted as appropriateost
hoc comparisons were made using the Tukey’s HSD gestignificance level of p =
0.05 was accepted for all comparisons: * p < 0*0% < 0.01; *** p < 0.001. Data

are presented as mean + SEM.



2.4 RESULTS

2.4.1 Psychomotor Behaviour Comparisons for Group Mtching

To confirm a fair distribution of animals betweeardatment groups, all rats
were initially assessed for psychomotor behaviaingi a plank walk test. Using
results from this task, young animals were evendyamed between 4 groups. One-
way ANOVA revealed no difference between YG grobjesore treadmill running
and dosage regime on latency to faly &= 0.151, p = 0.928) (Fig. 2-2A), and
number of turns (F = 1.20, p = 0.335) (Fig. 2-2B). All YG rats weredithy with
good balance and co-ordination before experimentdbegan. These results were
used to match YG rats evenly between the 4 tredtmpeups: sedentary controls
(SedCTL), running controls (RunCTL), sedentary esatrol-treated (SedRES) and
running resveratrol-treated (RUNRES)=6 in each). Middle-aged animals were
larger and found it too difficult to balance on tplank, so treatment groups were

randomly assigned for these animals (data not septed).
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Fig. 2-2. There was no difference between young groups ishmsyotor behaviour

at beginning of experiment. Balance and co-ordomatvas assessed using a plank
walk by measuring [A] latency to fall and [B] numibaf turns on three horizontal
planks (wide = 30 mm, medium = 25 mm, narrow = If)mall 1 m in length, 30
cm above the table top. For each rat performanceer3 planks was averaged and
group means are presented abowme= 6 per group. Groups were determined
following performance in this task. Middle-agedraals were too large to remain on
the planks and so the data for them is not predeRtesults are presented as mean *
SEM.



2.4.2 Effect of Exercise Compared to Resveratrol o®pen Field

Behaviour
The impact of 3 weeks forced treadmill running aeslieratrol ingestion on

emotion and anxiety were compared using an opdd &ssessment. Placed in an
empty arena, qualitative and quantitative measunésraf general locomotor activity
and willingness to explore were taken. Assessedfiferinitial 5 min of the first
habituation session, following 16 days of runnimgl aesveratrol treatment, one-way
ANOVA analyses revealed no significant differendestween YG groups for
ambulation in terms of distance travelled £~ 0.3492, p = 0.7902) (Fig. 2-3A) and
velocity (Fs20 = 0.9438, p = 0.4381) (Fig 2-3B). There were atsosignificant
differences between MA groups for ambulation imgiof distance travelled {ko =
0.4748, p = 0.7033) (Fig. 2-3C) and velocity £~ 0.2346, p = 0.8712) (Fig 2-3D).
With no differences determined between age-matghedps, there were no sedative
or stimulant effects of resveratrol treatment aoh& exercise. Unpaired two-tailed
t-test revealed that there was an age-relatedngeiclidistance travelled,{t= 2.143,
*p < 0.05) and velocity = 2.344, *p < 0.05) (data not represented).
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Fig. 2-3. No differences between groups were found in sp@uas locomotor
behaviour in an open field during fourth week ofiiree. Locomotor activity was
recorded for 5 min. SedCTL: pre-treatment with reagyrup alone (0.5 ml/d) and
exposure to immobile treadmills (1h /d) for 16 dinfCTL: pre-treatment with maple
syrup alone (0.5 ml/d) and forced treadmill runn{ad /d) for 16 d; SedRES: pre-
treatment with resveratrol (20 mg/kg/d) in mapleupyand exposure to immobile
treadmills (1h /d) for 16 d; RUnRES: pre-treatmeith resveratrol (20 mg/kg/d) in
maple syrup and forced treadmill running (1h /d) I6 d. Results are presented as
mean + SEM of the [A] distance travelled in centirag (cm) and [B] velocity
(cm/s) of young rats, and [C] distance travelled¢entimetres (cm) and [D] velocity
(cm/s) of middle-aged rats = 6 per group. No differences were found between
groups.

Further analysis of general locomotor activity avitingness to explore was
carried out and compared between groups when shjemte added to the arena for
the first NOR trial. All 4 groups in both YG and MAnimals showed similar



sensitivity to changes in the local environment witee 3 objects were introduced to
the open field environment for the initial trainirigal as assessed by the total
exploration in YG (B20= 1.149, p = 0.3536) (Fig. 2-4A) and MAs(jo=1.114, p =
0.3667) (Fig. 2-5A)This further confirms that there were no sedativetonulant
effects of resveratrol treatment or aerobic exerasaring the fourth week of the

treatment regimes.

2.4.3 Treadmill Running and Resveratrol Ingestion Ave Similar

Effects on NOR Performance

The impact of 4 weeks forced treadmill running wibthal resveratrol
treatment on recognition memory was assessed withbgect substitution task (Fig.
2-1). Rats explored the objects on the training f&y3 x 5 min with a 5 min ITI.
Over training trials 1 — 3, all YG groups showedbihzation to their environment as
expected, with total exploration time decreasingsg trials (Fig. 2-4A). A two-way
ANOVA revealed a significant effect of trial {kp = 23.407 , ***p < 0.001), but no
significant trial x treatment interactiongfp = 0.95, p = 0.471), and no significant
effect of treatment {»o =1.131, p = 0.361). This asymptotic habituationveu
indicates normal encoding of the environmentaluiesgt and spatial configuration,
suggesting that any alterations to the environmshbuld evoke increased

exploratory behaviour.

A comparison of time spent exploring all objectsidg the NOR training
trials and testing trial showed differences betwegoups. Differences between
groups during the testing trial after a 24 h ITrevdetermined by one-way ANOVA
analyses (k2 = 6.304, *p < 0.01), with furthepost hocanalysis showing that
resveratrol-treated animals explored more thanrdade controls (**p < 0.01) (Fig.
2-4A). Comparing exploration during the testinglttio the training trials, unpaired
two-tailed t-test revealed that all YG treated gr®showed similar exploration in
the test trial compared to exploration in the alittraining trial (T1), whereas



sedentary controls showed significantly less exgtion (SedCTL: fp = 2.134, *p <
0.05; RunCTL: {o = 0.3392, p = 0.7415; SedRES) t 0.4489, p = 0.6631;
RUnRES: 1o = 0.1032, p = 0.9198). Alternatively, sedentargitonls showed similar
exploration in the test trial compared to explamatin the final training trial (T3),
whereas all treated groups showed significantly enexploration in testing
compared to this trial (SedCTLpt= 0.09359, p = 0.9273; RunCTLpt 3.282, **p
< 0.01; SedRES;4 = 4.013, ***p < 0.001; RunRES;3¢= 3.018, *p < 0.05) (data
not represented).

Animals were assessed for exploration of objectdCbgé substituted in the
testing trial) relative to objects A and B, duritige 3 training trials. This is classed
as the object discrimination ratio (ODR). ODR wasraged across the trials within
treatment groups. All 4 groups spent approximabely third of the total exploration
time exploring the object that was later replac8ddCTL: {, = 1.084, p = 0.304,
ODR = 0.311; RunCTL:14 = 0.01475, p = 0.9885, ODR = 0.333; SedRES=t
0.4778, p = 0.6431, ODR = 0.354; RunRE®: = 0.02681, p = 0.9791, ODR =
0.333), signifying no preference for any one of thebjects (Fig. 2-4B). Young
animals showed no particular interest for any dmmeabject or object location
during NOR training trials.

To measure long-term recognition memory using & 2%, during a 5 min
testing trial the time spent exploring novel objéctwas compared to time spent
exploring novel objects A and B. As rats show aurattendency to explore new
objects, greater exploration of object D indicatest animals remember objects A
and B from the training trials. An unpaired twolédi t-test showed that there was no
indication of recognition memory in the YG sedewntaontrols following the 24 h
delay as assessed by preferential explorationwélrabject, D, suggesting that these
rats were unable to learn this tasls € 0.8384, p = 0.4214, ODR = 0.298). All other
groups showed increased exploration of novel op[@ctelative to familiar objects,
A and B (RunCTL: 4o = 3.473, **p < 0.01, ODR = 0.427; SedRE®:% 2.829, *p <
0.05, ODR = 0.432; RUnRESpt= 2.456, *p < 0.05, ODR = 0.428), indicating an



enhancement in performance of this task in youngals following 4 weeks of
resveratrol ingestion and treadmill running (FiglQ@).
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Fig. 2-4. A four week regime of resveratrol ingestion andadmill running

improved long-term recognition memory in young rgis] All groups showed

habituation to their environment with total expkiwa time decreasing across
training trials 1 — 3. Rats that underwent trainorgresveratrol ingestion explored
objects more than sedentary controls following d 2klay. [B] Measurement of the
time spent exploring each object was recorded aiqpdessed as a discrimination
ratio (novel object interaction/total interactionthwvall objects) for each training trial
and averaged for each rat. No group showed angnerete for object C over objects



A and B. [C] Following a 24 h delay animals werenteduced to the arena with
familiar objects A and B, and novel object D. Ré#état underwent training or
resveratrol ingestion explored novel object D mitvan familiar objects A and B.
Sedentary control rats did not explore novel obj2echore than the familiar objects.
n = 6 per group. Results are presented as mean + SBMes significantly different
from the sedentary control exploration and famibaject exploration are indicated
with an asterisk (Tukey's HSD: *p < 0.05, **p < Q)) with the running group in
blue, resveratrol-treated in red, and those undeggounning and resveratrol-
treatment in purple.

Middle-aged animals were assessed in the sametdsikg-term recognition
memory. Over training trials 1 — 3, all MA groupbkosved habituation to their
environment as expected, with total exploratioretidecreasing across trials (Fig. 2-
5A). A two-way ANOVA revealed a significant effect trial (R 40 = 83.364 , ***p
< 0.001), but no significant trial x treatment iratetion (F 40 = 0.412, p = 0.867),
and no significant effect of treatmentzgg =1.038, p = 0.397). This asymptotic
habituation curve indicates normal encoding of #mvironmental features and
spatial configuration, suggesting that any alterati to the environment should

evoke increased exploratory behaviour.

Time spent exploring all objects during the NORnirag trials and testing
trial were compared to highlight any differencevien groups. Differences were
found during the testing trial after a 24 h ITI wibne-way ANOVA analysis @0 =
3.947, *p < 0.05). Furthgrost hocanalysis showed that the running group explored
more than sedentary controls (*p < 0.05) (Fig. 2-32omparing exploration during
the testing trial to the training trials, unpairseb-tailed t-test revealed that all MA
treated groups showed similar exploration in tst tieal compared to exploration in
the initial training trial (T1), whereas sedentagntrols showed significantly less
exploration (SedCTL:1 = 2.528, *p < 0.05; RunCTL:d = 0.4484, p = 0.6634,
SedRES:ih = 1.378, p = 0.1981; RUnRESp &£ 0.612, p =0.5542). Alternatively,



sedentary controls showed similar exploration ire ttest trial compared to
exploration in the final training trial (T3), whexg all treated groups showed
significantly more exploration in testing compatedhis trial (SedCTL:16 = 1.891,

p = 0.0879; RunCTL:14 = 3.774, **p < 0.01; SedRESjot= 3.302, **p < 0.01;
RUnRES: 1, = 3.086, *p < 0.05) (data not represented).

Animals were assessed for exploration of objectdCbgé substituted in the
testing trial) relative to objects A and B, duritige 3 training trials. ODR was
averaged across the trials within treatment groAfg} groups spent approximately
one third of the total exploration time exploringetobject that was later replaced
(SedCTL: o = 0.1283, p = 0.9004, ODR = 0.328; RunCTls £ 0.2112, p =
0.8369, ODR = 0.327; SedRE%; + 1.298, p = 0.2234, ODR = 0.354; RUunREg: t
= 0.4419, p = 0.668, ODR = 0.356), signifying nefprence for any one of the 3
objects (Fig. 2-5B). Middle-aged animals showed pasticular interest for any
specific object or object location during NOR tiamptrials.

To measure long-term recognition memory using & 2%, during a 5 min
testing trial the time spent exploring novel objéctwas compared to time spent
exploring novel objects A and B. As rats show aurattendency to explore new
objects, greater exploration of object D indicatest animals remember objects A
and B from the training trials. An unpaired twolddi t-test indicated no recognition
memory in the MA sedentary controls following thé B delay as assessed by
preferential exploration of novel object, D, suggesthat these rats were unable to
learn this task () = 1.131, p = 0.2843, ODR = 0.316). All other greughowed
increased exploration of novel object, D, relatiee familiar objects, A and B
(RunCTL: to = 2.463, *p < 0.05, ODR = 0.4401; SedRE®:= 3.078, *p < 0.05,
ODR = 0.4785; RunRES;q¢t= 3.201, **p < 0.01, ODR = 0.4155), indicating an
enhancement in performance of this task in middiedaanimals following 4 weeks

of resveratrol ingestion and treadmill running (R2e5C).
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Fig. 2-5A four week regime of resveratrol ingestion aretimill running improved
long-term recognition memory in middle-aged rat#] [All groups showed
habituation to their environment with total expkiwa time decreasing across
training trials 1 — 3. Rats that underwent trainorgresveratrol ingestion explored
objects more than sedentary controls following d 2klay. [B] Measurement of the
time spent exploring each object was recorded aiqpdessed as a discrimination
ratio (novel object interaction/total interactionthwall objects) for each training trial
and averaged for each rat. No group showed angnemte for object C over objects
A and B. [C] Following a 24 h delay animals werent®duced to the arena with
familiar objects A and B, and novel object D. R#tat underwent training or
resveratrol ingestion explored novel object D mibran familiar objects A and B.
Sedentary control rats did not explore novel obj2echore than the familiar objects.
n = 6 per group. Results are presented as mean + S&BMes significantly different
from the sedentary control exploration and famibaject exploration are indicated
with an asterisk (Tukey’'s HSD: *p < 0.05, **p < Q)0 with the running group in
blue, resveratrol-treated in red, and those undeggounning and resveratrol-
treatment in purple.



2.4.4 Effect on Protein Expression in Hippocampusral Perirhinal

Cortex
Hippocampal and perirhinal tissue was extractedhftbe brains of all rats

and assessed for expression of proteins from théPlMBIRT1 pathways. This
would indicate if proteins implicated in many beneidl actions of resveratrol and
aerobic exercise physiologically were also involiedhe cognitive enhancement
observed with these treatment regimes. Expresdi@iRT1, AMPKol, AMPKa2,
PGC-.n, MNSOD, BDNF, and NGF was assessed in these braiatures associated
with learning and memory using real-time PCR. Inung animals, one-way
ANOVA analysis revealed significant differencesvibetn groups in BDNF mRNA
levels in dentate gyrus {bp= 8.156, ***p < 0.001) with furthepost hocanalysis
revealing significant increases with all treatmesgimes relative to YG sedentary
controls (RunCTL: **p < 0.01; SedRES: **p < 0.01uRRES: **p < 0.01). One-
way ANOVA analysis also revealed significant difiaces between groups in NGF
MRNA levels in dentate gyrus {kp= 7.958, **p < 0.01) with furthepost hoc
analysis revealing significant increases with edlatment regimes relative to YG
sedentary controls (RunCTL: **p < 0.01; SedRES: *®p0.01; RunRES: **p <
0.01). Additional one-way ANOVA analyses revealed significant differences
between YG groups for dentate gyrus expressionIBTS (F320= 0.1774, p =
0.915), subunit AMPK1 (Fs20= 0.2238, p = 0.8787), subunit AMBR (F; 2 =
0.4257, p = 0.7367), PGGr1(F520= 0.05454, p = 0.9827), and MnSOD;s¢5=
0.8136, p = 0.5014) (Fig. 2-6A).

Analysis of the rest of the hippocampus and parahcortex showed similar
enhancement of neurotrophins in young animals. Wene- ANOVA analysis
revealed significant differences between groups BBBNF mRNA levels in
hippocampus (F0= 8.358, ***p < 0.001) with furthepost hocanalysis revealing
significant increases with all treatment regimelatiee to YG sedentary controls
(RunCTL: **p < 0.01; SedRES: *p < 0.05; RunRES: *¥ 0.01). One-way
ANOVA analysis also revealed significant differeacbetween groups of NGF
MRNA levels in hippocampus £k = 7.199, **p < 0.01) with furthepost hoc
analysis revealing significant increases with edlatment regimes relative to YG
sedentary controls (RunCTL: **p < 0.01; SedRES<*f.05; RUnRES: **p < 0.01).



Additional one-way ANOVA analyses revealed no digant differences between
YG groups for hippocampal expression of SIRT30E 0.182, p = 0.9074), subunit
AMPKal (Fs20 = 0.03317, p = 0.9916), subunit AMBK (F;.0 = 0.5854, p
0.6315), PGC-4 (Fs20= 0.06511, p = 0.9777), and MnSODs 5= 0.9665, p
0.4279) (Fig. 2-6B). One-way ANOVA analysis revehlsignificant differences
between groups of BDNF mRNA levels in perirhinatte® (R 20= 8.132, ***p <

0.001) with furtherpost hoc analysis revealing significant increases with all
treatment regimes relative to YG sedentary confflRlnCTL: *p < 0.05; SedRES:
**p < 0.01; RunRES: **p < 0.01). One-way ANOVA amals also revealed
significant differences between groups of NGF mRMN#els in perirhinal cortex
(Fs20 = 9.067, **p < 0.001) with furtheipost hocanalysis revealing significant
increases with all treatment regimes relative tosé@entary controls (RunCTL: **p
< 0.01; SedRES: **p < 0.01; RunRES: **p < 0.01).dMibnal one-way ANOVA
analyses revealed no significant differences betw¥& groups for perirhinal
expression of SIRT1 gho= 0.2890, p = 0.8328), subunit AMBK (F; 2= 0.5255, p
= 0.6698), subunit AMPK2 (Fs20= 0.1487, p = 0.9293), PGGt1Fs320= 0.2083, p
= 0.8894), and MnSOD ¢ho= 0.09508, p = 0.9619) (Fig. 2-6C).
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Fig. 2-6. In young rats, neurotrophin expression increasedpénirhinal and
hippocampal tissue following 4 week regimes of ezatrol ingestion and treadmill
running. MRNA levels in hippocampus and perirhic@aitex were measured by RT-
PCR analysis. Levels of BDNF and NGF mRNA were @ased in [A] dentate
gyrus, [B] rest of hippocampus and [C] perirhinalrtex of rats that underwent
training or resveratrol ingestion, relative to sedey controls. For expression of
other analysed protein mRNAs no differences weuadiobetween groups.= 6 per
group. Results are presented as mean + SEM. Valge#icantly different from the
sedentary control expression level are indicatat am asterisk (Tukey's HSD: *p <
0.05, **p < 0.01), with the running group in bluesveratrol-treated in red, and
those undergoing running and resveratrol-treatnmeptirple.

Similar effects on expression levels were foundhiddle-aged animals as in
young. In middle-aged animals, one-way ANOVA reeeasignificant differences
between groups of BDNF mRNA levels in dentate g\fesso= 6.7, **p < 0.01)



with further post hocanalysis revealing significant increases with taflatment
regimes relative to MA sedentary controls (RunCTh:< 0.05; SedRES: **p <
0.01; RunRES: **p < 0.01). One-way ANOVA analysismgarly revealed
significant differences between groups of NGF mRIE¥els in dentate gyrus {ko

= 4.264, *p < 0.05) with furthepost hocanalysis revealing significant increases
with all treatment regimes relative to MA sedentaopntrols (RunCTL: *p < 0.05;
SedRES: *p < 0.05; RUunRES: *p < 0.05). Additionaleeway ANOVA analyses
revealed no significant differences between MA gsotor dentate gyrus expression
of SIRT1 (k20 = 0.01406, p = 0.9976), subunit AMBK (Fs20 = 0.5151, p =
0.6766), subunit AMPK2 (Fs20= 0.6910, p = 0.6910), PGGtIFs20= 0.4444, p =
0.7239), and MnSOD ¢ho= 0.2165, p = 0.8838) (Fig. 2-7A).

Analysis of the rest of the hippocampus and parahcortex showed similar
enhancement of neurotrophins in middle-aged anin@xh®-way ANOVA analysis
revealed significant differences between groups BBBNF mRNA levels in
hippocampus (F0= 7.878, **p < 0.01) with furthepost hocanalysis revealing
significant increases with all treatment regimelatige to MA sedentary controls
(RunCTL: **p < 0.01; SedRES: **p < 0.01; RunRES: * 0.05). One-way
ANOVA analysis also revealed significant differeacbetween groups of NGF
MRNA levels in hippocampus {bkp = 6.074, **p < 0.01) with furthepost hoc
analysis revealing significant increases with edlatment regimes relative to MA
sedentary controls (RunCTL: *p < 0.05; SedRES: *0.85; RUnRES: **p < 0.01).
Additional one-way ANOVA analyses revealed no digant differences between
MA groups for hippocampal expression of SIRTX 4= 0.09882, p = 0.9597),
subunit AMPKal (Fz20= 0.3014, p = 0.8240), subunit AMBR (F320= 0.1725, p =
0.9137), PGC4 (Fs20 = 0.155, p = 0.9252), and MnSOD3(5 = 0.07967, p =
0.9703) (Fig. 2-7B). One-way ANOVA analysis revehlsignificant differences
between groups of BDNF mRNA levels in perirhinattea (Fz 0= 4.509, *p < 0.05)
with further post hocanalysis revealing significant increases with taflatment
regimes relative to MA sedentary controls (RunCii.< 0.05; SedRES: *p < 0.05;
RUunRES: *p < 0.05). One-way ANOVA analysis also e&ed significant
differences between groups of NGF mRNA levels imirpmal coretex (k2o =

4.797, *p < 0.05) with furthepost hocanalysis revealing significant increases with



all treatment regimes relative to MA sedentary oaat (RunCTL: *p < 0.05;
SedRES: *p < 0.05; RUnRES: *p < 0.05). Additionaleevay ANOVA analyses
revealed no significant differences between MA gotor perirhinal expression of
SIRT1 (R 20= 0.02649, p = 0.994), subunit AMIBK (F; 2= 0.364, p = 0.7797),
subunit AMPKa2 (Fs20= 0.2367, p = 0.8697), PGGr1F; 20= 0.02265, p = 0.9952),
and MnSOD (k2= 0.2391, p = 0.8680) (Fig. 2-7C). The improvemetgtected in
long-term recognition memory with these 4 week ttremt regimes of oral
resveratrol and aerobic exercise were associatéd imcreased expression of
neurotrophins in brain regions involved in learnargl memory. It may be increased
levels of these proteins that are important fordbgnitive enhancement associated

with resveratrol treatment and aerobic exercise.

A 3 ok
Mk * [J SedCTL
[5] & ] Hl RunCTL
] % B SedRES
] m el
S 27 Bl RunRES
2
(]
3
11}
2 14
kS
[}
o
0‘
& & L @ F ¥ P
Q < NS Nl G o
Q S N\ R O &
& S
3
B —x Cs
@ [aaa] *k _ —E— .
R R E 1=
-
2 0 " HE
%] [}
g ¢
<
w
()] 1 w
E
E g
0 0
& & L& d o @ & S ST P N )
SO R R A O A R A
2 ) v@ ‘?*Q QC'; @0 2 =) @Q @Q Q) @0

Fig. 2-7.In middle-aged rats, neurotrophin expression iregdan perirhinal and
hippocampal tissue following 4 week regimes of egatrol ingestion and treadmill
running. MRNA levels in hippocampus and perirhic@aitex were measured by RT-



PCR analysis. Levels of BDNF and NGF mRNA were éased in [A] dentate
gyrus, [B] rest of hippocampus and [C] perirhinalritex of rats that underwent
training or resveratrol ingestion, relative to s@dey controls. For expression of
other analysed protein mRNAs no differences weuadiobetween groups.= 6 per
group. Results are presented as mean + SEM. Valge#icantly different from the
sedentary control expression level are indicateat am asterisk (Tukey's HSD: *p <
0.05, **p < 0.01), with the running group in bluesveratrol-treated in red, and
those undergoing running and resveratrol-treatnmeptrple.

2.4.5 Effect on BDNF and NGF Levels in Hippocampusand

Perirhinal Cortex
With increased expression of neurotrophins in hgagpapal and perirhinal

tissue in groups administered resveratrol and tndadrunning, the potential
importance of these proteins in long-term memonhagcement was further
explored by measuring protein levels in these &ssuevels of BDNF and NGF
were measured in dentate gyrus, rest of the hipppuaa, and the perirhinal cortex
using ELISA. In young animals, one-way ANOVA reweglsignificant differences
in the levels of BDNF (k= 7.309, **p < 0.01) and NGF §ko= 8.306, ***p <
0.001) in the dentate gyruBost hocanalysis revealed significant increases with all
treatment regimes relative to YG sedentary contwbBDNF (RunCTL: *p < 0.05;
SedRES: **p < 0.01; RUnRES: *p < 0.05) and NGF (Rtih: **p < 0.01; SedRES:
**p < 0.01; RunRES: *p < 0.05) (Fig. 2-8A0One-way ANOVA also revealed
significant differences in the levels of BDNFs;@g= 5.571, **p < 0.01) and NGF
(Fs20= 6.653, **p < 0.01) in the remainder of the hippoypus.Post hocanalysis
revealed significant increases with all treatmesgimes relative to YG sedentary
controls of BDNF (RunCTL: *p < 0.05; SedRES: *p €0B; RUnRES: **p < 0.01)
and NGF (RunCTL: **p < 0.01; SedRES: **p < 0.01; HRES: *p < 0.05) (Fig. 2-
8B). One-way ANOVA also revealed significant ditfeces in the perirhinal levels
of BDNF (F320= 7.226, **p < 0.01) and NGF §ko= 6.515, **p < 0.01)Post hoc
analysis revealed significant increases with ahtiment regimes relative to YG



sedentary controls of BDNF (RunCTL: **p < 0.01; &&5: **p < 0.01; RUunRES:
*p < 0.05) and NGF (RunCTL: *p < 0.05; SedRES: *0.65; RUnRES: **p < 0.01)
(Fig. 2-8C).
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Fig. 2-8.In young rats, neurotrophin levels increased inrpiexal and hippocampal
tissue following 4 week regimes of resveratrol stgen and treadmill running.
Protein levels in hippocampus and perirhinal corteare measured by ELISA.
Levels of BDNF and NGF were increased in [A] demtajyrus, [B] rest of
hippocampus and [C] perirhinal cortex of rats thiatlerwent training or resveratrol
ingestion, relative to sedentary contrats= 6 per group. Results are presented as
mean + SEM. Values significantly different from teedentary control protein level
are indicated with an asterisk (Tukey's HSD: *p €% **p < 0.01), with the
running group in blue, resveratrol-treated in raalgd those undergoing running and
resveratrol-treatment in purple.



Similar effects on neurotrophin levels were foundriddle-aged animals as
in young. In middle-aged animals, one-way ANOVAeaaled significant differences
in the levels of BDNF (k2= 6.537, **p < 0.01) and NGF §Fo= 7.375, **p < 0.01)
in the dentate gyrusPost hocanalysis revealed significant increases with all
treatment regimes relative to MA sedentary contodlIBDNF (RunCTL: *p < 0.05;
SedRES: **p < 0.01; RunRES: **p < 0.01) and NGF (ROL: *p < 0.01;
SedRES: **p < 0.01; RunRES: *p < 0.05) (Fig. 2-98)ne-way ANOVA also
revealed significant differences in the levels @NF- (Fz 0= 9.08, ***p < 0.001)
and NGF (B 0= 7.647, **p < 0.01) in the remainder of the hippogpus.Post hoc
analysis revealed significant increases with ahtment regimes relative to MA
sedentary controls of BDNF (RunCTL: **p < 0.01; &&5: **p < 0.01; RunRES:
**p < 0.01) and NGF (RunCTL: *p < 0.05; SedRES: *0.01; RunRES: **p <
0.01) (Fig. 2-9B). One-way ANOVA also revealed giigant differences in the
perirhinal levels of BDNF ($20= 4.948, **p < 0.01) and NGF §Ro= 5.482, **p <
0.01). Post hocanalysis revealed significant increases with dhtment regimes
relative to MA sedentary controls of BDNF (RunCTtp < 0.01; SedRES: *p <
0.05; RUnRES: *p < 0.05) and NGF (RunCTL: *p < Q.@edRES: *p < 0.05;
RUnRES: *p < 0.05) (Fig. 2-9C). The improvementsteded in long-term
recognition memory with these treatment regimeomi resveratrol and aerobic
exercise were associated with increased neurotmdpbels in brain regions involved
in learning and memory. These findings further supghe belief that these 4 week
treatment regimes of resveratrol ingestion anddireth running may improve

cognition through increased levels of these preatein
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Fig. 2-9. In middle-aged rats, neurotrophin levels increagedperirhinal and
hippocampal tissue following 4 week regimes of ezatrol ingestion and treadmill
running. Protein levels in hippocampus and perahicortex were measured by
ELISA. Levels of BDNF and NGF were increased in ggntate gyrus, [B] rest of
hippocampus and [C] perirhinal cortex of rats ttnadlerwent training or resveratrol
ingestion, relative to sedentary contrats= 6 per group. Results are presented as
mean + SEM. Values significantly different from teedentary control protein level
are indicated with an asterisk (Tukey's HSD: *p €% **p < 0.01), with the
running group in blue, resveratrol-treated in raadgd those undergoing running and
resveratrol-treatment in purple.



2.5 DSCUSSION

There were twanajor aims of this study. The first aim was to eed¢ the
similarities of 4 weeks of resveratrol ingestiorl aerobic exercise on healthy long-
term memory and natural memory decline associatéidl ageing. These findings
indicate that with 4 weeks (5d/week) of resveratreatment (20 mg/kg; p.o.) and
treadmill running (1 h/day), either combined oriindually, there are significant
improvements in long-term recognition memory inealthy model and a model of
natural memory decline. The second aim was to ahterthe potential mechanisms
through which both aerobic exercise and resveratgastion may act to evoke their
beneficial action on learning and memory. Memorlgaarcement following 4 weeks
of resveratrol ingestion and aerobic exercise wes®@ated with increased BDNF
and NGF expression and levels in the hippocampdspanrhinal cortex. Proteins
involved in the AMPK/SIRT1 pathways were not upredged in these brain regions

associated with learning and memory.

Many of the physiological benefits of aerobic exszare well understood in
the general population, but there are additionghtove benefits that are not as well
documented in the media. Aerobic exercise has aatdds effect on improving
working memory (Clarkson-Smith and Hartley, 19806hg-term memory (Griffin et
al., 2009) and spatial learning (Kobilo et al., 201This cognitive enhancement is
thought to be linked to increased neurogenesis Rraag, 1999) and neurotrophin
levels (Neeper et al., 1995, 1996; O’Callaghan.e@07; Griffin et al., 2009). The
benefits of aerobic exercise make it desirabledentify orally active agents that
mimic or potentiate these effects; one such canelidathe polyphenol, resveratrol.
Resveratrol can be termed an exercise mimetic duétst similar effects on
mitochondrial biogenesis, endurance, metabolism #ed cardiovascular system
(Um et al., 2010). This polyphenol has also beawshto have protective properties
against animal models of noncommunicable diseases) as Alzheimer’'s disease
(Marambaud et al., 2005; Kim et al., 2007), diabeéype 2 (Thirunavukkarasu et al.,
2007; Szkudelska and Szkudelski, 2010), Huntingtalisease (Kumar et al., 2006;
Ho et al., 2010), cardiovascular disease (JageNmuyen-Duong, 1999; Ray et al.,
1999; Zini et al, 1999), and some cancers (Jarad.,e1997; Bove et al., 2002). To



confirm the beneficial effects on learning and mgmand compare the similarity of
action, a direct comparison of behaviour follownegular aerobic exercise and oral

resveratrol treatment was conducted, with followanplysis of biological markers.

Before treatment, all groups expressed normal eaith good balance and
co-ordination measured in the young animals usipéaak walk task. Middle-aged
animals were larger and found it too difficult taldénce on the plank. These complex
motor behaviours have been shown to be excelleyaung healthy rats and steadily
decline with ageing (Shukitt-Hale et al., 1998)wewer, this could not be confirmed
here due to the confounding aspect of the sizé@fbtder animals. Young animals
were evenly matched between groups according fonpaaince in this assessment of
complex motor behaviours, with middle-aged animeddomly assigned to
treatment groups. During the fourth week of reswerangestion and treadmill
running, general exploration and spontaneous bebravin response to a novel
environment was assessed in an open field. Measmtsnof general locomotor
activity and willingness to explore novel area®wallassessment of animal emotion
and anxiety (Stanford, 2007). All young and middteed groups spontaneously
explored the arena normally, in terms of distamaediled and velocity. Groups did
not differ in terms of initial exploration in thegk (training trial 1), indicating
similar visuomotor function and exploratory tendesc With no differences
determined between age-matched groups, there wesedative or stimulant effects
of resveratrol treatment or aerobic exercise. Shgports findings from other studies
investigating the sedative effects of resveratdbhimistration. No sedative effects
were found with acute doses of 20, 40 and 80 mglkg in rats with
pentylenetetrazole (PTZ) induced seizures (Gupt.e2002b) or 20 mg/kg i.p. in
healthy rats (Gupta et al., 2004). Interestingljydes using higher doses of
resveratrol have found contradictory findings faliog much longer treatment
regimes, with one stating decreased spontaneoambmor activity in rats with a 15
week treatment regime (200 and 400 mg/kg p.o. pélilggouge et al., 2006) and
another finding increased spontaneous locomotarigcin grey mouse lemurs with
an 18 month regime (200 mg/kg p.o. daily) (Dal-Faral., 2011). In addition, all
groups showed normal habituation to their spatialirenment, with gradually

decreasing exploration of objects across trainnmgstin young and middle-aged



animals. This asymptotic habituation curve indisateormal encoding of the
environmental features and spatial configuratiaggesting that any alterations to

the environment should evoke increased explordiehaviour.

A substitution version of the novel object recogmittask was used (Fig. 2-
1). It has previously been shown that this is tdbcdlt for healthy young rats to
perform following a 24 h delay with just 3 x 5 miraining trials (Griffin et al.,
2009). This task was chosen to highlight any enbarent associated with
resveratrol ingestion and treadmill running. Reatret has been shown to evoke
neuroprotective effects against traumatic braimrynjwith a single 100 mg/kg i.p.
dose administered immediately after induction @ltinjury (S6nmez et al., 2007),
against Alzheimer’'s disease symptornms vitro (Wu et al., 2008), and against
seizures using a single dose of 40 mg.kg i.p. adteired 5 min before kainic acid-
induced seizure (Gupta et al., 2002a). 7 weeksobhfingary wheel running also
evokes neuroprotection against brain injury in &8Il et al., 2004), and 6 to 8
months of aerobic exercise improves cognitive scaneelderly people with mild
cognitive impairment (MCI) and dementia (Ahlskoga&t 2011). In this study, no
recognition memory was evident with the young odalle-aged untreated, sedentary
controls after a 24 h delay as assessed by thetothgcrimination ratio of novel
object, D. All other groups showed increased exgtion of novel object, D, relative
to familiar objects, A and B, in young and middiged animals. It was important to
rule out preference for the object itself ratherthhe fact it was novel, as shown by
disinterest from the sedentary controls 24 h ladsrwell as preference for object
location, indicated by assessment of the objedridignation ratio of object C in
training sessions relative to objects A and B. €hisdings indicate that after 4
weeks of resveratrol treatment and aerobic exereifger combined or individually,
there are significant improvements in long-termogggtion memory in the healthy
young rat and the middle-aged rat that has natoemhory decline associated with
ageing. Resveratrol administration is able to impra@ognition in healthy young
animals with already high cognitive function, aslivees improving natural (Oomen
et al., 2009) and enforced (Gupta et al., 2002ant&z et al., 2007; Wu et al., 2008)
memory decline, as shown in other studies. 7 catisecdays of treadmill running

has previously been shown to improve object re¢mgnimemory in healthy rats



(O’Callaghan et al., 2007; Griffin et al., 2009)ltough no cognitive studies with
resveratrol have been carried out in healthy yoangnals, resveratrol has been
shown to improve cognitive function in aged animaisth mice given 150 pg
resveratrol per gram of food for 6 to 8 months @ening better in a Y-maze task
(Oomen et al., 2009). With questions raised over Hioavailability of oral
resveratrolin vivo (Baur and Sinclair, 2006), it is of importance determine
whether supplementation of this compound is a sgalicognitive therapy. These
results support the belief that resveratrol supplaation and aerobic exercise may

prove to be suitable cognitive therapies.

Compared to sedentary control animals, the threaté¢d groups, although
exhibiting the natural habituation curve duringirinag trials, 24 h later showed
renewed interest in all objects with a total exatmm time similar to those shown in
training trial 1 in both young and middle-aged aaisn In fact, it appears that both
young and middle-aged untreated, sedentary cordtsllost interest in all objects
immediately following their first exposure to thebjects, and this disinterest
remained 24 h later even when one of the objects sudbstituted. The lack of
exploration of control rats during the testing phawdicates that the rats had some
recollection of being exposed to the objects betaretheir memory was not vivid
enough to realise that one of the objects was nmvitlis would have been indicated
by an object discrimination ratio above 0.333. élher groups showed renewed
interest in objects, with most attention directedidrds the novel object D, further

indicating better long-term memory than young anddie-aged sedentary controls.

Hippocampal and perirhinal tissue was extractedhftbe brains of all rats
and assessed for expression and levels of profm@gously implicated in the
beneficial action of resveratrol and aerobic exseroon the body. Many studies
investigating cognition refer to resveratrol asIRT activator (Kim et al., 2007,
Pallas et al., 2009; Baur, 2010) since this comdowas found to consistently
recapitulate the protective effects of SIRT1 overession in cell culture (Howitz et
al., 2003; Araki et al., 2004). However, with nddance to indicate that resveratrol

is a direct activator of SIRT1, it may prove mislew to refer to resveratrol as



simply a SIRT1 activator. More recently, AMPK hageh suggested as an
alternative target for resveratrol that may be ingoat for upregulating the beneficial
pathways associated with resveratrol action (Narkéral., 2008), with an
interdependence of these proteins highlighted otreer study (Price et al., 2012). In
this study, results of the polymerase chain reactiother indicated that proteins
involved in the AMPK/SIRT1 pathways were not upredged in brain regions
associated with learning and memory following 4 kgeef these treatment regimes.
No increases in levels of SIRT1, AMRK, AMPKa2, PGC- or MNnSOD mRNA
were found in the dentate gyrus, rest of hippocanpu perirhinal cortex in either
young or middle-aged animals following resveratnglestion or treadmill running.
Other in vivo studies have found increased levels of protein®luwed in the
AMPK/SIRT1 pathways with more localised and higlimrsing regimes. SIRT1
expression in the hippocampus has been shown trease with resveratrol
administered intracerebroventricularly (5 pg/ubinKet al., 2007), with MnSOD
levels increasing with oral administration of 20Q/ky resveratrol in rats on a high-
fat diet, but not rats on a standard diet (Rob&l.e2008). The findings here suggest
that although resveratrol may work through the AMPIRT1 pathways to evoke
many beneficial physiological effects, these patysvdo not appear to be involved
in the memory enhancement associated with reseératiministration or aerobic
exercise. As AMPK overactivation has recently bassociated with neurofibrillary
tangles of hyperpolarised microtubule-associatemtepr tau, such as found with
Alzheimer’'s disease (Vingtdeux et al.,, 2011), itak benefit to discover that
cognitive enhancement through aerobic exercise rasderatrol does not require
activation of this protein. There were significantreases in expression of the
neurotrophins, BDNF and NGF, in these brain regiovith levels of these proteins
also increased relative to sedentary controls. #atthlly, increased BDNF and NGF
expression has been measured in the hippocamposviftd 2, 4 and 7 nights of
voluntary wheel running in rats (Neeper et al., @9%ith acute bouts of exercise
increasing vascular endothelial growth factor (VBEGévels in untrained human
skeletal muscle, but not trained skeletal muscleh@&@dson et al., 2000). Increased
circulating VEGF levels have been measured withragekg p.o. resveratrol daily
for 15 days in streptozotocin-induced diabetic (d@isirunavukkarasu et al., 2007)
and dose-dependent increases in hippocampal BDMe&islewere found when

comparing resveratrol doses ranging from 2.5 tongtkg p.o. daily for 3, 10 and 30



days (Rahvar et al., 2011). It appears that regweti@nd aerobic exercise may evoke
their effects on cognition through neurotrophinsether proteins implicated in these
pathways. This supports the suggestion that thegienes may enhance memory by
encouraging early cell survival in brain regionsasated with learning and memory
(Frielingsdorf et al., 2007; van Praag, 2009).

The data presented here suggest that a four wegkieeof resveratrol
ingestion and aerobic exercise have similar pasimapacts on functioning of the
hippocampal formation and perirhinal cortex as raess by long-term recognition
of object novelty in the novel object recogniti@sk. This enhancement is effective
in both the healthy young rat and the middle-agadtihat has natural memory
decline associated with ageing. These methods afianeenhancement have never
before been combined in a study to compare siridarilt appears that it is not
action through the AMPK/SIRT1 pathways that eltbiese effects on learning and
memory, but possibly through increased levels ofiroeophins that promote
neuronal growth and survival in brain regions asged with memory. Further
assessment of resveratrol and aerobic exercisenamti the brain must be conducted
for greater understanding of this action. It is giole future studies shall use
resveratrol and other exercise mimetics to gaith&rinsight as to how exercise
exerts its adaptations physiologically and cogeltiv First, more research must be
conducted to ascertain whether these treatment asetlact through identical

pathways, as suggested by a wide range of stunldeté.



Chapter Three

ORALLY ADMINISTERED RESVERATROL
ALLEVIATES SCOPOLAMINE -INDUCED
AMNESIA

“A man’s health can be judged by which he takesdwa time — pills or
stairs.”

- Joan Welsh

3.1 ABSTRACT

Resveratrol is a highly active polyphenol founctantain plants, such as
grapes and peanuts, that provides protection fromading pathogens and
environmental stressors. Since its discovery asaaftioxidant in red wine,
research has revealed many beneficial effects amanuend-organ function.
These include action against noncommunicable desgasuch as anti-diabetic
properties, cardioprotection, anti-cancer effectsand neuroprotection.
Administered intraperitoneally, resveratrol has beghown to act through the
cholinergic pathway to alleviate memory declinecassted with Alzheimer’s
disease (AD). With questions raised over the bitalviity of oral resveratrol in
vivo, it is of importance to determine whether dapyentation of this compound
is a realistic cognitive therapy.



To determine if oral resveratrol administration ¢dwounter the memory
decline of AD and whether aerobic exercise evolkerl dame effect, it was
assessed if a daily oral dose of resveratrol (2Qkag given to young male
Wistar rats, would have comparable alleviating etfeon scopolamine-induced
amnesia as 1 h treadmill running (17 m/min) aftedags of daily treatment. To
examine this, a novel object recognition (NOR) tasls used, with one of the
objects being displaced following a 24 h delay ssess long-term spatial
recognition memory. The potential underlying measas facilitating cognitive

enhancement were investigated using hippocampaparichinal tissue samples.

Assessed in this task with a 24 h delay; sederdanyrols were able to
recognise the displaced object, but this memory wssupted in animals
administered scopolamine 30 min before NOR trainiRge-treatment with
treadmill running did not prevent the scopolaminduced amnesia; however,
pre-treatment with resveratrol did prevent this awia associated with
scopolamine administration. These animals were &blecognise the displaced
object following a 24 h delay just as well as thedqunterparts administered
vehicle only. Protein analysis showed that improeednitive ability with one
week of these regimes was associated with elevVatezls of brain-derived
neurotrophic factor (BDNF) and nerve growth fac{tGF), whilst levels of key

proteins in the AMPK/SIRT1 pathways remained stéathyppocampal tissue.

These results indicate that daily pre-treatmenthw0 mg/kg oral
resveratrol provides a strong defence against stapme-induced amnesia after
just 7 days. These findings were not replicatedh wie-training on a treadmill
for 1 h per day, suggesting that resveratrol actwnthe cholinergic pathway is
stronger than that of 7 days regular treadmill rimgn Although showing similar
enhancement with healthy memory, resveratrol hase rpotential than regular
aerobic exercise in relieving amnesia. IncreasedNBDand NGF levels with
resveratrol and exercise suggest that these may dlecidate beneficial effects
on healthy cognition, but are not the main factar improving AD-related
memory decline. These findings highlight the paéniise of resveratrol

ingestion to counter memory decline associated Mitheimer’s disease.



3.2 INTRODUCTION

Resveratrol (3,5,4'-trihydroxystilbene), a compoundturally found in a
number of nuts, berries, and the skin of red gramegroduced in plants during
times of environmental stress (Signorelli and Ghid@005). Resveratrol has been
demonstrated to increase the activity of silenbrimfation regulator two protein 1
(SIRT1) (Howitz et al., 2003), 5° AMP-activated pem kinase (AMPK) (Um et al.,
2010), peroxisome proliferator-activated receptorcoactivator-1 a (PGC-Lr)
(Lagouge et al., 2006), and manganese superoxsgeutihise (MNSOD) (Robb et al.,
2008) in a number of tissues. It is believed thaegulation of the AMPK/SIRT1
pathways are important for resveratrol’'s positivetican against cardiovascular
disease (Jager and Nguyen-Duong, 1999; Ray €t999; Zini et al, 1999), stroke
(Gupta et al., 2002; Wang et al., 2002; Inoue et 2003), diabetes type 2
(Thirunavukkarasu et al., 2007; Szkudelska and &lklki, 2010), and some cancers
(Jang et al., 1997; Bove et al.,, 2002). With aerobxercise demonstrated to
upregulate the same pathways (Durante et al., 2o@2ara et al., 2008; French et
al., 2008; Handschin and Spiegelman, 2008) andesgakilar end-organ function
(Manson et al., 1999; Tuomilehto et al., 2001; Goibe et al., 2004), resveratrol

may be considered an exercise mimetic (Narkar.2@08).

Alongside physical adaptations, there is evidenoggssting that aerobic
exercise and resveratrol penetrate the blood-lirairier to promote desirable
improvements in cognition and memory (van Praad)92@aur, 2010), and to
improve symptoms of neurodegeneration (Marambauwdl ,e2005; Sun et al., 2010).
Many studies investigating cognition refer to reat®l| as a SIRT1 activator (Kim
et al.,, 2007; Pallas et al., 2009; Baur, 2010) esittds compound was found to
consistently recapitulate the protective effects SBRT1 overexpression in cell
culture (Howitz et al., 2003; Araki et al., 2004Jowever, with no evidence to
indicate that resveratrol is a direct activatorSéiRT1, it may prove misleading to
refer to resveratrol as simply a SIRT1 activatoor& recently, AMPK has been
suggested as an alternative target for resverdtrat may be important for
upregulating the beneficial pathways associated misveratrol action (Narkar et al.,
2008), with an interdependence of these proteigilighted in another study (Price



et al., 2012). In a previous study it was discodethat upregulation of the

AMPK/SIRT1 pathways in the hippocampus and perahiortex were not

necessary for cognitive enhancement associated wesiveratrol ingestion or

treadmill running (see Chapter Two). Cognitive erdeanent was associated with
increased brain-derived neurotrophic factor (BDIdR)l nerve growth factor (NGF)

expression and levels in these brain regions, atihig that these proteins may be
influential in the cognitive enhancement observddcreased neurotrophin

expression has previously been reported in a nuoiftsudies after aerobic exercise
(Neeper et al., 1995, 1996; Richardson et al., P@d@ resveratrol administration
(Thirunavukkarasu et al., 2007; Rahvar et al., 2011

Resveratrol has also been shown to act througlthbgnergic pathway to
alleviate memory decline associated with Alzheimedisease (AD) when
administered intraperitoneally (Gacar et al., 201Cholinergic neurons and
pathways play widespread roles in the regulatiofeafning, memory and cerebral
blood flow to the nervous system (Mesulam et aD0Z. In AD patients,
acetylcholine-releasing neurons selectively degdrerwhilst drugs that block
central acetylcholine (ACh) muscarinic receptorsenbbng been known to disrupt
higher cognitive functions (Coyle et al., 1983).eThippocampus is one of the first
regions to suffer damage in AD, with memory losd disorientation amongst the
early symptoms (De Leon et al., 1989). Clear défifees have been determined
between cognitive decline associated with normairag and cognitive decline
associated with AD (Small et al., 2002; Bishop let2010). Previous studies have
indicated potential use of physical activity in yeation (Verghese et al., 2003;
Colcombe et al., 2004) and rehabilitation (Heyralet2004; Kramer and Erickson,
2007) for AD patients, including many animal modaldies (Adlard et al., 2005;
Kronenberg et al., 2006; Cracchiolo et al., 208¥Qwever, this is often an easier
prospect in theory than in practice. Physical agtifor those with restricted
mobility is an arduous task requiring constant Isaon assistance from another
person. This is where a pharmacological agent fomicty as an exercise mimetic
may have the greatest potential for improving pesgives.

Administration of scopolamine, a centrally activeusoarinic receptor

blocker, in rats is commonly used as a rodent motlAD-related cognitive decline.



Scopolamine-induced amnesia works as a pharmacaldgiol to model AD-related
cognitive decline by addressing the cholinergicdesysdysfunction associated with
the disorder (Smith, 1988)Vith resveratrol shown to have therapeutic poténtia
against scopolamine-induced amnesia when admiegsiatraperitoneally (Gacar et
al., 2011), this study was designed to ascertaiatidr an oral dose that showed
cognitive improvement in healthy rats without upreging the AMPK/SIRT1
pathways could elicit the same positive effectsiriaAD-related amnesia. This
model was also used to determine the therapeutienpal of regular aerobic
exercise against AD-related amnesia and compart® ithe effects of regular
resveratrol ingestion. To confirm the beneficialeefs on AD-related cognitive
decline, and compare the similarity of action, gecli comparison of behaviour
following regular aerobic exercise and oral restretatreatment was conducted.
This should provide greater insight regarding théhways through which aerobic
exercise and resveratrol enhance memory, and ttentml of resveratrol as an

orally active compound against AD.

For this study, cohorts of young male Wistar ratdarwent either a training
protocol of treadmill running, 1 h/day, increasifpm 10-17 m/min, or led a
sedentary lifestyle. These groups were again sublatli so half of the animals were
administered resveratrol orally at a dose of 20kaq@h training days, a dose shown
to cause no adverse effects with daily dosage (8uah, 2002). Following 7 days of
daily treadmill running and resveratrol adminigtsaf animals were tested in a novel
object recognition (NOR) task. This is a well-validd behavioural measure of
rodent memory useful for evaluating experimentahipalations of cognition and
has been shown to highlight cognitive differencesMeen trained and untrained rats
(Griffin et al., 2009).

In an initial study to ascertain the effects oflaesveratrol and treadmill
running on normal memory, young rats were introduttea substitution NOR task,
following the 7 day regimes. Using a 24 h delag #ffects of treatment on long-
term recognition memory were assessed. Treatmetht r@sveratrol and regular

aerobic exercise, separately or combined, for Becuive days led to significantly



better performance in the NOR task compared toeatd#d, sedentary controls.
These findings were paralleled to increased BDNGF [dGF levels in brain regions
associated with learning and memory. AMPK, SIRTIGGPla, and MnSOD

expression in the hippocampus did not increase tnedmill running or resveratrol
administration, compared to sedentary, untreatettrals. These results support
observations using longer treatment regimes of ékwd€see Chapter Two). In the
study to determine the effects of oral resveraral treadmill running on AD-related
amnesia, half of the rats in each group were adwnered scopolamine (0.8 mg/kg;
i.p.) 30 min prior to introduction to a displacerh®OR task, following the 7 day
regimes. Using a 24 h delay, the effects of treatmegimes on long-term spatial
recognition memory were assessed. Treatment wagheratrol for 7 consecutive
days led to significantly better performance in tN®OR task compared to
scopolamine-administered controls. There was no rargment in NOR

performance following daily treadmill running for @onsecutive days. Aerobic
exercise and resveratrol ingestion both show simit@egulation of neurotrophins in
the hippocampus and perirhinal cortex with theggnmes, indicating that increased
levels of these proteins are not sufficient to iayer AD-related cognitive decline.
These findings suggest that aerobic exercise am@dlyphenol, resveratrol, may act
through the same pathway to enhance normal cogrtih resveratrol ingestion has
a stronger action on the cholinergic pathway angtranger therapeutic potential

against AD-related amnesia.



3.3 MATERIALS AND METHODS

3.3.1 Animals

Male Wistar rats (225 + 55 g = 72) were obtained from the BioResources
Unit, Trinity College Dublin. They were housed iaifs (standard hard-bottomed,
polypropylene cages; 44 x 28 x 18 cm) in a tempegatontrolled vivarium (20 to
22 °C), with a 12:12-hour light-dark cycle. Animalgere provided with food and
waterad libitum Experiments were carried out in strict accordanite regulations
laid out by LAST Ireland and were compliant witle tBuropean Union directives on
animal experimentation (86/609/EEC).

3.3.2 Drug and Dosing Regime

All rats were handled for one week pre-drug treattmeend fed 0.5 ml of
maple syrup (Maple Joe, Bernard Michaud) to famg#&a them with feeding by
syringe.transResveratrol (>99% purity) from Sigma-Aldrich, UKag administered
orally mixed in a solution of maple syrup. Treatmdmals were given an oral dose
of maple syrup and resveratrol suspension (20 mg/l@) for 7 consecutive days,
with controls given maple syrup only. Rats were etb80 min before exercise

protocol.

Scopolamine hydrobromide trihydrate 1¢(8,;NO4.HBr.3H,O; Sigma-
Aldrich, UK) was dissolved in a 0.9% saline solatiat a concentration of 0.8
mg/kg, similar to previous studies (Okaichi et dl989; Biggan et al., 1996;
Ormerod and Beninger, 2002). Rats were administéredgcopolamine solution 30
min before NOR training. Vehicle controls were oigdl with an equivalent volume

of saline solution (1 mi/kg).



3.3.3 Exercise Programme

Rats ( = 72) were familiarised to motorised treadmills (Exer &@admill,
Columbus Instruments) by walking on the treadnaitl I5 min (belt speed, 7 m/min)
on 3 consecutive days. For the first experimenadsess the effects of a 7 day
protocol on young healthy rats, 24 animals wereloany assigned to 4 groups:
sedentary controls (SedCTL), running controls (RUDG sedentary resveratrol-
treated (SedRES) and running resveratrol-treatechiRES) ( = 6 in each). For the
second experiment to assess the therapeutic itefta 7 day protocol against
scopolamine-induced amnesia, animals were randamfigned to the same 4
groups (=12 in each) with half of the animals in each ugrorandomly
administered scopolamine before novel object exgosmd the rest administered

vehicle.

The exercise protocol consisted of running one hpar day for 7
consecutive days (belt speed, gradually increased the training period from 10
m/min to a maximum of 17 m/min, which is equivalémtlL km/h). The treadmill is
equipped with wire loops at one end of the belbulgh which a mild electric shock
can be delivered; these act to motivate the ratsuto continuously and were
activated at low levels (on average an intensityhoée on a scale of 0-10; this
represents a current of 1 mA with an inter-pulseeriral of 2 s) throughout all
exercise sessions. Rats were observed while exgyci® ensure they ran
continuously and also to monitor for signs of "reSedentary rats were placed on
stationary treadmills with shock loops activatedoat levels for the same duration.
Training in the NOR task began on the final daytloé exercise programme,

following 7 days treadmill running.

3.3.4 Open Field Exploration

An open-field test was conducted in a black cincolgen field (diameter, 90
cm; height, 45 cm) placed in a dimly lit-room. Ratere examined in this empty



arena on their first day of habituation (followirtg days treadmill running and
treatment) to measure for general exploration goattsneous behaviour in response
to a novel environment. Observation of such behasies of particular importance
in drug trials as new drugs may have unexpectegreriously undiscovered
behavioural effects. Rats were allowed to movelyré® 5 min with tracks recorded
and analysed using a computer-based tracking sy@&#émvision, Noldus Co. Ltd.,
The Netherlands). Habituation and reactions toiapettanges were evaluated by the
exploration of objects in the same open field ardnang the initial 5 min NOR
training trial. This was to examine the sensitivitiy the rats to an environmental

change, by recording the interaction each rat matlethe individual objects.

3.3.5 Novel Object Recognition Task

Rats were well-handled and habituated to the exprial apparatus (see
Open field exploration); with 20 min of exploratiam the absence of objects each
day for 2 days before the task was performed. @bjeere constructed from toy
bricks and were fixed to the floor of the opendiel5 cm from the walls. Objects
and arena were cleaned thoroughly between triagssore the absence of olfactory
cues. Scoring for exploration was strictly basedotive exploration, where rats had
to be touching the object with at least their nos@s the first experiment to assess
the effects of a 1 week protocol on young healthig,ran object substitution task
was used to assess non-spatial recognition menkagy §-1A). It has been shown
previously that young healthy rats require moréning phases to learn this task
(Griffin et al., 2009), and so, this is an appreafwitask for highlighting memory
enhancement in these subjects. For the trainingepharee distinct objects (A, B
and C) were positioned in the open field in a rowith prominent extramaze cues
which could be used for efficient allocentric otion. Rats were allowed to
explore the objects for 3 x 5 min trials with atentrial interval (ITI) of 5 min. For

the testing phase, 24 h later, object C was reglact novel object D.



A OBJECT SUBSTITUTION

Training Testing (24 h)
3 x5 min (5 minITl) 1x5min

B OBJECT DISPLACEMENT
Training Testing (24 h)
3 x5 min (5 min ITl) 1x5min

Fig. 3-1. Oveaview of novel object recognition tasks used toeasslon-term
recognition memory. For both versions of the tasks were exposed to an are
containing 3 distinct objects for three 5 min pdaoln [A] the object substitutic
task, rats were reintruced to the same arena, following a 24 h delayy @iof the
same objects in the same locations (A and B) ardadmject replaced with anotr
distinct object (C with D). In [B] the object digement task, rats were reintrodu
to the same arena, fowing a 24 h delay, with 2 of the objects in the sdotations
(A and B) and one object displaced within the aré@p This version of the tas
requires longerm spatial memory and is an easier task fords



For the second experiment to assess the therapeoténtial of a 7 day
protocol against scopolamine-induced amnesia, gatbbisplacement task was used
to assess spatial recognition memory (Fig. 3-1B)ak been shown previously that
young healthy rats can complete this task (Griétnal., 2009), and so this was a
more appropriate version of the NOR task to hidttlgcopolamine-induced amnesia
relative to healthy memorysor the training phase, three objects (A, B andv€je
positioned in the open field in a room with prommhextramaze cues which could be
used for efficient allocentric orientation. Ratsrevallowed to explore the objects for
3 x 5 min trials with an intertrial interval (ITHf 5 min. For the testing phase, 24 h
later, object C was displaced within the arenadth versions of the NOR task, rats
were reintroduced to the open field for a singlaib trial. Measurement of the time
spent exploring each object was recorded and esgueas a discrimination ratio
(novel object interaction/total interaction withl abjects) (Bevins and Besheer,
2006). Object recognition is reflected by spendmngre time interacting with the
novel object D, or displaced object C, over familédjects A and B, shown here

with an object discrimination ratio above 0.333.

3.3.6 Tissues and Serum Samples

Rats were sacrificed by decapitation 1 h followthg testing phase of the
NOR task. Their brains were removed and tissuetalken from the dentate gyrus
(DG), remainder of hippocampus (HIPP) and perirthamaitex (PC). These samples
were homogenised in lysis buffer, with a small portseparated for mRNA

analysis, and stored at -80°C until further analysi



3.3.7 Analysis of Protein Levels by Enzyme-Linkednhmunosorbent
Assay (ELISA)

Samples homogenised in lysis buffer were thawedayesl for protein
content using a Micro BCA Protein Assay Kit (Ther@oientific, Hampshire, UK),
and quantified using a  NanoDrop ND-1000  spectropheter
(NanoDropTechnologies, Rockland, Delaware, US&amples were all diluted to a
final volume of 100 ul to equalise for protein cemtand then stored at -20°C until

further analysis.

BNDF levels in dentate gyrus, hippocampus, andripeal cortex were
quantitatively assessed usi@pemikind™ BDNF Sandwich ELISA kit (Millipore
S.A.S., Molsheim, France). NGF levels in dentaterugy hippocampus, and
perirhinal cortex were quantitatively assessed gu€ihemikiné" Nerve Growth
Factor Sandwich ELISA kit (Millipore S.A.S., Molsing, France). All ELISAs were
conducted according to instructions provided by thanufacturer. All samples
assayed by ELISA were done in triplicate.

3.3.8 Analysis of Protein Expression by Real-Time dbymerase
Chain Reaction (RT-PCR)

Total RNA from brain tissue was extracted from sfragen samples using
the NucleoSpin RNA 1l isolation kit (Machery-Nag#ic., Germany) following
manufacturer’'s instructions, and quantified using NanoDrop ND-1000
spectrophotometer (NanoDrdmchnologies, Rockland, Delaware, USA&or RT-
PCR, total RNA was retro-transcribed to cDNA. cDNynthesis was performed on
1 - 2 pg RNA using a High Capacity cDNA RT Kit (Amu Biosystems, USA).
Following this, total cDNA was submitted to RT-PCBr SIRT1, AMPKul,
AMPKa2, PGC-, MnSOD, BDNF and NGF. Rap-actin was used as an
endogenous control (cDNA samples were not nornthligzeor to RT-PCR) and

expression was conducted using a gene expressgaly agntaining forward and



reverse primers and a VIC-labelled MGB TagMan pr¢Beplied Biosystems,
USA). All RT-PCR measurements were conducted usingABI Prism 7300
instrument (Applied Biosystems, USA). Forty cyclesre run as follows: 10 min at
95 °C and for each cycle, 15 sec at 95 °C and laing0 °C. Fluorescence was read
during the annealing and extension phase (60 “@ugfnout the program and gene
expression was calculated relative to the endogencentrol. Analysis was
performed using the 2*CT method. Data are presented as mean relativéegtiot
(RQ) values that represent fold changes relativbeéanean value for controls using
StepOné& Software v2.1 (Applied Biosystems, USA).

3.3.9 Statistical Analysis

All data was analysed using GraphPad Prism (Grapld¥edtware, Inc.) and
Statistical Package for the Social Sciences (SPO8g-way ANOVA, two-way
mixed-factorial ANOVA or unpaired two-tailed Studesnt-test were conducted as
appropriate.Post hoccomparisons were made using the Tukey's HSD tast.
significance level of p = 0.05 was accepted forcalinparisons: * p < 0.05; ** p <
0.01; *** p < 0.001. Data are presented as meakMS



3.4 RESULTS

Experiment One: Effects on Healthy Memory

3.4.1 Effect of Exercise Compared to Resveratrol o®pen Field

Behaviour

The impact of 5 days forced treadmill running aedveratrol ingestion on
emotion and anxiety were compared using an opdd &ssessment. Placed in an
empty arena, qualitative and quantitative measunésraf general locomotor activity
and willingness to explore were taken. Assessedfferinitial 5 min of the first
habituation session, following 5 days of trainingddreatment, one-way ANOVA
analyses revealed no significant differences betwggeups for ambulation in terms
of distance travelled go = 0.3051, p = 0.8213) (Fig. 3-2A) and velocity; §F=
0.9474, p = 0.1199) (Fig. 3-2B). With no differeacgetermined between groups,
there were no sedative or stimulant effects of eesvol treatment or aerobic

exercise.
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Fig. 3-2. No differences between groups were found in sp@uw@as locomotor

behaviour in an open field after 5 days of regilo@omotor activity was recorded
for 5 min. SedCTL: pre-treatment with maple syrigna (0.5 ml/d) and exposure to
immobile treadmills (1h /d) for 5 d; RunCTL: preatment with maple syrup alone
(0.5 ml/d) and forced treadmill running (1h /d) toid; SedRES: pre-treatment with



resveratrol (20 mg/kg/d) in maple syrup and exp@sarmmobile treadmills (1h /d)
for 5 d; RUnRES: pre-treatment with resveratrol (2§/kg/d) in maple syrup and
forced treadmill running (1h /d) for 5 d. Resulte aresented as mean = SEM of the
[A] distance travelled in centimetres (cm) and {@]ocity (cm/s).n = 6 per group.
No differences were found between groups.

Further analysis of general locomotor activity avitingness to explore was
carried out and compared between groups when ghjeate added to the arena for
the first NOR trial. All 4 groups showed similamséivity to changes in the local
environment when the 3 objects were introducechédpen field environment for
the initial training trial as assessed by the tataploration (B2 = 0.9108, p =
0.4534) (Fig. 3-3A). This further confirms therere@o sedative or stimulant effects
of resveratrol treatment or aerobic exercise folhgyv7 days of these treatment

regimes.

3.4.2 Treadmill Running and Resveratrol Treatment lave Similar

Effects on NOR Performance

The impact of 7 days of forced treadmill runningttwioral resveratrol
treatment on recognition memory was assessed withbgect substitution task (Fig.
3-1A). Rats explored the objects on the training fd&t 3 x 5 min with a 5 min ITI.
Over training trials 1 — 3, all groups showed haditibn to their environment as
expected, with total exploration time decreasings& trials (Fig. 3-3A). A two-way
mixed-factorial ANOVA revealed a significant effeafttrial (R 40= 44.387 , ***p <
0.001), but no significant trial x treatment intetfan (Fs 40 = 0.598, p = 0.730), and
no significant effect of treatment {fkp = 0.360, p = 0.783). This asymptotic

habituation curve indicates normal encoding of #mironmental features and



spatial configuration, suggesting that any altereti to the environment should

evoke increased exploratory behaviour.

A comparison of time spent exploring all objectsidg the NOR training
trials and testing trial showed no difference bemvegroups, as determined by one-
way ANOVA analysis (E20=1.797, p = 0.1802) (Fig 3-3A). Comparing explima
during the testing trial to the training trials,pamed two-tailed t-test revealed that
sedentary resveratrol-treated rats showed significdess exploration in the test
trial compared to exploration in the initial traagitrial (T1), whereas all other group
showed exploration similar to T1 (SedCTkg £ 0.9486, p = 0.3652; RunCTlt=
0.64, p = 0.5366; SedRESt= 2.238, *p < 0.05; RUnRES;et= 0.6327, p =
0.5411).Alternatively, sedentary resveratrol-treated résweed similar exploration
in the test trial compared to exploration in theafitraining trial (T3), whereas all
other groups showed significantly more explorationesting compared to this trial
(SedCTL: o = 2.489, *p < 0.05; RunCTL3d = 2.599, *p < 0.05; SedRES)t=
1.275, p = 0.2312; RunRESs t 6.355, ***p < 0.001) (data not represented).

Animals were assessed for exploration of objectdCbgé substituted in the
testing trial) relative to objects A and B, duritige 3 training trials. This is classed
as the object discrimination ratio (ODR). ODR wasraged across the trials within
treatment groups. All 4 groups spent approximabely third of the total exploration
time exploring the object that was later replaceddCTL: {p, = 0.3503, p = 0.7334,
ODR = 0.327; RunCTL:3§ = 0.2827, p = 0.7832, ODR = 0.344; SedRE$ =t
0.5702, p = 0.5811, ODR = 0.315; RunRE$+=t0.9038, p = 0.3873, ODR = 0.35),
signifying no preference for any one of the 3 otgg&ig. 3-3B). Animals showed
no particular interest for any specific object djext location during NOR training

trials.

To measure long-term recognition memory using & 2%, during a 5 min
testing trial the time spent exploring novel objéctwas compared to time spent

exploring novel objects A and B. As rats show aurattendency to explore new



objects, greater exploration of object D indicatest animals remember objects A
and B from the training trials. An unpaired twolddi t-test showed there was no
indication of recognition memory in the sedentaoytcols following the 24 h delay
as assessed by preferential exploration of novgcgbD, suggesting that these rats
were unable to learn this tasky(t 0.0554, p = 0.9569, ODR = 0.332). All other
groups showed increased exploration of novel op[@ctelative to familiar objects,
A and B (RunCTL: 4o = 4.281, *p < 0.01, ODR = 0.496; SedRE®:t4.387, *p <
0.01, ODR = 0.443; RUnRESst= 6.212, ***p < 0.001, ODR = 0.476), indicating
an enhancement in performance of this task follgwirdays of resveratrol ingestion

and treadmill running (Fig. 3-3C).
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Fig. 3-3. Assessment of long-term recognition memory folloyvan 7 day regime of

resveratrol ingestion and treadmill running. [A]l Aroups showed habituation to
their environment with total exploration time deaxsang across training trials 1 — 3.
[B] Measurement of the time spent exploring eacheabwas recorded and



expressed as a discrimination ratio (novel objetraction/total interaction with all
objects) for each training trial and averaged facherat. No group showed any
preference for object C over objects A and B. [@llé¢wing a 24 h delay animals
were reintroduced to the arena with familiar olge&tand B, and novel object D.
Rats that underwent training or resveratrol ingesgxplored novel object D more
than familiar objects A and B. Sedentary contrts idid not explore novel object D
more than the familiar objects. = 6 per group. Results are presented as mean +
SEM.

3.4.3 Effect on Protein Expression in Hippocampusral Perirhinal

Cortex

Hippocampal and perirhinal tissue was extractedhftbe brains of all rats
and assessed for expression of proteins from théPlMBIRT1 pathways. This
would indicate if proteins implicated in many beneidl actions of resveratrol and
aerobic exercise physiologically were also involvedhe cognitive enhancement
observed with these treatment regimes. Expresdi@iRTI'1, AMPKal, AMPKa2,
PGC-k,, MNSOD, BDNF, and NGF was assessed in brain sirestassociated with
learning and memory using real-time PCR. One-wayOMA analysis revealed
significant differences between groups of BDNF mRIs¥els in dentate gyrus {ko
= 5.622, **p < 0.01) with furthepost hocanalysis revealing significant increases
with all treatment regimes relative to sedentarynticds (RunCTL: *p <
0.05;SedRES: **p < 0.01; RunRES: *p < 0.05) (Fig4®). One-way ANOVA
analysis also revealed significant differences ketwgroups of NGF mRNA levels
in dentate gyrus @>o= 4.903, *p < 0.05) with furthepost hocanalysis revealing
significant increases with all treatment regime$atree to sedentary controls
(RunCTL: *p < 0.05;SedRES: *p < 0.05; RunRES: *p 005) (Fig. 3-4A).
Additional one-way ANOVA analyses revealed no digant differences between
groups for dentate gyrus expression of SIRT{E 0.1549, p = 0.9253), subunit
AMPKal (F320= 0.4936, p = 0.6907), subunit AMBR (F;20= 0.0881, p = 0.9657),



PGC-1 (Fs20= 0.06401, p = 0.9783), and MnSOD; gf= 0.1703, p = 0.9152) (Fig.
3-4A).

Analysis of the rest of the hippocampus and parahcortex showed similar
enhancement of neurotrophins. One-way ANOVA analysvealed significant
differences between groups of BDNF mRNA levels iippbcampus (k0= 6.456,
**p < 0.01) with furtherpost hocanalysis revealing significant increases with all
treatment regimes relative to sedentary controlsn@JIL: *p < 0.05; SedRES: **p
< 0.01; RunRES: **p < 0.01) (Fig. 3-4Bne-way ANOVA analysis also revealed
significant differences between groups of NGF mRI¥els in hippocampus §ko
= 6.151, **p < 0.01) with furthepost hocanalysis revealing significant increases
with all treatment regimes relative to sedentarytems (RunCTL: *p < 0.05;
SedRES: *p < 0.05; RUnRES: **p < 0.01) (Fig. 3-4Byditional one-way ANOVA
analyses revealed no significant differences betwgeoups for hippocampal
expression of SIRT1 ¢o= 0.3420, p = 0.7952), subunit AMRRK (Fz 20= 0.8771, p
= 0.4696), subunit AMPK2 (Fs20= 0.827, p = 0.4945), PGGxXFs20= 1.175, p =
0.3442), and MnSOD o= 1.371, p = 0.2805) (Fig. 3-4B). One-way ANOVA
analysis revealed significant differences betweemugs of BDNF mRNA levels in
perirhinal cortex (F20= 6.039, **p < 0.01) with furthepost hocanalysis revealing
significant increases with all treatment regimesatiree to sedentary controls
(RunCTL: *p < 0.05; SedRES: **p < 0.01; RunRES: ¢p0.05) (Fig. 3-4C). One-
way ANOVA analysis also revealed significant difieces between groups of NGF
MRNA levels in perirhinal cortex gho= 4.952, **p < 0.01) with furthepost hoc
analysis revealing significant increases with akatment regimes relative to
sedentary controls (RunCTL: *p < 0.05; SedRES: *p.85; RUnRES: *p < 0.05)
(Fig. 3-4C). Additional one-way ANOVA analyses raledl no significant
differences between groups for perirhinal expressibSIRT1 (B 0= 0.2018, p =
0.8939), subunit AMPKL (F20= 0.3095, p = 0.8182), subunit AMRBR (F3 2=
0.07554, p = 0.9725), PGGrXF320= 0.07496, p = 0.9728), and MnSOD; 5=
0.2737, p = 0.8437) (Fig. 3-4C). The improvementstedied in long-term
recognition memory with these 7 day treatment reginof oral resveratrol and
aerobic exercise were associated with increasecessipn of neurotrophins in brain

regions involved in learning and memory. Theseifigd correspond to previous



results using 4 weeks of these treatment regimgesung and middle-aged animals
(see Chapter Two). This supports the suggestioh itimeased levels of these
neurotrophins may be important for the cognitiveha@cement associated with
resveratrol treatment and aerobic exercise.
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Fig. 3-4. Neurotrophin expression increased in perirhinal argbocampal tissue
following 7 day regimes of resveratrol ingestiondameadmill running. mRNA
levels in hippocampus and perirhinal cortex wereasaeed by RT-PCR analysis.
Levels of BDNF and NGF mRNA were increased in [Ahthte gyrus, [B] rest of
hippocampus and [C] perirhinal cortex of rats tinadlerwent training or resveratrol
ingestion, relative to sedentary controls. For egpion of other analysed protein
MRNAs no differences were found between groups. 6 per group. Results are
presented as mean = SEM. Values significantly ifie from the sedentary control
expression level are indicated with an asteriskk€lis HSD: *p < 0.05, **p <
0.01), with the running group in blue, resveratrehted in red, and those
undergoing running and resveratrol-treatment irplaur



3.4.4 Effect on BDNF and NGF Levels in Hippocampusand

Perirhinal Cortex
With increased expression of neurotrophins in hgagpapal and perirhinal

tissue in groups administered resveratrol and tmdadunning, to further determine
the potential importance of these proteins in legrand memory enhancement,
protein levels were measured in these tissues.|ltesfe BDNF and NGF were
measured in brain structures associated with legrand memory using ELISA.
One-way ANOVA revealed significant differences hetlevels of BDNF (k2 =
6.201, **p < 0.01) and NGF ¢ho= 4.777, *p < 0.05) in the dentate gyr@ast hoc
analysis revealed significant increases with ahtment regimes relative to YG
sedentary controls of BDNF (RunCTL: *p < 0.05; S&R **p < 0.01; RunRES: *p
< 0.05) and NGF (RunCTL: *p < 0.05; SedRES: *p €9).RunRES: *p < 0.05)
(Fig. 3-5A). One-way ANOVA also revealed signifitahfferences in the levels of
BDNF (Fz20 = 5.391, **p < 0.01) and NGF {Ro = 4.298, *p < 0.01) in the
remainder of the hippocampuBost hocanalysis revealed significant increases with
all treatment regimes relative to sedentary costadl BDNF (RunCTL: *p < 0.05;
SedRES: *p < 0.05; RUnRES: *p < 0.05) and NGF (RUnCp < 0.05; SedRES:
*p < 0.05; RunRES: *p < 0.05) (Fig. 3-5B). One-wa&NOVA also revealed
significant differences in the perirhinal levelsBIDNF (F; 20= 8.659, ***p < 0.001)
and NGF (B 20= 4.728, *p < 0.05)Post hocanalysis revealed significant increases
with all treatment regimes relative to sedentamgticds of BDNF (RunCTL: **p <
0.01; SedRES: *p < 0.05; RUnRES: **p < 0.01) and N@®unCTL: *p < 0.05;
SedRES: *p < 0.05; RUnRES: *p < 0.05) (Fig. 3-5t)e improvements detected in
long-term recognition memory with these treatmegimes of oral resveratrol and
aerobic exercise were associated with increaserbtmephin levels in brain regions
involved in learning and memory. These findinggHar support the belief that these
1 and 4 week treatment regimes of resveratrol imgesnd treadmill running may

improve cognition through increased levels of thasteins.
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Fig. 3-5. Neurotrophin levels increased in perirhinal and pbigampal tissue
following 7 day regimes of resveratrol ingestiondameadmill running. Protein
levels in hippocampus and perirhinal cortex wereasaneed by ELISA. Levels of
BDNF and NGF were increased in [A] dentate gyri,rest of hippocampus and
[C] perirhinal cortex of rats that underwent traigior resveratrol ingestion, relative
to sedentary controls.= 6 per group. Results are presented as mean + SEMes
significantly different from the sedentary contprbtein level are indicated with an
asterisk (Tukey's HSD: *p < 0.05, **p < 0.01), withe running group in blue,
resveratrol-treated in red, and those undergoinging and resveratrol-treatment in
purple.



Experiment Two: Effects on Scopolamine-Induced Amnesia

3.4.5 Effect of Exercise Compared to Resveratrol o®pen Field

Behaviour

The impact of 5 days forced treadmill running aedveratrol ingestion on
emotion and anxiety were compared using an opda &ssessment. Placed in an
empty arena, qualitative and quantitative measunésred general locomotor activity
and willingness to explore were taken. AssessedHerinitial 5 min of the first
habituation session, following 5 days of trainingddreatment, one-way ANOVA
analyses revealed no significant differences batwgeups for ambulation in terms
of distance travelled gho = 0.3536, p = 0.7867) (Fig. 3-6A) and velocity; §F=
0.4346, p = 0.7293) (Fig. 3-6B). With no differeacgetermined between groups,

there were no sedative or stimulant effects of essvol treatment or aerobic

exercise.
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Fig. 3-6. No differences between groups were found in sp@&was locomotor
behaviour in an open field after 5 days of regilo@omotor activity was recorded
for 5 min. SedCTL: pre-treatment with maple syrigna (0.5 ml/d) and exposure to
immobile treadmills (1h /d) for 5 d; RunCTL: preatment with maple syrup alone
(0.5 ml/d) and forced treadmill running (1h /d) toid; SedRES: pre-treatment with
resveratrol (20 mg/kg/d) in maple syrup and expesanmmobile treadmills (1h /d)
for 5 d; RUnRES: pre-treatment with resveratrol (2@/kg/d) in maple syrup and
forced treadmill running (1h /d) for 5 d. Results @resented as mean = SEM of the
[A] distance travelled in centimetres (cm) and {#]ocity (cm/s).n = 12 per group.
No differences were found between groups.



Further analysis of general locomotor activity avitingness to explore was
carried out and compared between groups when ghjemte added to the arena for
the first NOR trial. All groups showed similar s&nsty to changes in the local
environment when the 3 objects were introducechédpen field environment for
the initial training trial as assessed by the tetgdloration (p = 0.887) (Fig. 3-7A).
This further confirms there were no sedative omstant effects of resveratrol

treatment or aerobic exercise following 7 daysheftreatment regimes.

3.4.6 Effect of Scopolamine on Learning and Memory

The rehabilitative effects of 7 days forced tredtiminning were compared
to 7 days of oral resveratrol treatment on scopwlarmduced amnesia, as assessed
with an object displacement task (Fig. 3-1B). Re¢se introduced to an arena with
distinct objects A, B and C, and allowed to freekplore for 3 x 5 min with a 5 min
ITI. Following a 24 h delay, animals were reintrodd to the arena with objects A
and B in the same locations, and object C displadgdun the arena. Over training
trials 1 — 3, both groups administered scopolanainé those administered vehicle
showed habituation to their environment as expeoteth total exploration time
decreasing across trials (Fig. 3-7A). In additian, significant effect of treatment
was seen on any of the habituation trials followimgaired two-tailed t-test for each
trial (T1: 46 = 0.1483, p = 0.887; T2¢= 0.937, p = 0.3537; T3i¢t= 0.7464, p =
0.4592). Differences between groups during thangdtial after a 24 h ITI were
determined by unpaired two-tailed t-tegt ¢ 3.982, ***p < 0.001) (Fig. 3-7A).

To assess whether resveratrol ingestion or aetadiiing had any effect on
scopolamine-induced amnesia it first had to berdeteed whether or not healthy
animals could perform well in this long-term sphtecognition task and if this dose
of scopolamine administered 30 min prior to NORasyre was sufficient to block
long-term memory. Animals were assessed for exptoraof object C (to be

displaced in the testing trial) relative to objeatand B, during the 3 training trials.



ODR was averaged across the trials within groupés €xploration was averaged
across the trials and treatment groups. Vehiclewaidtered and scopolamine-
administered sedentary control groups spent apmabely one third of the total
exploration time exploring the object that was Hadesplaced (SedCTL*Veh:d =
0.7318, p = 0.4811, ODR = 0.346; SedCTL*Scqp=t0.9897, p = 0.3457, ODR =
0.350), signifying no preference for any one of 3hebjects (Fig. 3-7B).

To measure long-term recognition memory using & 2%, during a 5 min
testing trial the time spent exploring displacefgeobC was compared to time spent
exploring unmoved objects A and B. As rats shovatanmal tendency to explore new
objects, greater exploration of object D indicalest animals remember objects A
and B from the training trials. During a 5 min tegttrial 24 h later, sedentary
vehicle-treated controls showed preferential exgilon of the displaced object, C,
suggesting that these rats exhibited long-termapacognition memory in this task
(t10 = 3.449, **p < 0.01, ODR = 0.477). In rats admiared scopolamine 30 min
prior to the NOR task, there was no indicationexfagnition memory following the
24 h delay, suggesting that scopolamine-inducedearanmeant these rats were
unable to learn this task{t= 0.398, p = 0.699, ODR = 0.362) (Fig. 3-7C).

3.4.7 Improvements to Scopolamine-Induced Amnesiaith

Resveratrol Ingestion but not Treadmill Running

Assessed for exploration of object C (to be displiam the testing trial)
relative to objects A and B, during the 3 traintrigls, ODR was averaged across the
trials within treatment groups. All 8 groups spapproximately one third of the total
exploration time exploring the object that was Hateplaced (SedCTL*Veh:d =
0.7318, p = 0.4811, ODR = 0.346; SedCTL*Scqp=t0.9897, p = 0.3457, ODR =
0.350; RunCTL*Veh: 4o = 1.375, p = 0.1992, ODR = 0.347; RunCTL*Scojp:=
0.2159, p = 0.8334, ODR = 0.328, SedRES*Vehp=t0.2688, p = 0.7936, ODR =
0.341; SedRES*Scopiot= 0.6128, p = 0.5537, ODR = 0.347; RUnRES*Veh=t



0.6941, p = 0.6941, ODR = 0.348; RUNRES*Scgp=10.1951, p = 0.8492, ODR =
0.344), signifying no preference for any one of 3hebjects (Fig. 3-7B).

During the 5 min testing trial 24 h later to measlong-term recognition
memory, groups pre-treated with oral resveratrad eombination of resveratrol and
treadmill running showed preferential exploratidrire displaced object, C, whether
administered with vehicle or scopolamine 30 minoprito the NOR task
(SedRES*Veh:p = 3.599, **p < 0.01, ODR = 0.479; SedRES*Scqp=3.081, *p
< 0.05, ODR = 0.427; RunRES*Vehjot= 3.8, **p < 0.01, ODR = 0.464;
RUnRES*Scop: 1 = 2.899, *p < 0.05, ODR = 0.412) (Fig. 3-7C). Tdavas no
indication of recognition memory in groups that eveadministered scopolamine
following no pre-treatment regime or a treadmitming regime alone, although rats
from those treatment groups that were administesduicle instead of scopolamine
were able to perform the task (SedCTL*Vef:# 3.449, **p < 0.01, ODR = 0.479;
SedCTL*Scop: # = 0.398, p = 0.699, ODR = 0.362; RunCTL*Vels £ 6.712,
***p < 0.001, ODR = 0.541; RunCTL*Scopid= 1.143, p = 0.2798, ODR = 0.300),
suggesting that these rats were unable to leas tsk following scopolamine
administration (Fig. 3-7C). An unpaired two-tailetest revealed that scopolamine-
treated animals showed significantly more exploratin the testing trial than
vehicle-treated animals;{t= 3.982, ***p < 0.001), with one-way ANOVA revealj
no difference between scopolamine-treated groups €1.571, p = 0.2277). These
results indicate that pre-treatment with oral reatrel for 7 days can block the
deficits observed with scopolamine-induced amndsuid,7 days treadmill running

cannot evoke a similar action on the pathway.
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Fig. 3-7. A 7 day regime of resveratrol ingestion improvedmdamine-induced
amnesia. Long-term spatial recognition memory wssessed using a displacement
novel object recognition task. [A] Groups showedbiteation to their environment
with total exploration time decreasing across trantrials 1 — 3. Scopolamine-
administered explored more than vehicle administare the testing trial. [B]
Measurement of the time spent exploring each obyastrecorded and expressed as
a discrimination ratio (novel object interactionéointeraction with all objects) for
each training trial and averaged for each rat. Mg showed any preference for
object C above chance. [C] Following a 24 h delaiynals were reintroduced to the
arena with objects A and B in the same locatiom, aject C displaced. Rats that
had pre-treatment with resveratrol ingestion exgodisplaced object C more than
objects A and B. Sedentary control and treadmitiniang rats and did not explore
displaced object C more than the familiar objectss 6 per group. Results are
presented as mean + SEM. Values significantly dkfie from the sedentary control
exploration and familiar object exploration areigaded with an asterisk (Tukey’s
HSD: *p < 0.05, **p < 0.01, **p < 0.001).



3.5 DSCUSSION

There were three major aims of this study. The g1 was to evaluate the
similarities of 7 days resveratrol ingestion andags aerobic exercise on healthy
long-term memory. These findings indicate that wittlays resveratrol treatment (20
mg/kg p.o.) and treadmill running (1 h/day), eititembined or individually, there
are significant improvements in long-term recogmtimemory in a healthy rat
model. The second aim was to determine the potemgghanisms through which
both aerobic exercise and resveratrol ingestion awtyto evoke their beneficial
action on learning and memory. Memory enhancemefibwing 7 days of
resveratrol ingestion and aerobic exercise was caged with increased
neurotrophic expression and levels in the hippoasmpnd perirhinal cortex.
Proteins in the AMPK/SIRT1 pathways were not upltetga in these brain regions
associated with learning and memory. The third @wims to ascertain the therapeutic
potential of oral resveratrol treatment and regakmobic exercise in aiding memory
decline associated with Alzheimer’s disease. 7 ddy®sveratrol ingestion, either
alone or combined with treadmill running, relievecbpolamine-induced amnesia.
Treadmill running alone could not counteract thenasic effects of scopolamine

administration.

In a previous study, it was found that oral restretaadministration and
regular treadmill running in a 4 week programme vgkw similar memory
enhancement in both healthy young and middle-agele Wistar rats (see Chapter
Two). An exercise regime is already often presdrib®ngside other treatments for
patients with cardiovascular disease, diabetes 2ypdzheimer’s disease, and other
noncommunicable diseases (Armstrong, 2006). Aduailly, physical activity has
been shown to have desirable effects on working ongniClarkson-Smith and
Hartley, 1989), long-term memory (Griffin et alQ@) and spatial learning (Kobilo
et al.,, 2011). It is of interest to find edible gomounds that evoke the same
widespread, beneficial action physiologically tla@robic exercise evokes because
physical inactivity is one of the leading causesnainy noncommunicable diseases
despite the vast knowledge about the benefits kihgaregular exercise (World

Health Organisation, 2009, 2010). Plant-derived nplie compounds, such as



resveratrol, are potential candidates for this g@ntberapeutic use. Resveratrol has
been shown to have protective properiresitro andin vivo against animal models
of a variety of Alzheimer's disease symptoms whamiaistered locally or
intraperitoneally (Marambaud et al., 2005; Kim let 2007; Gacar et al., 2011). This
study specifically focussed on the effects of iniggsa relatively small quantity of
resveratrol, with the intention of replicating taetion of taking resveratrol tablets as
a supplement. This treatment regime of 20 mg/kgeregrol orally for 7 consecutive
days showed similar novel object recognition penfance improvements as those
observed with a forced treadmill running progranwhd h daily for 7 consecutive
days. Assessed in a model depicting the amnesiaciatsd with Alzheimer’s
disease, resveratrol ingestion showed greater ghet@ potential than regular

aerobic exercise over this time-scale.

Before treatment, all groups expressed normal headt, following 5 days
of resveratrol ingestion and treadmill running, gfah exploration and spontaneous
behaviour in response to a novel environment waessed in an open field.
Measurements of general locomotor activity andimgihess to explore novel areas
allow assessment of emotion and anxiety (Stanf08y7). All groups in experiment
one and two spontaneously explored the arena nlyrmal terms of distance
travelled and velocity. Groups did not differ imrtes of initial exploration in the task
(training trial 1), indicating similar visuomotouriction and exploratory tendencies.
This supports findings from other studies invegiign the sedative effects of
resveratrol administration. No sedative effectsaxfeund with acute doses of 20, 40
and 80 mg/kg i.p. in rats with pentylenetetrazé@Z) induced seizures (Gupta et
al., 2002b) or 20 mg/kg i.p. in healthy rats (Guptaal., 2004). No sedative or
stimulant effects of resveratrol administration &ebserved after 4 weeks using the
same treatment regimes in this study (see Chapte).Tinterestingly, studies using
higher doses of resveratrol have found contradidiadings following much longer
treatment regimes, with one stating decreased apeatis locomotor activity in rats
with a 15 week treatment regime (200 and 400 mglkg daily) (Lagouge et al.,
2006) and another finding increased spontaneousmotor activity in grey mouse
lemurs with an 18 month regime (200 mg/kg p.o.yJaiDal-Pan et al., 2011). In

addition, all groups showed normal habituation Heirt spatial environment, with



gradually decreasing exploration of objects acrtoaming trials. This asymptotic
habituation curve indicates normal encoding of #mvironmental features and
spatial configuration, suggesting that any alterati to the environment should
evoke increased exploratory behaviour.

In experiment one, a substitution version of theah@bject recognition task
was used (Fig. 3-1A). It has previously been shdhat this is too difficult for
healthy young rats to perform following a 24 h gelaith just 3 x 5 min training
trials (Griffin et al., 2009). This task was chosenhighlight any enhancement
associated with resveratrol ingestion and treadraiining. Resveratrol has been
shown to evoke neuroprotective effects againstmedic brain injury with a single
100 mg/kg i.p. dose administered immediately aifteduction of brain injury
(S6nmez et al., 2007), against Alzheimer’'s diseageptomsin vitro (Wu et al.,
2008), and against seizures using a single dod@ ofig.kg i.p. administered 5 min
before kainic acid-induced seizure (Gupta et &022). There is also evidence to
suggest that resveratrol can improve cognitive tioncin aged animals, with mice
given 150 ug resveratrol per gram food for 6 to @ths performing better in a Y-
maze task (Oomen et al., 2009). 7 consecutive dayseadmill running has been
shown to improve object recognition memory in Healtats (O’Callaghan et al.,
2007; Griffin et al., 2009), with 7 weeks of volang wheel running showing
neuroprotection against brain injury in rats (Véilal., 2004), and 6 to 8 months of
aerobic exercise improving cognitive scores in ®ydpeople with mild cognitive
impairment (MCI) and dementia (Ahlskog et al., 2D1The treatment regimes of
resveratrol ingestion and treadmill running useckheve been shown to improve
NOR performance over a longer epoch of 4 weeks (Gespter Two). Here, no
recognition memory was evident with the sedentamtrols after a 24 h delay as
assessed by the object discrimination ratio of halgect, D. All other groups
showed increased exploration of novel object, [atinge to familiar objects, A and
B. It was important to rule out preference for tigect itself rather than the fact it
was novel, as shown by disinterest from the sedgwtantrols 24 h later, as well as
preference for object location, indicated by assesd of the object discrimination
ratio of object C in training sessions relativedigiects A and B. These findings

indicate that after 7 days of resveratrol treatmantl aerobic exercise, either



combined or individually, there are significant irapements in long-term
recognition memory in healthy young rats. Thesealtesre similar to findings using
a 4 week regime, showing that neither a long regohdreadmill running nor
resveratrol ingestion are required to evoke potefiécts on cognition. This
corresponds to other studies investigating obgobgnition memory using a similar
aerobic exercise regime of 7 days forced treadunihing (O’Callaghan et al., 2007;
Griffin et al., 2009). Another study found thatiagle dose of 100 mg/kg resveratrol
I.p., albeit much higher in concentration than olessened neuronal loss in rat pups
subjected to contusion injury (S6nmez et al., 20@/h)jIst another found that a dose
of 250 and 500 mg resveratrol in capsule form iaseel cerebral blood flow in
humans, but did not improve cognitive function (Kedy et al., 2010). Acute bouts
of exercise are deemed to improve cognition untbssfatigue levels from that
session are too great (Tompoowski, 2003). The cakredffects of resveratrol are
potent, fast-acting, and comparable to the effeftaerobic exercise on healthy

memory.

Hippocampal and perirhinal tissue was extractethftioe brains of all rats in
experiment one and assessed for expression andk lefeproteins previously
implicated in the beneficial action of resveratanld aerobic exercise on the body.
Many studies investigating cognition refer to reat®l| as a SIRT1 activator (Kim
et al.,, 2007; Pallas et al., 2009; Baur, 2010) esittds compound was found to
consistently recapitulate the protective effects SBRT1 overexpression in cell
culture (Howitz et al., 2003; Araki et al., 2004Jowever, with no evidence to
indicate that resveratrol is a direct activatorSéiRT1, it may prove misleading to
refer to resveratrol as simply a SIRT1 activatoor& recently, AMPK has been
suggested as an alternative target for resverdtrat may be important for
upregulating the beneficial pathways associated misveratrol action (Narkar et al.,
2008), with an interdependence of these proteigBlighted in another study (Price
et al., 2012). In a previous study it was discodethat upregulation of the
AMPK/SIRT1 pathways in the hippocampus and perahitortex were not
necessary for cognitive enhancement associated wvasiveratrol ingestion of
treadmill running (see Chapter Two). In this studBsults of the polymerase chain

reaction further indicated that proteins involvadhe AMPK/SIRT1 pathways were



not upregulated in brain regions associated wigtnnieg and memory following 7
days of these treatment regimes. As with a 4 weglre, no increases in levels of
SIRT1, AMPKol, AMPKa2, PGC-I or MNSOD mRNA were found in the dentate
gyrus, rest of hippocampus, or perirhinal cortekofeing 7 days of resveratrol
ingestion or treadmill running. This further supisdihe suggestion that the cognitive
enhancement associated with these treatment regsneet evoked through the
AMPK/SIRT1 pathways. There were significant incesasn expression of the
neurotrophins, BDNF and NGF, in these brain regiovith levels of these proteins
also increased relative to sedentary controls. fifftengs from this protein analysis
are further supported by results using a 4 weeknreg(see Chapter Two).
Additionally, increased BDNF and NGF expression leen measured in the
hippocampus following 2, 4 and 7 nights of volugtatheel running in rats (Neeper
et al., 1996), with acute bouts of exercise indrepsyascular endothelial growth
factor (VEGF) levels in untrained human skeletalsoie, but not trained skeletal
muscle (Richardson et al., 2000). Increased cititgd/EGF levels with 2.5 mg/kg
p.o. resveratrol daily for 15 days in streptozateiciduced diabetic rats
(Thirunavukkarasu et al., 2007) and dose-dependergases in hippocampal BDNF
levels comparing resveratrol doses ranging fromt@.20 mg/kg p.o. daily for 3, 10
and 30 days (Rahvar et al., 2011). It appears résteratrol and aerobic exercise
may evoke their effects on cognition through newmtins, or other proteins
implicated in these pathways. This supports theyssiipn that these regimes may
enhance memory by encouraging early cell survivddrain regions associated with

learning and memory (Frielingsdorf et al., 200h Yaaag, 2009).

In experiment two, a displacement version of thgehmbject recognition
task was used (Fig. 3-1B). This is a spatial mentask which targets long-term
memory which is intact in young healthy rats (Gnifet al., 2009). This task was
appropriate to draw attention to any deficits cdulsg scopolamine administration
30 min prior to novel object task exposure, andhighlight any enhancement
associated with resveratrol ingestion and treadmitining. Scopolamine-induced
amnesia is a pharmacological tool to model AD-szlatognitive decline by
addressing the cholinergic system dysfunction aasat with the disorder (Smith,

1988). This study was designed to ascertain whedimeioral dose that showed



cognitive improvement in healthy rats without upreging the AMPK/SIRT1
pathways could elicit the same positive effects irsjaAD-related amnesia.
Sedentary controls treated with vehicle prior toveloobject recognition task
exposure exhibited recognition memory after a 2elay as assessed by the object
discrimination ratio of displaced object, C, relatito familiar objects, A and B.
Sedentary controls administered scopolamine shawehcrease in exploration of
displaced object, C. This shows that administraibecopolamine (0.8 mg/kg; i.p.)
30 min prior to introduction to a displacement rowdject recognition task
interfered with learning and left the rats unaldegmember the situation 24 h later.
This dosage has been shown in previous studieauve $imilar effects on cognition
(Okaichi et al., 1989; Biggan et al., 1996; Ormeand Beninger, 2002). This action
occurs by blocking central acetylcholine (ACh) marsuic receptors (Coyle et al.,
1983), as cholinergic neurons and pathways plagsyead roles in the regulation
of learning, memory and cerebral blow flow to trevwous system (Mesulam et al.,
2002).

Pre-treatment with oral resveratrol or a combimataf resveratrol and
treadmill running eradicated the scopolamine-inducGmnesia, with animals
administered scopolamine performing as well as alsngiven vehicle in these
groups. Resveratrol has been shown to dose-depiiyndemprove scopolamine-
induced amnesia in rats when 12.5, 25 and 50 mg@fikg resveratrol was
administered 30 min before amnesia was induced &ithmg/kg scopolamine i.p.
30 min before the probe trial in a Morris water mdask (Gacar et al., 2011).
Conversely, pre-treatment with 10 and 20 mg/kg daily for 21 days did not
improve scopolamine-induced (1 mg/kg; i.p.) amnésianice as measured in a
Morris water maze task (Gupta et al., 201I2)is 7 day regime of treadmill running
did not counter the memory deficits induced by stamine administration; whilst
those given vehicle showed preferential exploratibthe displaced object, C, those
administered scopolamine 30 min prior to the nalgéct recognition task showed
no indication of recognition. In another study,atteill running for 60 days (1
h/day) has been shown to improve AD-related amnesised by lesioning the
nucleus basalis magnocellularis (NBM) in rats (Hdaeet al., 2011), with incidence

of AD lower in more active people (Colcombe et @004; Larson et al., 2006).



Although other studies have shown that aerobic as®rcan improve AD-related
memory decline, this 7 day regime was not enougbvitke such effects. It was
important to rule out preference for the objectlitgather than the fact it was
displaced, as shown by disinterest from the sedggtantrols 24 h later, as well as
preference for object location, indicated by assesd of object discrimination ratio
of object C in training sessions relative to olgeatand B. These results indicate
that pre-treatment with oral resveratrol for 7 dags block the deficits observed
with scopolamine-induced amnesia, but 7 days trdhdumning cannot evoke a
similar action on this pathway. It is of use to wnthat these effects are potent
through oral administration, as this will provide agreeable supplementation route
in humans. These results suggest that short-teaveratrol treatment has more
potential as a therapeutic agent against AD thaort$érm aerobic exercise.
Resveratrol ingestion appears to have a strongemagn the cholinergic pathway

than is evoked by aerobic exercise.

Scopolamine-treated animals had much lengthieroeapbn times compared
to vehicle-treated animals in the testing trialtié novel object recognition task.
These animals had exploration times longer thannikial training trial the previous
day. This supports previous studies that indicatat tscopolamine induces
hyperactivity (Shannon and Peters, 1990). With iffer@nces measured between
scopolamine-treated groups, it appears that naids»eratrol ingestion nor treadmill
running had an impact on this hyperactivity, aspsufed by results from the open
field task. However, this did not interfere withsveratrol’'s therapeutic action on
scopolamine-induced amnesia. As these aerobic isgeend resveratrol regimes
have been shown to evoke similar changes on théeipso assessed here in
hippocampal and perirhinal tissue, it appearstti@AMPK/SIRT1 pathways do not
play a primary role in this action of resveratratditionally, aerobic exercise and
resveratrol ingestion both show similar upregulatiof neurotrophins in the
hippocampus and perirhinal cortex with these 7 degimes, indicating that
increased levels of these proteins are not suffidie improve AD-related cognitive
decline. These findings suggest that aerobic exem@nd the polyphenol, resveratrol,

may act through the same pathway to enhance nocowlition but resveratrol



ingestion has a stronger action on the cholingsgtbway and a stronger therapeutic

potential against AD-related amnesia.

To summarise, resveratrol ingestion and regulastaerexercise both evoke
a strong enhancement of healthy memory using 7 rdgimes. With associated
activation of the neurotrophins, BDNF and NGF ie thippocampus and perirhinal
cortex, it appears that these play a role in thenarg enhancement measured. Short-
term resveratrol administration has stronger ac@gainst scopolamine-induced
amnesia than short-term aerobic exercise, thereforemoting the therapeutic

potential of resveratrol against the amnesia aatstiwith Alzheimer’s disease.



Chapter Four

ORAL RESVERATROL AND AEROBIC
EXERCISE REGIMES CAN | MPROVE
MEMORY WITHOUT |INCREASING
GENERAL MITOCHONDRIAL FUNCTION

“My mitochondria comprise a very large proportiohme. | cannot do the
calculation, but | suppose there is almost as mafaghem in sheer dry bulk as
there is the rest of me.”

- Lewis Thomas

4.1 ABSTRACT

Mitochondria are extremely important organellesexgl for normal cell
function, maintenance of redox homeostasis and rpromed cell death.
Mitochondrial dysfunction is considered one of thain reasons for cognitive
decline related to normal ageing as well as manyrodegenerative diseases,
such as Alzheimer's disease, Parkinson’s diseask Huntington’s disease.
Mitochondrial function is heavily entwined with ethdegenerative processes,
such as oxidative stress and hormonal imbalancev&atrol treatment and
aerobic exercise have both been shown to improvechondrial function in
skeletal muscle and other tissues. Previous stutigs shown that low doses of

oral resveratrol and daily treadmill running for gt 7 days enhances normal



memory in healthy young adult Wistar rats. It i pet clear how resveratrol or
aerobic exercise evoke such effects on cognitiowekier, it could possibly be
through action on mitochondrial function directlyt the downstream effect on

oxidative stress or the endocrine system.

To further explore the changes that occur in thdybwith low doses of
resveratrol ingestion and short aerobic exercisgimees that evoke strong
cognitive enhancement, 12 day regimes of regulavertrol ingestion (20
mg/kg) and 1 h treadmill running (17 m/min) werdisgd in healthy male Wistar
rats to assess if these induced changes in mitarf@riunction. To assess this,
oxygen consumption, uncoupling protein expressiomd amitochondrial
abundance were measured in tissues that expend lgugntities of energy and
require higher numbers of mitochondria - brown amfip tissue (BAT) and
skeletal muscle (SKM). Mechanisms that enhancechatadrial function in BAT
are of interest to determine as this is proposedol@my a future role in the

treatment of obesity in humans.

After the 12 day regimes of resveratrol ingestiom @aerobic exercise,
neither resveratrol nor treadmill running increasedermogenesis in brown
adipocytes by oxidative phosphorylation, had amgotfon uncoupling protein 1
(UCP-1) in BAT or uncoupling protein 3 (UCP-3) iKIg mitochondria, nor any

effect on mitochondrial abundance in these tissues.

These results indicate that neither daily 20 mgtk@l resveratrol
treatment nor 1 h treadmill running for 12 conseeaitdays has a notable effect
on mitochondrial function. Although from the litewee it can be predicted that
higher doses and longer training regimes may insesmitochondrial function in
these tissues. These findings suggest that the mmesnbancement associated
with these short-term regimes is not associatedh winprovements to

mitochondrial function.



4.2 INTRODUCTION

Mitochondria are highly dynamic organelles thatefasd divide in response
to environmental stimuli, developmental status, andrgy requirements (Seo et al.,
2010). Among other functions, they provide enemyanabolic reactions by holding
adenosine-5’-triphosphate (ATP) produced from aatalreactions. Hydrolysis of
ATP to adenosine-5'-diphosphate (ADP) or adenoSireonophosphate (AMP)
provides energy for most biological processes ngpkmtochondria essential for
normal cell function and maintenance of redox hostesis and programmed cell
death (Marzetti et al., 2010). A decline in mitoodaal function seems to be an
important modulating influence on the ageing precgesmany species, and it can
have positive or negative effects on lifespan (8skig and Morgan, 2006). A
reduction in the expression of mitochondrial gewék ageing is strongly conserved
from C. elegango humans (Zahn and Kim, 2007), with a reductiomitochondrial
function shown to shorten lifespan (Trifunovic &t 2004; Kujoth et al., 2005) and
augmentation of mitochondrial function extendirfgdpan (Lin et al., 2002; Schriner
et al., 2005) in a number of species. The mechan@mitochondrial function play
a role in many cellular processes, such as mitabt@n metabolism, redox
signalling, maintenance of mitochondrial DNA (mtDNAnd autophagy.

The highest densities of mitochondria are foungk@letal muscle (SKM), in
particular SKM with a high proportion of slow twitdType [) fibres relative to fast
twitch (Type II) fibres. The gastrocnemius is fouindthe lower leg and is packed
with type | fibres. This muscle is rich in mitochdia, myoglobin and capillaries,
making it red in appearance and more suitable fadative energy production
(Wang et al., 2004). These SKM fibres produce ATHRough oxidative
phosphorylation, while type Il fibres produce ATidugh anaerobic mechanisms,
such as glycolysis. Oxidative phosphorylation isuiiht to occur in SKM through
upregulation of uncoupling protein 3 (UCP-3) whiglads to a higher degree of
uncoupling in mitochondria (Nedergaard and Canr®(3), though this is not
certain. The proportion of type | to type Il fibres SKM can be adjusted through
different types of training. Aerobic training witiroduce higher numbers of type |

fibres to facilitate energy release for long pesigtiowald et al., 1985). Strength



training produces higher numbers of type Il fibie$acilitate fast energy release. As
such, aerobic training increases the mitochondealsity in SKM to a greater extent
than strength training. Exercise increases hepatmchondrial number (Chabi et al.,
2005; Lopez-Lluch et al., 2006) as well as mitoahraal numbers in skeletal muscle.
Regular exercise increases mitochondrial biogenesisl decreases various
manifestations of oxidative stre@dolloszy, 1967; Oh-Ishi et al., 1997; Boveris and
Navarro, 2008). Administration of high doses ofverstrol intraperitoneally to mice
has also been shown to increase transcription pég@ssociated with oxidative

phosphorylation and mitochondrial biogenesis in S{ldgouge et al., 2006).

Another tissue in mammals that is rich in mitochiads brown adipose
tissue. Brown adipose tissue (BAT) is a unique ortfat has provided mammals
with an evolutionary advantage. The primary functaf BAT is to generate body
heat in animals that do not shiver, allowing manstalsurvive and be active during
periods of nocturnal or hibernal cold and survibe ttold stress of birth. It is
particularly abundant in newborns and hibernatinggmmals (Cannon and
Nedergaard, 2004). Brown adipocytes produce heabugih non-shivering
thermogenesis (NST), which is controlled by uncoupbxidative phosphorylation
in the inner mitochondrial membrane, allowing footon leakage (Lotar et al.,
1986; Porter and Brand, 1995). Noradrenaline (Ne#@ased from the hypothalamus
regulates this pathway by controlling the exprassibuncoupling protein 1 (UCP-
1) which catalyses oxidative phosphorylation. NAds tof;.adrenoreceptors on the
surface of brown adipocytes, activating an attacedgrotein-coupled receptor
(GPCR) which binds to adenylate cyclase (AC), ating it to produce cyclic
adenosine monophosphate (cCAMP) from ATP. cAMP thaivates protein kinase A
(PKA) which activates a number of transcriptiontéas, such as cAMP response
element-binding protein (CREB), leading to increhsepression of UCP-1 (Richard
et al., 2010). Upregulation of UCP-1 leads to ahbigdegree of uncoupling in
mitochondria by uncoupling oxidative phosphorylatideading to more energy is
dissipated as heat. UCP-1 is the mitochondrialgmotesponsible for the unique
function of BAT (Heaton et al., 1978; Aquila et,a985). For years it was thought
that BAT was no longer present in adult humans liszdt was no longer needed as

the individual grew and put on weight. This mattas received increased attention



since the discovery that adult humans also have B&&marova et al., 2008); with
levels significantly lower in overweight or obesebgects. There is a negative
relationship between BAT and both body mass index percentage of body fat
(van Marken Lichtenbelt et al., 200%Yhilst the more familiar white adipose tissue
(WAT) can be viewed as fat which stores energyha form of triglycerides, BAT
can be viewed as fat which burns energy. BAT caiésable to do this as they have
multilocular lipid droplets and are rich in mitoctdria. UCP-1 production is a key
marker that differentiates between the adiposai¢ssas well as the presence of
more noradrenergic fibres in brown adipocytes. Bradipocytes are more similar
to skeletal muscle than white adipocytes, and dgveéntal studies have shown that
proteins involved in muscle differentiation arecaéxpressed in BAT (Sadurskis et
al., 1995). However, studies have shown that thiouwreased levels of the
hormone, irisin, aerobic exercise can increase andodrial abundance in WAT,
making it more like BAT (Bostrém et al., 2012). Putial activation, and increased
levels, of BAT has been postulated to play a rolghe treatment of obesity in

humans (Seale and Lazar, 2009).

Resveratrol and aerobic exercise are strong caedida play a role in the
treatment of obesity in humans by controlling mittoedrial biogenesis and
metabolism; most likely through activation of pesmme proliferator-activated
receptor gamma coactivator l-alpha (PGg-1PGC-Li is a transcriptional
coactivator that is regarded to be one of the keyabolic controllers in cells. It is
activated by signals that are related to energyrarident homeostasis (Liang and
Ward, 2006). Upon activation, PGG@-induces and coordinates gene expression that
controls various pathways depending on the tissnd ather coactivators.
Mitochondrial biogenesis, fibre-type switching inKI8, and the thermogenic
response in BAT are under the control of PGC(LLiang and Ward, 2006). The
specific interaction of PGCelwith ubiquitous transcription factors that bindthe
promoter region of those target genes activatese¥peession of metabolic genes
(Rodgers et al.,, 2005). The activity of PGE&-5 under specific and very tight
control because is involved in the regulation of s@ny crucial pathways
(Fernandez-Marcos and Auwerx, 2011). It is thoutjtait much of resveratrol's



action in the body occurs through upregulation @&CPlo, whether through
activation of nicotinamide adenine dinucleotide A-dependent deacetylase
sirtuin-1 (SIRT1), AMP kinase (AMPK), or another chanism (Nemoto et al.,
2005; Rodgers et al., 2005; Jager et al., 2007; tAehaal., 2009). There is also
evidence that aerobic exercise upregulates P&Q-hndschin and Spiegelman,
2008), which is also believed to occur throughvation of the SIRT1/AMPK
pathways. These metabolic alterations regulate lgosphorylation and
deacetylation of PCGeland subsequent mitochondrial biogenesis (Handsthah,
2003), predicted to be through increasing UCP esgioa (Bostrém et al., 2012). As
such, resveratrol administration and aerobic egerare strong candidates to play a

future role in the treatment of obesity.

With the mitochondria proving central to many biestical processes in
cells, it is unsurprising that these organellesiamgortant for cognitive processing.
Mitochondrial dysfunction is considered one of thain reasons for normal memory
decline with ageing (Harman, 1972) and lower cogaifperformance associated
with Alzheimer’s disease (Mancuso et al., 2008ykiraon’s disease (Farrer, 2006),
and Huntington’s disease (Browne and Beal, 2004} additional effects on other
degenerative processes, such as oxidative strddsommonal imbalance (Bua et al.,
2006).In previous experiments, a regular oral dose oflenagrup and resveratrol
suspension (20 mg/kg) for a 1 or 4 week regime lhaen shown to enhance normal
long-term recognition memory in Wistar rats. Tredtdrmnning (1 h/day; belt speed
increasing from 10 - 17 m/min) over the same epddss a similar action on this
form of cognition. Upregulation of the SIRT1/AMPKaghways in the hippocampus
and perirhinal was not associated with memory ecé@ent in these studies (see
Chapter Two and Three), suggesting that these fabtri effects were not through
improved mitochondrial function in brain regionssasiated with learning and
memory. The aim of this study was to address wheath&ot this concentration of
oral resveratrol or programme of aerobic exerciseild/ have distinct effects on
mitochondrial function in tissues with high energypenditure and, therefore,
mitochondrial density. Using these treatment regiroeer a 12 day epoch, neither
resveratrol nor treadmill running increased theremagis in brown adipocytes by

oxidative phosphorylation. In addition, there was effect on UCP-1 in BAT or



UCP-3 in SKM mitochondria, nor any effect on mitoodrial abundance in these
tissues. This data suggests that quantities of resaleratrol treatment and aerobic
exercise that have no impact on general mitochahtirnction have positive effects

on functioning of the hippocampal formation.



4.3 MATERIALS AND METHODS

4.3.1 Animals

Male Wistar rats (435 + 50 g¢ = 18) were obtained from the BioResources
Unit, Trinity College Dublin. They were housed iaifs (standard hard-bottomed,
polypropylene cages; 44 x 28 x 18 cm) in a tempegatontrolled vivarium (20 to
22 °C), with a 12:12-hour light-dark cycle. Animalgere provided with food and
waterad libitum Experiments were carried out in strict accordanite regulations
laid out by LAST Ireland and were compliant witle tBuropean Union directives on
animal experimentation (86/609/EEC).

4.3.2 Drug and Dosing Regime

All rats were handled for one week pre-drug treattmeend fed 0.5 ml of
maple syrup (Maple Joe, Bernard Michaud) to famg#&a them with feeding by
syringe.transResveratrol (>99% purity) from Sigma-Aldrich, UKag administered
orally mixed in a solution of maple syrup. Treatmdmals were given an oral dose
of maple syrup and resveratrol suspension (20 mg’kg) for 12 consecutive days,
with controls given maple syrup only. Rats were etb80 min before exercise

protocol.

4.3.3 Exercise Programme

Rats ( = 18) were familiarised to motorised treadmillx€E 3/6 treadmill,
Columbus Instruments) by walking on the treadnaitl I5 min (belt speed, 7 m/min)
on 3 consecutive days. Rats were randomly assign8dyroups: sedentary controls
(SedCTL), running controls (RunCTL), and sedentasyeratrol-treated (SedRES)
(n=6 in each). The exercise protocol consistedunhing one hour per day for 12

consecutive days (belt speed, gradually increased the training period from 10



m/min to a maximum of 17 m/min, which is equivalémtl km/h). The treadmill is
equipped with wire loops at one end of the belbdigh which a mild electric shock
can be delivered; these act to motivate the ratsuto continuously and were
activated at low levels (on average an intensitythoée on a scale of 0-10; this
represents a current of 1 mA with an inter-pulseeriral of 2 s) throughout all
exercise sessions. Rats were observed while exgyci® ensure they ran
continuously and also to monitor for signs of "reSedentary rats were placed on
stationary treadmills with shock loops activatedoat levels for the same duration.
Rats were sacrificed 24 h after the final expodoréreadmills, with programmes
staggered so that tissue from only 3 animals (@regpoup) was processed in one

day.

4.3.4 Tissues and Serum Samples

Rats were sacrificed by decapitation and the istapular brown adipose
tissue was removed first. Fur in the inter—scapregion was dampened with 70%
ethanol and the skin removed with scissors. Albleswhite adipose and connective
tissue was removed with fine scissors before rengpwhole BAT tissue. This was
placed in BAT Ringer’s solution (5 ml) and storetlraom temperature. BAT
samples were processed the same day for functsbndies or stored at -8D until
citrate synthase (CS) analysis was complete.

The lateral surface of the lower left leg was dangaewith 70% ethanol and
skin was removed with scissors. The gastrocnemuuscla was extracted with fine
scissors, placed in an Eppendorf tube (1.5 ml) stoded at -88C for later CS

analysis.



4.3.5 Isolation of Mature Brown Adipocytes

Following extraction, tissue was stored at roomgderature in BAT Ringer’s
solution in separate falcon tubes (15 ml) with lideremoved (except in transit).
Tissue was processed in the same order of rem@ealRES, RunCTL, and then
SedCTL. BAT was cut in half, placed in a Petri disbvered with BAT Ringer’'s
solution, and any remaining WAT, muscle and conmedissue was removed. The
whole tissue was carefully diced using fine scissor BAT Ringer's solution
supplemented with Type Il collagenase fr@ostridium histolyticum(1mg/ml).
The sample was then placed on a rock and rollaniincubator at 3T for 60 min
until pulpy, with the sample checked regularly dgrithis period. After removal
from the incubator, the sample was filtered throaghi0 um sieve and topped up
with BAT Ringer’s solution to stop the reaction.eTBAT was then gently pushed
through the sieve using the rubber end of a 3 mhgg plunger, while washing with
BAT Ringer’s solution. The cells were spun at 6p&rfor 2 min in a centrifuge
(Sorvall H400) at room temperature. The tubes whem extracted, opened, and
allowed to stand for 60 s to prevent cells fromdreing anoxic. Using a plastic
Pasteur pipette, the floating dark brown layer unelath the uppermost white layer
was aspirated off, leaving the pellet, collagenssl@tion and white adipose. The
dark brown layer was then added to a clean faledre tand washed with BAT
Ringer’s solution. This was again spun at 625 rpm2 min, and then BAT was
aspirated off and added to a clean Eppendorf tlikenql). This was left open and

was stored at room temperature until use.

4.3.6 Measurement of Oxygen Consumption in Brown Aidocytes

All measurements of respiration were made using @xygraph-2k
respirometer (Oroboros Instruments, Austria), arggen flux was resolved with
DATLAB 4.0 software. The machine was calibrated &reast 30 min with BAT
Ringer's solution at 3C. The brown adipocytes were counted using a

haemocytometer. Isolated brown adipocytes were caq86,000 cells/ml) to the



machine and allowed to stabilise for ~30 min sd thatable basal rate could be
observed. Once the stable rate was determinedesmadded, 2 utM NA in 2 mM
sodium ascorbate solution was added to the chawdbayringe to stimulate oxygen
consumption rate, and the change in oxygen consomptas noted. The rate was
left to stabilise before recording. 3 uM antimyéirwas then added to the chamber
via syringe to inhibit the mitochondrial complex dhd therefore mitochondrial
oxygen consumption, and the steady rate was regofide measurement of oxygen
consumption in brown adipocytes was completedipli¢cate for each animain(=
18).

4.3.7 Preparation of BAT and SKM Mitochondria for Citrate
Synthase

BAT samples that had been isolated and used to ureeasxygen
consumption were then stored at °80until further analysis. On the day of the
citrate synthase assay procedure, brown adipoeyées removed from -8C and
stored on ice. The brown adipocytes were defroatelhomogenised using 7 passes
with a loose (0.26 inches) clearance pestle foltblg 7 passes of a tight clearance
pestle. The homogenate was spun at 2,300 rpm fonitiGat 4C. The supernatant
was then removed and added to a fresh Eppendaef fitlee supernatant was then

stored on ice until ready for use on the same day.

Whole gastrocnemiusamples were removed from storage afE8and kept
on ice. On the day of use, a prepared stock ofbbsecmuscle homogenisation buffer
(100 ml) was added to sucrose (8.54 g). A sketatadcle sample between 30 and 50
mg was obtained and finely diced using scissor® fliely diced muscle sample
was then added to muscle homogenisation bufferamad was homogenised, while
on ice, with 7 passes of the automatic homogenide. samples were then spun at
2,300 rpm for 10 min at’€. The supernatant was then removed and addeftasha
Eppendorf tube (1.5 ml) and stored on ice untitlyei@r use on the same day.



4.3.8 Bicinchoninic Acid (BCA) Assay to Determine ®tal Protein
Concentration

Bovine serum albumin (BSA) stock solution (0.5 pky/mas defrosted and

BSA standards were set up in triplicate on a 96-plate (3 x 10 pl). BAT samples
were diluted 1:50 with distilled water. SKM sampiesre diluted 1:15 with distilled
water. Each sample was added in triplicate to 4 arekhe plate (3 x 10 pl). BCA
working solution (200 ul) and BCA (9800 pl) weredad to a falcon tube and
mixed. The mixture was added to each well contgiranBSA standard, BAT or
SKM sample (200 pl). The plate was covered andeplag an incubator at 3 for
40 min. A multi-plate reader was then used to tbadplate at 550 nm. The protein

calculations were noted, and adjusted to accourdifiation factors.

4.3.9 Citrate Synthase (CS) Assay to Determine Mibthondrial
Abundance

Following determination of the final protein contation using a BCA
assay, a CS assay was carried out to determimaitbehondrial abundance per mg
of cellular protein (umol/min/mg). The CS assay kgoon the principle that citrate
synthase generates citrate and coenzyme A (CoAM@igh is coupled to the
reaction between Co0A-SH and Ellman's reagent (DTNBing substrates
oxaloacetate and acetyl-CoA. The formation of DTR&A can then be measured
photometrically.Here, a spectrophotometer (Shimadzu, UVmini-12483% wsed to
measure the formation of DTNB-C0A which has an dtesace at 412 nm.

The spectrophotometer was connected to a chartdecdl cm/min, full
scale deflection 20 cm (0-1 Abs)). The spectropimatier was zeroed with TRIS-
Sucrose: 0.1 M TRIS 0.15 M sucrose pH 8.1 with KZ7I85 pl) which was kept on
ice. 4 mg/ml 5,5-dithio-bis-nitrobenzoic acid (DTNBO pl; Sigma-Aldrich, UK), 2
mM acetyl-CoA (50 pl; Sigma-Aldrich, UK), 10% TritoX (15 ul) and sample (25

ul) were added to each plastic cuvette (3 ml). mbe-specific activity was then



recorded, ensuring that the chart recorder wadoseecord. The blank rate was
recorded for 3 min. 60 mM oxaloacetate (75 ul; Sghhdrich, UK) was then added
to the cuvette to initiate the reaction, givingptat volume of 3 ml, and the observed
rate was recorded. The process was repeated licdte for each BAT and SKM

sample. The activity was then calculated and graphe

4.3.10 Analysis of UCP-1 in BAT and UCP-3 in SKMMitochondria

using SDS-PAGE and Western Blot Analysis
Samples of BAT and SKM were solubilised in sampléfdy; 0.0625 M

Tris—HCI, pH 6.8, 10% glycerol, 2% SDS, 1.6@¥mercaptoethanol (added directly
prior to use) and 0.001% bromophenol blue. Priolotaling on gel, samples were
vortexed and pulsed in a minifuge before boiling.@® °C for 5 min. Gels were run
using the Laemmli system for denaturing gels (Ladimt@70). Slight modifications
were used: 0.375 M Tris—HCI, pH 8.7 and 0.1% SD$®wsed in solutions. Linear
12% polyacrylamide gels were prepared from a sswtltion containing 30% (w/v)
acrylamide; 0.4% (w/v) bis-acrylamide. Samples werepared using Laemmli
sample buffer containing either 5% (w/B}mercaptoethanol or 20 — 100 mM
dithiothreitol, and subsequently incubated for Sirat 100 °C or 20 min at 70 °C.
The gel dimensions were 90 mm x 70 mm x 0.75 mmgeatsl were run on a Protean

Il (Bio-Rad) gel system.

Following polyacrylamide gel electrophoresis, pnaewere transferred to
nitrocellulose or polyvinylidene difluoride (PVDBillipore, Ireland). Transfer was
achieved using a semi-dry apparatus for 2 h at h20or a Bio-Rad TransBlot
Transfer Cell for 1 — 4 h at 20 V/cm. After trarsfeas complete, blots were blocked
for 1 h in phosphate-buffered saline (PBS)-Tweet4®M NacCl, 2.7 mM KCI, 11.5
mM NaPQ,, 1.8 mM KHPO,, pH 7.4 with 0.1% Tween-20) containing 5% non-fat
dried milk (Marvel). This was followed by three bfin washes with PBS-Tween.

Blots were probed with primary antibody overnight4a°C in the same solution



containing anti-UCP-1 antibody (Sigma; 1:1000) arahti-PDH-E1 alpha
(Mitosciences, 1:2000) in BAT samples, and anti-tBBntibody (Eurogenetec;
1:1000) and anti-PDH-E1 alpha (Mitosciences, 1:2000SKM samplesThese
steps were followed by three 10 min washes in PB8€nh. Blots were then probed
with secondary antibody incubated in 1:10,000 @hlutof a donkey anti-sheep
immunoglobulin G (IgG) horseradish peroxide (HR®njagate (for full-length
UCP-1 antibody) or a goat/donkey anti-rabbit IgG FHBonjugate (for the others)
secondary antibody in PBS-Tween containing 5% ratrdfied milk for 1 hAfter a
further three 10 min washes in PBS-Tween, the bloése developed using an
enhanced chemiluminescence (ECL) detection syséene(sham-Biosciences, UK)
and visualised by exposure to X-ray film. Followigstern blot development, the
relative abundance of UCP-1 in BAT, UCP-3 in SKMd&DH as a loading agent
in both were determined using densitometry. Thedbiatensities of the exposed

film were analysed using ImageJ Software.

4.3.11 Statistical Analysis

All data was analysed using GraphPad Prism (Grapld¥edtware, Inc.) and
Statistical Package for the Social Sciences (SPS&-way ANOVA or unpaired
Student’s t-test were conducted as appropridtest hoccomparisons were made
using the Tukey’'s HSD test. A significance levelpfE 0.05 was accepted for all
comparisons: * p < 0.05; ** p < 0.01; *** p < 0.00Data are presented as mean *
SEM.



4.4 RESULTS

4.4.1 No Effect on Oxygen Consumption in Brown Adipcytes

The impact of 12 days daily treadmill running wasnpared to daily oral
resveratrol treatment on rate of oxygen consumphdirown adipocytes. Use of an
Oxygraph-2k respirometer allowed assessment ofefifects of these treatment
regimes on freshly extracted tissue. Assessed sl lmxygen consumption rates,
one-way ANOVA analyses revealed no significant eféhces between sedentary
controls, exercised or resveratrol treated anirfialss = 0.7597, p = 0.485) in brown
adipocytes (Fig. 4-1). Once basal rate was deteuniNA was added to assess
oxygen consumption of these cells after activatbrihe pathway controlling the
expression of UCP-1. One-way ANOVA revealed no ificemt differences between
groups following activation by NA ¢qs= 1.726, p = 0.2116) (Fig. 4-1). All groups
showed a significant elevation in oxygen consunmmptete following the addition of
NA, as expected, compared to basal rates (SedCTh:< 0.001; RunCTL: ***p <
0.001; SedRES: ***p < 0.001) (data no representdd)h UCP-1 known to regulate
oxidative phosphorylation (Heaton et al., 1978; et al., 1985), it is clear that
these treatment regimes have no impact on oxidgih@sphorylation in brown
adipocytes. Finally antimycin A was added to th#sce order to ascertain how
much of the oxygen consumption measured in browipoagites was through
mitochondrial respiration. One-way ANOVA revealed significant differences
between groups following complete inhibition of thtochondrial complex Il by
antimycin A (k15 = 0.1009, p = 0.9046) (Fig. 4-1). All groups shawsgnificant
decreased oxygen consumption following additioar@imycin A (SedCTL: ***p <
0.001; RunCTL: **p < 0.001; SedRES: ***p < 0.00Mith these rates also
significantly lower than basal level (SedCTL: **¥0.001; RunCTL: ***p < 0.001,
SedRES: ***p < 0.001), as expected (data not represl). Most oxygen
consumption taking place in these cells, for aiugs, was through mitochondrial
respiration. Therefore, if these levels of oralveratrol or aerobic exercise were to
have any effect on thermogenesis in brown adipscyteey would have to directly

interfere with mitochondrial activity within the ke
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Fig. 4-1. No changes in oxygen consumption in brown adipacyéer 12 d
resveratrol ingestion or treadmill walking. The méavel of oxygen consumption in
isolated brown adipocytes was measured with an @yyg2k respirometer. There
was no difference between groups, with all grougacting as expected to the
addition of noradrenaline and antimycinResults are presented as mean = SEM.

4.4.2 No Effect on Mitochondrial Abundance in BAT o SKM

To determine if this level of oral resveratrol @rabic exercise were to have
any effect on thermogenesis in brown adipocytes skeletal muscle fibres,
mitochondrial abundance was measured. Mitochondbahdance in isolated brown
adipocytes and skeletal muscle fibres was detedhyecitrate synthase (CS) assay,
with activity of the citrate synthase enzyme segvas a marker for mitochondrial
abundance. One-way ANOVA analyses revealed thatetlweas no effect on
mitochondrial abundance by the oral treatment wiveratrol or with treadmill
running in BAT (R.15= 0.1534, p = 0.8591) (Fig. 4-2A) or SKM(fs= 0.3902, p =
0.6852) (Fig. 4-2B). As it has just been illustchtbat neither 12 days of exercise
nor resveratrol ingestion affected thermogenesisrawn adipocytes, and that any
thermogenesis that did occur was mitochondrial,aibservation that mitochondrial
number is not altered with these regimes is comisistith these results.
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Fig. 4-2. No changes in mitochondrial abundance in [A] braadipocytes and [B]
gastrocnemius muscle fibres after 12 d resverangestion or treadmill walking.
The mean mitochondrial abundance in isolated bragipocytes and skeletal muscle
fibres was determined by citrate synthase assaydifferences were found between
groups.Results are presented as mean = SEM.

4.4.3 No Effect on UCP-1 expression in BAT and UCB-in SKM

Mitochondria

Resveratrol and aerobic exercise have previousgn lshown to evoke an
enhancement of mitochondrial biogenesis throughegudation of PGC-d, and
subsequent expression of uncoupling proteins (Lggaet al., 2006; Hood, 2009).
To further determine any effects of these treatmesgimes on oxidative
phosphorylation by measuring expression of uncagpliprotein-1 in BAT
mitochondria and uncoupling protein-3 in SKM mitocdkria. Figure 4-3A shows a
representative immunoblot of UCP-1 (32kDa) and p&te dehydrogenase &l
(PDH; 44kDa) as a loading control in BAT mitochamadof control, exercised and
resveratrol-treated rats. It is clear, that theas wo difference in the expression level
of UCP-1 between the three groups. To quantifyekression levels of UCP-1 in
BAT mitochondria, densitometry measurements werdopeed and the UCP-1
signal normalised with the PDH signal for each groOne-way ANOVA analyses
confirmed that UCP-1 expression levels were nohgkd in BAT mitochondria by
the oral treatment with resveratrol or with treaiminning (k15 = 0.02874, p =
0.9717) (Fig. 4-3B).
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Fig. 4-3.No changes in uncoupling prot-1 expression in brown adipocytes a
12 d resveratrol ingestion or treadmill walking.][An immunoblot probed witl
1:1000 dilution of an-UCP-1 peptide antibody and an immunoblot probed \
1:2000 dilution of an-PHD-Ela peptide antibody. Lane 1 represents sedel
controls, lane 2 exercised and lane 3 resve-treated. Immunoblots we
performed in triplicate. [B] Bands were quantifiegg densitometry using Imag
software and presented as expression level ratf UCP-1/PDH. The mea
expression of UCR- in isolated brown adipocytes did not differ betwegroups
Results are presented as mean + £

Figure 4-4Ashows a representative immunoblot of -3 (32kDa) and PDt
(44kDa) as a loading control in SKM mihondria of control, exercised a
resveratroftreated rats. As with BAT mitochondria, there wasdifference in the
expression level of UC-3 between the three groups. To quantify the exjme:
levels of UCP3 in SKM mitochondria, densitometry measurets were performed
and the UCR3 signal normalised with the PDH signal for eacbugr. One-way



ANOVA analysesconfirmed that UC-3 expression levels were not changec
SKM mitochondria by the oral treatment with resweaor with treadmill running
(F215=0.2197, p = 0.8053) (Fig-4B). These findings further support the belief 1
these treatment regimes of resveratrol ingestiod @eadmill running did nc
promote uncoupling oxidative phosphorylation orauitondrial biogenesis in the

tissues.
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Fig. 4-4. No changes in uncoupling prot-3 expression in gastrocnemius mus
fibres after 12 d resveratrol ingestion or treatimialking. [A] An immunoblot

probed with 1:1000 dilution of arUCP-3 peptide antibodgnd an immunobl

probed with 1:2000 dilution of arPHD-Ela peptide antibody. Lane 1 represe
sedentary controls, lane 2 exercised and lane \Ben&so-treated. Immunoblof

were performed in triplicate. [B] Bands were quid by densitometry usin
ImageJ softwarand presented as expression level ratios of-3/PDH. The mean
expression of UCR-in isolated skeletal muscle fibres did not difbetween group:
Results are presented as mean + £



4.5 DSCUSSION

The aim of this study was to address whether orancdncentration of oral
resveratrol or programme of aerobic exercise tlatehpreviously been shown to
enhance normal cognitive functioning would havdinit$ effects on mitochondrial
function in tissues with high energy expenditured,atherefore, mitochondrial
density. These treatment regimes of 20 mg/kg resnadringestion and treadmill
running for 12 consecutive days did not increas®chondrial abundance in brown
adipose tissue or skeletal muscle, oxygen consomgptior thermogenesis in brown

adipocytes by uncoupling oxidative phosphorylation.

In previous experiments a regular oral dose of maptup and resveratrol
suspension (20 mg/kg) for a 1 or 4 week regimebegn shown to enhance normal
long-term recognition memory in Wistar rats. Tredtdrmnning (1 h/day; belt speed
increasing from 10 - 17 m/min) over the same epdwss a similar action on this
form of cognition (see Chapter Two and Three). Rhiwndrial dysfunction is
considered one of the main reasons for normal mendecline with ageing
(Harman, 1972) and impaired cognitive performanssoeiated with Alzheimer’s
disease (Mancuso et al., 2008), Parkinson’s dis@aseer, 2006), and Huntington’s
disease (Browne and Beal, 2004); with additiond&a$ on other degenerative
processes, such as oxidative stress and hormobalante (Bua et al., 2006). The
memory enhancement observed with these treatmegnh@és was not associated
with upregulation of the AMPK/SIRT1 pathways in ioraegions associated with
learning and memory, suggesting that they do noit ¢heir favourable effects on
cognition by countering mitochondrial dysfunctiondaimproving the activity of
these organelles. However, aerobic exercise has b&@®wn to increase
mitochondrial activity and levels in skeletal mes¢Holloszy, 1967; Howald et al.,
1985) and brown adipose tissue (Bostrom et al.2R0L may be that this training
regime was not long enough to evoke such actioitl,the mentioned studies using
more strenuous protocols. Holloszy (1967) exercisgglon a treadmill for 12 weeks
with the speed progressively increasing until ia fimal week the rats were running
for 120 min at 31m/min with twelve 30 sec sprintgtam/min interspersed through

this session. Similar adaptations were detectechammally sedentary humans



exercised for 6 weeks (5 d/week) on bicycle ergensefor 30 min each session
(Howald et al., 1985). Three weeks of free wheahimg or swimming evoked such
changes in adipose tissue (Bostrom et al., 20123v&atrol administration has also
been shown to increase mitochondrial activity aackls in skeletal muscle using a
dose of 200 and 400 mg/kg administered with foodwctdaily for 15 weeks
(Lagouge et al., 2006). These doses are much higaerthe dose used here that has

been shown to enhance cognition (see Chapter Td/d laree).

Results of oxygen consumption measured with an @ypjg2k respirometer
indicated that these levels of oral resveratroh@mbic exercise are not capable of
enhancing thermogenesis in brown adipocytes. A comtrend in this study was
observed with basal rates and rates after theiaddif NA generally proving higher
than previously recorded in the literature (Bukaskieet al., 1980; Marette and
Bukowiecki, 1991; Cannon and Nedergaard, 2004} witime-dependent effect on
the magnitude of NA activation in brown adipocytébe first few sets of brown
adipocytes to be treated with NA showed a 5-7 fwidrease, however, cells
processed later in the day only showed a 2-4 foddeiase. Despite this decrease in
magnitude of activation by NA, basal rates remaistdistically unchanged. This
change in magnitude is likely because of receptonabe due to isolation of the
cells. Therefore, one would conclude that therea iime-dependent effect with
regard to NA sensitivity in isolated brown adipaeyit The control rates of oxygen
consumption in isolated brown adipocytes were &test with previous studies and
served as a valid control to compare the effects2oflays resveratrol ingestion (20
mg/kg/day) and 12 days treadmill running (1 h/daitimycin A significantly
lowered oxygen consumption below basal and NA-dtaed rates, which confirmed
that the vast majority of the respiration that oecuwithin the brown adipocytes is
mitochondrial respiration. Antimycin A acts by iblting the oxidation of ubiquinol
in the electron transport chain. Through this actioprevents the formation of a
proton gradient across the inner mitochondrial mamé, and subsequently inhibits
oxidative phosphorylation from occurring (Dairakiuag, 2004). As a direct result,
any oxygen consumption that occurs after additibardimycin A is attributed to
non- mitochondrial sources, such as enzyme actikiiiyugh haem oxygenase (HO)

(Evans et al., 2008) and monoamine oxygenase (MARJdi et al., 2001).



Therefore, if this level of oral resveratrol or @lgic exercise were to have any effect
on thermogenesis in brown adipocytes, they woulkha directly interfere with
mitochondrial activity within the cell. Mitochon@li abundance was measured to

determine this.

Mitochondrial abundance per milligram of cellulaof@in can be measured
by citrate synthase assay. The activity of theamtrsynthase enzyme, serves as a
marker for mitochondrial abundance. These resnttate that there is no change in
mitochondrial abundance in BAT cells as a resulthafse resveratrol ingestion or
aerobic exercise regimes. As it has just beentiitesd that neither 12 days of
exercise nor resveratrol ingestion affected theenegis in brown adipocytes, and
that any thermogenesis that did occur was mitochalndthe observation that
mitochondrial number is not altered with these megg is consistent with these
results. The rates of citrate synthase activitigatated brown adipocytes were lower
than citrate synthase rates that have been repiorteé literature (Nadal-Casellas et
al., 2011), though there is a high degree of viamain the literature. These low
values may be due to isolation and freezing of BRd cells before thawing for
mitochondrial isolation. This may have damagedrthi®chondria and subsequently
reduced citrate synthase activity. These sedemi@amyrol values for gastrocnemius
cells are comparable to those in the literaturei{@f et al., 2001; Vila et al., 2001),
however, mitochondrial abundance did not increafleviing the 12 day regime of
treadmill running, as expected. In support of thésdings, although vigorous
aerobic exercise regimes have been shown to iremaechondrial abundance in
SKM (Holloszy, 1967; Howald et al., 1985), Leek aralleagues (2001) found that
an acute bout of exercise resulted in numerous lswohitochondria 1 h after
exercise which can clearly confound training regesmand artificially elevate citrate
synthase values. A 12 day regime of aerobic trgimas too short to increase
mitochondrial abundance, and the measurementstaleea several hours following
the final treadmill session, so an artificial diegaynthase increase was not detected
either. When testing more vigorous regimes it Wwél important to leave sufficient
time between the final training session and cagynt the citrate synthase assay.
This will rule out artificial elevated levels due temporarily swollen mitochondria.

12 days of treatment with low dose (20 mg/kg) restrel orally had no effect on



mitochondrial abundance in SKM either, althoughhkigdoses of oral resveratrol
(200 and 400 mg/kg for 15 weeks) have been showmdrmease mitochondrial

numbers in this tissue (Lagouge et al., 2006).

Resveratrol action on brown adipocytes has not b@enotly assessed before,
however, a number of studies have investigatedeffexts of exercise on brown
adipocytes (Bostrom et al., 2012). Interestinglystady using a similar exercise
regime (7 d) with mice found increases in UCP-1 ®@IC-Ii expression, along
with other key components for mitochondrial bioggeeand BAT activity (Slocum
et al., 2012). If PGC-d and these other components are being upregulatadesult
of regular aerobic exercise, one would expect ® @ increase in mitochondrial
biogenesis and subsequently an increase in mitacla@mbundance and respiration
(Uldry et al., 2006). An increase in mitochondrgil non-mitochondrial respiration
was not observed here. In addition, there was oeeased UCP-1 expression in
BAT cells or UCP-3 expression in SKM which suppattte findings that these
regimes of resveratrol ingestion and treadmill ragrdo not promote thermogenesis
in brown adipocytes by uncoupling oxidative phosplation. In support of these
findings, another study reported that aerobic agenn rats reduced UCP expression
in BAT, indicating that 9 weeks of this traininggmme had no overt effect on
thermogenic activity (Segawa et al., 1998); witlotaer group finding no effect of
treadmill running, in young or aged rats, on UCPBression in BAT (Scarpace et al.,
1994). Slocum and colleagues (2012) used diet-imdlwbese mice, whereas all the
other studies have examined BAT samples in heaitlty. Maybe the action of
aerobic exercise on UCP-1 expression varies betwesse species, or the high-fat
diet may have been an adjusting factor in the acifcaerobic exercise.

The data presented here suggests that oral resldratitment and aerobic
exercise that have similar positive impacts on fieming of the hippocampal
formation do not evoke this action by improving aetiondrial function. The dose of
resveratrol assessed here is considered a relatio& concentration, which

nonetheless evokes a strong effect on normal dogrand AD-related amnesia (see



Chapter Three). Studies using higher doses, sudh3asl and 3 g/kg resveratrol
administered intraperitoneally for 28 days (Hebbaral., 2005), or 200 and 400
mg/kg orally for 15 weeks (Lagouge et al., 2006avén found an effect on
mitochondrial function in skeletal muscle and othissues. It is possible that if a
higher dose of oral resveratrol was used here aimeifects may have been found,
and also an effect in brown adipose tissue. Howetlegse results support the
suggestion that action on mitochondrial functioreslmot appear to be involved in
memory enhancement associated with either of tfeters (see Chapter Two and
Three). These findings correspond with the fact th@mory improvement with
these regimes was not associated with upregulatiaghe AMPK/SIRT1 pathways
in brain regions associated with learning and memibrs possible that higher doses
of resveratrol and an appropriate aerobic exerprmgramme that will increase
oxygen consumption in brown adipose cells may praveiseful weight loss
mechanism; however, such levels are not neceseaejidit beneficial effects on

cognition.



Chapter Five

AEROBIC EXERCISE AND RESVERATROL
AS PREVENTATIVE INTERVENTIONS IN
WORKING MEMORY DECLINE

“Old age is like everything else. To make a sucoésis you've got to start
young.”

- Theodore Roosevelt

5.1 ABSTRACT

Regular physical activity encourages favourableistiural and metabolic
alterations which can delay the ageing process, #mal progression of age-
related diseases. With an ageing population, amdeases in the prevalence of
noncommunicable diseases, it is becoming more algsirto identify orally
active agents that mimic or potentiate the eff@ftaerobic exercise. One such
candidate is the polyphenol, resveratrol, which magy termed an exercise
mimetic due to its similar action on mitochondrielogenesis, endurance,

metabolism, long-term memory and the cardiovascsyatem.

To explore and compare the potential of long-tesaveratrol ingestion
and aerobic exercise in delaying the degeneratidn cognitive function
associated with ageingniddle-aged male Wistar rats were given a regulaal o

dose of resveratrol (20 mg/kg) to examine if trosedwould have comparable



effects on learning, working memory and recovercaijnitive impairment as

regular 1 h forced wheel running (17 m/min). Foistlongoing assessment with
a delayed-non-matching-to-sample (DNMS) task wagd,uswith delays

randomised between 1 and 30 sec, to identify cegniifferences between
treatment regimes. Animals were trained regulanythis task assessing spatial-
temporal working memory, with progress comparedvbeh groups. Effects on
recovery from cognitive impairment, induced by longgrvals between DNMS

sessions, were also measured.

All animals reached plateau level at the same stageaining, however,
regular resveratrol ingestion and aerobic exercgs#ganced performance in the
DNMS task, compared to sedentary controls. Treajemups also showed
improved recovery in performance after a 7 dayrwdebetween sessions, with
clear differences in performance with longer delagempared to sedentary
controls. Additionally, no adverse effects weredemt from 14 weeks of oral

resveratrol treatment.

These results indicate that regular 20 mg/kg omdwveratrol treatment
produces similar hippocampal-dependent cognitiveaeeement in the DNMS
task as regular 1 h bouts of forced wheel runnimgmiddle-aged rats. Both
regular resveratrol ingestion and aerobic exercisgroved the learning of this
task, working memory, and ability to recover memaiftgr impairment. These
findings highlight the potential use of resveratimogestion and aerobic exercise

in relieving age-related cognitive decline.



5.2 INTRODUCTION

The global population is ageing, with average wwoitte life expectancy
predicted to reach 73 years by 2025 (Wise, 199&dibal advances over the past
century have improved mortality rates dramaticatipd these continue to rise
(World Health Organisation, 1998). This strikingpravement is seen as one of the
most notable achievements of the past centuryldmgfer lives are not enough, we
must strive for long, healthy lives. Ageing is tm@st prominent aetiological factor
of physiological and neurological decline. It is acecumulation of damaging
alterations at molecular and cellular levels tleesuit in increased risk of morbidity
and mortality (Johnson et al., 1999). With peopleng longer, this is currently
creating a growing burden on the health sectors ibf interest to individuals
themselves and society to discover and promote adstlof improving long-term
health and delaying the degeneration of ageing. dding process is not fully
understood and is not something we can preventiheune are lifestyle choices that

can delay this degenerative process.

Regular physical activity encourages favourableicstiral and metabolic
alterations which can delay the ageing processolfierexercise promotes the
activity of a number of proteins that have benaficctions against degeneration,
such as silent information regulator two protei(S1RT1) (Ferrara et al., 2008), 5’
AMP-activated protein kinase (AMPK) (Durante et,aR002), peroxisome
proliferator-activated receptofy coactivator-lalpha (PGCel (Handschin and
Spiegelman, 2008), manganese superoxide dismWaee(D) (French et al., 2008)
and neurotrophins (Neeper et al., 1995, 1996; Ridwn et al., 2000)Regular
aerobic exercise improves mitochondrial dysfunctidmrmonal imbalances,
inflammatory mechanisms, and oxidative stress,ofilvhich are associated with
ageing (Johnson et al., 1999). The physiologicé&trations promoted through
regular aerobic exercise are associated with imgm&ants in long-term memory in
young and middle-aged rats (see Chapter Two). Ehefiis of aerobic exercise also
lower the incidence of noncommunicable diseases DN@nd improve an
individual’'s chances of living a long, healthy lif¢uori, 2001; Kemi and Wislgff,

2010; Lee et al., 2012). Unfortunately, althoughienstanding of the physiological



value to undertaking regular physical activity islMknown, the global prevalence of
NCDs is high and continues to rise (Daar et alQ720indicating that many people
are not following the guidelines recommended by \Werld Health Organisation

(World Health Organisation, 2000). With this undeansling it is desirable to identify
orally active agents that mimic or potentiate tffeas of aerobic exercise, in the

hope of promoting long, healthy lives.

Plant-derived phenolic compounds, such as reseératippear to have
similar physiological actions as aerobic exercResveratrol has been shown to
activate some of the same pathways, with studnebrfy increased activity of SIRT1
(Howitz et al., 2003), AMPK (Um et al., 2010), PG&-(Lagouge et al., 2006),
MnSOD (Robb et al., 2008) and neurotrophins (Thamwkkarasu et al., 2007,
Rahvar et al., 2011). Activation of these protdias been associated with a number
of physiological benefits (Moalem et al., 2000; @&g, 2005; Canto et al., 2009)
and it is hoped that regular ingestion with suclpratein may evoke similar
therapeutic potential as regular physical activity.previous studies, it has been
shown that both resveratrol ingestion and aerokeraégse can improve long-term
memory in young and middle-aged rats (see Chapteo),Twhilst resveratrol
ingestion has additional potential against amnessaociated with Alzheimer’s
disease (see Chapter Three) following short-terngintes. The memory
improvement observed was not associated with upagn of the AMPK/SIRT1
pathways, implicating that the upregulation of méaphins plays a more important
role in cognitive enhancement associated with madxe ingestion and aerobic

exercise.

To explore and compare the potential of long-teesveratrol ingestion and
aerobic exercise in delaying the degeneration ghitive function associated with
ageing, a working memory task that requires a lgrgntity of training was utilised
- the delayed non-matching-to-sample (DNMS) taske DNMS task requires
flexibly modulating behaviour over time, where tm@mal is rewarded for choosing
the component not present in the initial exposiig. (5-1). This task is sensitive to

subtle changes in hippocampal function which maytb®ovisible in behaviour until



later in life (Hok et al., 2012), with lesions dfet hippocampus or prefrontal cortex
shown to impair performance (Wiig and Bilkey, 199%4urray and Mishkin, 1998;
Clark et al.,, 2001). For this study, middle-agedstti rats underwent either a
training protocol of regular forced wheel runnidgh increasing from 8 — 17 m/min,
5 d/week, or led a sedentary lifestyle. These gsampre again sub-divided so that
half of the animals were administered resveratrallp at a dose of 20 mg/kg on
training days, a dose shown to cause no adversetefivith daily dosage (Juan et
al., 2002). In parallel, all animals were regulafdsained and assessed on
performance in the DNMS task. Time to learn th&k tard performance in this
working memory task was compared between groupsvdak 13 of resveratrol
ingestion, wheel running, and DNMS training, anisnalere given a 7 day interval
between DNMS sessions to assess long-term memorthéotask. Animals were
then assessed for a further 7 sessions before DWBSing, and the treatment
regimes were terminated, after 14 weeks. In week €ight weeks following
termination of the treatment protocols, animalsevagain assessed in the DNMS

task and in the number of sessions required torrétuplateau performance.

No difference was found between groups in progoestirough the training
stages of the DNMS task, and in the number of eassiequired to reach plateau
performance. However, regular resveratrol ingestind aerobic exercise enhanced
performance in the DNMS task, compared to untreatedentary controls. Treated
groups showed improved recovery in performance #fte7 day interval, with clear
differences in performance with longer delays, caregd to sedentary controls.
Following an 8 week break from DNMS training andatiment regimes, the effects
of the treatment regimes were not so potent on-teng and working memoryo
adverse effects were evident from 14 weeks of oraVeratrol treatment. These
findings suggest that aerobic exercise and the ppeiyol, resveratrol, enhance
working memory as well as long-term memory. Thightights the potential benefit
of resveratrol ingestion and aerobic exercise itayieg age-related cognitive

decline.



5.3 MATERIALS AND METHODS

5.3.1 Animals

Male Wistar rats (14 months at study start= 48) were obtained from
BioResources Unit, Trinity College Dublin. They wehoused in pairs (standard
hard-bottomed, polypropylene cages; 44 x 28 x 1Biona temperature-controlled
vivarium (20 to 22 °C), with a 12:12-hour light-#azycle. Animals were provided
with restricted food pellets and watat libitum Average weights were 595 + 70 g at
the start of experiment and animals were maintaate®8b% of free-feeding weight
throughout the study. Experiments were carried ioutstrict accordance with
regulations laid out by LAST Ireland and were coia with the European Union

directives on animal experimentation (86/609/EEC).

5.3.2 Drug and Dosing Regime

All rats were handled for one week pre-drug treatmend fed 0.5 ml of
maple syrup (Maple Joe, Bernard Michaud) to famda them with feeding by
syringe.transResveratrol (>99% purity) from Sigma-Aldrich, UKag administered
orally mixed in a solution of maple syrup. Treatedmals were given an oral dose
of maple syrup and resveratrol suspension (20 mgilag) 5 days per week, with
controls given maple syrup only. Rats were dosedn80before exercise protocol
and DNMS training, prior to wheel running, for 1&eksthroughout the study.

5.3.3 Exercise Programme

Rats ( = 48) were familiarised to exercise wheels on aam&@d wheel bed
(Model 80805A, Lafayette Instrument) by walking 8 min (bed speed, 4 m/min)
every other day for a week (3 d). They were thesigagd to 4 groups: sedentary

controls (SedCTL), running controls (RunCTL), sddepn resveratrol-treated



(SedRES) and running resveratrol-treated (RUNRES)12 in each). The exercise
protocol consisted of running one hour per daySodays per week (bed speed,
gradually increased over the training period fronrm8nin to a maximum of 17

m/min, which is equivalent to 1 km/h), for 14 weeksoughout the study. The
motorised wheel bed was controlled by a keypaddhaived the speed and duration
of exercise to be pre-determined. The bed held &ce&se wheels. Rats were
observed while exercising to ensure they ran cantisly and also to monitor for
signs of stress. Sedentary rats were placed ilossay wheels for the same duration.

Training in the DNMS task began on the first dayhaf exercise programme.

5.3.4 Delayed Non-Matching-to-Sample Apparatus

Experiments were carried out in a standard modtdat chamber (Med
Associates; 30.5 cm L x 24.1 cm W x 21.0 cm H)hvatuminium front and back
walls, clear acrylic sides and top, and a gridfl{848 cm stainless steel rods spaced
1.6 cm apart). Each chamber was enclosed in alatatiwooden sound-insulating
box and was equipped with: three retractable leweis on the front wall and one on
the back; a food trough placed between the twotftewers, and a house light
positioned above the back lever. A ventilation praviding masking noise (70 dB)
would remain on throughout the entire session. 4p dustless sucrose pellets
(TestDiet™, 5TUT formula) were delivered as a reWdo the food trough.
Behavioural programmes were controlled by an iat&f (Med Associates)

connected to a computer, which allowed data stoaageanalysis via Med-PC.

5.3.5 Delayed Non-Matching-to-Sample Task Design

The DNMS task was chosen for assessment of thetefief long-term

resveratrol ingestion and aerobic training asldved us to repeatedly test each rat in



the same task. This allows each animal to servisaswn control for cognitive
assessment throughout these regimes. The DNMSreasiires the animal to press
the retractable lever extended on a random basighenleft or right (sample
response) to initiate a trial. This instigates ly@hase of random length between 1
and 30 sec. Following this delay the back leveerds and the animal must press
this to release the 2 front levers. The animal @8 a choice of levers to press
(match/non-match choice phase). The correct regpoequires a press on the
opposite lever than the one pressed in the sant@sep(constituting a non-match
response), which is rewarded by delivery of a ssenellet to the food trough. An
incorrect response (pressing the same lever deisdample phase) initiates a 5 sec
time-out in which the house light was switchedanftl no sucrose pellet is delivered
(Fig. 5-1). Each trial was separated by an int@rtmterval (ITI) of 10 sec. A
previous study has shown that overall performanctehe task declines in a linear
manner as the duration of the delay interval isdgased from 1 to 30 sec (Callaghan
et al., 2012).

5.3.6 Delayed Non-Matching-to-Sample Training Protool

Animals were well-handled and habituated to theeexpental apparatus.
Rats were initially habituated to the chamber wiith three levers already extended.
They were trained to lever press for food rewardaonontinuous reinforcement
schedule (i.e. pressing any lever resulted in dgjivof a sucrose pellet to the food
trough). Once animals expressed sufficient interespressing all 3 levers for
reward, they were habituated to the extension atchation of the levers with
another continuous reinforcement based schedulen wpessing, the lever would
retract, a pellet would be delivered to the foamugh, and the lever would extend
again. Each session was limited to a total of 2tards. Once an animal completed
this task in 5 times consecutive sessions, thegrpesed to the next training step.
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Fig. 5-1. Overview of the delaye-non-matching-tcsample task used to ass
spatialtemporal working memory. Rats were placed in a wwmber with
retractable levers and a food trough which providadrose pellets as reward
correct trials. Each trial started with a samplagghin wich one of the front level
extended at random, either [A] right or [B] leftpbh pressing, this lever wou
retract and after a random delay of between 1 @sdtl3e back lever would exter
Upon pressing this lever, both of the front levensuld extencand the rat had tr
option to press one (i.e. the choice phase). Theaald be rewarded with a sucrc
pellet upon pressing the r-matching lever, or the house light would be turpéc
for 5 sec and no pellet would present upon prestiagnatchingever. Each daily
session comprised of 90 trials in 90 min, with &hdf 10 sec



The next phase of training involved randomised gme&gtion of the front
lever (left or right), which triggered extensiontbe back lever upon pressing. Upon
pressing the back lever, a reward pellet was retkasto the trough. These lever
combinations were repeated 60 times (30 left/baxk 20 right/back) with 10 sec
intervals. Animals progressed from this trainingg to the non-matching-to-sample

task when they successfully completed this tagkdonsecutive sessions.

Training in the non-matching-to-sample task congatisf 90 trials in a 90
min session daily. Each session began with the ehdight switched on and the
levers in the retracted position. Rats were intithined on the task intricacies with
no enforced delay between the sample and choicgeplipon automatic initiation
of trial, one front lever (left or right) was randty selected and extended into the
chamber (the “sample”). Once this lever was presteal lever retracted and the
back lever extended. Upon pressing the back l¢kertwo front levers extend and
the rat has the option to press one (the “choicBie correct response required a
press on the non-matching-to-sample lever, uporchwiboth levers retracted, a
sucrose pellet was delivered to the food trougé,hibuse light remained on, and an
ITI of 10 sec was initiated before the next triglgan. An incorrect response was
recorded upon pressing of the matching-to-samplerjeboth levers retracted, no
pellet was delivered, the house light switched aifici the ITI of 10 sec was initiated
before the next trial began. Rats were requirechéat a criterion of 80% correct
responses for 3 consecutive sessions on this progeabefore the delay was
introduced. As resveratrol ingestion and wheel miguvas ongoing throughout this
DNMS training process, the number of sessions ak teach rat to achieve this

standard of correct trials was recorded and condpagéveen groups.

In the final phase of training, the random delay watended to a maximum
of 30 sec, requiring the rat to wait for the extensof the rear lever before
progressing to the choice phase. Training in thé/I3Nask continued until a plateau
was reached for each rat. Once this plateau inopedance has been reached,
continual DNMS training does not alter an animalistput score of percentage

correct responses for at least 4 weeks (Callaghaal.e 2012). The level of



performance plateau and the number of sessioosktdach rat to achieve its plateau

of correct trials was recorded and compared betweamps.

To assess long-term memory with a longer delay ware given a 7 day
delay between sessions, whilst still undergoingveestrol ingestion and wheel
running, and assessed in the DNMS task for a fuifheéays. To further assess the
long-lasting effects of resveratrol ingestion anldeel running, these regimes were
then terminated (after 14 weeks) and a further 8kadater the rats were assessed in

the DNMS for another 10 sessions.

5.3.7 Statistical Analysis

All data was analysed using GraphPad Prism (Grapl&¥edtware, Inc.) and
Statistical Package for the Social Sciences (SPR&)eated measures (RM) one-
way or two-way ANOVAs were used for within animaladysis and regular one- or
two-way ANOVAs were used for between group analygiere indicated. Linear
regressions were run to determine the slope ofliRest hoccomparisons were
made using the Tukey’s HSD test. A significanceeledf p = 0.05 was accepted for
all comparisons: * p < 0.05; ** p < 0.01; *** p <@01. Data are presented as mean
+ SEM.



5.4 RESULTS

5.4.1 Effects of Exercise and Resveratrol on Lengtlof Time to
Learn DNMS Task

The impact of regular forced wheel running was carapwith regular oral
resveratrol treatment on working memory, in a léagn regime. Use of the
delayed-non-matching-to-sample task allowed asss#sof the effects on working
memory regularly throughout the treatment regintesially the animals were put
through a DNMS training regime in order to teacknthhow to perform the task (see
Delayed Non-Matching-to-Sample Training Protoc®$. resveratrol ingestion and
wheel running was ongoing throughout the DNMS tragrprocess, the number of
sessions required for each rat to progress to thkel® task itself was recorded and
compared between groups. One-way ANOVA revealeddiiference between
groups on the number of sessions required to pdotteeugh the training stages to
the DNMS task itself (F44= 0.7043, p = 0.5545) (Fig. 5-2).
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Fig. 5-2.There was no difference between groups in progyegkrough the training
stages of the DNMS task. Ability to learn new taskss measured by recording the
number of sessions required for each rat to pregteugh the DNMS training
before beginning the task itself. The mean numlbesessions for each group was
compared, with no differences found between groopsl12 per group. Results are
presented as mean + SEM.



5.4.2 Wheel Running and Resveratrol Ingestion Enhance Wding
Memory

Once progressing to the DNMS task with a randonaydbetween 1 and 30
sec, the number of sessions required for eachoraedch its plateau of correct
responses in the task was recorded and comparegdregroups. Normalisation of
plateau level of percentage correct responses shtvae all groups reached plateau
in an average of 37 sessions. No difference betwgenps on the number of
sessions required to reach plateau level was f@kigd 5-3A). Differences between
groups in rate of learning were found, with two-waYOVA analysis up to DNMS
session 36 revealing a significant effect of treatt(R 1584= 77.40, **p < 0.001),
and a significant effect of session{Isss= 66.48, ***p < 0.001), with no significant
treatment x session interactionid§isss = 0.2492, p = 1) (Fig. 5-3A). Further
analysis reveals a different rate of learning betwgroups, with animals undergoing
regular resveratrol ingestion and forced wheel mmmmproving in the task more
rapidly. A linear regression was run for each gréopetermine the slope of the
relevant curves as an indication of the rate ofnieg (SedCTL:p= 0.618 *
0.02118, RunCTL$ = 0.7248 + 0.03245; SedREfS= 0.767 £+ 0.0288; RunRES:
B =0.726 £ 0.03392). Unpaired two-tailed t-testwsbd that there was significant
difference in the rate of learning of all treatedups compared to sedentary controls
(RunCTL: 4 = 3.004; **p < 0.01; SedRES;st= 4.292; ***p < 0.001; RUnRES?4
= 2.669; **p < 0.01) (data not represented). Regrdaveratrol ingestion and wheel
running, alone or combined, rapidly improved ansnpkerformance in the task

compared to sedentary controls.

Chronic resveratrol ingestion and wheel running haslgnificant effect on
overall performance in the DNMS task, with two-waMOVA analysis of plateau
performance over 7 sessions showing significargcefdf treatment (F30s = 28.24,
***p < 0.001), and no significant effect of sessi@Fs30s = 0.01711, p = 1), or
treatment x session interaction{kos= 0.02421, p = 1). All groups had learned the
task upon reaching plateau performance, with ongANOVA analysis revealing a
significant difference between average plateauoperdnce for groups and chance
level (Fy 50 = 45.43, ***p < 0.001). Furthepost hocanalysis showed that all groups

performed above chance level, indicating that tey all learned the task when they



reached plateau performance (SedCTL: ***p < 0.0BuUnCTL: ***p < 0.001;

SedRES: ***p < 0.001; RunRES: ***p < 0.001) (datatnrepresented) and all
treated groups performed significantly better teadentary controls (RunCTL: *p <
0.05; SedRES: **p < 0.01; RUnRES: *p < 0.05) (HeBA). All groups reached their
plateau level at similar times, but the level oatphu was higher in rats that
underwent resveratrol ingestion and wheel runntiegypared to sedentary controls.
Regular resveratrol ingestion and wheel runninggn@l or combined, allowed
animals to learn at a steeper rate and perfornerttthis assessment of working

memory.

DNMS trials were further sorted by performance btese 7 sessions at
plateau level according to length of delay on imtlnal trials and were grouped
according to 5 sec intervals (1-5, 6-10, 11-15,206-21-25, and 26-30). The
enhanced DNMS performance evident with regulareesvwol ingestion and wheel
running was clear across the different delay irgksrvTwo-way ANOVA revealed a
significant effect of treatment {4 = 16.11, ***p < 0.001), and a significant effect
of delay (5264 = 48.17, ***p < 0.001), with no significant trement x delay
interaction (frs264 = 0.2444, p = 0.9985) (Fig. 5-3B). Furthgost hocanalysis
showed that all treatment groups performed sigmfily better than sedentary
controls at delay block 11 — 15 sec (RunCTL: *p §;0SedRES: **p < 0.01;
RUnRES: *p < 0.05), with resveratrol-treated ansralso performing significantly
better at delay block 16 — 20 sec (SedRES: **pG4d).With all groups performing
significantly above chance, even at the longesaydglthey showed an ability to
learn the task. These findings indicate that webutar resveratrol treatment and
aerobic exercise, either combined or individualigre are significant improvements
in spatial-temporal working memory in the middlesdgat that has natural memory

decline associated with ageing.
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Fig. 5-3. Resveratrol ingestion and forced wheel running owpr DNMS
performance. [A] The number of sessions requiredafaat to reach plateau of
overall percentage correct responses was recoiledgroups reached plateau at
similar times, but the level of plateau was higimerats that underwent resveratrol
ingestion and wheel running, compared to cont{@sDNMS trials were sorted by
performance according to length of delay on indmaidtrials and were grouped
according to 5 sec intervals (1-5, 6-10, 11-1520621-25, and 26-30). Performance
at plateau leveln = 9 sessions) was averaged across trials, sessindsanimals.
Each point thus represents the mean (x SEM) permkenbrrect trials performed
within each delay across sessions. The enhancéormpance with these treatment
regimes was evident across various time delays. 12 per group. Results are
presented as mean + SEM. Values significantly dkfie from the sedentary control
performance are indicated with an asterisk (Tuk&&D: *p < 0.05, **p < 0.01),
with the running group in blue, resveratrol-treaiadred, and those undergoing
running and resveratrol-treatment in purple.



5.4.3 Wheel Running and Resveratrol Ingestion Impree Recovery
in DNMS Performance

Performance in the DNMS task is sensitive to lortags between sessions.
To maintain performance in this task whilst achigviplateau level of correct
responses it is advisable to carry out sessiondadyg, with at least 4 sessions per
week, and no longer than a 2 day gap at any st longer gaps between
sessions, animals require a number of extra ses$iefore reaching plateau once
again. To compare the impact of regular forced Wheening with regular oral
resveratrol treatment on long-term memory, thectff®f a 7 day interval between
sessions on performance was determined followitd aeek regime of resveratrol
ingestion and forced wheel running. There was aifsignt effect for all groups of a
7 day interval between sessions on plateau perforenas shown by comparison of
the final session before the 7 day interval (ses<l6) and the initial session
following this delay (session 46). Unpaired twdddit-tests showed that there were
significant decreases in percentage correct reggsofas all groups following the 7
day interval between sessions (SedCThk=t4.883; ***p < 0.001; RunCTL:2 =
4.392; ***p < 0.001; SedRES A= 4.271; ***p < 0.001; RUnRES1= 4.03; ***p
< 0.001) (Fig. 5-4A).

DNMS trials were further sorted by performance @ ftnitial session
following this delay (session 46) according to légngf delay on individual trials and
were grouped according to 5 sec intervals (1-50,611-15, 16-20, 21-25, and 26-
30). This data was compared between groups in ¢oddgtermine ability to perform
in the DNMS task following a long interval betweémining sessions, with a
decrease in DNMS performance primarily associatéti onger delay intervals.
Two-way ANOVA revealed a significant effect of tteeent (264 = 10.42, ***p <
0.001), and a significant effect of delaysfk = 32.74, ***p < 0.001), and no
significant treatment x delay interactioni{kss = 0.6121, p = 0.8643) (data not
represented). Two-way ANOVA comparing groups tondearevealed a significant
effect of treatment (fz30 = 22.51, ***p < 0.001), and a significant effeaft delay
(Fs.330 = 32.74, ***p < 0.001), and treatment x delay maigtion (Fo 330 = 2.620,
***p < 0.001) (data not represented). Furthwyst hocanalysis showed that all
groups performed significantly above chance levaharter delay blocks (SedCTL:



1-5 sec, **p < 0.001, 6 — 10 sec, *p < 0.05; RunCI-5 sec, ***p < 0.001, 6 — 10
sec, ***p < 0.001, 11 — 15 sec, *p < 0.05; SedRES sec, ***p < 0.001, 6 — 10
sec, ***p < 0.001, 11 — 15 sec, ***p < 0.001; RunREL-5 sec, **p < 0.001, 6 —
10 sec, ***p < 0.001), but did not perform aboveaobe at longer delays (data not
represented). Although animals still rememberedntye-matching-to-sample rule,
evident through DNMS performance with short deldig, 7 day interval between

sessions disrupted performance at longer delays.

Animals were assessed in the DNMS task for 7 sesdmlowing the 7 day
delay. A linear regression was run for each graumétermine the slope of the
relevant curves as an indication of the rate offgoemance improvement, with all
groups showing improvements over these sessiordC{8e r* = 0.1871, Fg =
18.87, ***p < 0.001; RunCTL:or= 0.1094, Fg, = 10.08, **p < 0.01; SedRES? ¢
0.1317, gy = 12.43, **p < 0.01; RUNRES? £ 0.1483, g, = 14.28, **p < 0.01).
One-way ANOVA analysis showed there were no sigarit differences between
groups in the slope of performance improvemenofuaihg the 7 day interval g7 =
0.1529, p = 0.9268) (Fig. 5-4A). All groups showsdnificant improvements in
DNMS performance over the 7 sessions.

To further determine the impact of regular forceaeel running with regular
oral resveratrol treatment on ability to recoverf@enance within 7 sessions,
DNMS performance on the final session before tltay interval (session 45) was
compared to performance on the seventh sessiamwioly this delay (session 52).
Unpaired two-tailed t-tests showed that groups teegived regular resveratrol and
wheel running had no differences in performanceben the final session at plateau
(session 45) and the seventh session following Ahéay interval (session 52)
(RunCTL: 2= 1.530; p = 0.1403; SedRES%; £ 0.6124; p = 0.5466; RUNRES; t
0.6981; p = 0.4924), but sedentary controls renghisenificantly impaired
(SedCTL: $, = 2.989; **p < 0.01) (data not represented) (FedA). All groups
showed recovery in DNMS performance over the 7igasswith regular resveratrol
ingestion and wheel running enabling animals tehgalateau performance by this

stage.



DNMS trials were further sorted by performance lo@ $eventh session after
the 7 day delay (session 52) according to lengtdedfy on individual trials and
were grouped according to 5 sec intervals (1-50,6311-15, 16-20, 21-25, and 26-
30). This data was compared between groups in daleletermine the extent of
recovery in DNMS performance. Two-way ANOVA revehlke significant effect of
treatment (E264 = 17.74, ***p < 0.001), and a significant effeatt delay (F5 264 =
18.84, ***p < 0.001), with no significant treatmertdelay interaction (5264 =
0.6922, p = 0.7916). Two-way ANOVA comparing groupschance revealed a
significant effect of treatment {k30= 85.69, ***p < 0.001), and a significant effect
of delay (5330 = 56.28, ***p < 0.001), and treatment x delay natgtion (ko 330 =
3.884, ***p < 0.001) (data not represented). Furthest hocanalysis showed that
all groups performed significantly above chancelat shorter delay blocks of 1 — 5
sec (***p < 0.001) and 6 — 10 sec (***p < 0.001)afd not represented). Sedentary
controls did not perform above chance level at éwndelays, with all treatment
groups performing above chance level at all deleysept for the running group that
did not perform above chance at the longest delagkbof 26 — 30 sec. Although
performance improved in sedentary controls overahsessions, most of this was
with the shortest delays. Aerobic exercise andaesrol treatment enabled quicker

recovery with long delays in this task.

DNMS trials were further sorted by performance dwese 7 sessions
following the 7 day interval, according to the lémgf delay on individual trials and
were grouped according to 5 sec intervals (1-50,611-15, 16-20, 21-25, and 26-
30). This data was compared between groups in ¢oddgtermine ability to perform
in sessions following a long interval between DNM&ning sessions. There was no
significant difference between groups with a shdetay between 1 and 5 sec.
Enhanced DNMS performance in groups undergoinglaegesveratrol ingestion
and wheel running was clear across longer delaniats except, interestingly, the
longest delay block, 25 — 30 sec. Two-way ANOVAeealed a significant effect of
treatment (E264 = 27.96, ***p < 0.001), and a significant effeat delay (F 264 =
56.28, ***p < 0.001), with no significant treatmertdelay interaction (f5264 =
0.3905, p = 0.9808). Furthgrost hocanalysis showed that all treatment groups
performed significantly better than sedentary aastiat delay block 11 — 15 sec



(RunCTL: *p < 0.5; SedRES: ***p < 0.001; RunRES:p*« 0.01) and 16 — 20 sec
(RunCTL: *p < 0.5; SedRES: **p < 0.001; RunRES: ¥0.05), with resveratrol-
treated and running combined also performing sicgnitly better at delay block 6 —
10 sec (*p < 0.05), and resveratrol-treated aloise performing better at delay
blocks 6 — 10 sec (**p < 0.01) and 21 -25 sec (*¥®.001)(Fig. 5-4B).Two-way
ANOVA comparing groups to chance revealed a sigaift effect of treatment
(Fa,330=64.24, **p < 0.001), and a significant effeaftdelay (f 330 = 18.84, ***p

< 0.001), and treatment x delay interactiony@gy = 1.826, *p < 0.05) (data not
represented). All groups performed significantlyowd chance at shorter delay
blocks of 1 — 5 sec (***p < 0.001) and 6 — 10 s#¢ < 0.001). Sedentary control
animals did not perform significantly above chamath longer delays. Other groups
performed significantly above chance over the naddhe delay blocks of 11 — 15
sec (***p < 0.001) and 16 — 20 sec (***p < 0.00Dut only resveratrol-treated
animals were able to perform significantly abovarate at the longer delay blocks
of 21 — 25 sec (***p < 0.001) and 26 — 30 sec (*®.85) (data not represented).
Differences between groups were presumably noteetibecause all groups were

performing at or near chance level percentage coresponses.
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Fig. 5-4. Resveratrol ingestion and forced wheel running owpr recovery in
DNMS performance following delay-induced impairmgit] The effect of a 7 day
interval on overall percentage correct responses m@asured. All groups showed
similar decline in performance following this delaynd improved with more DNMS
sessions. Treated groups reached plateau levehbgegsion, sedentary controls did
not. [B] DNMS trials were sorted by performance ading to length of delay on
individual trials and were grouped according teb mtervals (1-5, 6-10, 11-15, 16-
20, 21-25, and 26-30). Performance after the 7 idgrval (1 = 7 sessions) was
averaged across trials, sessions, and animals. feachthus represents the mean (+
SEM) percent of correct trials performed within leatelay across sessions. There
was no significant difference with a short delayf bedentary controls performed
worse with longer delays = 12 per group. Results are presented as mean + SEM
Values significantly different from the sedentagntrol performance are indicated
with an asterisk (Tukey’'s HSD: *p < 0.05, **p < Q;0***p < 0.001) , with the
running group in blue, resveratrol-treated in radd those undergoing running and
resveratrol-treatment in purple.



5.4.4 Effects of Resveratrol and Wheel Running Lesd’otent
Following 8 Week Break

To determine the long-lasting effects of long-tenesveratrol ingestion and
aerobic exercise throughout middle-age, these egjinere terminated following the
seventhtraining day after the 7 day interval (after a 1ldel treatment regime).
Animals remained in their home cage with food aradenad libitum only taken out
for handling. 8 weeks after the regimes were teateith, animals (20 month old)
were again assessed in DNMS performance. To contparkng-lasting effects of
these treatment regimes on long-term memory, thectebf an 8 week interval
between sessions on performance was determinemvinty a 14 week regime of
resveratrol ingestion and forced wheel running.réhveas a significant effect for all
groups of an 8 week interval between sessions ategl performance as shown by
comparison of the final session at plateau (sesdidn and the initial session
following this delay (session 53). Unpaired twdddit-tests showed that there were
significant decreases in percentage correct reggoius all groups following the 8
week interval between sessions (SedC3Hi=t5.361; ***p < 0.001; RunCTL:2 =
7.453; ***p < 0.001; SedRES;t= 6.649; ***p < 0.001; RUNRES>4= 6.986; ***p
< 0.001) (Fig. 5-5A).

DNMS trials were further sorted by performance ¢ ftnitial session
following the 8 week delay (session 53) accordimdength of delay on individual
trials and were grouped according to 5 sec inter¢al5, 6-10, 11-15, 16-20, 21-25,
and 26-30)This data was compared between groups in ordeetermine ability to
perform in the DNMS task following a long intentatween training sessions. Two-
way ANOVA revealed a significant effect of treatmhéRs 264 = 3.248, *p < 0.05),
and a significant effect of delay ks = 15.66, ***p < 0.001), with no significant
treatment x delay interaction j¢2s4 = 0.9952, p = 0.4605) (data not represented).
Furtherpost hocanalysis showed that groups that underwent 14 svetkesveratrol
ingestion or forced wheel running did not perforny &etter than sedentary control

rats following this 8 week break in DNMS trainingdatreatment regimes.



Animals were assessed in the DNMS task for 10 @esdiollowing the 8
week delay and break in treatment regimes to coenfla@ impact of 14 weeks
regular forced wheel running with regular oral msirol treatment, 8 weeks after
regime termination, on length of recovery in pamance following an 8 week
interval between sessions. A linear regression mvasfor each group to determine
the slope of performance improvement, with all goshowing improvements over
these sessions (SedCT[%: = 0.211, F118 = 31.56, ***p < 0.001; RunCTL:%=
0.4372, F115= 91.66, ***p < 0.001; SedRES? = 0.2972, F115= 49.89, ***p <
0.001; RunRES:%= 0.3252, F115 = 56.87, **p < 0.001). One-way ANOVA
analysis showed there were no differences betweeupg in the slope of
performance improvement following the 8 week ingr{F; 30 = 2.413, p = 0.0826)
(Fig. 5-5A). All groups showed significant improvents in DNMS performance

over the 10 sessions.

To further determine the lasting effects of regditaced wheel running with
regular oral resveratrol treatment on ability tacower performance within 10
sessions, DNMS performance on the final sessiomplateau (session 45) was
compared to performance on the tenth session foigpwhis delay (session 62).
Unpaired two-tailed t-tests showed that there wewedifferences from the final
session at plateau (session 45) in percentagectoagponses by the tenth session
following the 8 week interval (session 62) (SedCTix = 0.4968; p = 0.6242;
RunCTL: ,=0.3798; p = 0.7077; SedRE% * 0.4793; p = 0.6365; RUNRES; £
0.2286; p = 0.8213) (data not represented). Alugsoshowed recovery in DNMS
performance over the 10 sessions, with all groepshing plateau performance by

this stage.

DNMS trials were further sorted by performance ba tenth session after
the 8 week interval (session 62) according to lermgtdelay on individual trials and
were grouped according to 5 sec intervals (1-50,631-15, 16-20, 21-25, and 26-
30). This data was compared between groups in doleletermine the extent of
recovery in DNMS performance for groups. Two-way @WA revealed a

significant effect of treatment {64 = 3.616, *p < 0.05), and a significant effect of



delay (k5 264= 16.05, ***p < 0.001), with no significant treaémt x delay interaction
(Fi5264 = 1.51, p = 0.1011). Furthgost hocanalysis showing that there were no
differences between groups at the shortest delaokb)] 1 — 5 sec and 6 — 10 sec, or
the longest delay blocks, 21 — 25 sec and 26 -80 Resveratrol-treated animals
performed better than sedentary controls at detajfse 11 — 15 sec (*p < 0.05) and
16 — 20 sec (*p < 0.05) blocks, whilst the grougated with resveratrol and forced
wheel running performed better in the 11 — 15 sdaydblock (*p < 0.05) (data not
represented). The effects of 14 weeks resveratgastion and forced wheel running

were not so potent following an 8 week break, wb@empared to sedentary controls.

DNMS trials were further sorted by performance dwse 10 sessions
following the 8 week interval, according to lengthdelay on individual trials and
were grouped according to 5 sec intervals (1-50,611-15, 16-20, 21-25, and 26-
30). This data was compared between groups in ¢odégtermine ability to perform
in sessions following a long interval between DNM&Sning sessions and a break in
treatment regimes. Two-way ANOVA revealed a siguaifit effect of treatment
(Fs3264= 7.564, ***p < 0.001), and a significant effedtaelay (F 264 = 48.33, ***p
< 0.001), with no significant treatment x delayeimtction (k5264 = 0.4302, p =
0.9694). Furthempost hocanalysis showed that resveratrol-treated animilisea
performed better than sedentary controls at theydabck, 16 — 20 sec (**p < 0.01),
otherwise there were no differences between grékjgs 5-5B). With resveratrol-
treated groups showing significant performance amegb to controls with mid-
range delays, whilst the running group did nots timay signify that resveratrol has

more long-lasting beneficial effects on cognition.
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Fig. 5-5. Effects of resveratrol ingestion and forced whegining less potent 8
weeks after treatment termination. [A] The effettaa 8 week interval on overall
percentage correct responses was measured. Alpgrslwowed similar decline in
performance following this delay, and improved wittore DNMS sessions. All
groups reached plateau levels by the tenth sed8pmNMS trials were sorted by
performance according to length of delay on indraidtrials and were grouped
according to 5 sec intervals (1-5, 6-10, 11-1520621-25, and 26-30). Performance
after the 8 week intervah(= 10 sessions) was averaged across trials, sessioths
animals. Each point thus represents the mean (+)Sagvcent of correct trials
performed within each delay across sessions. Tiwae no significant difference
with a short delay, but controls performed worsé¢hwonger delaysn = 12 per
group. Results are presented as mean = SEM. Vaigesicantly different from the
sedentary control performance are indicated witrasierisk (Tukey’s HSD: *p <
0.05, **p < 0.01; ***p < 0.001) , with the runningroup in blue, resveratrol-treated
in red, and those undergoing running and resvd+agatment in purple.



5.5 DSCUSSION

There were three major aims of this study. The faisn was to evaluate
similarities between the effects of a long-termimeg of aerobic training and oral
resveratrol administration on cognitive function tile middle-aged rat that has
natural memory decline associated with ageing. @lfieslings indicate that regular
resveratrol treatment and aerobic exercise, etbeibined or individually, promote
significant improvements in spatial-temporal workimemory in this model of
natural memory decline. The second aim was to ohiter the effects of these
treatment regimes on recovery from cognitive impaint, induced by long
intervals between DNMS sessiori8 weeks of resveratrol treatment and aerobic
exercise, either combined or individually, improwvedovery of performance in this
spatial-temporal working memory task. The third awvas to evaluate the long-
lasting effects of a 14 week resveratrol and aer@xercise regime on DNMS
performance. The effects of long-term resveratrigestion and forced wheel

running were less potent following an 8 week break.

Regular physical activity encourages favourableicstiral and metabolic
alterations which can delay the ageing process n&wand Cyr-Campbell, 1997,
Kramer et al., 1999; Seals et al., 2008), and togrpssion of age-related diseases
(Vuori, 2001; Kemi and Wislgff, 2010; Lee et alQ12). With an ageing population,
and increases in the prevalence of noncommuniaibéases (Daar et al., 2007), it
iIs becoming more desirable to identify orally aetagents that mimic or potentiate
the effects of aerobic exercise. One such candidatke polyphenol, resveratrol,
which may be termed an exercise mimetic due teiitslar action on mitochondrial
biogenesis, endurance, metabolism and the cardiolassystem (Um et al., 2010).
In previous studies, it has been shown that boskematrol ingestion and aerobic
exercise can improve long-term memory in young ramtle-aged rats (see Chapter
Two), whilst resveratrol ingestion has additionatgmtial against amnesia associated
with Alzheimer's disease (see Chapter Three) falhgwshort-term treatment
regimes. In order to explore and compare the pealeof long-term resveratrol
ingestion and aerobic exercise in delaying the deggion of cognitive function

associated with ageing, a working memory task tbguires a large quantity of



training was utilised - the delayed non-matchingample (DNMS) task. This task
is sensitive to subtle changes in hippocampal fanaivhich may not be visible in

behaviour until later in life (Hok et al., 2012)jtlv lesions of the hippocampus or
prefrontal cortex impairing performance (Wiig andlkBy, 1994; Murray and

Mishkin, 1998; Clark et al., 2001). It was founétlan ongoing treatment regime of
20 mg/kg resveratrol (5d/week) showed similar dethyon-matching-to-sample
performance improvements in middle-aged rats asethabserved with a forced

wheel running programme of 1 h (5d/week).

The DNMS task requires flexibly modulating behaviouer time, where the
animal is rewarded for choosing the component mesent in the initial exposure
(Fig. 5-1). As working memory declines with age e and Rule, 1989; Park et al.,
2002), performance in this task has been foundetdirte as rats age (Callaghan et
al., 2012). Middle-aged rats were used becausedbssegnitive processing during
ageing is a complex process that first becomeseaviduring middle-age in humans
and rats, even in the absence of specific neurodegtve diseases (Kluger et al.,
1997). This means that there is the possibilitytf@se animals to improve beyond
their current capabilities, making this a suitaimedel for therapeutic testing. First,
rats must be habituated to the test chambers amd te press levers for a sugar
pellet reward before progressing through a seriggaming stages in order to learn
the non-matching-to-sample rule. Training must bedcicted on a regular basis in
order to promote learning, or the rule is forgotéenl the animal requires additional
sessions in order to reach its previous level ofop@mance. Once the animal showed
sufficient understanding of the non-matching-to-plamrule, by meeting a criterion
of 80% correct responses for 3 consecutive sessibasdelay was introduced. As
resveratrol ingestion and wheel running was ongtingughout this DNMS training
process, the number of sessions required for esticio progress to the DNMS task
itself was recorded and compared between groupsuasrdid not differ in terms of
progression to the DNMS task itself, with most aagnprogressing to the task in
week 5 of the treatment regime. Resveratrol ingastind forced wheel running did
not enable animals to modulate their behaviourrdento perform the task sooner
than untreated, sedentary controls. These reswdtsimilar to a human study that

found that aerobic exercise did not improve perémoe of stroke patients in the



Wisconsin Card Sorting Task (WSCT), a task designadeasure rule learning and
resistance to perseveration (Quaney et al., 208®reas, in another resveratrol
administered orally (150 pg/g food) in mice imprdspeed of learning in a Y-maze
task (Oomen et al., 2009).

Once progressing to the DNMS task with a randonaydbetween 1 and 30
sec, training continued until all animals reachgaadeau level of correct responses.
Groups did not differ in number of sessions requieereach plateau level of correct
performances, similar to progression through tlanimg programmes, resveratrol
ingestion and forced wheel running did not enabiemals to proceed to their
optimal performance at an earlier stage. Howevaring this time, animals that
underwent regular resveratrol ingestion and forabe@el running improved in the
task more rapidly, allowing them to reach a higlesel of performance in this
assessment of spatial-temporal working memory, @vatgpto untreated, sedentary
controls. Performance at plateau level over 7 sasswas compared between
groups, with plateau level of correct responsenifstgintly higher for all 3 treated
groups, compared to sedentary controls. Once thtegqu in performance has been
reached, continual DNMS training does not alter aammal’s output score of
percentage correct responses for at least 4 we€lktlaghan et al., 2012).
Resveratrol and aerobic exercise groups perforne¢igrbthan sedentary controls at
different delay intervals ranging from short detdyl — 5 sec to the longest delays of
25 — 30 sec. All groups performed significantly edahance, even at the longest
delays, showing that all groups were able to lébhentask. These findings indicate
that with regular resveratrol treatment and aeraiercise, either combined or
individually, there are significant improvements Bgpatial-temporal working
memory in the middle-aged rat that has natural nmgndecline associated with
ageing. These findings corroborate human studias hlave found that aerobic
exercise improves performance in working memorykdaswith young adults
undertaking high levels of physical activity perfong better in a reading span task
than people undertaking low levels of physical \aiti (Lambourne, 2006), and
similar effects found in elderly people (Clarksomith and Hartley, 1989). Another
study, using a different version of the DNMS tadld not find improvements in

performance following a 6 week forced running reginwith running rats



performing worse than sedentary (Braszko et al01POEffects of resveratrol on
DNMS performance have not previously been repotiatiyesveratrol treatment has
been shown to improve performance in other workmgmory tasks. Dietary

supplementation with resveratrol (0.4% of food champroved performance in a
spatial working memory version of the Morris wateaze in aged mice treated
peripherally with lipopolysaccahride (LPS) (Abrahaamd Johnson, 2009) and
resveratrol administered 90 mg/kg i.p. improvedqgrenance in a similar task using
a model of hypoxia-induced brain injury (Karalisat, 2011). With lesions of the
hippocampus or prefrontal cortex impairing perfonee (Wiig and Bilkey, 1994;

Murray and Mishkin, 1998; Clark et al., 2001),stthought that wheel running and
resveratrol ingestion induce changes in the hipppces and prefrontal cortex that
enable this improved performance.

Performance in the DNMS task is sensitive to loetays between sessions
and to maintain performance in this task it is adile to carry out training
regularly. With long intervals between trainingsess, animals require a number of
extra sessions before reaching plateau once aljaiweek 14 of these treatment
regimes of resveratrol ingestion and forced wheeining, animals were further
assessed in DNMS performance following a 7 dayrwalebetween sessions. There
was a clear dip in performance with all groupsdwihg this 7 day interval, and all
groups showing recovery in DNMS performance over fitilowing 7 sessions. In
the session immediately following the 7 day intérad groups could still perform
above chance at the shorter delays, between 1@sdcl showing that animals still
remembered the non-matching-to-sample rule. Diffees between groups were
evident with longer delays. It seems that the emgpdf trial-specific information is
functionally distributed between two brain struessir depending on the length of
delay. The subiculum encodes information mainlyirdyshorter delays (1 — 15 sec),
whilst the hippocampus is required during longdayge (16 — 30 sec) (Deadwyler
and Hampson, 2004). The enhanced performance gérlatelays observed in this
study is potentially through increased levels aimé&ophins in the hippocampus, as
measured with previous studies using these treatragimes (see Chapter Two and
Three). Administration of nerve growth factor (NGBgally to the hippocampus in

rats over 28 days, with a total dose of 0.25 ug, been shown to improve spatial



working memory in a delayed matching-to-positiosktavith a maximal delay of 15
min (Jakubowska-Dgru and Gumgbas, 2005). In this study, although all groups
showed recovery in DNMS performance over the 7igesssedentary controls did
not perform above chance at longer delays by thergk session. All other groups
showed gradually improving performance at all deleyth each session after the 7
day interval. All treated groups reached their gaat performance level by the
seventh session, sedentary controls did not. Thedegs indicate that regular
resveratrol treatment and aerobic exercise, eitoenbined or individually, can
improve recovery of performance in the middle-agadthat has natural memory
decline in a difficult task assessing spatial-terapworking memory. This suggests
enhanced long-term memory with these regimes as sath shorter training
regimes of 1 and 4 weeks (see Chapter Two and JHreprovements in long-term
memory have been observed after an acute boutolbiaeexercise in young adults,
assessed using the Brown-Peterson test, althougWirglh no enhancement of

working memory was observed in that study (Coles Bomporowski, 2008).

Following the 7 sessions in week 14, training iea BNMS task, resveratrol
ingestion and forced wheel running stopped. Animaisained in their home cage
with food and watead libitum only taken out for handling. 8 weeks later, argma
(now 20 months old) were again assessed in DNMS%omeance, in order to
determine the long-lasting effects of a 14 weekmegof oral resveratrol and forced
wheel running. There was a clear dip in performancall groups following this 8
week interval, with all groups showing recoveryDNMS performance over the 10
following sessions. In the session immediately raftee 8 week interval and in
average performance across the 10 sessions, tlexditile difference in DNMS
performance between groups. All groups showed gildimproving performance
at all delays with each session after the 8 wesdrval, and reached their plateau
performance level by the tenth session. No diffeeesnwere measured between
treated groups and sedentary controls in the ghddiays, between 1 and 10 sec,
and longer delays, between 21 and 30 sec. Groeatett with resveratrol (SedRES
and RunRES) performed better at mid-range delastsyden 11 and 20 sec, whilst
the running group did not perform better than seatgrcontrols. The effects of long-

term resveratrol ingestion and forced wheel runniege less potent following an 8



week break, which may be due to neurotrophins metgr to baseline after
resveratrol ingestion and aerobic exercise reginaesended. Three weeks of wheel
running has been shown to elevate levels of hippped brain-derived neurotrophic
factor (BDNF) in mice, with levels remaining elesdtuntil returning to baseline 3-4
weeks after exercise ended (Berchtold et al., 20lb0)hat study, a corresponding
decrease in performance in the radial-arm wateremes observed with declining
levels of hippocampal BDNF until performance wasaitrol level 4 weeks after
exercise had stopped. It is difficult to ascertainether better performance in the
DNMS task at this stage is due to more successal$ tduring training, or due to
prolonged cognitive enhancement due to these tezdtnegimes. With resveratrol-
treated groups showing significant performance amegb to controls with mid-
range delays, whilst the running group did nots tmay signify that resveratrol has
more long-lasting beneficial effects on cognitidturther work would need to be
conducted to be certain of this. Studies on hunfase shown the benefits of
exercise on brain health and function, particulanlyageing populations (Cotman
and Berchtold, 2002). Such findings increase istene identifying orally active
agents that would mimic or potentiate the effedtexercise (Narkar et al., 2008).

Resveratrol is becoming a convincing potential cdeme.

The data presented here suggest that a regimguareesveratrol ingestion
and aerobic exercise have similar positive impaots functioning of the
hippocampal formation in relation to working memay measured by use of the
delayed non-matching-to-sample task. This enhancemeeffective in the middle-
aged rat that has natural memory decline associmitd ageing. Both regular
resveratrol ingestion and aerobic exercise imprdkiedearning of this task, working
memory, and ability to recover memory after impann With sedentary control
rats performing well at shorter delays, differeneesre most striking at longer
delays during the DNMS trials. There is potentibhtt long-term resveratrol
ingestion has longer-lasting effects than a lomgiteaerobic exercise regime.
Throughout the 6 months in which this study wagiedrout, from middle-age to
old-age, animals were monitored regularly for sighgl-health. No ill-effects were
evident from long-term treatment or aerobic exexcall animals expressed normal

decline in activity as expected with old age, whishimportant to determine if



regular supplementation of a compound is being ptech In non-human primates,
no adverse effects were found using an 18-montimee@f resveratrol treatment
(Dal-Pan et al., 2011). Along with studies showiaeghancement of long-term
memory with resveratrol ingestion and aerobic agerdhere is strong evidence that
these treatments activate a multifaceted actionogmitive processes. Additionally,
this indicates that regular supplementation witkvegatrol during middle-age may

have positive effects on cognition during old-age.



Chapter Six

CONCLUSIONS AND RECOMMENDATIONS

“Youth is wasted on the young”

- George Bernard Shaw

6.1 SYNOPSIS OFRESULTS

The concept of this thesis was to explore how etgmef physical and
mental health are connected; particularly focusinghe effects that aerobic exercise
and resveratrol ingestion have on learning and nmgndany studies have found
that resveratrol provides potent effects againsthaeisms associated with ageing,
such as oxidative stress (Frankel et al., 1993n@ayapongs et al., 1997; Gupta et
al., 2002a), mitochondrial biogenesis (Lagouge let 2006; Lopez-Lluch et al.,
2008; Um et al.,, 2010) and autoimmunity (Baur andcl@ir, 2006). Aerobic
exercise also encourages healthy ageing, evokimgilasi effects on these
degenerative mechanisms (Kramer et al.,, 1999; Niblal., 2005). Alongside
physical adaptations, there is evidence suggestivaj aerobic exercise and
resveratrol penetrate the blood-brain-barrier arinpte desirable improvements in
cognition and memory (Joseph et al., 2008; van g?ra@09). With an ageing
population, much of the medical sector is focussingnethods to prolong healthy
life. In order to truly promote a healthy life, lnoth youth and old age, it is necessary
to ensure well-being in both mind and body. Redverand aerobic exercise both
have great potential in prolonging healthy life Wgrking against the mechanisms
associated with ageing, as well as lowering thedemce of noncommunicable
disease (Manson et al., 1999; Lifshitz and HalDZ2®Baur and Sinclair, 2006). The



full potential of these factors in improving cogait is still being determined, with
many studies investigating therapeutic effects @mious aspects of cognitive

decline.

The first aim of this thesis was to determine thdemrt of cognitive
enhancement associated with regular resveratr@stran and aerobic exercise in
healthy memory, memory decline associated withrageand AD-related amnesia.
Previous studies investigating the effects of remtvel on cognition have focussed
on memory decline associated with ageing (Joseph,e2008; Oomen et al., 2009)
and induced memory decline (Gupta et al., 2001,280@002b; Abraham and
Johnson, 2009). The effects on healthy memory heoteyet been investigated.
These studies specifically focussed on the effeftsngesting a relatively small
quantity of resveratrol, with the intention of riepting the action of taking
resveratrol tablets as a supplement. Many ofrthavo studies mentioned have used
more concentrated doses and alternative methoddroinistration. With questions
raised over the bioavailability of oral resverairovivo (Baur and Sinclair, 2006), it
is of importance to determine whether supplememtatf this compound is a
realistic cognitive therapyA range ofin vivo techniques were utilised to conduct a
direct comparison study of these two factors ineortd highlight more clearly the
potential of resveratrol ingestion as an exercig@etic. Resveratrol has long been
thought of as a calorie restriction mimetic (Batiak, 2006), but it is more recently
that it has come to light that these physiologafétcts are similar to those evoked
through aerobic exercise (Narkar et al., 2008). Tletment regime of oral
resveratrol used here improved long-term recogmiti@mory in healthy young rats
in a similar way to the forced running regime. Meynwas significantly improved
using these regimes after 1 and 4 weeks. This haditst time that resveratrol
treatment has been measured in young animals asdiftinterest to discover that
this polyphenolic compound can lead to potent dbgnienhancement in memory
that is intact. In a 4 week regime, regular resverangestion and aerobic exercise
both improved long-term recognition memory in metdiged rats, showing that bio-
availability of resveratrol was not a confoundiragtbr using this ingestion regime.
Resveratrol acted as an exercise mimetic in enhgneormal long-term memory

and in ameliorating age-related decline. Using etapine to block muscarinic



receptors in the cholinergic pathways, the actibresveratrol ingestion and aerobic
exercise on amnesia was assessed. Clear defidibmgaterm recognition memory
were found in scopolamine-administered animals, pamed to vehicle-treated
controls. This deficit did not occur in scopolama@ministered animals that
underwent 7 days of resveratrol ingestion alonesoonbined with aerobic exercise,
beforehand. 7 days of treadmill running alone ketfand did not relief the deficit in
long-term memory induced by scopolamine administnat Other studies have
shown that aerobic exercise can improve AD-relatesmory decline in animals
models (Hoveida et al., 2011) and that incidenceADf is lower in more active

people (Colcombe et al., 2004; Larson et al., 20@6pgesting that resveratrol
ingestion may have a more powerful action on thelicbrgic pathway than is

evoked by aerobic exercise. In a long-term treatmegime of resveratrol ingestion
and forced wheel running, middle-aged animals wassessed regularly in
performance in a spatial-temporal working memorgktaRegular resveratrol

ingestion and aerobic exercise, either combinedndividually, improved task

performance in this model of natural memory declifbirteen weeks of these
regimes improved recovery in task performance aft@airment was induced with a
long delay. Resveratrol (Abraham and Johnson, 26G@8alis et al., 2011) and

aerobic exercise (Clarkson-Smith and Hartley, 198&8nbourne, 2006) have been
shown to improve performance in other working memdasks. Improved

performance following these regimes provides furtlevidence of the bio-

availability of this oral dose of resveratrol, apdrmeability of the blood-brain-

barrier. No adverse effects were evident from 1ékseof oral resveratrol treatment,
which is important to determine if regular suppletagion of a compound is being
promoted. In non-human primates, no adverse effeete found using an 18-month
regime of resveratrol treatment (Dal-Pan et al]130 These regular regimes of
resveratrol ingestion and aerobic exercise bottkwwenhance healthy memory and
age-related memory decline, with resveratrol ingasshowing greater potential as a

therapeutic agent in aiding AD-related cognitiveloe.

The second aim of this thesis was to determineptitential mechanisms
through which both aerobic exercise and resveraigastion may act to evoke their

beneficial action on learning and memory. Many ®Esiéhvestigating cognition refer



to resveratrol as a SIRT1 activator (Kim et al.020Pallas et al., 2009; Baur, 2010)
since this compound was found to consistently riégiape the protective effects of
SIRT1 overexpression in cell culture (Howitz et, &003; Araki et al., 2004).
However, with no evidence to indicate that resvetas a direct activator of SIRT1,
it is misleading to refer to resveratrol as simp\SIRT1 activator. More recently,
AMPK has been suggested as an alternative targetefveratrol that may be
important for upregulating the beneficial pathwagsociated with resveratrol action
(Narkar et al., 2008), with an interdependence hafsé proteins highlighted in
another study (Price et al., 2012). To determing dissociate the importance of
these proteins in the cognitive enhancement agsdcwith resveratrol and aerobic
exercise, the expression of endogenous proteinsivied in the SIRT1/AMPK
pathways in brain regions associated with learaimgy memory was measured. With
improved long-term memory, no increases in expoessif a number of proteins
involved in these pathways in the hippocampus airtpeal cortex were found,
leading to questions about the action of thesewsth in cognitive enhancement.
Resveratrol been shown to upregulate AMPK (Dasgapth Milbrandt, 2007) and
SIRT1 (Della-Morte et al., 2009) in neurons withglner doses and alternative
administration methods, but these findings sugdbst upregulation of these
proteins may not explain cognitive enhancements Thisupported by another study
that found that boosting natural levels of SIRT#l dbt enhance cognition in the
SIRT1-null mice (Michan et al., 2010). Although aleic exercise has also been
shown to increase upregulation of SIRT1 (Fulcolgt2®08) and AMPK (Jager et
al., 2007), it is often increased levels of newphins in the hippocampus that are
thought to explain the cognitive enhancement aasedi with aerobic exercise
(Cotman, 2002; Ang et al., 2003; Griffin et al.,02). Some studies have also
detected increased levels of neurotrophins follgwiesveratrol administration
(Rahvar et al.,, 2011; Pang and Hannan, 2012). Terdene the importance of
neurotrophins in the cognitive enhancement asstiaith resveratrol and aerobic
exercise, the expression of neurotrophins in bragions associated with learning
and memory was measured. Increased expressionvefaseneurotrophins were
measured in the hippocampus and perirhinal corérwing forced running and
resveratrol ingestion, leading to the suggestian iticreased levels of neurotrophins
in these brain regions may promote the improvenmentognition found with

resveratrol administration as well as aerobic dagerc With most studies



investigating the action of resveratrol focussedissues outwith the brain, it was of
interest to explore the effects of these treatmmegimes on other tissues. Further
analysis of mitochondrial functioning in tissuesitttiexpend large levels of energy
and require higher numbers of mitochondria wasi@adrout. Regular exercise has
been shown to increase mitochondrial biogenesis awtrease various
manifestations of oxidative stress in skeletal rnfreu@idolloszy, 1967; Howald et al.,
1985; Irrcher et al., 2003) and brown adipose &@sfBostrom et al., 2012), with
administration of high doses of resveratrol promgtsimilar effects in skeletal
muscle (Hebbar et al., 2005; Lagouge et al.,, 20@®)tential activation, and
increased levels, of brown adipose tissue has pestulated to play a role in the
treatment of obesity in humans (Seale and Laz&i9R0f these regimes of aerobic
exercise and resveratrol ingestion could improvechiondrial function in brown
adipose tissue and skeletal muscle it would extbedpotential use of resveratrol
supplementation beyond cognitive enhancement. Assm® of mitochondrial
abundance, oxygen consumption, and levels of unicmuproteins in these tissues
indicated no effects of these regimes after 12 .dbgsels of oral resveratrol and
aerobic exercise that can induce cognitive enhaangmdoes not improve
mitochondrial function in skeletal muscle or broaaipose tissue. This is supported
by the fact that levels of proteins involved in BBIPK/SIRT1 pathways were not
increased in brain regions associated with learaimdymemory when cognitive was
enhanced. As AMPK overactivation has recently kassociated with neurofibrillary
tangles of hyperpolarised microtubule-associatemtepr tau, such as found with
Alzheimer's disease (Vingtdeux et al., 2011), itak benefit to discover that
cognitive enhancement through aerobic exercise rasderatrol does not require

activation of this protein.

6.2 HFJUTURE WORK

The treatment regimes used here evoked clear oegnénhancement

without upregulating the AMPK/SIRT1 pathways. Itasident from other studies



that different regimes, using higher doses andrateze methods of administration
for resveratrol, can upregulate these pathways mumber of tissues, including
neurons. With the possibility that upregulation tbese pathways may not be
recommended in the brain, it would be of interesdétermine both the minimal
dose of oral resveratrol that can enhance memaony,tide maximal dose that can
enhance memory without upregulating the AMPK/SIRBthways. Additionally, it
would be of interest to determine the action o¥eeatrol and aerobic exercise that
enhances memory. Previous aerobic exercise stutsate that upregulation of
neurotrophins and neurogenesis are important fer ¢bgnitive enhancement
associated with treadmill running. These regimes t@fadmill running and
resveratrol ingestion promoted neurotrophin expoasand levels in brain regions
associated with learning and memory. Further studievolving blocking
neurotrophic action would provide further underdiag of the impact of this
upregulation on the cognitive enhancement obsehesd. Looking into alternative
action of resveratrol may also prove necessaryh |ag determining changes in

cerebral blood flow and white matter integrity, ked through these regimes.

With this resveratrol regime showing more profoueffects against
scopolamine-induced amnesia than treadmill runniigjs possible that the
assessment of long-term and working memory usebeithy subjects was not
difficult enough to distinguish the level of enhantent provided between
treatments. It would be of interest to conduct aevthifficult version of these tasks,
possibly by introducing a 48 h interval betweenealmbject recognition training and
testing trials, to see if resveratrol ingestioroadévokes a stronger enhancement of
memory in healthy subjects than treadmill runnifyogression from 4 week
regimes in young rats to 4 week regimes in middjedarats to 1 week regimes in
young rats was expected to highlight any differenbetween groups. A more
difficult task to assess working memory also found differences between
treatments using long-term regimes. It was sugdetitat aerobic exercise and
resveratrol ingestion evoke the same cognitive eedgraent on healthy subjects, but
further experiments may determine if this is thenptete story or if there is more to
tell.



In the search for a treatment of obesity in humansould be of interest to
assess higher doses and longer treatment regimesién to determine a level of
aerobic exercise and resveratrol ingestion thata@ivate and increase levels of
brown adipose tissue. As this activity is exped@accur through upregulation of
the AMPK/SIRT1 pathways, it will also be of impante to determine cognitive

effects of such regimes, and assess the effedengies of the protein tau.

6.3 (CONCLUDING REMARKS

Several interesting discoveries have been made tkexe improve our
understanding about how resveratrol affects cammitand the extent of this
compound’s function as an exercise mimetic. Othedies have shown cognitive
improvements with resveratrol administration; hetese effects have been
replicated in long-term and working memory with eatively small oral dose
representing the action of taking resveratrol tgbées a supplement. Additionally,
these results indicate that resveratrol and aemt®ccise improve cognition through
an AMPK/SIRT1-independent pathway. Resveratrol slaswn to evoke stronger
cognitive enhancement in a model of amnesia, wloempared to aerobic exercise.
Overall, with no adverse effects evident with ldegn treatment, suitable doses of
oral resveratrol and levels of aerobic exerciseughout life may help people live

longer, healthier lives.
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